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Abstract—We investigate the bistable response of a traveling-
wave semiconductor optical amplifier (SOA) connected bidirec-
tionally to a distributed feedback (DFB) laser diode. By contrast
to dispersive DFB amplifiers, bistability is possible for a broad
wavelength range of the injected optical signal. A theoretical
analysis clarifies the origin of the phenomenon and the conditions
under which it occurs. Numerical simulations and experimental
results confirm the theoretical analysis. Experimentally obtained
step heights up to 25 dB and widths of the bistability domain of
1–4 dB have been found.

Index Terms—Optical bistability, optical signal processing, semi-
conductor optical amplifier (SOA).

I. INTRODUCTION

I T IS expected that, at least to some degree, the future all-op-
tical networks will be based on some form of optical packet

or optical burst switching, with the routing and forwarding being
implemented all-optically. For such networks, and especially for
the processing of optical labels or optical headers, there is a need
for all-optical flip-flops, in which a certain output state (e.g., de-
termining the routing) can be set from a short input pulse (e.g.,
derived from a header) and in which this output state is main-
tained until a reset pulse is applied. In essence, such flip-flops
are based on bistable devices, which for certain operation con-
ditions can operate in one of two stable states.

In recent years, several valuable solutions for all-optical
flip-flops or bistable devices have been proposed. One of the
earliest known bistable devices (see, e.g., [1] and [2]) is a
distributed feedback (DFB) amplifier, which shows dispersive
hysteresis for signal wavelengths in the very close proximity of
the resonance wavelengths. More recently (see, e.g., [3], [4]),
pairs of mutually coupled and equally pumped laser diodes
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have been proposed. In these configurations and depending
on the history, one of both coupled lasers is lasing and sup-
presses the other laser. The two output states are then typically
corresponding with different wavelengths, but exhibit equal
output power. Also a single, semiconductor optical amplifier
(SOA)-based Mach–Zehnder interferometer with a feedback
loop has recently been proposed as an all-optical flip-flop
[5]. Due to the fact that the operation is essentially based on
interference in this case, the device requires a careful operation.

Here, we propose another device that can exhibit bistable be-
havior: a traveling-wave SOA bidirectionally coupled to a DFB
laser diode. By contrast to dispersive DFB amplifiers, the bista-
bility is obtained over a very broad wavelength range for the in-
jected lightwave. The bistability is observed in both the output
power of the SOA and (inverted) in the output power of the laser
diode. It is possible to design the device such that the bistability
becomes independent of the input polarization. Both the set and
the reset pulses can also be optical pulses. The device that we
propose is therefore quite robust and flexible. The fact that the
input power can originate from an isolated (e.g., distant) laser,
implies that this isolated laser can be independently controlled,
a feature that could be of importance when one thinks of using,
e.g., a tunable laser for the generation of the input power.

A similar structure has been proposed in [6]. However, the
DFB in [6] is a DFB amplifier, i.e., biased below threshold, and
the traveling-wave SOA just acts as a booster amplifier. The
bistability observed in [6] is the dispersive bistability in a DFB
amplifier, which is obtained for input wavelengths close to the
resonance wavelengths of the DFB structure. In the device that
we propose, the DFB is biased above threshold and the bistable
behavior depends on the nonlinear interaction between the SOA
and the DFB laser diode.

The paper is organized as follows. In Section II, we will in-
troduce the device structure and the principle nonlinearity re-
sponsible for the bistable behavior. In Section III, a theoretical
analysis is presented that allows to determine how the hysteresis
depends on the operating conditions. Section IV gives numerical
simulation results, and in Section V, we present an experimental
confirmation of the theoretical and numerical analysis.

II. DEVICE DESCRIPTION AND ORIGIN

OF BISTABLE BEHAVIOR

The device that we consider is in essence a traveling-wave
SOA connected to an AR-coated DFB laser diode, as shown
schematically in Fig. 1. The device can be implemented in a
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Fig. 1. Schematic of a semiconductor laser integrated with an SOA.

hybrid or an integrated version. This device has been presented
previously as a 2R optical signal regenerator [7], and here we
demonstrate that it can also exhibit a bistable response under
the appropriate operating conditions.

The bistable behavior occurs if the SOA is pumped suffi-
ciently strong and/or if the laser power is sufficiently low. It can
be attributed to the fact that for these operation conditions and
for certain input power levels to the SOA there exist two stable
states. In the first state, the SOA gives a relatively large ampli-
fication and its output switches off the laser diode (due to the
amplified external light). In the second state, the SOA gives a
relatively smaller amplification and its output is insufficient to
switch off the laser diode. The small amplification is a conse-
quence of the saturation of the SOA by the laser diode power.
The bistable behavior is then observed in both the output power
at the input signal wavelength and in the output from the laser
diode.

Of particular interest is the fact that the bistable behavior nor-
mally occurs for any input signal wavelength and is fairly wave-
length independent as long as this wavelength is not close to the
Bragg wavelength of the DFB laser.

It is important that unwanted reflections in the device are min-
imized by using AR-coated facets at both sides of the device
(SOA front facet and laser diode back facet), such that the ampli-
fied signal is not reflected back in the laser diode and the SOA.
For a hybrid device AR-coatings are required on all facets. As
we have already mentioned, the wavelength of the injected light
should be sufficiently distant from the lasing wavelength such
that the laser diode acts as a traveling-wave amplifier for the
signal light. If the wavelength of the injected light is too close
to the lasing wavelength, the signal injected into the laser diode
starts resonating in the DFB cavity and is reflected back into
the SOA. The strong reflected signal injected on the right-hand
side of the SOA then implies that the SOA is always in a satu-
rated low-amplification regime with the amplified signal unable
to switch off the laser diode. However, instead of an AR-coated
DFB laser, one could also use an AR-coated DBR laser with
Bragg reflectors on either side of the gain section.

In the device shown in Fig. 1, the ON state for the signal power
(corresponding with the laser in the OFF state) can be set by in-
jecting an optical pulse on top of the continuous wave (CW)
power needed to operate the device in the bistable domain from
the left-hand side. The OFF state for the signal power (corre-
sponding with the laser in the ON state) can be reset by injecting
an optical pulse in the upper waveguide on the right-hand side
(where it is denoted “output power” in Fig. 1).

Fig. 2. Model and notations used in the analytical analysis.

III. THEORETICAL ANALYSIS

The bistable behavior can be described analytically using a
simple steady-state model. Specifically, we consider a traveling
wave SOA connected to a DFB laser diode as shown in Fig. 2.

In this model, reflections from the signal light back into the
SOA as well as reflections of the laser signal back into the laser
diode are neglected. Therefore, and are considered to be
at the signal wavelength while and are considered to be
at the laser wavelength.

Because the wavelength of the injected light is substantially
different from the DFB lasing wavelength, the effect of the feed-
back is essentially incoherent. If the laser output is nonzero and
provided the injected signal is sufficiently weak, the steady-state
carrier density in the DFB laser is not perturbed by the feed-
back. From the steady-state carrier density equation, we have

if where is the laser power
without injection and is a dimensionless coefficient. Since we
only consider the steady-state problem, can be removed by
properly redefining . This then leads to the simple model
equations

(1)

if (2)

where denotes the laser power without injection. The
SOA is described in terms of the forward and backward prop-
agating powers and , respectively [8]. From the steady-
state traveling-wave equations, we have the following equations
for and :

(3)

(4)

where is the local gain power and is the SOA internal
loss coefficient. is approximated as ,
where is the confinement factor that takes into account the
transverse effects, is the carrier density at transparency, and

is the gain coefficient. The steady-state carrier density equa-
tion is given by [8]

(5)

where is the injection current, is the electron charge, is
the active volume, is the spontaneous carrier lifetime, is
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Fig. 3. Normalized feedback power p as a function of the normalized injected
power for p = 1 and g L = 4.

the photon energy, is the width of the active region, and is
the thickness of the active layer. In this paper, we consider the
simplified case It is not a limitation of our analysis
but with , two solutions, one with and one
with immediately emerge. The detailed analysis is given
in Appendix I, and the general case will be treated
elsewhere [].

With all powers normalized by the saturation power
, the solution satisfies the

following transcendental equation:

(6)

where and . is defined in
Appendix I as the unsaturated gain of the SOA which is propor-
tional to the injection current . is the length of the SOA. In
this regime, the laser is not switched off and

. As increases, the SOA is progressively saturated
and the amplification decreases. The second solution cor-
responds to and satisfying

(7)

In this regime, the amplification for the input signal is
much larger because the laser is switched off. The normalized
feedback power (Fig. 3) and signal power (Fig. 4) are
represented as functions of the normalized injected power for

and . They have been obtained by solving
numerically (6) and (7). Note that is given by (7) only for

.
By analyzing (6) for small values of , we may find the con-

dition for a Z-shaped diagram for . This condition
is given by

(8)

Fig. 4. Normalized feedback power p as a function of the normalized injected
power for p = 1 and g L = 4.

Fig. 5. Evolution of the left and right boundary for p of the hysteresis loop
as a function of g L for p = 1.

The inequality (8) clearly indicates that the unsaturated ampli-
fication of the SOA needs to surpass a threshold value deter-
mined by the laser output power without injection, . Equiv-
alently, the bias to the laser diode has to be sufficiently low.
The width of the bistability domain can be determined analyti-
cally. The left boundary is obtained from (6) with , and
the right boundary is obtained from (7) and the extra condition

. as can be seen in Appendix II. In Fig. 5, the
evolution of the width of the bistability domain is shown as a
function of . It shows that the width of the bistability do-
main increases with increasing values of (or equivalently
with decreasing values of .

One can do a similar analysis when a certain coupling effi-
ciency between SOA and DFB laser is assumed (if for instance
the DFB laser diode and SOA are connected trough a coupler as
in Fig. 1 instead of just butt coupled as in Fig. 2). The formulas
become then more complicated and will not be given here [].
However, they indicate that with decreasing coupling efficiency,
the bistability starts at ever increasing amplifier gain. For too
low coupling efficiencies, the required amplifier gain is so large
that it cannot be achieved practically (e.g., due to heating, satu-
ration or lasing problems).

IV. NUMERICAL SIMULATIONS

Using a commercial software package [9], the static behavior
of the proposed device was investigated. The scheme we used
consisted of a bulk traveling-wave SOA and a quarter wave
shifted DFB laser diode that are connected through a bidirec-
tional coupler. Both the laser diode and the SOA are assumed to
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TABLE I
DEVICE PROPERTIES OF THE SCHEME USED IN THE SIMULATIONS

TABLE II
DEFAULT PARAMETERS OF THE SOFTWARE PACKAGE USED FOR THE

NUMERICAL SIMULATIONS

have AR coatings at both facets. Some typical device parameters
used in the simulations are shown in Table I. Other important
parameters were default parameters from the software package
and are shown in Table II.

The scheme used in these simulations is the same as the one
in Fig. 1. Light is injected at the front facet of the SOA and after
travelling through the SOA, part of the light is injected into the
laser diode. The remaining part of the output light is extracted as
well as the laser signal that travels back to the SOA. For these
simulations the coupling factor between laser diode and SOA
was kept constant at 0.5 thus assuming the use of a 3-dB coupler
between the SOA and the laser.

In Fig. 6, the behavior of the output power of the laser (cor-
responding to in the theoretical analysis) is given as a func-
tion of the input power to the SOA for different combinations
of the supply currents for SOA and laser diode. In agreement
with the theoretical analysis, it can be seen that the gain of the
SOA (or the current of the SOA) needs to be sufficiently high,
with the threshold for bistability depending on the laser power
or the laser current. The decision point shifts to higher input
powers for increasing laser currents (or decreasing SOA cur-
rents) as could be expected. It can also be seen that, in agreement
with Fig. 5, the width of the hysteresis loop increases with in-
creasing SOA supply current (for constant laser supply current)
or decreasing laser supply current (for constant SOA supply cur-
rent). The bistability in the laser output power corresponds with
an extinction ratio of over 20 dB and the width of the hysteresis
varies between 0 and 4 dB.

Fig. 7 shows the output power of the SOA (corresponding to
in the theoretical analysis) as a function of the input power

to the SOA for an SOA current of 100 mA and different supply
currents for the laser diode. These graphs are approximately in-
verted versions of the corresponding ones in Fig. 6 indicating
a strong interaction between the signal light and the laser light.
This time, the step is directed towards higher output powers, and
step heights of up to about 8 dB can be achieved. The width of
the hysteresis is of course the same as in Fig. 6.

Fig. 6. Output power of the laser diode as a function of the input power to the
SOA for different supply currents to the laser diode (see legend) and different
supply currents to the SOA. (a) 80 mA. (b) 100 mA. (c) 120 mA.

Simulations with different coupling ratios indicate that the
higher the coupling ratio, the stronger the interaction between
SOA and laser diode becomes. In Fig. 8, the laser power is
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Fig. 7. Output power after the SOA as a function of the input power to the SOA
for different supply currents to the laser diode (see legend) and a supply current
to the SOA of 100 mA.

shown as a function of the input power for a coupling ratio of
0.2 and 0.75, respectively. In both cases, the supply current to
the SOA was 120 mA. One can clearly see that to obtain proper
operation within a reasonable input power region, the coupling
ratio has to be sufficiently high. The influence of higher cou-
pling ratios than in Fig. 6, however, seems limited as can also
be seen from the theoretical analysis when a certain coupling
efficiency between laser diode and SOA is taken in to account.

V. EXPERIMENTAL RESULTS

Using a wavelength selectable light source [10] consisting
of an SOA with an angled output waveguide, followed by
a 4X1-MMI optical coupler and 4 -shifted DFB laser
diodes with straight output waveguides, the working principle
of the proposed device has been investigated experimentally. A
schematic representation of the device is given in Fig. 9. The
four DFB laser diodes each operate at a different wavelength
and can be temperature tuned. For our purpose only, one of
the lasers will be used. This results in a coupling ratio of 0.25
between the SOA and the laser diode. Light from a tunable
laser is amplified with an EDFA and injected into the SOA. The
output signal can be extracted at both sides of the component,
but due to the optimized coupling at the angled SOA facet the
output power is extracted there. A circulator is then used to
separate the output signal from the input signal. Furthermore,
only the laser signal is investigated experimentally because of
the low reflection for the input signal from the back facet. The
wavelength of the laser diode is fixed at 1540 nm, and the drive
current for the laser diode is fixed at 87 mA. No polarization
influence has been observed during these measurements.

In Fig. 10 operation of the device for different input signal
wavelengths is shown. For the same SOA current (100 mA)
good operation over a wavelength range of about 12 nm is
shown, with step heights up to 25 dB and bistability widths
between 1 and 3 dB. The difference between the different

Fig. 8. Laser power as a function of the input power to the SOA for a supply
current to the SOA of 120 mA, a coupling ratio of (a) 0.2 or (b) 0.75 and different
supply currents to the laser diode (see legend).

Fig. 9. Schematic representation of the device used in the experiments.

wavelengths can be sought in the difference in gain and cou-
pling into the grating of the laser diode at the different signal
wavelengths. For signal wavelengths close to the central Bragg
wavelength of the laser signal light couples into the grating
disturbing the feedback between laser diode and SOA. These
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Fig. 10. Measured output versus input power relation for different wavelengths
for the input signal.

Fig. 11. Measured output versus input power relation for different SOA cur-
rents.

measurements were limited by the available optical filters, but
it is expected, as has also been seen in simulations, that good
operation over a broader wavelength region is feasible.

In addition to the wavelength dependence, we also looked
into the adjustability of the hysteresis of the device by adjusting
only the drive current of the SOA. For these measurements the
signal wavelength was set at 1555 nm. As shown in Fig. 11,
step heights of about 25 dB and bistability widths of 1–4 dB
can again be achieved.

Comparing Fig. 11 with Fig. 6, a good agreement between
the numerical simulations and experimental results can be
found. In both cases, it can be seen that the input power for
which the step occurs decreases for higher SOA drive currents
with constant laser drive currents. Using the wavelength de-
pendence of the device shown in Fig. 10 and the tunability
shown in Fig. 11, the same device could be used for several
different wavelength channels with near identical operation
characteristics. Considering the fact that the speed of this device
is primarily determined by the feedback time between the SOA
and the laser diode, it is believed that with this integrated device

high switching speeds can be obtained. A single feedback time
for a device with a typical length of under 1 mm is of the order
of 10 ps and the total feedback time is then determined by the
feedback strength (depending on the effect a change in output
power of one of the two components has on the other).

VI. CONCLUSION

We have discussed a new type of optical bistable behavior
in a TW-SOA connected to a DFB laser diode. The bistability
can be obtained for a broad range of input signal wavelengths
and can be adjusted by simply changing the currents injected
into the SOA and the DFB laser diode. The laser diode must
have AR-coated facets, but does not need to be a DFB laser
diode. A DBR laser diode (e.g., a widely tunable SG-DBR laser)
with two AR-coated facets and Bragg sections on either side of
the gain section can also be used. Moreover, both hybrid and
integrated implementations of the device can be used. We have
obtained excellent agreement between the theoretical analysis
and the numerical and experimental results. Very steep steps
in the output power of up to 25 dB have been observed in the
output power of the laser as well as a rather narrow bistability
region. The device is a relatively simple, robust, and flexible
component, which could be used in a variety of applications and
is in principle also suitable as an optically settable and resettable
flip-flop.

APPENDIX I

DERIVATION OF THE ANALYTICAL RESULTS

It is mathematically more convenient to rewrite (5) in terms
of the gain . Equations (3) and (4) then become

(9)

(10)

(11)

(12)

where

(13)

and is the current required for transparency.
Equations (1) and (2) describes the effect of the feedback. We
need to solve (9)–(12) separately for and .
The second problem is easier because , but it is the first
problem where that captures the hysteresis phenom-
enon. For mathematical clarity, we assume . It is not
a limitation of our analysis but it considerably simplifies the al-
gebra.

Considering the first problem we obtain from (9) and (11)

(14)
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where is a constant to be determined. Using (1), we eliminate
in the remaining equations. After some calculations, we ob-

tain a first order differential equation for given by

(15)

This equation is separable and integrating with the boundary
condition leads to the following solution (in im-
plicit form):

(16)

Evaluating this equation at and making use of (1) we
obtain the following equation for :

(17)

Normalizing all powers by , (17) becomes

(18)

where . By using one finds an
equation for as a function of

(19)

Equation (18) is a transcendental equation for which is easy
to analyze if we consider the length as the control parameter.
There is a bifurcation point at where which is
given by

(20)

The bifurcation diagram admits either one or two nonzero solu-
tions for The condition for two nonzero solutions implies
hysteresis. It is obtained by determining the direction of bifurca-
tion at . Expanding (18) for small and small ,
we find that if

(21)

Equation (21) is the condition for hysteresis which depends on
and . It is satisfied for sufficiently low values of . If

we consider as our control parameter, as it is the case in our
experiments, then we need to solve (18) numerically as can be
seen in Figs. 3 and 4.

Rewriting (21) gives us

(22)

And substituting this in (18) then results in a condition for
as a function of

(23)

Finally, we repeat the analysis for the second problem where
. We find

(24)

which is an equation for . Our solution is valid until
. Substituting into (24) leads again to the critical

length given by (20). Normalizing again all powers in
(24) by yields

(25)

APPENDIX II

WIDTH OF THE HYSTERESIS LOOP

When looking at the width of the hysteresis loop one finds
that there are two boundaries for this loop. The first being de-
termined by the condition as can also be seen from (20).
Rewriting this as a function of and one finds a condi-
tion for the left boundary value of for the hysteresis loop

(26)

For the right boundary of the loop the maximum of (19) needs
to be found. Taking the derivative of this equation with respect
to the following expression for is found:

(27)

Substituting this condition into (19) yields

(28)
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