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All-Optical Flip-Flop Based on Coupled Laser Diodes

Martin T. Hill, Associate Editor, IEEFH. de Waardt, G. D. Khgd-ellow, IEEE and H. J. S. Dorren

Abstract—An all-optical set-reset flip-flop is presented that is light from laser 1 is injected into laser 2. Laser 2 lases at wave-
based on two coupled lasers with separate cavities and lasing atlength \,, and only), light from laser 2 is injected into laser
different wavelengths. The lasers are coupled so that lasing in one One laser acts as the master and suppresses lasing action in

of the lasers quenches lasing in the other laser. The flip-flop state the other | hich act | h le of t d
is determined by the laser that is currently lasing. A rate-equation € other faser, which acts as a slave. 1he role ol master an

based model for the flip-flop is developed and used to obtain Slave can be interchanged due to system symmetry. Thus, the
steady-state characteristics. Important properties of the system, system can be in one of two states, depending on which laser

such as the minimum coupling between lasers and the optical js |asing, and the state can be determined from the wavelength
power required for switching, are derived from the model. These  f tha Jight output. The flip-flop is in state 1 if the output light
properties are prlmar_lly dependent on the Ias_er mirror reflectivity, h | By | tout d state 2 if th tout light h

the inter-laser coupling, and the power emitted from one of the as wavelengtia, 1S output, and state < It the output ight has
component lasers, affording the designer great control over the Wavelength\.. We have chosen to use wavelength to differen-
flip-flop properties. The flip-flop is experimentally demonstrated tiate the lasers in the system. Furthermore, light emitted from
with two lasers construct_ed from identica}l semiconductor optical the master laser flows all the way through the active region of
amplifiers (SOAs) and fiber Bragg gratings of different wave- ha glave laser, without any light being reflected back into the
lengths. Good agreement between the theory and experiment . . .

is obtained. Furthermore, switching over a wide range of input master Igser. In S(?me implementations of the fl!p-flop, reflec-
wavelengths is shown; however, increased switching power istions of light back into the master could be significant and may
required for wavelengths far from the SOA gain peak. be modeled according to [2]. However, the model and system

Index Terms—Flip-flop, memories, optical bistability, semicon- behavior would be more complicated, and so is not considered
ductor lasers, semiconductor optical amplifiers. ere.

To change between states, light from outside the flip-flop can
be injected into the master laser to stop or reduce its light output.
The injected light is not at the lasing wavelength of the master

PTICAL bistable and multistable devices based on laskser and passes through the master laser. The reduction or ab-

diodes (LDs) have been extensively studied as they has@nce of light from the master laser allows the slave laser to start
many potential applications in optical computing and telecortasing and become the master. The flip-flop remains in the new
munications. The most important types of optical bistable lasgtate after the external light is removed.
diode devices can be classified into three broad types: 1) absorpFhe concept of a bistable laser system based on gain
tive bistability, involving multi-section LDs, in which a sectionquenching was first proposed in [3]. However, the concept
acts as a saturable absorber; 2) two modes or polarization bigtas only experimentally demonstrated two decades later in
bility, where the lasing mode suppresses the other mode via nphised operation with dye lasers [4]. In [5], a bistable laser
linear gain effects; and 3) dispersive bistability, where the bistaystem based on gain quenching was theoretically studied, and
bility is based on refractive index changes due to carrier-densityggestions for an implementation using laser diodes were
changesinthe LD. Areview and explanation of these three typgigen. In [6], a device was demonstrated which was loosely
of bistable LDs can be found in [1]. based on the ideas presented in [3]. However, this device was

The optical bistable system considered here is not based upoh based on coupled separate lasing cavities. Furthermore,
any of the above-mentioned effects. Rather, it is based on the device required saturable absorbers to change the lasing
fact that lasing at the natural lasing wavelength in a laser cantbeesholds for the two lasing modes in the system.
guenched when sufficient external light is injected into the laserAn optical flip-flop based on gain quenching offers a number
cavity. The injected external light is not at the same wavelengghadvantages. It can provide high contrast ratios between states.
as that of the lasing light. Lasing is stopped because the gaipere is no difference in the mechanisms that change from state
inside the laser drops below lasing threshold due to the amplifiédo state 2 and vice-versa, permitting symmetric set-reset oper-
external light. ation. The wavelength range of the input light, and the choice of

The optical flip-flop considered here consists of two couple@utput wavelengths, can be quite large. As we will show in this
lasers (see Fig. 1). Laser 1 lases at wavelengttand only\;  paper, the flip-flop has controllable and predictable switching

thresholds. The flip-flop is not tied to a specific structure or tech-
nology, and does not rely on second-order laser effects such as

Manuscript received March 7, 2000; revised October 26, 2000. This woF?fraCtive index changes or nonlinear gain. Thus, the flip-flop
was supported by the Netherlands Organization for Scientific Research (N\WEBN be implemented with a wide range of laser and intercon-

under the NRC Photonics Grant. _ o nection types. For example, in [7], a flip-flop based on gain
The authors are with the Department of Electrical Engineering—EH 12.33

Eindhoven University of Technology, 5600 MB Eindhoven, The NetherlandsquehChmg was demonstrated using free-space OptiCS gnd op-
Publisher Item Identifier S 0018-9197(01)01617-7. erating at wavelengths around 680 nm. However, the flip-flop
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Laser 1 — A4 Laser2— X,

< ( ‘) ’ >output

Master - lasing externa light not at Slave - not lasing
wavelength A4 to turn
off laser 1

Laser 1 — A Laser2 — A

Slave - not lasing external ligh notat Master - lasing

wavelength A, to turn
off laser 2

Fig. 1. Master—slave arrangement of two identical lasing cavities, showing the two possible states. In state 1, light from laser 1 suppresdaséasinini
state 2, light from laser 2 suppresses lasing in laser 1. To change states, lasing in the master is stopped by injecting light not at the masteg lasgekelagth.

structure was not suitable for integration (as it used isolatorgjavelengths, the mirror reflectivity is zero. We also assume that
Furthermore, the free-space optic setup did not easily allow pphotons injected into the laser, by the other laser or an external
cise quantitative comparisons between theory and experimesturce, pass through the wavelength-dependent mirrors of the
In [7], the rate equation model used later in this paper wéaser. Furthermore, the photons pass through the gain section
tersely presented (with a slight difference in the definition of orend are amplified just as would occur in a travelling-wave SOA.
parameter and one rate equation). Here, we use the rate equatidrhe flip-flop is mathematically modeled using two coupled
model as a base from which to derive a simplified model. Usirggts of rate equations (1) and (2) (where the indices used to
the simplified model, the flip-flop operation is explained andescribe laser 1 and 2 afe= 1,2, andj = 3 — ¢). Each set
important properties and results about the flip-flop are derivedescribes one of the lasers. The number of photanis the
Furthermore, the results from the model are later quantitativéfser cavity at the lasing wavelength is given by (1), and the

compared with the experimental results. carrier numbetV; in the laser cavity is given by (2)
Note that while the flip-flop does not rely on the effects of
refractive index change and nonlinear gain, these effects will ds; 1 N;
be present. Refractive index changes will cause changes in the at <U9Gi B E) Si+ /37_6 @
wavelength of the lasers as the flip-flop switches state. Care dN; I N;
should be taken to ensure that the wavelengths of the lasers are O 7 T v, GiS
sufficiently different so that there is no overlap of the wave- 1
lengths during switching of states, and also that other effects — UGG <775j ln<§> + Sfxt) (2)

such as four-wave mixing do not become significant. Non-linear
gain effects may also affect the switching thresholds calculatgflere
here. The effects of refractive index change and nonlinear gain

are not considered in this paper. (Gimam)l _q

Furthermore, we have not considered thermal effects in the G = m 3)
lasers due to power dissipation. However, for integrated flip- ra
flops, this issue may need to be considered as at least two lasers G; = V(Ni — No) (4)
will be operating on the same chip. o], pext

The rest of this paper is organized as follows. In Section Il, Sext = oot (5)

E

we develop a model of the flip-flop using rate equations. In Sec- Yg

tions Il and 11, we derive important properties of the fIip-ropTh
from the model. In Section IV, we experimentally demonstrate
the system with lasers constructed from semiconductor optical 1 1 1
amplifiers (SOAs) and fiber Bragg gratings (FBGs). Finally, the — =y, <aim + I ln<§>> (6)

Tp

e photon lifetimer, is given by

paper is concluded in Section V.

In (2), S¢** represents the number of externally injected photons
per laser cavity round-trip time&{ /v, s) and is used to change
the flip-flop state.S&** is related to the external power injected
We assume that each laser in the flip-flop (Fig. 1) consists ofr#to the laserP#** by (5). 7 is the fraction of photons leaving
gain section surrounded by two wavelength-dependent mirr@$acet of one of the lasers that are injected into the other laser.
of reflectivity R at the lasing wavelength of the laser. For othefhe light power at the lasing wavelength leaving a facet of one of

Il. RATE EQUATION MODEL
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TABLE |
DESCRIPTION ANDVALUE OF SYMBOLS USED IN EQUATIONS

Symbol Description Value
N ; Carrier number in laser cavity i
S; Photon number in laser cavity /
s Photons from outside flip-flop injected into cavity i
1 Injection current 89 mA
q electronic charge 1.6 x 10°719C
v, group velocity in the active region 8 x 10% cvs
a gain factor 2.9x 10 % ¢m?
r confinement factor 0.33
T, carrier litetime 1ns
Ny Carrier number for transparency 2.25 x 10°
B Spontaneous emission factor 5x 10
Vv Volume of active region 2.5x 1079 cm®
L Length of active region 0.05 cm
Oy internal losses 27 cm’’
R mirror reflectivity 0.04
n coupling parameter 0.167
N,y Threshold carrier number
E Photon Energy

the lasers’; is related to the photon number by the well-knowin [8]. In (1) and (2), the only effect of injected photons is to

equation [9] reducen; via the right most term in (2). We have modeled the
5 1 effect exactly as was done in [8], (taking into account our above
P=E*% 1n<—> Si- (7) assumptions on residual facet reflectivities and amplified spon-
2L R taneous emission), and the right-most term in (2) is taken from

Any symbols that are thus far unexplained, are described [8] after converting from carrier and photon densities to carrier

Table I. and photon numbers. The termjs; In(1/R) + S&* (2) rep-
In the rate equation model, we have made the following agsents the number of photons injected into the SOA in the pe-
sumptions. riod of 2L /v, s by the other laser and an external source. These

1) Carrier concentration is assumed to be constant over f}goton numbers are related to the power injected into the SOA

length of the cavity. This assumption allows the use ofy (5) and (7).- ] _ _
simple SOA model [8] to model the laser gain section. The essential difference in the rate equations presented here

2) The effects of amplified spontaneous emission arfEPm those given in [5] is that, in [SE and iy are not taken
residual facet reflectivities in [8] are ignored. Thesénto account when modeling the effect of injected light, whereas
assumptions are valid for the typical gains required iR the model of [8] they are. For the special casé'of 1 and
the flip-flop and the quality of SOAs used in the experttint = 0 the models are identical. However, the models diverge
iments. In the experiments, the laser output power dgéamatically wherl” 3 1 andain: # 0, due to the fact thalf
to spontaneous emission was less than 4% of the out§iidin: @ppear in an exponent (3). Furthermore, by including
power at the lasing wavelength. Furthermore, the soAfday,; in the model, simplified expressions for laser coupling
used had residual facet reflectivities approximately 4¢&d switching power are obtained.

times less than the mirror reflectivities used to form the The steady-state solution of the rate equations for a single
lasers. laser can be found by setting the left-hand side of (1) and (2)

3) We assume that the differences between the waveleng®§gial to zero and solving faV; and5;. The steady-state so-
involved are only a small fraction of the wavelength the tion can also be found for various values of injected external
are centered around. Hence, we can simplify expressidigt 57, (takingS; = 0 for the moment). A plot of the steady
by taking the energy of photons, at slightly differenptateN; and.S; versusSg** is shown in Fig. 2. It can be seen
wavelengths, to be the same and equatto from Fig. 2 thatS; initially decreases linearly, whil&; remains

4) The lightinjected into the laser experiences the same ga@fProximately constant at the threshold legl.. Assuming
guiding and internal loss as the light at the lasing wavéYi = Vi, the slope of5; in this initial linear section can be
length inside the laser. Later, we will relax the assumptidRund from (2) to be-¢; for N; = N,. We denote the value of
on the gain. These assumptions lead to simple analytic feWhenN; = Niy ase. Ny can be found from (1) and (4) by
sults and their accuracy is supported by experimental @duating optical loss and gain [0},G; = 1/7,) to be
sults.

A SOA model that assumes constant photon density and thus _
constant carrier concentration along the cavity length is given ,[v,a

+ No. (8)
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Fig. 2. Steady-state photon and carrier numbers of single laser versus injected photons.
From (3), (4), (6), and (8):1 can be found to be ' ' ' : :
B
Con = w (9) I ——— S (as a function of S,)
2In(1/R)
« S, (as a function of §,)
The photon number in the absence of external light injected intc 1 L
the laser is denoted hy,;, and from (1) and (2), it is found to &
be %
I Ny ] I
sﬂ=%<—— “). (10) £
q Te %
If the initial linear behavior of the laser is extended to thexis g 05 -
of Fig. 2, then the value of¢** at which it crosses the axis is 2
Sexine @nd this value is found to be o
Sexthr = Sst/cth- (11)
Analytic approximations forV, and.S; after light injection ex- 0 , , ; , .
ceedsS.:n: can be found. However, they are not simple ex- 0 0.5 1
pressions, nor do we make particular use of them. The essenti Photon Number (x10°) Sy

features of5; after light injection exceedS.x:1,, can be seenin

Fig. 2. AfterS;BXt exceedsSqyin:, 5; becomes asymptotic with Fig. 3. Steady-state curves for the two lasers showing possible operating
the S; = 0 axis and, thus, the slope &f, that isds; /dSs=t, ~PoInts:

approaches zero &>* is increased abov&.1.-

Considering the flip-flop system without any external influone, then the curves will intersect at three points. The require-
ences, that isS$*t is set to zero, and the only light injected isment oy for intersection at three points is found from (2) and
from the other lasens; In(1/R). A curve similar to that of (9) to be
Fig. 2 can be plotted but now with; versussS;. OR

N; andS; can be considered as state variables of the flip-flop 70>
because the set of four variables describe a unique operating
point or state of the flip-flop. We are particularly interestedwo of the intersection points (labeled B in Fig. 3) represent
in the V;, S;, which satisfy the rate equations for the steadstates with only one of the lasers above threshold. The other
state. The steady-state solutions of the four rate equations paimt (labeled S in Fig. 3) represents a symmetric state with both
be found from the intersection points of the cunggsrersusS, lasers lasing and at the same power. If the coupling is weak, that
andsS- versusS; just described in the preceding paragraph (sé&n does not satisfy (12), then the curves will only intersect at
Fig. 3). one point, leading to only one possible symmetric state.

If the coupling parametey between the lasers is high enough The maximum value ofy (without amplification of photons
to allow the slope of the linear regions in Fig. 3 to be greater thanavelling between the lasers) is one. From (12), the maximum

. (12)
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value of R for intersection at three points and, hence, possib
bistable operation i = 1/3. This medium value foR? indi-
cates it may not be possible to use all types of semiconduc!
lasers. Specifically, devices with high such as VCSELSs (ver-
tical cavity surface emitting lasers), which benefit from low
threshold currents and small cavity size, may not be suitable.

x10%)
o
1
T

= — -

Sy
L@
T T

Photon Number
P
=
T

o
3
A
l

I1l. STEADY-STATE BEHAVIOR AND STABILITY

The steady-state solutions of the rate equations which rep &
sent stable states can be found by linearizing the flip-flop syste g
[10] at a particular steady-state solution denotedVfy S?. In
a small neighborhood arouni?, S?, the flip-flop, which is a
nonlinear system, behaves like a linear system. The lineariz
system can be checked for stability using standard technigt
[10] to determine the flip-flop stability forv?, S?. However, 0
this formal approach does not yield simple analytic expressio T T m T
for crucial flip-flop properties in terms of the flip-flop parame- 0 1 Sttr 2 et 3
ters. Nor does it offer insight into how the flip-flop operates. Injected Photons (x10%) 5,

To obtain simple analytic expressions and more insight into
the flip-flop behavior, we employ a simplified model. In thecig-4-2 Sl;ise’\zgtgr;g:tWﬁé?]ntﬂgfzibéfﬁ S?SV%rSSltJ;gxtger?slrg%ztgggegtggjpto
model, the Iase_rs_ are represented by their Steady'State phé@é‘rﬁ:reazsed toward,,., while at tr?e sgme timé', reﬁwains approximgtely
number versus injected photon number curves (see Figs. 2 attant and close to zero. Whéa is reduced to a level such that laser 1 is
3). Also in the simplified model, the light output of the lasepo longer forced below threshold the flip-flop switches state, wittsuddenly
changes instantaneously in accordance with the input light."K"62sing andz suddenly dropping to zero.
time delay ofT’/2 s is experienced by light travelling between
the lasers. In this simplified model, there are just two state vawe can identify two general regimes where condition (16) is
ables:S; and.S,. satisfied.

In a small neighborhood around the steady-state values, wesjrstly, when the flip-flop is in the symmetrig state (Section
can linearize the laser steady-state characteristics used injfhe, = ,2(1 — R)2/4R2. If 5 satisfies condition (12), then
simplified model. Furthermore, we can consider the flip-floptg - 1 and, thus, the state is not stable. However, if (12) is not
be a linear closed-loop control system with, for example, tR@isfied, therh < 1 andS is a stable state.
photon numbes; as the controlled quantity. The characteristic ~qnsider now the case when the flip-flop is in one of the
equation [10] of the closed-loop control system can be found {@.i ple statesd (Section 1), for example, state 2. is less

124 - . -~ L

Photon Number (
S
oo
1 1 1
{....-.’.-..-
T

be than one becauséS; /dS; is close to zero. Thus, the flip-flop
1—heTe —0 (13) is stable in state 2, provided the flip-flop parameters and ex-
ternal injected light permits a value gin(1/R)S, sufficiently
whereh is the gain around the loop fdi; greater thaty.1,.. A similar argument holds when the flip-flop
is in state 1.
dSs dS1 . .
h= 75, TN . (14) To ensure correct operation of the flip-flapshould be some-
Llsi=s9 21sy=59 what greater than the lower bound (12). In the numerical ex-

The particular values on the right-hand side of (14) depend 8fPle that we will present (Table 1),is twice the lower bound.
the operating point of each laser. For example, with the flip-floyariations in laser parameters could cause the lower bound (12)
in state 2,5 is small and laser 2 operates in the initial lineat® be higher than expected. By settingomewhat larger than

some variation in the laser parameters. Furthermore, noise in
Sy — _nl 1 _ (1-R) 15) the system has to cause a large change in the master laser output
= —nin Gin = . ( )
51 |5,—s0 R 2R to cause a change of state.

tial linear region, and, as mentioned in Section I, the value fe(r:rz);zrensljn![ﬁsiterrezgért]g gowr%;i'ngfd mtztt?heissla:)\?ra‘tlaser
dS; /dS> will be close to zero. pp Yihre- point,

For the flip-flop to be stable, the roots of the characterist{é: gifolgestsa?erezate:];?:t;eoTir;nnasﬂ'r:)gn E{T}i:ggsnrt:t?ﬁé'gtﬁg:
equations (13) must lie in the left half of tlegplane [10]. That xamp ) u ' i u

is, the real part of the roots are less than zero. By using a metr%%table state, which is stable (in our example state 1).

to obtain the roots of the characteristic equation given in [11], TC estimate the value of5** required to switch states, we
the flip-flop is stable, provided that assume thapln(1/R)Ss = Sexn: IS the point at whichh be-
comes greater than one. Furthermore, we assumeihatnot

-1<h<l1. (16) significant before switching occurs (if for example the flip-flop

Furthermores, is large and laser 1 does not operate in the in.g If light external to the flip-flop is injected into the master laser
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light to turn light to turn
off laser2  off laser 1
FBG FBG FBG FBG
Aq Ao A Ao
Dip-flop MSoA Tl 000 o]
utput -— SOA 1 SOA 2
to OSA 60/40 — 60/40 — 60/40
coupler coupler coupler

Fig. 5.

is in state 2). With these assumptions, the valugssf required
for changing states,,, can be found to be

Sew = a7)

1 1
Cm <1 B n1n<1/3><m> St

Implementation of flip-flop. Each component laser is formed by a SOA and two FBGs.

Up to this point, it has been assumed that the gain experienced
by light injected into a laser is the same as the gain for light at

the lasing wavelength of the laser. However, in some situations,

light injected into the laser may have a significantly different

wavelength or polarization, resulting in a significant gain dif-

From (17), (9), and (7) we can obtain a useful expression for tfR§énce. We assume now that the injected light has a gain per
power required for changing stat&s,, in terms of the power unit length of(1 + A)G;, whereA can be positive or negative

out of one of the facets of an isolated laggy

TR (18)

SW

To show the steady-state behavior of the flip-flop, we numef

and A - G, is the gain difference between injected and lasing
light.
Our results on the properties of the flip-flop are based on the

slope of the linear region in plots &§* versussS;, like Fig. 2.

‘e denote the new slope due to the gain difference @ga

ically found the steady-state points for the full rate equatigid it can be found from (2), (3), (4), (6), and (8) to be

model of the flip-flop [(1) and (2)] using a fourth-order
Runge—Kutta method. The steady-state points were found

for various values of external injected ligi#** starting at
S$¥ = 0. S¢=* was set to zero. For each valuessft, the state

1+ A)(em2E(1/R)H2 — 1)

2Lai A +2(1+ A)In(1/R) - (19)

_CthA =

Using this new value for the slope, we can find the minimpm

variables were found with the flip-flop initially in state 1 andfor bistable operation an#,,, as was done previously.
also initial!y in state 2_. The simulation pa_ramete_rs are given in |n summary, we presented a simplified model of the flip-flop
Table I, with the semiconductor and active region paramet@jgsed on the steady-state laser characteristics. The simplified

coming from [12].

model provided the following. An intuitive explanation of the

The flip-flop action can be clearly seen when the state vafiip-flop operation and an estimate of the required injected light

ablesS; andS, are plotted againsis*®, (Fig. 4). If the flip-flop

to cause a change in state (17). Furthermore, we can see that

is initially in state 2 with laser 2 lasing, then it will remain inimportant properties, such as the conditions for bistability and

state 2 untilS§** reaches the leve$;;,,. Note thatS, is re-

the power required to change states, are primarily dependent on

duced as55** is increased toward,y,, while at the same time the controllable parametefs n and P,,. However, care should

S1 remains approximately constant and close to zero. Whpa taken when applying the results as they are based only on the
S5** = Siwr, S is reduced to a level such that laser 1 is neteady-state laser characteristics.

longer forced below threshold and the flip-flop abruptly changes

to state 1 with laser 1 lasing.
The flip-flop will then remain in state 1 even$&** returns to

zero. If the flip-flop is initially in state 1, then it will remain in
state 1 for all values a$$**. The flip-flop behaves in a similar

way to that shown in Fig. 4 whe$i$*t is set to zero and " is
varied.
The accuracy of the estimat®s,:;,, andSs,, obtained from

IV. EXPERIMENT

A. Experimental Setup

To verify the flip-flop concept and theory, we constructed
two coupled lasers from: SOAs, which acted as gain sections,
FBGs, which acted as wavelength-dependent mirrors, and cou-
plers, which provided coupling (and attenuation) between the

the simplified model can be assessed by noting when switchiogmponents, (Fig. 5). Laser 1 is formed from SOA 1 and the two
between states occurred in the numerical example. In Fig.,FBGs. Laser 2 is formed from SOA 2 and the twpFBGs.

switching occurs whe, is down to abou6.7 x 10*, making
nln(1/R)S> = 3.6 x 10%. This value is close t@en, (6%
higher see Fig. 2), which has a value3of x 10*. Furthermore,
from Fig. 4, switching occurs whes§** = 1.47 x 10%, close to
(about 14% less than) the predictgg, of 1.7 x 10* photons.

The central coupler permits coupling between the lasers. The
two outside couplers ensure the reflectivities of the wavelength
selective mirrors formed by the FBGs are identical on each side
of a SOA. The polarization controller (PC) corrects for polariza-
tion changes in the connecting fibers. In this flip-flop, the center

Estimates of the switching photon number more accurate thHaaquencies of the FBGs determine the wavelengths, which are
Ssw may require knowledge of specific laser properties such ag = 1552.52 and\; = 1558.98 nm.
£ and use of the full rate-equation model (1), (2). Hence, they The actual cavity length of the lasers was approximately 7 m

may not be as applicable &5,,.

due to the fiber connections between the components. In Section
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B. Measurements

In our experimental setup, we have access to the SOAs
through their fiber pigtails, and we define parameters such
as reflectivity and coupling with respect to the fiber pigtails

S instead of the SOA chip interface. With the new parameters, we
£ can obtain system properties independent of the unknown cou-
o pling efficiency k. Hence, we introduce new variabl&, »/,
2 andPif , which are related to previously defined variables by
[=]
g
“ ization adi - R = R/K? 20

4 + polarization adjusted for max gain L - / (20)

o polarization adjusted for min gain f_ 77(1 — R) (21)
54 i TE TR
T T T T T kP
1480 1500 1520 1540 1560 1580 pf = - ZR (22)

Wavelength of injected light (nm)
where

Fig. 6. Fiber-to-fiber gain characteristics of an SOA used in flip-flop. Note R/ proportion of photons leaving the SOA pigtail that are
that the gain was measured when the SOA formed part of a laser. Hence, the reflected back into the pigtail (via the FBGS);

carrier density and also gain were clamped at the laser threshold values. 7 . . . . .
1/ proportion of photons leaving the fiber pigtail of one

SOA and entering into the fiber pigtail of the other SOA,;

power at the lasing wavelength flowing out of the pig-
tail.

I, we did not employ models of lasers with extended cavities as
are present in the experiment. However, in this paper, we only *
deal with the steady-state properties of the flip-flop. In theory, i _ ) _
there is no difference between the steady-state characteristics of Previous sections, results were derived based on light

the lasers and flip-flop with extended cavities and those of t&ntted from the laser, that is, after the light has passed the
system we have modeled in Section I1. laser mirror. In the experiment, the optical fields are accessed

. e .. before the laser mirrors (which are the FBGs and couplers),
The SOAs were supplied packaged and with fiber pigtails Aihce we measure light at the SOA fiber pigtails. Hence, the

tached. _The coupling efficiency between a fiber pigtail and ﬂbeptical power measured will be/(1 — R) times that external
SOA chip is denoted here by The fa_ctork IS not known ex- to the laser. Thus a factor af— R occurs in (21) and (22).
actly, but the SOA manufacturer estimates it to be 0-58.% R’ andyf can be estimated from the specifications of com-

dB). Th? .SOA residual facet reflectivities were less than* ’&)onents such as couplers and FBGs, and taking into account typ-
and sufficiently small so that Fhey cquld be ignored. The SO 1G4l losses for the fiber connectors between the components. In
employed a}stralned bulk active region and were manufacturg@ setup, the estimated values & = 0.12 andn’ = 0.52.
by JDS-Uniphase. Assuming a value of 0.56 fdrgivesZ = 0.038 andyn = 0.165.

The amplification of light through one of the SOAs (from pigNote thatkz,  and the ratio of injection current to threshold cur-
tail to pigtail) while it formed part of a laser is shown in Fig. 6yent are approximately the same in the experiment as in the sim-
From Fig. 6, it can be seen that there is a significant dependepggtion of Section III.
of the gain on wavelength. However, from 1552 to 1559 nm, 1o verify the model of the laser with injected light given by
the gain is approximately constant. Furthermore, there is SOM§ and (2), one of the lasers in the setup was set apart and in-
gain dependence on the polarization of the input light. The dgcted with light. We measured the output power at the lasing
pendence of gain on the polarization will affect the coupling rggavelength from a fiber pigtail of the SOA for various amounts
quirements and switching threshold (19). This issue of polarizg |ight injected into a fiber pigtail of the SOA. The injected
tion-dependent thresholds will be important when using opticgyht came from a tunable laser source that was protected by an
fiber inputs, as the polarization is poorly controlled. To decreaggtical isolator. The wavelength and polarization of the injected
the threshold variability will require that the gain medium useﬁight was set close to that of the lasing light, so that its gain
in the lasers be made polarization insensitive. through the SOA would be very close to the gain seen by the

External light to change the state of the system was injectlging light.
into the laser that was currently the master through one of theThe output power from the SOA pigtail, at the lasing wave-
central FBGs. length, versus the injected power, is plotted in Fig. 7. The shape

For the flip-flop switching measurements, the injection cuef the curve in Fig. 7 can be seen to be qualitatively the same
rents for the SOAs were adjusted to give approximately equad that in Fig. 2. More importantly, the slope of the initial linear
output power for the two lasers. Laser 1 had an injection cuegion of the curve can quantitatively confirm the laser model.
rent of 121 mA, a threshold current of 107 mA, and the outpln Section Il, the slope of the linear region was given in terms of
power from one of the fiber pigtails of its SOA was 1.15 mWphoton numbers as ;. We measure power so we must con-
The same parameters for laser 2 were 108 mA, 86 mA, and 1\t the photon numbers to power values using (7) and (5). Fur-
mW, respectively. thermore, using (22), and noting that the power injected into the
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------ predicted i
--—o— experimental

power from master
_-at which state changes

« from model (S, ,,;,)

power from master
.at which state changes
-~ from experiment

Lasing power out of SOA fiber pigtail (mW)

T
0.4 0.6 0.8

Lasing power from fiber pigtail of slave laser (mW)

T
0. 0.2 0 T T T
Power injected into SOA fiber pigtail (mW) 0 0.2 0.4 0.6

Power injected into SOA fiber pigtail of slave laser (mW)

T Lol | ¥

Fig. 7. Laser output power versus injected power showing predicted and
experimental curves. Fig. 8. Laser output power versus injected power for slave laser. Also shown
is the power injected from the master laser just before a state change occurred

. . . . . and how this compares to the point at which a state change is assumed to occur
SOA via the pigtail has the same coupling efficiekicywe ar- i, the model. P P 9

rive at the slope of injected power versus output power

k2 1 06 1 1 Il 1 1 1 1 |
2R 2RS’ (23)
A good estimate o2/ was found from the component charac-
teristics. However, it can be measured precisely by realizing th
when the laser is lasing, the gain of the SOA from fiber pigtai
to fiber pigtail, is forced to ba /R/.

We measured the value &' to be 0.132, by measuring the
amplification of a small amount of injected light through the
SOA. The slope of the linear region of Fig. 2 is approximately
—3.56, which is within a few percent of the expected value o
—3.8. Hence, in this experiment, our laser model of Section Il
which in comparison to [5] includeB and aiy:, predicts well
the beha\(lor of the laser WI'Fh injected light. _ _ 2500 " 1580 1540 1560 | 1580 1600

In Section 111, it was predicted that changing of the flip-flop Input light wavelength (nm)
state occurred when the level of injected light from the master
into the slave laser reachefl,.;,. To verify this prediction, Fig. 9. Input power required to change flip-flop state versus wavelength.
we performed the following: we determined how much power o .
was being injected into the slave laser from the master laser justight was injected into the master from a source external to
before a change in state occurred. The master laser was tH¥hfliP-flop to reduce the power from the master and cause the
removed from the setup and replaced by the isolated tunapfgange in state of the flip-flop just examined. The power that the
laser source. The wavelength and polarization of the light frofternal light source must inject into the master laser to change
the tunable laser source were adjusted to be the same as th&{@}fs was given in (18). However, as for the slope value (23), an
the master laser. A graph of injected power versus output povi&Pression for the state change power can be derived from (18),
for the slave laser (Fig. 8) was obtained in the same manne{¥ch gives the power to be injected into the SOA pigEaf], in
that of Fig. 7. (Note that the laser currents and, hence, outsgfms of the lasing power out of a SOA pigt#lf, and R/, n/
powers andb..1,: Were different in the measurements taken for < 2Rf> .

st*

i
o
1
T

0.4 -

et

w
1
T

o
[
1
T

i

Power to change state wa (mW)

124
=
1
T

Figs. 7 and 8). P/ =2R[1- —
The point at which the extension of the initial linear portion K
of the graph crosses theaxis isS..t1.:, but is now expressed in We injected light from the isolated tunable laser source into the
injected power. The power injected into the slave just beforensaster laser (laser 1, in this case) through one of the central
change in state occurred, is plotted on this graph and its relatleBGs. The wavelength of the injected light was 1551.5 nm and

to Sextne €CaN be seen. The point is approximately 25% highés polarization was adjusted for maximum gain through SOA 1.
than the value of...1.:- The higher than expected value may b&rom the experiment, the power required to change states was
due to noise in the lasers, causing excursions dowsi.tg,., 0.121 mW. Equation (24) gives the estim#&§ = 0.149 mW.
and/or inaccuracies in reconstructing the effect of the mastée experimental value is 20% less than the estinftdteln the
laser with the tunable laser source. simulation (Section 1ll), the actual power to change states was

(24)
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was focussed on. It is likely that the speed of the system will
be dependent on the intrinsic modulation bandwidth of the in-
dividual lasers.

The implementation of the flip-flop presented here requires
only gain sections (SOAs), some frequency-selective element
(for example Bragg gratings), and waveguides for connecting
components. Hence, the implementation of this concept could

Power A

Power A,
(arbitrary units) (arbitrary units)
o

o

¥ T T
80 120
Time (micro-seconds)

o
'S
o

160

- be integrated into a photonic integrated circuit.
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Fig. 10. Oscilloscope traces showing powekxaandA..
between states can be clearly seen.

also less than the estimate by a similar amount, 14%. (Note th
P is the external power injected into the flip-flop to cause a
state change, whereas Fig. 8 shows the amount of power injected
into the slave laser by the master just before a state change od?!
curs.)

We were able to change the flip-flop state with light of wave- [3]
lengths between 1505 and 1600 nm (excluding of con$ea
range of 95 nm. The power required to change the state is plotteg”
versus wavelength in Fig. 9. Note that we were only able to test
up to the tunable laser source wavelength limit of 1600 nm. [

Finally, to demonstrate the flip-flop operation, we toggled the
flip-flop state regularly by injecting light pulses into the laser
which was master in the current state. Four microsecond-widd®]
light pulses were generated every ji8. Each pulse was split
into two pulses of approximately equal magnitude. One of thesg7]
pulses was injected into laser 1, while the other was delayed ir}gl
a fiber delay line for 33.s before being injected into laser 2.
The effect of the two pulses was to regularly toggle the flip-flop
between its two states. In Fig. 10, oscilloscope traces of thd®l
optical powers at wavelengths and )\, are shown, after op- [10]
tical-to-electrical conversion via photo-diodes. The switching
between states can be clearly seen.

1]

[11]

V. CONCLUSION 112]
In this paper, a system of two lasers used to form an op-
tical flip-flop was presented, and a static model to describe the
flip-flop was developed. The flip-flop model was based on a

laser model which assumed a constant carrier density along the

Theregulartoggling 1 eir helpful comments on the manuscript.
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along the laser cavity.

From the steady-state characteristics of the laser model, how
to choose controllable parameters such as laser mirror reflec-
tivity, inter-laser coupling, and laser output power for desire('?g
operation was determined.

An experimental flip-flop was constructed using fiber Bragg
gratings, SOAs, and other commercially available, fiber-based
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components. The results from the experiment were in go6dD. Khoe (S'71-M'71-SM'85-F'91), photograph and biography not avail-

agreement with the theory developed earlier in the paper.
good agreement between theory and experiment demonstrates
that the individual laser and flip-flop models are accurate.

-ﬁ,%e at the time of publication.
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