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Fast 2R Regeneration by Coherent Laser Amplifiers
Jani Oksanen and Jukka Tulkki

Index Terms—Coherent optics, function generation, optical isolators, optical regeneration, semiconductor laser.

complex than the previously introduced regenerators relying on
saturation effects.
The paper is organized as follows. Section II describes the
model used in simulations. In Section III, the structure and parameters needed to realize the regenerator are presented. The
results of the simulations are given and discussed in Section IV,
and Section V concludes the paper. In the Appendix a small
signal approximation is used to find the limits where no relaxation oscillations take place and to determine the approximate
time constants of a single laser.

I. INTRODUCTION

II. THEORY

HE TRANSITION from electrical to optical domain in
telecommunication industries started out by deploying
optical fibers and fiber optical amplifiers in the long haul
network backbone. These components were like tailor-made
for transferring data over long distances. However, expanding
optical technologies to access and metropolitan area networks
has not progressed as smoothly. The common reason for both
the early success of the communication optics, and the difficulties found later in approaching the end user is the linearity
of optical processes. Therefore, developing practical purely
optical components enabling fast switching, logic, and other
nonlinear functions has proven a difficult challenge.
This paper presents a new device concept that can be used to
realize arbitrary all-optical functions. The key elements in the
device operation are phase-locked lasers, which are modulated
by optical signals. The emphasis of the paper is on realizing
a re-amplification and re-shaping (2R) regenerator, required in
preserving the data integrity on long transmission paths.
Regenerators operating in purely optical domain and based on
different operation principles ranging from nonlinear fibers to
semiconductor optical amplifiers are being actively pursued [1],
[2]. Devices based on gain-clamped semiconductor optical amplifiers and injection-locked lasers have been demonstrated as
well [3], [4]. They rely on the saturation of laser fields, and consequently their operating frequency is limited by the relaxation
oscillations and ultimately by the turn on delay of the lasers.
In the present construction the relaxation oscillations can be
suppressed and the device needs not be driven to saturation.
Therefore, the modulation speed is not limited by the same
mechanisms as in the other semiconductor regenerators based
on the use of lasers. As expected, the proposed device is more

This section presents the model of a device composed of several forward coupled lasers. Section II-A gives a qualitative presentation of the device, starting with the steady-state response of
a single laser and expanding the concept to a network of several
lasers, described qualitatively and mathematically. Section II-B
quantifies the operation of a single laser by introducing a rate
equation model describing the dynamical evolution of the carrier density and the fields in the laser. Section II-C combines the
single laser rate equations into a matrix equation by introducing
coupling matrices and bias vectors to describe the interaction
between the lasers. The actual material and device parameters
of the regenerator are discussed in Section III.

Abstract—A new device concept based on coherent processing of
optical signals and allowing generation of ultrafast all-optical functions is introduced. The device is modeled by rate equations and its
functionality is demonstrated by studying the re-amplification and
re-shaping (2R) regeneration of a 30-GHz signal in detail. The main
components of the regenerator are phase-locked lasers, optical isolators and band pass filters. Small signal analysis of the model predicts that bandwidths in excess of 100 GHz might be attainable.
The technological feasibility of the device is also discussed.
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A. General Operation Principle
The steady-state output of gain clamped laser amplifiers consists of two signals at different frequencies: the output at the frequency of the signal mode (electric field
, power
) and
. In
the output at the frequency of the laser mode
ideal operation the input—output responses are linear (
, where
is a constant),
,
except in terms of the electric field
which is nonlinear. In addition to this nonlinear relation, the
device construction makes use of linear operations on electric
)
fields by lossy waveguides (multiplication by a constant
and by waveguide interferometers (addition of coherent electric fields with constructive phases and subtraction with destructive phases). The objective of the device is to generate a desired
transfer function by using coherent light, linear waveguides and
the nonlinearity of the electric field. Due to the nonlinear electric
field dependence, this can be done without driving the lasers to
saturation. The transfer function generation process resembles
the mathematical methods where some basis functions (outputs
of the lasers) are combined (by interferometers) to create a more
complex function (the output). An example of a possible realization is shown in Fig. 1.
The qualitative physical operation of the device shown in
Fig. 1 is the following. First coherent reference signals at wavelengths and are generated by two master lasers (not shown

0018-9197/$20.00 © 2005 IEEE
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The coherent nature of the device intrinsically implies that
there is a master laser providing the reference phases for the
system. Because the phase of the input signal is not well defined at times of no input, the input signal must be converted to
a suitable wavelength and phase, given by a master laser. This
conversion is assumed to take place, but for simplicity not included in the model. In other words, the input signal is assumed
to be a coherent signal, even if the original signal was chaotic.
Fig. 1. Schematic structure of the regenerator. The lasers are of two
different types with the signal and cavity mode frequency alternating between
consecutive stages. The structure also makes use of bandpass filters (BPF)
and optical isolators. Additional band pass filters and loss elements, that are
not drawn to the picture, are also needed in the waveguides injecting the
phase locking and biasing fields. The numbers inside the lasers denote the
corresponding row and element numbers in the coupling matrix and other
vectors. The input and output signal wavelengths are  .

in the figure). The input signal needs to have the same frequency
and phase as , and if this is not the case, a conversion is necessary. Next a small bias signal at is injected to lasers 1 and 2 to
lock their phases (the lasers operate at ). Also appropriately
selected combinations of the signal (at ) and a bias signal at
are injected to lasers 1 and 2. The waveguides are assumed
to have different absorption coefficients, and therefore the amplitudes of the signal and bias signals injected in the lasers can
be individually adjusted. For simplicity these effects are not discussed further in this qualitative description. The outputs of the
lasers 1 and 2 are led to optical isolators to prevent reflections
and backward propagation, and to band pass filters that let
through.
Now the signal information is contained at the wavelength ,
originating from lasers 1 and 2. These new signals at plane A in
Fig. 1 are again made to interfere with the appropriately adjusted
and fed to lasers 3 and
bias signals from the master laser at
4 along with the phase locking signal, now at , which is the
lasing mode of lasers 3 and 4. The same procedure is repeated
through the device, and the final output at is a function determined by the bias signals, the loss coefficients of the waveguides
and the general configuration of the lasers.
at the output of laser of
The normalized electric field
phase-locked lasers conan arbitrary structure composed of
nected by a network of waveguides and with no optical feedback
between the lasers can be written in a recursive form
(1)
is the constant bias signal
Here denotes the real part,
added to the input of the laser and
are coefficients determined by the waveguide network. The original input signal
is included by setting the term
to
. All the coefficients and parameters are real. The final output after the th
laser can be written as
, where
and
are an appropriately selected bias signal and waveguide
coefficients, respectively.
The nonlinearity of a laser is enhanced the closer it gets to
saturation. However, to maintain high-speed operation the operating point must not be set too close to saturation. The nonlinearity can be harnessed, for example, by the circuit shown in
Fig. 1 to implement the regenerator studied later in this paper.

B. Model of a Single Laser
A standard way of describing the basic building block of the
device, the semiconductor laser, is the rate equations. They enable the study of many aspects of laser operation, including but
not limited to relaxation oscillations, turn on delay, chirp, noise
properties and phase locking.
A single laser with external light injection to a remote cavity
mode can be described by rate equations accounting for the carrier density (normalized to the photon cavity volume), the
complex electric field at the frequency of the cavity mode
and at the signal mode
(2)
(3)
(4)
These equations are based on well-known models of the phase
locking behavior of semiconductor lasers, with an additional
equation for the signal mode and some modifications in notaand
are considered as
tion [5]–[9]. Both electric fields
the slowly varying complex amplitudes of the coherent traveling
waves with the steady-state cavity mode frequency removed, i.e.
,
the total photon density
is the conversion factor between photon density and
where
the square of electric field magnitude
and
and
are the complex amplitudes of the forward
and backward propagating fields, which are both approximately
equal to . The symbols appearing in the equations are the ef, the volume of the optical cavity
fective injection current
, carrier lifetime without stimulated emission taken into ac, the speed of light in the medium
, the modal gain
count
and loss of the mode
( and ), the deviation of
the cavity resonance of the mode from its steady-state value
, the length of the cavity
, and the external injection
.
into the mode
The gain in (2)–(4) is modeled by
(5)
is the maximum modal gain and
is the transwhere
parency carrier density. The change in the frequency of the
cavity mode is given by
(6)
with being the linewidth enhancement factor and
the
change in the modal gain with respect to its threshold value.
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Equation (2) states that the carrier density increases by current injection and decreases by stimulated emission into the
laser mode and into the signal mode. Equations (3) and (4) account for the changes in the complex electric field due to the
stimulated emission, the cavity (losses and phase shift) and external injection.
C. Complete Model
A system of several coupled lasers can be described by matrix equations that are a direct extension to (2)–(4). These matrix
equations are the same as (2)–(4) when the variables
and the structure and material parameters are replaced with vec, where are the variable
tors of the form
values in the individual lasers.
, which defines the
Of special concern is the input vector
coupling between the lasers, the coupling of the input signal and
the bias fields of the lasers. It is written as
(7)
and
are the effective cavity facet transmission cowhere
efficients for optical power at the laser and signal mode freis the matrix of waveguide transmission coeffiquencies,
cients coupling the electric field of the previous laser to the next,
and is the vector describing how the input signal is coupled
to the lasers. Every element of the input vector should satisfy
to ensure that the lasers remain unsatuis the total loss for the signal mode
rated. Here
and
is the electric field
of a single laser at the satura.
tion limit where
III. STRUCTURE OF THE REGENERATOR
A function fulfilling the requirements of a regenerator can
be found using the steady-state relation (1). The optimization
of the structure is nontrivial and the structure used in the calculations is found by experimentation. Therefore, the structure
is not necessarily optimal, but still adequate to demonstrate the
operation. Using a normalization where the input signal power
at which the laser saturates is set to one, the regenerator function to implement reads as (8), shown at the bottom of the page,
where the real parts of the square roots provide correct saturation behavior.
The above function with the electric fields represented in the
power domain is plotted in Fig. 2, with a different normalization
(see the figure caption for details). The peak in the output power
just before saturation is due to the strong nonlinearities of the
field in this area. With different coupling parameters it might be
possible to reduce their magnitude, but in any case the device is
never intended to enter the nearby saturation region.

Fig. 2. Steady-state input and output powers of the regenerator, as predicted
by (8). The input power is normalized with respect to the saturation power of
the input, and the output with respect to the maximum output power.

The regenerator function of (8) can be implemented with
a structure composed of eight lasers, band pass filters, two
coherent sources to bias the lasers and optical isolators to prevent backward propagation of the signals. In principle optical
isolators may not be strictly necessary. They could be replaced
by active interferometric structures that effectively cancel the
backward reflected amplified signal while allowing transmission and thus remove the backward coupling of the lasers,
much like the isolators. Ideal optical isolators are, however,
used throughout the paper, since their operation is easier to
understand. The schematic configuration of the regenerator was
shown in Fig. 1.
The physical operation modeled by (8) can be described approximately as follows. Term in (8) realizes a smooth absolute
value -like function (formed by lasers 1 and 3 in Fig. 1) and term
forms a linear function (lasers 2 and 4). The sum of these (interferometric junction in the middle of the device) gives a function that is roughly constant for negative values and linear for
positive values. Lasers 5–8 operate in a similar manner, but their
response for positive values is constant and linear for negative
values. By properly scaling and shifting the output of lasers 1–4
and feeding it to lasers 5–8 one can create a function similar to
the one shown in Fig. 2. The linear function described by term
could be replaced by a simple waveguide, if only steady-state
operation was to be considered. For transient signals, however,
the extremely fast response of linear waveguides would cause
linear high frequency response and consequently bad transient
regeneration characteristics. Another possibility is to use appropriately tailored resonant cavities that mimic the rise time of the
signal in the nonlinear paths. This approach would be simpler to
process, since it would reduce the number of lasers from eight
to four.

(8)
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The coupling matrix
of (7) required to implein (8) can be written as
ment the function
, where
is the value of
and
is
the electric field of the laser mode when
normalized similar to (8) and can be read directly from it.
is shown in (9) at the bottom of the page. If
satisfies
, then
and all the
waveguides are passive. For fast operation it is necessary for
to have a large value, 5000/m. This dictates that the laser
must be short, 10 m (the mode separation of the laser then
becomes large, 18 meV, or 4.4 THz). The maximum value
can also be increased further by introducing gain in the
of
waveguides connecting the lasers. In this work most of the
required
waveguides have small gain to support the large
for fast operation.
The bias field vector in (7) is
,
where
is the normalized bias vector which can again be
found from (8)

TABLE I
RATE EQUATION PARAMETERS

(10)
And

finally,

the signal coupling vector
, is read from (8) and written as
(11)

Now the output is available as the linear combination
.
The values of the other parameters used in the calculation are
collected in Table I. Some of the chosen values, are discussed
in detail below. For high-speed operation, the length of the laser
cavity should be made small. To keep the mirror losses at a reasonable level, the order of magnitude of the mirror reflectivity
for the laser mode needs be 0.9. High-speed operation also de, and reflectivities for the signal mode.
termines
To obtain relaxation oscillation free behavior the product of
the photon density and the differential gain must be high (see the
Appendix). Achieving high enough values of differential gain
using quantum wells as active material is at the limit of feasibility using present semiconductor materials. In contrast, for
quantum dots differential gain values up to 10 /cm have
been reported [10]–[16]. In this work the material differential
gain is defined by
(12)
where
is the material gain (the gain in the case when all
the photons are assumed to be confined in the active material)

and is the carrier density normalized to the active material
volume. The modal differential gain (the carrier density normalized to the volume of the optical cavity like in this paper)
is approximately equal to the material differential gain. Some
uncertainty is left in the reported values of the differential gain
in some of the above references due to the lack of a detailed
definition. The relaxation oscillation free behavior is an essential part of the high-speed operation of the regenerator. Suppression of the relaxation oscillations requires the cavity loss
to be related to the photon density and the differential gain according to
(see the Appendix). In the
gain model used here, the differential gain is determined by the
transparency current and the maximum modal gain
. On
the basis of the above considerations, the parameters are set to
m and
/m, which imply a differential gain of
/cm at the lasing threshold.
The last parameter of special interest is the linewidth enhancement factor. In the literature extremely low values of the
linewidth enhancement factor (LEF) 0.1 have been reported
[17], and there are also indications that the value zero might
also be achievable, even when the effect of higher lying states
is taken into consideration [18]. Here, the very low value of
is adopted.

(9)
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Fig. 3. Output power and regenerator characteristics of the regenerator. (a) Output power of the regenerator as a function of input power. (b) Response of the
regenerator to a 30-GHz random bit sequence (the input bits are shown in light gray). (c) Response to a 30-GHz alternating sequence of zeros and ones with the
power level of one increasing linearly with time. (d) -factor of the regenerator with respect to the -factor of a normally distributed signal at the input [the
calculation is based on the results shown in Fig. 3(a)]).

Q

Q

IV. RESULTS AND DISCUSSION

is the probability distribution of the input signal,
is the response of the system to input , and goes over the
in case is not monotonous and
different components of
has ambiguous points. For simplicity a gaussian input
distribution centered at 2.9 mW is used for the logical one and
the positive half of the gaussian distribution centered at 0 for the
logical zero (phase fluctuations of the signal are thus not taken
into account, which is a reasonable approximation, because the
input signal is assumed to be locked to the same phase with the
rest of the system). The results of the calculation are shown in
Fig. 3(d), which shows that -factor is strongly enhanced.
The bit-error rate (BER) of a Gaussian signal is strongly deand for
pendent on the -factor (for
). Note, however, that the reduction of the -factor by the regenerator does not reduce BER.
It merely states that the noise distribution has become narrower
and thus more tolerant to additional noise. In addition to the
input and output, there are 16 other electric field and eight carrier density variables to track. It is meaningful to present only an
example of them here, since their general behavior is very alike,
and their exact temporal behavior with respect to the input signal
is not very interesting.
Fig. 4(a) shows the electric field power in one of the lasers,
for the input signal that is plotted in Fig. 2(c). The sum of the
laser mode and signal mode power is constant, except for some
brief moments when the laser is out of equilibrium. The peaks
in the power at the laser frequency result from the relaxation
of the laser to a new state, but the relaxation is monotonous

Here

The coupled set of rate equations for the regenerator are
solved numerically for the signals shown in Fig. 3. In Fig. 3(a)
a signal with slowly increasing power is used to obtain the
input-output response of the regenerator. The result is in agreement with the results from the steady-state model of (8), shown
in Fig. 2. Fig. 3(b) and (c) demonstrate the transient operation
when the input is stimulated by a random bit sequence at
30 GHz [Fig 3(b)] and an alternating sequence of zeros and
ones with the power level of the one increasing linearly with
time [Fig. 3(c)].
The results shown in Fig. 3(a) are then used to evaluate the
-factor at the output with respect to the -factor at the input.
Calculation is done for a non return to zero modulated signal
with power levels 0 mW for zero and 2.9 mW for one. -factor
is defined as [19]
(13)
where
, and
are the means and standard deviations
of the zero and one levels, respectively. In the calculation the
regenerator is treated deterministically, and the probability density of the output is written as
(14)

1080

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 41, NO. 8, AUGUST 2005

Fig. 6. If the injection current of the lasers is sufficiently dropped, the
relaxation oscillations are no longer suppressed, as seen in the figure.

Fig. 4. (a) Powers of the electric fields inside laser 1 of Fig. 1. The black curve
is for the laser mode and the grey curve for the signal mode. (b) Phase of the
laser mode is plotted in black (axis to left) and the phase of the signal in grey
(axis to right).

Fig. 5. Carrier density of laser 1 of Fig. 1. While the carrier density has high
peak values in transient operation, it is constant when steady-state is reached.

and as such not to be confused with relaxation oscillations. The
phases of the fields are shown in Fig. 4(b). The phase of the laser
mode stays within a few degrees from zero because of the combined effect of phase locking and the low value of LEF. A value
of LEF a few times higher is not disastrous in most cases, but
the regeneration properties get worse as the LEF increases. The
signal mode phase varies between 0 and 180 degrees (in and out
of phase with the bias signal). Stability analysis beyond simple
numerical verifications has not been done, but with any experimented steady-state input signal, the phases and magnitudes of
the fields seem to converge. The corresponding carrier densities
are shown in Fig. 5.
To give an idea of how the operation would change if relaxation oscillations were present, an example of the output with
strong relaxation oscillations is plotted (Fig. 6). This plot is
obtained by solving the problem as above, but with the output

power dropped by a factor of ten. A similar effect could be obtained by reducing the differential gain of the laser.
The most important features excluded from the present model
are proper internal noise treatment and the absence of gain saturation. Also the phase locking of the master laser to the input
phase is assumed ideal. These should be included in a more complete model. Note that the carrier density is approximately constant in steady state and that the nonradiative lifetime of carriers
is always large compared to the radiative lifetime. Therefore, the
carrier density independence of the lifetime is not considered
critical in the present model.
The most important artifact introduced by noise would be the
slow drifting of the laser phase. In comparison to the drifting
caused by the changes in the carrier density and cavity resonance, the effect should prove to be negligible and eliminated
by the phase locking. The effect of the distributed noise sources
(spontaneous emission in each laser) is harder to estimate
without exact calculations. The gain saturation is not likely
to be an essential effect, but only modifies how the parameter
values should be chosen.
In the present model, the natural cavity resonances are not fine
tuned to compensate for the average of the variations caused by
carrier density fluctuations. This could add some tolerance to
larger values of LEF, and reduce the deviation of steady-state
laser phase from zero. Under certain circumstances, it should
also be possible to compensate for larger values of LEF by
changing the phase shifts of the connecting waveguides.
The parameters and the structure of the regenerator have been
chosen to be as realistic as possible to demonstrate the device
properties. Although integrated optical isolators have been manufactured [20], [21], isolators suitable for the purposes of the
device may not be easily constructed. Therefore, using active
anti reflectors, described only shortly above, as well as replacing
four of the lasers with passive cavities, are interesting possibilities. Also meeting the requirements for some device parameters
is at the limit of technological feasibility, so far. The discussion about some of the more or less subtle means of enhancing
or modifying the operation by the antireflectors, feedback, and
compensating for the effects of LEF by phase shifted waveguides is out of scope of this manuscript and postponed to a
later work.
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V. CONCLUSION
A 2R regenerator is demonstrated using a novel scheme to
realize arbitrary functions using purely optical coherent signals.
The method relies on the use of phase-locked laser amplifiers,
optical isolators and coupled waveguides.
The operation speed of the demonstrated regenerator can
be adjusted with the device parameters and according to small
signal analysis, speeds well in excess of 100 GHz might be
possible. The fast operation is based partly on the fact that the
lasers of the system never saturate, like in other demonstrated
semiconductor regenerators, and that the carrier lifetime is very
short because of the ever present large photon density.
Basic coherent optical devices like phase-locked lasers have
been studied extensively, but little attention has been paid to
more complex structures exploiting coherence. Although technologically challenging, the device concept studied here offers
means to circumvent some of the problems limiting the operation speed found in conventional active devices. In addition it
enables generating arbitrary functions in the optical domain, that
could be used for purely optical logic, memory elements and
re-amplifying, re-shaping, and re-timing (3R) regeneration.

APPENDIX
In this Appendix, it is shown that it is possible to find an
operating point where relaxation oscillations no longer take
place. The connection to the maximum operating frequency is
also discussed.
In small signal analysis the linearized variables

are substituted in (2)–(4). In these variables the index 0 refers
to the steady-state value of the variable and index
to the
small deviation from the steady-state value. The modal differential gain is denoted by . In addition to these, substitutions
and
are used.
Using the steady-state equations, neglecting terms of order
higher than 1 and taking the Laplace transform gives

(15)
(16)
(17)
where is the Laplace transform operator and
transform variable.

the Laplace

The solutions are essentially of the form
a polynomial of the second order or lower, and
teristic polynom of the problem
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, where
is
is the charac-

(18)
The characteristic polynom factorizes at points

and

(19)
(20)
The relaxation oscillations do not exist when the roots of the
characteristic polynom are real. This is equal to requiring the
discriminants of the second order terms in the factorized polynoms be positive. These conditions give (21) and (22), shown at
is the total
the bottom of the page, where
photon density of the cavity.
and
does not
Meeting these conditions at
guarantee nonoscillatory behavior for all intermediate operating
points and parameters values. However, for realistic parameter
values oscillatory solutions should not be present if both limits
are met.
A widely used model to describe the relaxation oscillation
in semiconductor laser relates it to the photon
frequency
as
[22]–[25]. This model
density of the cavity
is based on solving the small signal approximation of the rate
equations and neglecting some higher order terms that are insignificant for low photon densities. More accurate treatment re, where relaxation oscillations
sults in
are completely suppressed when the frequency becomes imaginary [26].1 The more accurate model and the model presented
here thus allow suppressing relaxation oscillations completely.
The time constants of the small signal system can also be determined from the poles of the characteristic polynom. As the
exact form of the poles is known only for the two limiting points,
the location of the first order pole at the operating point closest
, can be interpolated to
.
to saturation,
The poles of the second order terms at the two limits suggest
that the corresponding time constants are fairly unsignificant in
comparison to the first order time constant, for most realistic
parameter combinations. Therefore, the operation speed is well
approximated by the first order term, under these conditions.
1This can also be easily found by a direct calculation similar to the one presented in the Appendix.

(21)
(22)
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Considering the possible values of the dominating pole, bandwidths in excess of 100 GHz should be attainable for optimized
material and device parameters.
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