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Semiconductor Optical Amplifiers (SOA) offer several possible solutions for wavelength conversion in the optical domain. In

this paper different possible solutions are compared, pointing out the advantages and disadvantages of each. Then a simple

and at the same time most promising method, the Cross-Gain Modulation (XGM) is investigated through performance mea-

surement results.

Introduction

The main functions of optical telecommunication net-
works are the multiplexing and the routing of the infor-
mation channels. The most widespread solution for
optical networking is represented by the WDM (Wave-
length Division Multiplexed) networks. 

In these networks, channels can be separated and
handled according to their wavelength, so that they can
be transmitted through the same optical fiber. Connec-
tions can be simply point-to-point, but also complex net-
work hierarchies can be built. In the second case it is
essential, that for easy channel routing and to avoid
wavelength collision at any point of the network, to
make wavelength conversion possible at each node of
the network, in order to transmit the same channel at
different wavelengths on different links of the transmis-
sion route.

Nowadays the applied devices for wavelength con-
version purposes are optoelectronic units. This means
that the device converts the optical signal to the elec-
trical domain – also regenerates it –, and retransmit it on
an other wavelength. The advantages of this devices,
that their technology is mature and they are available
for trial use. But in optical networking aspect the long-
term disadvantages of them is the opto-electronic con-
version, which limits the possible operation speed (due
to physical properties) and makes the device depen-
dent on the signal coding scheme (not transparent for
optical signals).

The main efforts in optical researches are therefore
focused on transparent optical solutions. Though these
solutions are mostly available only in laboratory envi-
ronment, the possible performance of these devices
according to the demonstrated results are really promis-
ing [1,2]. In the first part of this article we give an
overview of the state-of-the-art of wavelength conver-
sion using semiconductor optical amplifiers (SOA), than
one of the possible methods is presented in details and
investigated through measurement results.

Wavelength conversion methods

Wavelength converters should meet several require-
ments. They should operate at the 10 to 100 GHz
range or even higher, and in order to build long-haul
connections they should be cascadable. Further need
is the low complexity of the device, high output power
and fast tunability.

Optical gating methods

With this overall name we refer to those all-optical
methods, where the new wavelength continuous wave
(CW) signal is provided by an external source, and
another device is applied to modulate the intensity of
this signal according to the incoming optical information
signal. The most typical solutions from this category are
shown in the next subsection.

As it is widely known, in semiconductor optical ampli-
fiers the key physical phenomenon is the population
inversion, in other words the carrier density on the high-
er energy level in the active region. This carrier density
is provided by external electrical pump. This population
inversion gives the optical amplification in the amplifier
due to stimulated emission. But through the manipula-
tion of the carrier density by an optical signal (due to
gain saturation process) it can also be applied for wave-
length conversion. 

The following methods use the device in this way.

Cross-gain modulation (XGM)
In this case the basis of the wavelength conversion

is the gain saturation itself. The external pump source
has a constant pump rate, and so the output power of
the SOA is also limited. Therefore there is a limit in the
incident optical power of the information signal, called
the saturation power, until the SOA provides constant
gain, above it the gain will significantly decrease. As the
material is homogenous, the SOA will saturate at the
whole operation wavelength spectrum, so that the



same gain variation will be for the CW signal at the new
wavelength. In this way the CW signal will be modulat-
ed according to the input optical signal. The block
scheme of the device is shown in Fig. 1/a.

The gain of the SOA is inversely proportional to the
intensity of the incoming signal, thus it will work as an
external modulator for the CW signal [3,4,5].

The advantages of this method are the simplicity of
the device and the high transfer speed (approximately
100 GHz, limited by the carrier recovery time). But there
are also some disadvantages. The input optical signal
power should be high enough to saturate the SOA, a
tuneable optical filter is needed in order to suppress
the old wavelength, and the device inverts the signal

levels (however the last two features can be avoided
by special arrangements). And last but not least, this
method is only suitable for conversion of intensity mo-
dulated signals, as the phase information is lost during
the process. We investigate this method in details later
in this article.

Cross-Phase Modulation (XPM)
Placing two SOAs in the arms of an interferometer,

it can also work as a wavelength converter. The CW
signal at the new wavelength is transmitted into both
arms, and the information signal to one of them. The
intensity modulation of the information signal will lead
to variation in the carrier density, and in the same time
in the refractive index. The variation of the refractive
index will result in variation in propagation time, which
gives a phase difference between the two arms. This
phase modulation can be converted to intensity modu-
lation by an interferometer structure. Typically a Mach-

Zender (Fig. 1/b.) or a Michaleson-interferome-
ter (Fig. 1/c.) is used.

Compared to the XGM this interferometric
scheme provides signal quality improvement. A
stable operation can be achieved by integrat-
ing the interferometer to a single semiconduc-
tor chip, so that the two SOAs can operate at
same conditions [6,7,8,9].

The possible operation speed is around
100 GHz, but 168 GHz has also been demon-
strated.

Cross-polarisation Modulation (XPolM)
Wavelength conversion can be achieved

through changing the polarisation of the CW
signal at the new wavelength [10].

In this case we utilise a polarisation beam
splitter (PBS), and its capability to filter optical
signals according to their polarisation state.
First the CW signal is transmitted through a
SOA and adjusted to a PBS, so that the whole
signal is transmitted through the system. Than
the intensity modulated information wave-
length is also transmitted into the SOA, and
due to it birefringence the intensity variation will
cause a polarisation rotation on the CW signal.
This polarisation modulation will be converted
into intensity modulation by the PBS.

The main advantage of this method is the
high achievable extinction ratio, but the com-
plexity of the device makes its application prob-
lematic.

Wave mixing

The earlier mentioned all-optical and trans-
parent optical transmissions are not synonyms
to each other. The gating methods are not
transparent solution, as the only preserve the
intensity information of the signal. 
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Fig. 1. Wavelenght converter schemes
a) XGM
b) XPM Mach-Zender interferometer
c) XPM Michelson interferometer
d) Wave mixing 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



In this case we utilise the nonlinear behaviour of the
SOAs, and the new wavelength signal is produced as
the nonlinear combination of the input signals. Thus, if
any of the input signals contains intensity, phase or
polarisation modulation, it will be represented in the
output signal. In this way, wave mixing is the only me-
thod with transparent optical properties, because all
the optical properties of the information signal are
unchanged during the conversion. 

According to the number of the input signals there
is four-wave mixing (FWM), three-wave mixing (TWM)
and difference frequency generation (DFG), depending
which order of nonlinearity is utilised.

In addition to transparency wave mixing is the only
method which allows parallel conversion of more than
one channel and capable for operating over 100 GHz.
But on the other hand the optical nonlinear efficiency
is very low, thus the implementation of this converters
is complicated.

Investigation of XGM

After the general overview we investi-
gate the most promising method of
wavelength conversion, the cross-gain
modulation. We studied XGM through
simulation and measurements, and
present the most important results in
this article.

Saturation process

The most important process in se-
miconductor optical amplifiers in the
cross-gain modulation aspect is the
saturation. 

As we mentioned earlier, popula-
tion inversion is provided by an ex-
ternal electrical supply, which pumps
carriers to the active region at con-
stant rate. This carrier density is con-
sumed by optical amplification through
stimulated emission. When the input
optical power is high than, to provide
the optical gain, high output power is
needed. Above a certain limit, the
desired output power can not be pro-
vided by the SOA (because of the lim-
ited pump power), so the population
inversion in the device and thus the
gain will decrease. 

Plotting the optical gain versus the
output optical power we get the satu-
ration characteristic of the SOA, which
is shown for the measured device in
Fig. 2. It can be seen in the figure,
that for a wide range of the optical
power the SOA provides almost con-

stant gain. The saturation power is defined by the
3 dB threshold, which is also shown in the figure. The
maximum output power can also be estimated accord-
ing to the figure.

As a normal amplifier constant gain for all intensities
is preferred, for linearity reasons. But in our case it is
desired to have big variation in the gain value due to
the variation of the input optical signal, in order to have
high extinction ratio. The low value of the saturation
power is also advantageous, so that signals with low
intensity can also be converted. This can be influenced
by the material and the layer construction of the ampli-
fier.

Extinction ratio measurements

Besides several interesting parameters extinction
ratio is the most important one, as it highly determines
the quality of the converted signal. Extinction ratio is
defined by the quotient of the maximum and minimum
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b) Extinction ratio vs. wavelenght (SQW 1500 SOA, λnew=1552 nm)

Fig. 2.
a) Gain saturation



optical signal power, and it depends on the maximal
achievable gain variation due to saturation. Measured
extinction ratio versus the wavelength

The wavelength dependence clearly comes from
the band structure, and the broadening of the energy
levels in the semiconductor crystal. The measured
device was designed to operate over the WDM wave-
length range, and provides sufficient extinction ratio
over the whole range. The maximal value for extinction
was measured on the wavelength of 1582 nm and it
was over 30 dB.

The operation speed is depends on the carrier
recovery lifetime in the active region of the SOA. The
typical value for this is around 1 ps, which allows oper-
ation up to 100 GHz. This, compared to the electrical
devices, which are estimated to be limited at 40 GHz
due to physical reasons, means that cross-gain modu-
lation can be used for broadband telecommunication
applications in the future. 

Conclusions

Wavelength conversion using semiconductor optical
amplifiers is one of the most intensively developing
topic of optical telecommunication research. As it was
shown, several approaches exist, with advantages and
disadvantages. Up to the present matured, commer-
cially available solutions are represented only by opto-
electronic devices, but in long terms the increasing
bandwidth requirements can be fulfilled only using all-
optical, or rather optically transparent devices. Which
method will be the winner? Device fabrication prices
and market demands will decide.
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