
 

Optical flip-flop memory based on ring lasers sharing one
active element with feedback through an extended cavity
Citation for published version (APA):
Zhang, S., Liu, Y., Lenstra, D., Hill, M. T., Khoe, G. D., Ju, H., & Dorren, H. J. S. (2004). Optical flip-flop memory
based on ring lasers sharing one active element with feedback through an extended cavity. IEEE Journal of
Selected Topics in Quantum Electronics, 10(5), 1093-1100. https://doi.org/10.1109/JSTQE.2004.835292

DOI:
10.1109/JSTQE.2004.835292

Document status and date:
Published: 01/01/2004

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1109/JSTQE.2004.835292
https://doi.org/10.1109/JSTQE.2004.835292
https://research.tue.nl/en/publications/656982fe-b011-4ecc-a04b-2a99a7f5e8a6


IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 5, SEPTEMBER/OCTOBER 2004 1093

Ring-Laser Optical Flip–Flop Memory With Single
Active Element

Shaoxian Zhang, Yong Liu, Daan Lenstra, Martin T. Hill, Heongkyu Ju, Giok-Djan Khoe, Fellow, IEEE, and
H. J. S. Dorren

Abstract—We present a novel optical flip–flop configuration that
consists of two unidirectional ring lasers with separate cavities but
sharing the same active element unidirectionally. We show that in
such a configuration light in the lasing cavity can suppress lasing
in the other cavity so that this system forms an optical bistable el-
ement. Essential for obtaining the bistability is the presence of an
additional feedback circuit that is shared by both lasers. We show
experimentally that the flip–flop can be optically set and reset, has a
contrast ratio of 40 dB and allows low optical power operation. We
also present a model based on roundtrip equations. Good agree-
ment between theory and experiments is obtained.

Index Terms—Flip–flop, memories, optical bistability, optical
feedback, ring laser, semiconductor optical amplifiers, wavelength.

I. INTRODUCTION

OPTICAL flip–flop memories form key components in all-
optical packet switches [1]. In order to employ optical

flip–flop memories in telecommunication systems, the optical
memories should allow a high switching speed, have a suffi-
ciently high contrast ratio, and operate at low power. Reference
[2] presents several well-known principles of optical bistability
that can be applied in optical flip–flop memories. Examples of
optical flip–flop memories that might be useful for futuristic
telecommunication systems are presented in [3]–[9]. An inter-
esting optical flip–flop memory based on two coupled lasers was
presented in [7]. Essential in this flip–flop concept is that each
laser has its own active element. Both lasers are symmetrically
coupled to each other, and it was shown that in this configura-
tion, the lasing light of one of the lasers can be used to suppress
lasing of the other laser, so that the system acts as a master–slave
configuration. It was shown the memory can be all-optically set
and reset by low power optical pulses and operates with high
contrast ratio of 40 dB. This configuration also turned out to be
a useful concept in telecommunications technology since this
optical flip–flop concept was used in optical packet switches
and buffers [10]. The notion that symmetrically coupling of two
nonlinear optical elements could lead to bistability and, thus,
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flip–flop operation was further developed by showing that sim-
ilar functionalities could be realized by symmetrically coupling
of two Mach–Zehnder interferometers or nonlinear polarization
switches [8], [9].

In this paper, we present a novel flip–flop concept that has
essentially a contrast ratio as high as in [7], but it has one ac-
tive element only. This flip–flop configuration consists of two
unidirectional ring lasers with separate cavities but sharing the
same active element unidirectionally. Each laser operates at a
different wavelength. Essential for obtaining bistability in this
system is that the lasing light output from the active element is
partly fed back into the active element in the counterpropagating
direction by an external cavity. We will show that such a con-
figuration forms an optical bistable element and that switching
between the states can be realized by injection of external light
at the wavelength of the cavity that is not lasing. We will also
show that we can obtain a contrast ratio of 40 dB between the
states and that flip–flop operation can be realized by external
light injection at low power.

We present a model that shows that the lasing light that is fed
back via the extended cavity makes that if the roundtrip con-
dition in one of the cavities can be satisfied. This explanation
is supported by numerical simulation results that are in good
agreement with experimental results.

The flip–flop configuration presented in this paper offers a
number of advantages over alternative technologies. First of all,
this flip–flop concept contains only one active element, which
makes the configuration simple. Also, this concept can be mono-
lithically integrated, which is persistent to successful utilization
[11], [12]. A very important advantage is that this concept can be
extended to a multistable system so that larger amounts of op-
tical data bits can be stored. Furthermore, the bistability takes
place over a large wavelength range, the concept is not tight to a
specific technology and allows simple control over the threshold
levels, it provides a large contrast range, and the flip–flop func-
tion can be all-optically set and reset with low power optical
pulses.

The paper is organized as follows. In Section II, we present
a model that describes the bistability as well as the switching
operation. In Section III, we present the experimental results,
which are well in agreement with the modeling results. Finally,
the paper is concluded in Section IV.

II. OPERATION PRINCIPLE

Fig. 1 shows a schematic representation of the ring laser
configuration with feedback. The roundtrip time equations for
this system are derived in Appendix A. We have formulated the

1077-260X/04$20.00 © 2004 IEEE
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Fig. 1. Schematic of the flip–flop configuration. SOA: semiconductor optical
amplifier.

dynamics of this system in terms of roundtrip time equations
instead of rate equations, since, in the experimental implemen-
tation of this system, the lasers are composed out of discrete
commercially available fiber pigtailed elements and, hence,
each laser has a very large ring cavity length ( 10 m). This
means that the roundtrip times of the lasers are large compared
to the carrier lifetime. The roundtrip equations for the fields
are formulated at a reference point inside the semiconductor
optical amplifier (SOA), as indicated in Fig. 1. The SOA itself
is modeled as a point amplifier

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

In (1)–(8), and describe the complex optical field
amplitudes in cavity 1 and cavity 2, respectively, is the
complex field amplitude for the feedback light, and

are the corresponding photon numbers and phases, is the gain
coefficient associated with the linearized SOA gain, is the
linewidth enhancement factor, is the carrier number of above
threshold, is the SOA length, and is the group velocity of
the light in the SOA. Furthermore is the carrier lifetime,
and are the roundtrip times in cavity 1 and cavity 2, respec-
tively, and is the roundtrip time through the extended cavity.
Moreover, is the wavelength of the lasing light in each cavity,

is the injection current, is the threshold current, and is
the elementary charge unit. Finally, represents the fraction of
the external optical field that is coupled in each cavity,
represents the fraction of the lasing light that is fed back into the
SOA via the extended cavity, and is the fraction of the light
that is reflected back in the laser via the extended cavity and the
SOA facet. The optical phases corresponding to the reflections

, , and in the various cavities are identified with ,
, and , respectively.
By solving (1)–(8), insight can be obtained about bistability

in the system described above. Our model accounts for similar
physical mechanisms as the model presented in [13]. In that ref-
erence, it is shown that depending on the feedback strength, the
system can evolve into different stability regimes. The system
can evolve into a stable state if a sufficient fraction of the lasing
light is fed back into the SOA. With a stable state we mean that
the optical field repeats itself after each roundtrip. Our system
has two modes of operation that are associated with and

, respectively. Suppose that both modes could lase, and
that the system evolves into the following state:

(9)

From substitution of (9) into (1) and (2), we obtain

(10)

(11)

It follows from (10) and (11) that both roundtrip conditions
cannot be simultaneously satisfied, since , ,
and both modes share the same laser gain medium (thus, the
carrier number is equal for both lasers). Hence, the phase
matching condition can be satisfied by only one of the modes.
Therefore, only one mode can lase while the other will be sup-
pressed.

Switching between the states can be realized by injecting ex-
ternal light into the system with a central wavelength equal to
that of the suppressed mode. By injection of external light at the
wavelength of the suppressed mode, the roundtrip time (1) and
(2) can be simultaneously satisfied. Also, the injected light sat-
urates the SOA and, thus, reduces the carrier number . If the
photon number associated with the external light exceeds the
threshold value, mode 1 switches off and mode 2
switches on . Hence, the system switches to state 2
in which mode 2 is lasing while mode 1 is suppressed.

The threshold value associated with the number of photons
to be injected into the system to switch states can be investi-
gated by using (1)–(8). The parameter values that are used in the
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TABLE I
DESCRIPTION OF VALUE OF SYMBOLS USED IN EQUATIONS

Fig. 2. Output power of both ring lasers versus the optical power of injected
light at the wavelength that is initially suppressed. (A) The situation is
shown for the case that the injected light copropagates with the lasing light.
(B) The situation is shown for the case that the externally injected light
counterpropagates with the lasing light.

simulations can be found in Table I. We have investigated the
threshold power analytically, but we do not present the result,
since the expressions obtained are complicated and offer little
insight. It follows, however, that the threshold level can be con-
trolled by the injection current and that the system can change
states by using low power optical pulses. Fig. 2(A) shows a sim-
ulation result of the optical power in each mode as a function of
the externally injected power. The injected light copropagates
with the lasing light. It is visible that the system can switch

states if the optical power of the input light is in the order of
20 dBm. This is contrast to the simulation result that is pre-

sented in Fig. 2(B), which shows a similar result but now for
the case that the injected external light counterpropagates with
the lasing light. It follows that the switching power is in the
order of 8 dBm. The difference in the switching powers can
be explained by the light flows through the SOA. In case of in-
jection of external light that copropagates with the lasing light,
the injected light is immediately amplified by the SOA. It fol-
lows from Fig. 2(A) that for small injected powers, the injected
light is linearly amplified by the SOA. In the case of injection
of external light that counterpropagates with the lasing light, the
injected light passes one additional time through the SOA be-
fore copropagating with the lasing light. Thus, the externally
injected light is amplified twice. However, since the reflection
on the SOA facet is very small, a very small fraction of the in-
jected light will copropagate with the lasing light and contribute
to switching.

III. EXPERIMENT

The schematic of the experimental implementation that has
the same conception as the system presented in Fig. 1 is shown
in Fig. 3. The flip–flop is realized by using discrete commer-
cially available pigtailed elements that form two unidirectional
ring lasers with separate cavities but sharing the same active el-
ement. An SOA acts as the laser gain medium. The SOA em-
ployed a strained bulk active region. Each cavity contains a
Fabry–Pérot filter that acts as a wavelength selective element.
The Fabry–Pérot filters have a 3-dB bandwidth of 0.2 nm. A
variable attenuator is placed in each ring to control the optical
power. Optical isolators are used to allow the light to propa-
gate in only one direction, thus ensuring lasing in one direction.
Essential for flip–flop operation is that a fraction of the lasing
light is fed back into the laser through an extended cavity. In
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Fig. 3. Experimental implementation of the flip–flop memory. FPF:
Fabry–Pérot filter, ATT: attenuator.

this particular configuration, the feedback of lasing light is im-
plemented by using an optical loop mirror made of a 50/50 cou-
pler. The central wavelength of the Fabry–Pérot filter in ring
cavity 1 is 1550.92 nm and the central wavelength of the
Fabry–Pérot filter in ring cavity 2 is 1552.52 nm. The system
is set in such a way that there are equal optical losses in each
cavity. This was realized by setting the attenuator values in ring
cavity 1 and ring cavity 2 to 0.5 and 0.82 dB, respectively. Equal
optical losses in each cavity imply that both cavities operate at
equal threshold current. In our experiments, the SOA injection
current is 300 mA and the threshold current is 172 mA. Each
cavity contains about 10 m of optical fiber.

In the first experiment, we investigate the bistability of the
system by blocking one of the cavities, i.e., cavity 2, and
making the system lase in the other cavity, i.e., cavity 1.
Unblocking cavity 2 neither prevents cavity 1 from lasing nor
leads to lasing in cavity 2. A similar situation takes place the
other way around. This is illustrated in Fig. 4(A) and (B),
where the optical spectra are shown between the two states
after restoration of the cavities. It is visible that the contrast
ratio between the lasing state and the suppressed state is 40
dB. The operating wavelength range is also investigated by
changing the wavelengths in cavity 1 and cavity 2. It turns
out that bistability can be obtained over a large wavelength
difference varying from 0.1 nm (limited by the bandwidth of
the Fabry–Pérot filter, but not shown in Fig. 4) to 62.87 nm
(limited by the optical gain bandwidth of the SOA), as shown
in Fig. 4(C) and (D). Moreover, the system is polarization
independent; thus, no polarization controlling components are
needed in the experimental setup, as shown in Fig. 3.

There are two methods to realize the flip–flop operation. The
system is initially lasing at a wavelength The first way to
change states is to inject external light that counterpropagates
with the lasing light with a central wavelength of the suppressed
state, i.e., . This is shown in Fig. 5(A). It turns out that the
switching power is 6.63 dBm, when corrected for the splitter
loss (70%) of the coupler. After the switching, the system re-
mains lasing at the wavelength in spite of the removal of the
external light. Note that the trends in the switching curves pre-
sented in Fig. 5 are well in agreement with the simulation results
presented in Fig. 2. Fig. 5(B) shows a similar result but now in
the case of a slightly increased attenuation in the cavities. It fol-
lows that in this case the switching power is reduced with 1 dB.

Fig. 4. Spectral output of the flip–flop. (A) and (B) show both states in the
case that � = 1550:92 nm and � = 1552:52 nm. The contrast between
both states is about 40 dB. (C) and (D) show the case that � = 1519:34 nm
and � = 1582:21 nm indicating that the bistability takes place over a large
wavelength range.

This effect is explained by the fact that a higher attenuation in
the cavity leads to a reduced number of photons contribute to
the lasing. Hence, switching can be realized by injecting fewer
photons in the system. Note that it follows from Fig. 5 that the
contrast ratio between the lasing mode and the suppressed mode
is less than 40 dB. The reduced contrast ratio is caused by the
gain saturation that is introduced by the injected light.

The second way to change states is to inject external light that
copropagates with the lasing light with a central wavelength
of the suppressed state. The result is shown in Fig. 5(C). In
this case, the switching power is reduced to 19.02 dBm.
Note that the simulation result presented in Fig. 2 is well
in agreement with the experimental result. Fig. 5(D) shows
the case in which the attenuation in the cavity is enlarged.
Similarly as in the case presented in Fig. 5(B), it is visible that
the injected switching power reduces. It has to be remarked
that the transition regime (as indicated in Fig. 5) is not stable.
This implies that switching is only guaranteed if the injected
power exceeds the transition regime. We did not observe a
hysteresis effect in the switching.

The switching speed of the flip–flop memory was investi-
gated experimentally and numerically. Numerical results indi-
cate that it takes approximately 30 round-trip times to switch the
flip–flop state. This was confirmed by experiments. Decreasing
the cavity length is essential to realize higher switching speeds.
The system presented in this paper was made out of commer-
cially available fiber pigtailed components, which made that
the total cavity length was in the order of 10 m. It should be
remarked that this concept allows photonic integration, which
implies that the cavity length should be reduced to a few mil-
limeters. Simulation results indicate that our results still hold
for photonic integrated systems. Also, the roundtrip-time equa-
tions that are used in this paper could be easily reformulated as
rate equations that well describe the behavior of an integrated
flip–flop memory.
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Fig. 5. Flip–flop output power versus the power of the externally injected light. The SOA parameters can be found in Table I; furthermore, � = 1550:92 nm and
� = 1552:52 nm. The wavelength of the injected light is 1552.52 nm. (A) and (C) show the results for front and back injection of external light if the attenuator
values were 0.50 dB (for attenuator 1) and 0.82 dB (for attenuator 2). (B) and (D) show similar results, but now for the attenuation values of 1.00 dB (attenuator
1) and 1.32 dB (attenuator 2).

IV. CONCLUSION

In this paper, we present an optical flip–flop based on two
coupled ring lasers that share a SOA which acts as the laser gain
medium. Essential for the flip–flop operation is the presence of
optical feedback. The bistability is caused by that the feedback
of the lasing light, which makes that the phase matching con-
dition in only one of the lasers can be satisfied. We have pre-
sented numerical and experimental results that are in agreement
with each other. The experimental setup was realized by using
commercially available fiber pigtailed components. We have ob-
served a 40-dB contrast ratio between both states. The switching
power was 19.02 dBm if the switching light is injected in the
same direction as the lasing light and 6.63 dBm if the light
was injected in the opposite direction. Moreover, the system is
polarization independent.

In the flip–flop implementation as presented in this paper, we
did not succeed to demonstrate narrow linewidth operation. This
might be due to the bandwidth of the filters (0.2 nm) used in the
experiment in combination with the large cavity length (10 m).
In [13], the dynamics of a semiconductor laser with feedback
is investigated. It was observed in [13] that in such a system
instabilities due to coherence collapse can take place. We did
not observe hopping between modes located around different
bands even if the bands were separated at a spectral distance of
0.1 nm. A possible way to prevent these instabilities could be
by either increasing the amount of feedback or by making the
feedback very small [13].

The main advantage of this concept is, however, the fact
that this concept could be easily extended. The mathematical
formulation reveals that multistable behavior is possible if
the number of cavities is increased. A multiple-state optical

flip–flop memory forms an important building block for mul-
tiple-state all-optical packet switches that operate at low power.

APPENDIX

In Fig. 1 a schematic of our flip–flop configuration is given.
The roundtrip equations associated with the system are

(A.1)

(A.2)

and

(A.3)

where

(A.4)

and

(A.5)

In (A.1)–(A.5), and are the complex optical field
amplitudes in cavity 1 and cavity 2, respectively, is the
complex field amplitude of the light that is fed back into the SOA
in the counterpropagating direction, and
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are the reflections and transmissions through the beam splitters
in the system, is the reflectivity of the end mirror in the feed-
back loop, is the reflectivity of SOA facet, and are the
roundtrip times in cavity 1 and cavity 2, respectively, and is
the roundtrip time through the feedback loop. The SOA length
is represented by , and are the central optical frequen-
cies of the lasing light in cavity 1 and cavity 2, respectively,
is the wave number of the light propagating through the SOA,
and and represent the optical field associated with
the externally injected light. In the roundtrip equations as given
above, it is assumed that the amplification of the light propa-
gating through the SOA is wavelength independent. Also, it is
assumed that the central wavelength of is equal to that of

and that the central wavelength of is equal to that of
. If we introduce the notation , ,

, and , it is found
that (A.1) and (A.3) are equivalent with

(A.6)

(A.7)

(A.8)

We define the SOA gain by using that

(A.9)

where the real and imaginary parts of the gain account for the
confinement. If we integrate (A.9) over a SOA length, we obtain

(A.10)

If we furthermore linearize the real and imaginary parts of the
complex gain around the threshold value , we find

(A.11)

(A.12)

where is the linearized gain coefficient, the group ve-
locity, and the linewidth enhancement factor. If we substitute
(A.10)–(A.12) into (A.6)–(A.8), we find

(A.13)

(A.14)

(A.15)
where it was used that and that the following
roundtrip condition has to be satisfied:

(A.16)

In (A.16), it was assumed that each cavity satisfies the same
roundtrip condition . We can further simplify
(A.13)–(A.15) by introducing the following notation:

(A.17)

(A.18)

(A.19)

where it was used that . If (A.17)–(A.19) are
substituted in (A.13)–(A.15), we find

(A.20)

(A.21)

(A.22)

Finally, the rate equation for the carrier number is

(A.23)
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where represents the injection current and is the elementary
charge unit. By using (A.11) and (A.16), we find that (A.23) is
equivalent with

(A.24)

Equations (A.20)–(A.22) in combination with (A.24) describe
the system presented in Fig. 1.
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