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1. Introduction

Wavelength conversion has been suggested as one of the key functions for wavelength-
division-multiplexing (WDM) optical networks and photonic switch blocks. Several
methods, such as a self-phase modulation (SPM), a cross-gain modulation (XGM), and cross-
phase modulation (XPM), can be used to realize all optical wavelength conversion (AOWC)
[1-29]. However, four-wave mixing (FWM) based on nonlinear media, such as optical fiber
and semiconductor optical amplifier (SOA), is considered to be the most promising scheme
because it is fully transparent to the signal bit rate and modulation format. AOWC in SOA
has many advantages such as easily compatible and highly covert efficiency. AOWC based
on FWM in SOA for regular signal such as ON/OFF keying (OOK) signal has already
investigated maturely but not for OFDM signals.

This chapter discusses the performance for OFDM signal in AOWC based on FWM in an
SOA. We found the result for OFDM signal is the same as that of OOK signal. Multiple
frequency mm-wave generation is one of the key techniques in radio over fiber (ROF)
system. Many methods can generate multiple frequency mm-wave such as using optical
carrier suppression (OCS), suppression of odd-order sidebands, multi-cascaded external
modulators and so on. Some references have proposed that multiple frequency mm-wave
can be generated by using SOA based on FWM effect and discuss polarization insensitive in
SOA. This chapter also introduces this method to generate mm-wave and discusses the
polarization insensitive all-optical up-conversion for ROF system based on FWM in a SOA.
We have proposed and experimentally investigated polarization insensitive all-optical up-
conversion for ROF system based on FWM in a SOA. One method is that a parallel pump is
generated based on odd-order optical sidebands and carrier suppression using an external
intensity modulator and a cascaded optical filter. Therefore, the two pumps are always
parallel and phase locked, which makes the system polarization insensitive. This scheme has
some unique advantages such as polarization insensitive, high wavelength stability, and
low-frequency bandwidth requirement for RF signal and optical components. The other
method is where co-polarized pump light-waves are generated by OCS modulation to keep
the same polarization direction and phase locking between two pumps. This scheme also
has excellent advantages such as small size, high-gain, polarization insensitivity, and low-
frequency bandwidth requirement for RF signal and optical components, and high
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wavelength stability. The results of above two mentioned experiments show that the scheme
based on dual-pump FWM in a SOA is one of the most promising all-optical up-conversions
for radio-over-fiber systems.

2. OFDM signal generation in our system description

In this section the basic functions of the generation in our system are described. The OFDM
baseband signals are calculated with a Matlab program including mapping 215-1 PRBS into
256 QPSK-encoded subcarriers, among them, 200 subcarriers are used for data and 56
subcarriers are set to zero as guard intervals. The cyclic prefix in time domain is 1/8, which
would be 32 samples every OFDM frame. Subsequently converting the OFDM symbols into
the time domain by using IFFT and then adding 32 pilots signal in the notch. The guard
interval length is 1/4 OFDM period. 10 training sequences are applied for each 150 OFDM-
symbol frame in order to enable phase noise compensation. At the output the AWG low-
pass filters (LPF) with 5GHz bandwidth are used to remove the high-spectral components.
The digital waveforms are then downloaded to a Tektronix AWG 610 arbitrary waveform
generator (AWG) to generate a 2.5Gb/ s electrical OFDM signal waveform.

3. AOWC based on FWM in SOA for OFDM signal

AOWC has been regarded as one of the key techniques for wavelength-division-
multiplexing (WDM) optical networks and photonic switch blocks and it can enhance the
flexibility of WDM network management and interconnection [30-35]. Nowadays, there are
some main techniques for wavelength conversion, which include XGM [33], XPM [34] and
FWM [35-38]. FWM is considered to be the most promising scheme because it is fully
transparent to the signal bit rate and modulation format.

OFDM is as one of the key techniques for 4G (the Fourth Generation Mobile Communication
System), immune to fiber dispersion and polarization mode dispersion in optical fiber
communication [39-42]. AOWC based on FWM in SOA for regular signal, such as OOK
signals, has already been investigated but not for OFDM signals.

We have theoretically analyzed and experimentally demonstrated three schemes for
pumping, including single-pump, orthogonal-dual-pump and parallel-dual-pump based on
the FWM effect for OFDM signal in SOA for wavelength conversion. Analysis result shows
that: (1) the new converted wavelength signal carry the original signal, (2)single-pump
scheme is sensitive to polarization, while orthogonal-dual-pump and parallel-dual-pump
schemes are insensitive to polarization, (3)parallel-dual-pump scheme has the highest
wavelength conversion efficiency, (4)Conversion efficiency of the converted signals are
proportional to the amplitudes of the input signal and the pumps. In the single pump
scheme, the conversion efficiency depends on the polarization angle between the pump and
signal lightwave. In these dual-pump schemes, the conversion efficiency also depends on
the frequency spacing between the pumps or between the signal and pump lightwave.

3.1 Theory and result

Figure 1 shows the configuration of all-optical wavelength conversion systems based on
FWM for OFDM signal in a SOA. In the system, OFDM signal can be modulated on to a
light wave generated from a distributed feedback laser diode(DFB-LD1) by an external
intensity modulator (IM),two pumps are generated from DFB-LD2 and DFB-LD3, the
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modulated signal light wave and pump light waves are coupled and then amplified by
EDFA before they are injected into the SOA for FWM process. After wavelength conversion
and optical filtering by a circulator and a FBG, the new converted signal carried original
signal can be obtained.
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Fig. 1. Configuration of all-optical wavelength conversion systems based on FWM in a SOA.
DFB-LD: Distributed feedback-laser diode. FBG: Fiber bragg grating. IM: Intensity
modulator. SOA: Semicondoctor optical amplifier. Cir: Circulator.

Fig. 2 shows the principle of all-optical wavelength conversion systems based on FWM
effect in an SOA. We build a coordinate system: for simplicity, the signal is assumed to be
aligned with the X axis(horizontal orientation),Y axis(vertical orientation ), pumpl is at
some angle & with respect to the X axis, and pump?2 is at some angle ¢ with respect to X axis.
After being amplified by an SOA, the optical field of pump light waves can be expressed as
Ei(w;,1,t)=E; (o, T)exp j(kiz-a)it+¢i) (i=1,2). Here, k; , @, = ¢ represent optical wave vector,
angle frequency and phase, respectively. i=1,2 represent pumpl and pump?2. The optical
field of modulated signal light wave can be expressed as follows:

Es(wy,7,t) = AsEs (5,7 )exp j(kyz — o5t + ) 1)

Here, A; represents the amplitude of the signal light wave. According to the principle of
the four wave mixing effect, it can be envisaged as pairs of light waves to generate a beat,
which modulate the input fields to generate upper or lower sidebands.
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Fig. 2. Principle of all-optical wavelength conversion based on FWM effect. (a)single pump.
(b)orthogonal pump. (c) parallel pump

3.1.1 Principle of single-pump configuration for wavelength conversion
In the single-pump configuration, a signal light wave and a pump light wave generate a
beat |a)1 — ;| , and its amplitude can be expressed as:

a = r(w) — o3)[(A1A)exp (@, — @3)t + (A As)exp j(w; — oy )t] )

The beat |a)1 - a)3| modulates @; to produce upper and lower sidebands around @; with
frequency span of |a)1 - a)3| and the optical field can be expressed as:

Es C aEl(wl)
=r(e — 03)[(A1A3)exp j(@ — @3)t + (A1 As)exp j(w; — ay)tE (o) ©)
— 1(@, — 3) A Ay cosOA, { Qo)+ 24 ~43) ej(wsf+¢3)}

The beat |a)1 —a)3| modulates @, to produce upper and lower sidebands around @, with a
frequency span of |a)1 - a)3| and the optical field can be expressed as:

E, = aE3(wy)
oy — @3)[(A1A3)exp (@) — @3 )t + (A Az)exp j(s — oy )tE;(as) (4)

— (@ - 03) Ay As cosOA, { pil@it+d) | ej(zwg—amw(z%—m}
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What we are interested in is the optical frequency 2w, —@; , which is contributed by
|a)1 —a)3| modulating @, and w; .Then, the optical field of new generated frequency
wavelength can be expressed as:

EZa)l —wy — (ElE; )El = AlAgr(wl - CO3)COS 9;{16]’[(2”‘7%)”(2@1 ~95)] (5)

Here, A; and Aj; represent the amplitudes of pump and newly converted signal light wave
after four wave mixing effect, respectively. r(@, — ;) is the conversion efficiency coefficient
which is proportional to the frequency difference. On the basis of Eq. (5), we can derive the
expression of optical power of the new signal as follows:

Proy o, = ATATT (@) — 3)c08(0) 6)
From Eq. (6) we can see that the output optical power is dependent on the frequency
difference and the polarization angle between the pump and signal lightwave. The greater
the frequency difference, the lower the conversion efficiency. When the polarization of the
pump and the signal light are parallel, the output optical power takes maximum value.
When the polarization of the pump and the signal light are orthogonal, the output optical
power takes minimum value. From the above analysis, it appears that single-pump
configuration is a polarization sensitive system.

3.1.2 Principle of orthogonal-pump configuration for wavelength conversion

In the orthogonal-pump configuration, three light waves with the frequencies of @, , @, and
@, —a)3| and |a)2 — s
lightwave and generate two sidebands

The amplitude of beat |a)1 - a)3| can be expressed as:

@5 generate three beats |a)1 -, , each beat will modulate each input

7

a =r(y - o3)[(AyA3)exp (@ — @)t +(A{As)exp j(; — oy )t] )
The beat |ao1 —a)3| modulates @, to produce upper and lower sidebands around @, with

frequency span of |a)1 - a)3| and the optical field can be expressed as:

Es -~ CXE3(C()3)
=1 - 03)[(A1A3)exp j(@ — @3)t + (A]A3)exp j(@ — @y )tEy (@) 8)
= 1@, — ;) A, Ay cosOA, { i@+ 0=+ +61=4)] | pill@r+03-01)t+(d+4, fm]}

The amplitude of the beat |a)2 - a)3| can be expressed as:

a=r(w, - ws)[(AzA;)eXP J(@w, — oyt + (A;A3)expj(a)3 —w))t] )

The beat|a)2 —a)3| modulates @; to produce upper and lower sidebands around @; with the
frequency span of |a)2 - a)3| and the optical field can be expressed as:
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LTJI

_aél(a)l)

=r(w, — o) (A2A3)exp](a)2 a)3)t+(A§A3)expj(a)3 —wz)t]E1(a’1) (10)
F(@, — w3) Ay As cos() Ay {ef w1+wz—w3)f+(¢1+¢z—¢3)]+ej[(a>1+w3—wz)f+(¢1+¢3—¢z)]}

What we are interested in is optical frequency @, + @, — w;, which is contributed by |a)1 - a)3|
modulating @, and |a)2 - a)3| modulating @, .Thus, after a SOA the optical field of newly
generated frequency wavelength can be expressed as:

Ea)lerz —oy = (Ey-E3)E; + (E,.E3 )y (11)
=[r(, — @3)A A3 COSOA, + 1y — 3)COS(P) Ay Ag A, e/ @2 2) G402 )]

When 6-¢= > it means that the signal and pump are orthogonally polarized, namely,

cos¢ = cos(% —0)=sind (12)
Eq. (11) can be written as following;:
E = (Ey.E3)E, + (EyE3)E;

O+~

(13)
= [F(@, — 03) A1 Ay COSOA, + (@, — 03) Ay Ay SIn(B) A, |/ + =@ +d2=0)]

Here, A;,A, and A, represent the amplitudes of pumps and newly converted signal light
wave after four wave mixing effect, r(@; — ;) and r(w, — ;) represent the conversion
efficiency coefficient , which is inversely proportional to the frequency difference. From Eq.
(13) - It can be seen that the output power of the optical frequency is:

Py ooy = A%[1 (@) — 03) AT A] cos® 0+ 17 (@, — ;) A5 Af sin® 6] (14)

Because |a)1 - a)3| ~ |a)2 — |, we obtain: r(@, — ;) = (@, — @3)

Therefore, Eq. (13) can be simplified to

Py ooy = A% (0 —@3) A2 Ay (cos® 0+ 5in® 0) = A Ay A% (o — ;) (15)

It can be seen that output signal optical power is independent of &, that is to say, the
orthogonal-dual-pump configuration is a polarization insensitive system, and its optical

power relies on r(w —w;) with the interval of pump and signal light wave frequency
increasing, the optical power gradually decrease.

3.1.3 Principle of parallel-dual-pump configuration for wavelength conversion
In the parallel-dual-pump configuration, three light waves with frequency of @, , @, and

@, generate three beats , each beat will modulate each input

lightwave and generate two sidebands.
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The amplitude of beat |a)1 - a)2| can be expressed as:

a =r(oy - o,)[(AyA)exp j(@) - my)t + (A1Ay)exp (@, — o )t] (16)
The beat|a)1 - a)2| modulates w; to produce upper and lower sidebands around @, with the
frequency span of |a)1 - a)2| and the optical field can be expressed as:
Es N aES ((()3)

o — wz)[(A1A;)expj(aﬁ — o))t + (A;Az)expj(a)z i wl)t]EB(a)B) 17)
©, — 0,) A A, cosOA, {eﬂ(ws to =0yt (st —)] | pil(@ oy —o) (g4, *¢1)]}

r(
r(

The amplitude of beat |a)3 - a)2| can be expressed as:

o =1(w3 ~ )[(AsA)exp (@3 — @)t +(A3A; ) exp j(w; — @3)t] (18)

The beat |a)3 - a)2| modulates @, to produce upper and lower sidebands around @, with the
frequency span of |a)3 - a)2| and the optical field can be expressed as:

Es = aEl(a)l)
=r(w; — a’z)[(AaA;)eXPj(a’s —o))t+ (A;AZ)expj(a)z — o3)tE; (@) (19)
— 1y — ) Ay Ay cosOA, { ol -0 103+ (G -y + )] i1 +03-03 )+ +4, —¢3>1}

What we are interested in is the optical frequency w; — w, + @;, which is contributed by the
beat |a)1 —a)2| modulateing @, and beat |a)3 —a)2| modulateing @,
Ewl -y +ay = (ElE;)EE’) + (E3E; )El (20)
=[r(o — @)A1 Ay cos(0 - ¢)A3 +1(w; — y) Az Ay C05(¢)A1 Je/l(@rmextn)i(n=entos)]

Here, A;,A, and Aj; represent the amplitudes of pumps and new converted signal light
wave after the four wave mixing effect, r(@ —®,) and r(w; — ®,) represent conversion
efficiency coefficient , which is inversely proportional to the frequency difference.
When #=¢ , it means that signal and pump are parallel polarized and there is
r(w, — w,) >>r(w; — w,) because (@, —®,) is much smaller than (w; — @,) . Therefore, Eq. (20)
depends largely on the first term and the second term can be basically ignored. Therefore,
the signal polarization has little effect one the output optical power and Eq. (19) reduces to

E =[A1 Ay (@) — @,) Ag + Ay Agr(ws — ,) Ay cos(g) |-t t) T (1)

W)~ +

From Eq. (21), It can be seen that the power of the optical frequency is

Py oyeoy = ATATAS (17 (0 — ) + 17 (3 — @y ) cos” (¢)] (22)

We can see that if the signal light polarization direction is parallel to the pump light
polarization (¢ =0), the output power takes a the maximum; whereas, if the signal light
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polarization direction is orthogonal to that of the pump (¢ =%), the output power takes a

minimum. Therefore, the converted signal power depends on the frequency interval
between pumps, signal and pump and the polarization angle between them. However, we
can conclude that parallel-dual-pump configuration is polarization insensitive system.

Through the above analysis above, output optical power of the structures of single-pump,
orthogonal-dual-pump and parallel double-pump is:

Py -, = A12A32r2(a)1 T a)3)cos2(¢9)

Poyian-ay = A7 Ag" A%r* () = ) (23)
Pwl oty = A12A§A§[r2(a)1 —,)+ rz(a)3 - a)z)cos2 (9)]

At first, it seems from the above equations that the new wavelength converted signal carries
the original signal.

Secondly, because the conversion efficiency coefficient is inversely proportional to the
frequency interval, such a relationship r(@w; —@,) >>r(w; — @,) that the parallel pump has
the highest wavelength conversion efficiency.

Finally, OFDM as one of the key techniques for 4G, is immune to fiber dispersion and
polarization mode dispersion in optical fiber communication. We investigated AOWC based
on FWM in a SOA for OFDM signal, which is of great significance. If we introduce OFDM
signal into a AOWC, A; represents the amplitudes of OFDM signal light wave, it is a time-
related functions, we can see from the above formula that the new converted wavelength
signal carry the original OFDM signal. Therefore, the performance for OFDM signal in
AOWC based on FWM in a SOA is the same as that of OOK signal.

3.2 Experimental setup

Fig. 3 shows the experimental configuration setup and results for an all-optical
wavelength conversion based on the single pump FWM effect in a SOA. Two continuous
lightwaves generated by the DFB-LD1 and DFB-LD2 at 1544.25nm and 1544.72nm, are
used for the pump light and signal light. AWG produces 2.5Gb/s based on the orthogonal
phase-shift keyed modulation OFDM signal and its electrical spectrum is shown in Fig. 3
(a). The CW light generated by DFB-LD1 at 1544.72nm signal light is modulated via a
single-arm LN-MOD biased at 2.32V.The half-wave voltage (vr) of the LN-MOD is 7.8V,
its 3dB bandwidth is greater than 8GHZ, and its extinction ratio is greater than 25dB.The
2.5 Gbit/s optical signals and the pump signal are combined by a optical coupler (OC)
before an erbium-doped fiber amplifiers (EDFA) which is used to boost the power of the
two signals. The optical spectra before and after SOA are shown in Fig. 3 (b) and (c),
respectively. The optical power of the signal light, pump lights are 5.38dBm, 8.8dBm and
8.0dBm, respectively. As shown in Fig3(c), wavelength of the converted signal is
1543.78nm, optical signa-to-noise power ratio(OSNR) is 25dBm.The wavelength
conversion efficiency is -15dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with a
0.5 nm bandwidth is used to filter out the converted signal. The converted OFDM signal is
send to 10Gb/s optical receiver. The OFDM signal detected from optical receiver is sent to
a real-time oscilloscope for data collection.
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Fig. 3. Configuration of experimental setup and results for all-optical wavelength conversion
based on single pump FWM effect in SOA.(a) Electrical spectra of the OFDM signal;
(b)optical spectral of the combined signals before SOA; (c)optical spectra of signal after SOA.
DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator,
SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter

Fig. 4 shows the experimental configuration setup and results for the all-optical wavelength
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves
generated by the DFB-LD2 and DFB-LD3 at 1544.15nm and 1544.65nm, are used for the
pump lights. AWG produces 2.5Gb/s based on the orthogonal phase-shift keyed
modulation OFDM signal, and its electrical spectrum is shown in Fig4 (a). The CW light
generated by DFB-LD1 at 1545.05nm is modulated via a single-arm LN-MOD biased at
1.62V.The half-wave voltage (vr) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than
8GHz and its extinction ratio is greater than 25dB.The 2.5 Gbit/s optical signals and the
pump signals are combined by a optical coupler (OC) before EDFA to boost the power of the
two signals. The optical spectra before and after SOA are shown in Fig.4 (b) and (c),
respectively. The optical power of the signal light and pump lights are 5.7dBm, 11.6dBm and
11.6dBm, respectively. As shown in Fig4(c), the wavelength of the converted signal is
1543.76nm, optical signal-to-noise power ratio(OSNR) is 25dBm.The wavelength conversion
efficiency is -15dB.A FBG with a bandwidth of 0.15nm and a TOF with a 0.5 nm bandwidth
is used to filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s
optical receiver. The OFDM signal detected from optical receiver is then sent to the real-time
oscilloscope for data collection.

www.intechopen.com



114 Advances in Optical Amplifiers

(a)
E
OFDM I
2 -30
Source Vbias?
1 ° -60
1540.5 15420 15435 15450 15465 15480
Cf WaveTength (nm)
DFB-LD1 | Cir
h—— ™\
DFB-LD2
':'L EDFA SOAT oF \EE
/ 0.5nm
/
DFB-LD3 = Vs oS¢
0 Converted ” TOF Optical
£ ] signal [t 1nm Receiver
(b) g -10 4 \ J\ 15dB 10Gb/s
5 -20 1
g ,,] 25dB
-.g_ -40 4
° -50 -

1540.5 1542.0 1543.5 1545.0 1546.5 1548.0
Wavelength (nm)

Fig. 4. Configuration of experimental setup and results for all-optical wavelength conversion
based on orthogonal-dual-pump FWM effect in SOA.(a) Electrical spectra of the OFDM
signal;(b)optical spectral of the combined signals before SOA;(c)optical spectra of signal
after SOA. DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity

modulator, SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter.
OSC: oscillator.

Fig. 5 shows the experimental configuration setup and results for the all-optical wavelength
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves
generated by the DFB-LD2 and DFB-LD3 are used for the pump lights. AWG produces
2.5Gb/s based on the orthogonal phase-shift keyed modulation OFDM signal, its electrical
spectrum is shown in Fig.5 as inset (i). The CW light generated by DFB-LD1 at 1544.72nm
signal light is modulated via a single-arm LN-MOD biased at 1.62V.The half-wave voltage
(vrr) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than 8GHz, and its extinction ratio
is greater than 25dB.The 2.5 Gbit/s optical signals and the pump signals are combined by an
optical coupler (OC) before an EDFA to boost the power of the two signals. The optical
spectra before and after a SOA are shown in Fig.5 (a) and (b), respectively. The optical
power of the signal lightwave and pump lightwaves are 2.0dBm, 6.5dBm and 8.9dBm,
respectively. As shown in Figh(b), wavelength of the converted signal is 1543.78nm, optical
signal-to-noise power ratio(OSNR) is 23dBm.The wavelength conversion efficiency is -
17dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with 0.5 nm bandwidth is used to
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filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s optical
receiver. The OFDM signal detected from optical receiver is sent to real-time oscilloscope for
data collection. The received electrical spectrum is shown in Fig.5 as inset (ii).
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Fig. 5. Configuration of experimental setup and results for all-optical wavelength conversion
based on parallel-dual-pump FWM effect in SOA. (i) Electrical spectra of the original OFDM
signal; (ii) Electrical spectra of the converted OFDM signal; (a)optical spectral of the
combined signals before SOA;(b)optical spectra of signal after SOA. DFB-LD:distributed
feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator ,SOA:Semicondoctor
optical amplifier ,Cir:Circulator; TOF: Tunable optical filter. OSC: oscillator.

3.3 Experimental results

3.3.1 The comparison of Conversion efficiency

In the experiment, we measured the original signal and the pump optical power, the optical
signal-to-noise ratio and the conversion efficiency of the three configurations as following
table 1 show:
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Single-pump Orthogonal-pump parallel-pump
Original signal 5.38dBm 5.7dBm 2.0dBm
Pumpl 8.8dBm 11.6dBm 6.5dBm
Pump?2 8.0dBm 11.6dBm 8.9dBm
OSNR 25dB 25dB 23dB
Conversion efficiency -15dB -15dB -17dB

Table 1. Comparison of three configurations

From the table we can see that the when three configurations in terms of optical signal-to-
noise ratio and conversion efficiency are similar, the original signal light and pumped
optical power of parallel-double-pump configuration are minimal, that means this scheme
has the highest conversion efficiency. So, the experimental results are agreed well with the
theoretical analysis.

3.3.2 The comparison of power penalty
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Fig. 6. The bit error rate (BER) curves and received constellations of three configuration

From the Fig. 6 we can see that the power penalty of parallel-dual-pump configuration is
minimal compared to the other two configurations. After wavelength conversion, the
converted signal is still OFDM signal, and the difference of received constellations between
original and converted signal of parallel-dual-pump configuration is minimal, that is to say,
this configuration has the smallest bit error rate (BER)

In conclusion, FWM based on SOA is considered to be the most promising scheme because
it is fully transparent to the signal bit rate and modulation format, combined with OFDM
signals, it can enhance the performance of optical networks, and is of significance for
realizing all optical networks. On the other side, orthogonal-dual-pump and parallel-dual-
pump schemes are polarization insensitive schemes. We can employ these schemes for all-
optical up-conversion for ROF system.

4. The application of SOA in ROF system

The ROF converge two most important conventional communication technologies: radio
frequency (RF) for wireless and optical fiber for wired transmission. It can afford huge
bandwidth and communication flexibility, besides it can transmit wireless or wired signal to
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long distance region. So it becomes a very attractive technology in access network [43-48].

However, we still have to solve many problems in ROF system, such as simplify the base

station and generation of high-frequency millimeter (mm)-wave [44, 47-48], In order to

generate high-frequency mm-wave, we have tried many types of schemes [48-53]. In Ref.

[50], we proposed a novel scheme to generate frequency-quadruple optical mm-wave radio-

over-fiber system based on suppression odd-sideband by using one external modulator and

cascaded Fiber Bragg Grating (FBG) filter.

Apart from this, there are many other suggestions to generate high-repetitive frequency

millimeter (mm)-wave. Some researchers suggest we can use the nonlinear effects of some

medium to generate mm-wave, such as XPM, SPM and FMW.FWM has the unique
advantage of being transparent to the modulation format and the bit rate, which is of critical
importance when handling analog or digital signals with speed of hundreds gigabit per
second (difficult with XGM and XPM) [4, 13, 36, 54]. The medium which researchers are

most interested in are HNLF and SOA [6].

In Ref. [55], H. Song etc. use the SOA-MZI (semiconductor optical amplifier Mach-Zehnder

interferometer) to realize frequency up conversion to mm -wave, this just use the XPM effect

in the SOA to generate the mm-wave. Many researchers preferred to use the FWM to
generate mm-wave [6, 56-60].The reason is we can get cost-effective mm-wave by using

FWM effect compared with other two nonlinear effects of high nonlinear medium. In 2006, J.

Yao etc. proposed millimeter-wave frequency tripling based on FWM in a SOA [56]. In this

article two signals are not phase and polarization locked , in order to keeping the phase of

the two signal locked they used the optical phase-locked loop (OPLL), but they can not

ensure the polarization of two signal and this directly leads to the low conversion efficiency .

To improve the conversion efficiency, A. Wiberg used the OCS intensity modulation to

generate two phase-locked wavelengths, and then he used these two wavelengths as two

pumps to generate two new sidebands through the FWM effect in HNLF [61]. Through this
scheme, a frequency six times of the electrical drive signal is obtained. It also improved the
conversion efficiency. In this scheme A. Wiberg used HNLF instead of SOA, as we know the

FWM in SOA has the following advantages against in HNLF:

a. In order to generate the two new sidebands with high power, the power of two pumps
must be very high and the HNLF length should be long, which makes the system bulky
and costly;

b. When pump power is very high, other nonlinear except FWM such as simulated
Brillouin scattering (SBS), SPM and XPM may appear which will degrade the
conversion efficiency.

To avoid difficult caused by using FWM effect of HNLF, J. Yao etc. suggested to use SOA

instead of HNLF, and the pump are also two phase-locked generated by OCS intensity

modulation [57].Then S. Xie etc. also proposal some scheme based on FWM effect of SOA to
generate mm-wave [58-60].In Ref. [58], they use two cascaded optical modulators and FWM
effect in SOA to generate a 12 times microwave source frequency with high spectral purity.

First they generated frequency-quadruple optical mm-wave, then the optical lightwave is

injected into SOA to get a 12 times microwave source frequency mm-wave. Since only one

integrated MZM can also generate a frequency-quadruple optical mm-wave [62], So P.T.

Shih etc. used only one MZM and SOA to get a 12 times microwave source frequency mm-

wave [63]. What we have discussed above is just FWM effect of SOA when only two signals
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injected into SOA. Many researchers also investigated what will happen if they inject three
signals (two of them are pump signals, another is probe signal) into SOA. They found FWM
can also occur when certain conditions are met [64].

H. J. Kim accomplished all-optical up-conversion for ROF system through FWM in SOA
because of its positive conversion efficiency and wide LO frequency bandwidth [64].
However, only double frequency mm-wave is generated and polarization sensitivity of this
FWM system is not discussed in [64].Recently, polarization insensitive FWM in nonlinear
optical fiber based on co-polarized pump scheme has been demonstrated in [6, 35], which is
an effective way to increase the system stability. In Ref. [6, 35], two pumps are generated
from different laser sources; therefore, the phase is not locked. Moreover, two polarization
controllers (PC) are used to keep the two lightwaves to have the same polarization direction.
We have investigated whether FWM is polarization sensitive in SOA based on co-polarized
pump scheme, we proved FWM is polarization insensitive with parallel pump [52, 65-66],
Configuration of experimental setup and results for all-optical wavelength conversion based
on parallel-pump FWM effect in SOA shows in Fig.5.Three DFB generate pump and probe
signals, two of them are used as pumps, another is probe. We must keep the pumps phase-
locked and parallel. We try to change the polarization direction of the probe, the converted
lightwaves are constant. We can see two converted signals in both sides of the probe signal,
then we get any two of three lightwaves, we generate mm-wave after the optical to electrical
conversion. And then we find the similar conclusion with orthogonal pumps [53].

In Ref. [57], we experimentally demonstrate all-optical up-conversion of radio-over-fiber
signals based on a dual-pump four wave mixing in a SOA for the first time. The co-
polarized pump light-waves are generated by OCS modulation to keep the same
polarization direction and phase locked between two pumps. The proposed scheme to
realize all-optical up-conversion based on FWM in a SOA is shown in Fig. 7. It is similar to
the up-conversion scheme by nonlinear optical fiber [6]. The OCS signal is generated by an
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Fig. 7. The principle diagram of polarization-insensitive all-optical up-conversion based on
FWM effect in a SOA. The repetitive frequency of the RF signal is f, and the IM’s DC is
biased at null point.
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external intensity modulator (IM) biased at null point. The continuous wave (CW) light-
wave generated by a DFB array is modulated via a single-arm IM driven by a RF sinusoidal
wave signal with a repetitive frequency of f based on the OCS modulation scheme to
generate two subcarriers with wavelength spacing of 2f. The generated two lightwaves,
which will be used as pump signals, have the same polarization direction, optical power,
and locked phase. The two converted signals with channel spacing of 4f can be obtained
after FWM effect in SOA. The two converted signals have the same polarization direction
and locked phase as well. When the pumps and original signal are removed by optical filters,
the all-optical up-converted signals carried by 4f optical carrier are achieved.

Fig. 8 shows the experimental setup for single channel up conversion. In the central office
(CO), the continuous lightwave generated by the DFB-LDO at 1550nm is modulated by a
single-arm LN-MOD biased at vrr and driven by an 10GHz LO to realize OCS. The repetitive
frequency of the LO optical signal is 20GHz, and the carrier suppression ratio is larger than
20 dB. The high sidebands are removed by a 50/100 GHz IL, and the optical spectrum is
shown in Fig. 8 as inset (i). The CW generated by DFB-LD1 at 1543.82 nm is modulated via
another LN-MOD driven by 2.5-Gb/s pseudorandom binary sequence data with a length of
2% —1 to generate regular OOK non-return-to-zero (NRZ) optical signals. The 2.5 Gbit/s
optical signals and the 20 GHz OCS pump signals are combined by a 3-dB OC before two
individual EDFA are used to boost the power of the two signals respectively. The SOA is

. )
E £ (V) | \ (wviii)
E : : 40 '1| | | .'il'\ 1
_ 1 E bl -'ll'w"fl T
10GHzRF~) & § "  h
. IL ‘“i'swm‘@nsﬁeﬁ |nm;1ﬁ” 1543.0 v;sa:::.‘:ni.ﬁ;:a:;nm :544.5 50ps/div
Vbias 50/100GHz ?" 7
i f
),y TOF | 20km / (vi)
DFB0 IMO EDFA‘ " cir rpe ! SS::“F’ el
/,
2.5G NRZ %D—H—C/\ s FA PD
I
data| J SOA/ ( Optical
== | Receiver 7 EA
DFB1 M1 EDFA S '. 3
i . # v 40GHz LO
(ii) (i) (V) (vii)
| 1 LPF
el R
Central Office G0ps/diy Base Station

Fig. 8. Experimental setup and results for all-optical up-conversion base on four-wave
mixing in SOA, Cir: optical circulator, TOF: tunable optical filter, EA: electrical amplifier.
Inset (i): OCS signals after IL; (ii): the combined signals after OC; (iii): combined signals after
SOA; (iv): converted DSB signals after Inm TOF; (v): converted OCS signal after FBG; (vi):
converted OCS signal after transmission; (vii): the mm-wavesignals before transmission;
(viii): the mm-wave signals after transmission
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injected by 200 mA, which gives 25 dB gain and 10 dBm saturation optical power. This SOA
has polarization sensitivity smaller than 0.5 dB. The DSB signals with 40-GHz spaces
between first order sidebands are created from 2.5-Gbit/s NRZ signals by the FWM effect in
the SOA. A TOF with Inm optical bandwidth is used to remove the pump signals while get
the DSB signals. The carrier suppression signals with 40-GHz space are generated by using
an optical circulator and a FBG. The FBG has a 3 dB reflection bandwidth of 0.2 nm. The
optical spectra after FBG are shown in Fig. 8 as inset (v).

The OCS signals are detected by an optical receiver after transmission over 20-km SMF-28
before they are amplified by an EDFA. The eye diagrams of the 40-GHz optical mm-wave
signals before and after 20-km SSMF-28 transmission can be seen in Fig. 8 insets (vii) and
(viii), respectively. At the base station (BS), the optical signals are detected by an optical
receiver. A TOF with 0.5 nm bandwidth is used to remove the ASE noise. After the optical
receiver, the mm-wave signal with the down-link data is detected by an optical-electrical
(O/E) converter with a 3-dB bandwidth of 40-GHz and amplified by a narrow-band
electrical amplifier (EA), after these we get a frequency-quadruple of LO optical mm-wave.
This scheme has excellent advantages such as small size, high-gain, polarization
insensitivity, and low-frequency bandwidth requirement for RF signal and optical
components, and high wavelength stability. 2.5 Gbit/s baseband signal has been
successfully up-converted to 40 GHz carrier in this scheme. The experimental results show
that the scheme based on dual-pump FWM in a SOA is one of the most promising all-optical
up-conversions for ROF systems.

We then propose and experimentally investigate another polarization insensitive all-optical
up-conversion scheme for ROF system based on FWM in a SOA [65]. In this scheme the
parallel pump is generated based on optical odd-order sidebands and carrier suppression
using an external intensity modulator and a cascaded optical filter. Therefore, the two
pumps are always parallel and phase locked, which makes system polarization insensitive.
After FWM in a SOA and optical filtering, similar to single sideband (SSB) 40GHz optical
millimeter-wave is generated only using 10GHz RF as LO.As we know, SSB modulation is a
good option to overcome fiber dispersion [67], we will improve mm-wave performance in
this scheme.

Fig. 9 shows the principle of polarization-insensitive all-optical up-conversion for ROF
systems based on parallel pump FWM in a SOA. In the central station, an IM and a cascaded
optical filter are employed to generate quadruple frequency optical mm-wave, in which the
odd-order sidebands and the optical carrier are suppressed. Obviously the generated two
second-order sidebands have the parallel polarization direction and phase locked. Then the
two pumps are combined with the signal lightwave by using an OC. The two converted new
signals can be obtained after FWM process in the SOA. A TOF is used to suppress the pump
signal. In this scheme, the optical signal similar to DSB signal is generated, which includes
two converted signals and original signal after FWM in SOA. However, when one sideband
is removed by an optical filter or optical interleaver(IL), the remaining signal is SSB-like
signal, which includes one up-converted sideband and original signals. As we know that
SSB signal can realize dispersion free long distance transmission. In the base station, the
optical quadruple repetitive frequency mm-wave will be generated when they are detected
by O/E converter after transmission.

Fig.10 shows the experimental setup for all-optical up-conversion in [65]. The lightwave
generated from the DFB laser at 1543.8nm is modulated by the IM1 driven by a 10GHz
sinusoidal wave. The IM1 is DC-biased at the top peak output power when the LO signal is

www.intechopen.com



The Application of SOA in All-optical Wavelength Conversion and ROF System 121

\ pump1 pump2 t sSB; |
' L & 1 |
] J_L Ly

i

at! = lag

RF(f)

LD2 g2 l25Gbivs .

signal

Central station e

Fig. 9. The principle of polarization-insensitive all-optical up-conversion for ROF system
based on parallel pump FWM in a SOA. FBG: fiber Bragg grating. OC: optical coupler. SOA:
semiconductor optical amplifier. TOF: tunable optical filter. IL: interleaver. EA: electrical
amplifier. IM: intensity modulator. SSB: single sideband. DSB: double sideband. PD:
photodiode.BER: bit error ratio. RX: receive

removed. 10GHz RF microwave signal with a peak-to-peak voltage of 12V. The half-wave
voltage of the IM is 6V; by this way, the odd-order modes are suppressed. The optical
spectrum after IM1 is shown in Fig. 10 as inset (i). We can see that the first-order sidebands
are suppressed and the frequency spacing between the second-order modes is equal to
40GHz. The carrier is removed by using a FBG. The output optical spectrum of FBG is
shown in Fig. 10 as inset (ii). The two second-order sidebands are used as two parallel
pumps. Because two pumps come from one laser, the pumps always have the same
polarization direction and phase locked. The CW lightwave from another DFB laser at
1537.9nm is modulated by the second IM2 driven by 2.5Gbit/s electrical signal with a PRBS
length of 231 -1 to generate regular NRZ optical signal.

The 2.5Gbit/s NRZ optical signals and two pump signals are combined by an OC before the
EDFA. The optical spectra before and after the SOA are shown in Fig. 10 as inset (iii) and (iv),
respectively. The SOA has 3-dB gain bandwidth of 68-nm, small signal fiber-to-fiber gain of
28-dB at 1552nm, polarization sensitivity smaller than 1dB, and noise figure of 6-dB at
1553nm. After the SOA, new up-converted signals are generated due to FWM, which is
shown in Fig.10 as inset (iv). Then a tunable optical filter (TOF) with a bandwidth of 0.5nm
is used to suppress the pump signals. The optical spectrum after the TOF is shown in Fig. 10
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as inset (v). We can see that the converted and original signals are kept. The DSB signals
with 80GHz frequency spacing between two converted sidebands are generated. In order to
obtain the SSB signals, a 50/100 optical interleaver is used to remove one sideband. The
optical spectrum after optical interleaver is shown in Fig. 10 as inset (vi). We can see that
2.5Gbit/s OOK signals are carried by the SSB-like signals with 40GHz frequency spacing
between the converted signals and carrier, namely, the optical quadruple frequency mm-
wave carried 2.5GHz signals is obtained. The power delivered to the fiber is 2dBm. After
transmission over 20km SMEF-28, the optical mm-wave is detected by O/E conversion via a
photo-diode (PD) with a 3-dB bandwidth of 50 GHz. This scheme has some unique
advantages such as polarization insensitive, high wavelength stability, and low-frequency
bandwidth requirement for RF signal and optical components. 40GHz optical mm-wave
SSB-like signal is generated by using 10GHz LO.
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Fig. 10. Experimental setup and optical spectra for optical signal up-conversion. FBG: fiber
Bragg grating. OC: optical coupler. SOA: semiconductor optical amplifier. TOF: tunable
optical filter. EA: electrical amplifier. IM: intensity modulator. SSB: single sideband. DSB:
double sideband. PD: photo-diode. BER: bit error ratio. EDFA: erbium-doped optical fiber
amplifier.

In conclusion, we have obtained the following conclusions: (1) SOA can be used to generate
high-repetitive mm-wave in ROF system; (2) we can use an IM to generate two pump
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instead of two independent DFB-LD, they may show good performance due to their phase-
locked; (3) RoF system is polarization insensitive based on above mentioned method.

5. Conclusion

This chapter has theoretically and experimentally discussed the AOWC based on FWM
effect in SOA for OFDM signals. The rules for OFDM signal is the same as that of regular
OOK signal. We will investigate the FWM effect between the sub-carrier of OFDM signal
which generate noise in the system in future. The application of SOA in RoF system has
investigated. We experimentally proposed two polarization insensitive RoF systems. These
schemes also have excellent advantages such as small size, high-gain, polarization
insensitivity, and low-frequency bandwidth requirement for RF signal and optical
components, and high wavelength stability.
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