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Nonlinear Polarization Rotation in Semiconductor
Optical Amplifiers: Theory and Application to
All-Optical Flip-Flop Memories

H. J. S. Dorren, Daan Lenstrilember, IEEEYong Liu, Student Member, IEEBartin T. Hill, Member, IEEEand
Giok-Djan Khoe Fellow, IEEE

Abstract—\We present a model for polarization-dependent gain interaction with each other via the gain saturation. We have
saturation in strained bulk semiconductor optical amplifiers. We  accounted for different TE and TM gains by assuming that
assume that the polarized optical field can be decomposed into thage polarizations couple to different hole reservoirs. This

transverse electric and transverse magnetic components that have T . o\
indirect interaction with each other via the gain saturation. The assumption is justified by the fact that the optical transitions

gain anisotropy due to tensile strain in the amplifier is accounted OCcur between thg = 1/2 type conduction band states and the
for by a population imbalance factor. The model is applied to a j = 3/2 type valence band states, where the latter correspond

nonlinear polarization switch, for which results are obtained, that  to the light-hole and heavy-hole valence bands. Two out of the
are in excellent agreement with experimental data. Finally, we de- 06 hossible transition types are selected by the TE and TM
scribe an all-optical flip-flop memory that is based on two coupled o . . 2 .
nonlinear polarization switches. pola'rlzauor.]s, wh|ch. def!ne two correspondlpg inversions. In
. - . . . the isotropic bulk situation, these two transitions occur in a
Index Terms—Nonlinear polarization rotation, optical flip-flop fully symmetric manner, but we are now interested in the case
memories, optical signal processing, optical switching, semicon- - SR - )
ductor optical amplifiers. where tensile strain is built into the bulk medium, causing an
asymmetry between the two transition types, such that TM
will be favored over TE transitions. This will be modeled by
introducing a population imbalance factpr
HE USE of polarization switches based on nonlinear polar- Our rate equation model is applied to describe the switching
ization rotation in semiconductor optical amplifiers (SOAsyharacteristics of a polarization switch that is based on these
inoptical signal processing applicationsisreceiving consideralgliénciples. We find excellent agreement between our model
interest by many research groups. Applications of polarizatiemd experimental data. Our results also reveal that there is an
switches to wavelength conversion are presented in [1]-[4]. Apteresting similarity between the switching properties of a
plications of polarization switches to optical time domain demupolarization switch and those of a Mach—Zehnder switch, which
tiplexing are presentedin [5], [6]. Recently, the importance of ptrdicates that the polarization switch acts as a Mach—-Zehnder
larization switches for all-optical logic has also been recognizewitch, where the roles of the different light path are now
[7]-[9]. Despite the large amount of experimental results that gpéayed by the independently operating TE and TM modes of
published on polarization switches, the underlying concepts dhe optical field. Finally, we demonstrate an all-optical flip-flop
not well understood [8]. In [10], theoretical results are publishegdemory that is made from two coupled polarization switches.
on polarization-dependent gain in SOAs in the context of optichhis all-optical flip-flop has a simple structure, separate set
switching and optical bistability, but their results are based @md reset inputs and a large input wavelength range. We
a microscopic model that is impractical as a design tool for ogemonstrate the feasibility of the concept and we show that the
tical switching configurations. We present a simple rate-equatioantrast ratio between output states of flip-flop is over 20 dB,
model that can be used to model the switching characteristicydfile the switching power is less thas3 dBm.
a polarization switch. In Section I, we present the rate equation model that is based
Our model is based on the decomposition of the polarizeth the assumptions given above. Experimental results show that
optical field into a transverse electric (TE) and transverdbis model can explain the polarization-dependent gain satu-
magnetic (TM) component. These modes propagate “ind@tion of a SOA. In Section I, we point out how our results
pendently” through the SOA, although they have indireean explain polarization switching in systems employing SOAs.

Manuscript received June 25, 2002; revised August 29, 2002. This WOI‘kW\Eli\ée find excellent agreement between our model and experi-

supported by the Netherlands Organization for Scientific Research (NwB)€ntal results. In Section IV, we demonstrate an optical flip-flop
through the “NRC photonics” Grant. memory that is made from two coupled polarization switches.

H. J. S. Dorren, Y. Liu, M. T. Hill, and G.-D. Khoe are with the Cobra Re ; ; ; ;
search Institute, Eindhoven University of Technology, 5600 MB Eindhoven,TI'—1|;3he paper s concluded with a discussion.

. INTRODUCTION

Netherlands.
D. Lenstra is with the Cobra Research Institute, Eindhoven University of
Technology, 5600 MB Eindhoven, The Netherlands, and also with the Vrije Il. MODEL
Universiteit, FEW, Division of physics and astronomy, De Boelelaan 1081, 1081 . . . . . .
HV Amsterdam. The Netherlands. We decompose the incoming arbitrarily polarized electric
Digital Object Identifier 10.1109/JQE.2002.806200 field in a component parallel to the layers in the waveguide
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TABLE | A y-axis
SOA PARAMETER DEFINITIONS AND THEIR VALUES

Parameter Symbol Value Units

TE TM
Confinement factor r=,r 0.2,0.14 X-axis

TE M
Phase modulation coefficients a ", 55

TE ™ . 7/
Modal loss Qi Oy 027,027  ps’! 4

TE  £IM 9o - /
Gain coefficient EFE 7.0,6.5 10° ps’! 7
Hole population imbalance factor ~ f 0.5 #

7 :

Electron-hole recombination time 7} 500 ps 2 — > z-axis
Hole-hole relaxation time T, 0.1 ps Fig. 1. Waveguide structure and definition of coordinate frame.
Optical transition state number Ny 10®
Group velocity Ve 100 pm/ps  andaIM is the modal loss. The envelopes for each polarization
Electrical current I 160 mA can be expressed as
SOA length L 800 pum

ATE Z t / (Z t idTE (2, 1)
(TE mode) and a perp(_endicular component (fI'M. mode). These ™ 6™ (2 )
two polarization directions are along the principal axes that ATz, 1) ™Mz, t)e 3)
diagonalize the wave propagation in the SOA. In fact, apart
from their indirect interaction through the carrier dynamics iwhere STE(z, t) and S™(z, t) are the photon numbers and
the device, these two polarizations propagate independeriy”(z, t) and¢™!(z, t) are the phases for the TE and TM
from each other. It is our aim to develop a model capable gﬁmponents.
describing the polarization behavior up to speeds of a fewThe two optical modes have indirect interaction via the
tens of gigahertz. In this case, we can use relatively simgarriers. We assume that the TE and TM polarizations couple
propagation and rate equations, i.e., without necessity of takiiit¢ electrons in the conduction band with two distinct reser-
into account the ultrafast (subpicosecond timescale) intrabasgirs of holes. This assumption is justified by the fact that in

relaxation dynamics. zincblende structures such as GaAs and InP, optical transitions
The propagation equation for the TE-polarized electric fiel@ccur betweery = 1/2-type conduction band states and the
componentATE(z, t) is given by Jj = 3/2-type valence band states, where the latter are subdi-

vided into light- and heavy-hole band states. In principle, three
types of transitions can occur, but for the waveguide structure
0 0 shown in Fig. 1, with the optical field propagating in the
(5 + ”gTE %) ATE(z, 1) = 9 TTE(L+ia™™) direction, the transitions with polarization are not activated.
- - 1 g e The remaining two transitions with: and y polarizations
g (2 AT (2, 1) — 2% g A (2, 1), (1) correspond to TE and TM polarizations, respectively. Hence,
two out of the three possible transition types are selected
Here, ATE(z, t) is the weakly time and space-dependent conby the TE and TM polarizations and these transitions define
plex envelope of the optical field;gE is the corresponding two relevant hole reservoirs, with corresponding numbers
group velocity taken at the central frequency of the waVd} n, andn,, respectively. In the isotropic bulk situation, the
is the confinement factoy E(z, t) is the (real) gain function, two transitions will occur in a fully symmetric manner, but
aTE is the phase-modulation parameter, arf¢f is the modal we are now interested in the case where tensile strain is built
loss. A similar rate equation holds for the complex field envénto the bulk medium, causing an asymmetry between the
lope ATz, t) corresponding to the TM mode two transition types, such that TM will be favored over TE
transitions [17]. This compensates for extra TM waveguide
losses and confinement factor differences so as to make the
0 ;0 ) 1 SOA polarization independent.
(& oy &) ATz, ) = ) [ (14 ™) The number of electrons in the conduction band is denoted
N by n.(z, t), while the number of holes involved in theand
g™ (2 AT (2, 1) — St A™ (2 ) (), trarEsitio)ns is denoted by, (z, t) and n,(z, t). A more
in-depth analysis shows thay, is just the number of holes in
whereA™(z, t) is the weakly time- and space-dependent contie light-hole band, while:.,, is made up of a mixture of light
plex envelope of the optical fielcl;;“\'I is the corresponding (25%) and heavy (75%) holes. In fact, due to tensile strain the
group velocity, '™ is the confinement factoy™!(z, t) the light-hole population can be enhanced over the heavy holes,
(real) gain functiona™ is the phase-modulation parametedgading to enhanced TM transitions. This latter effect will be
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Fig. 2. Experimental setup that is used to measure the polarization-dependent SOA gain. SOA: Semiconductor optical amplifier. ISO: Isolatenusitdr.A
Circ: Circulator. BPF: Bandpass filter. PM: Power meter.

accounted for by an imbalance factfr[see (8)—(10)]. The inter-hole relaxation time. The last terms in the right-hand sides
(linearized) gainyTE(z, t) for TE polarization is given by of (8) and (9) account for the stimulated recombinations. It
should be noted that the inter-hole relaxation tifhg~100 fs
975 (2, 1) = ez, £) + na(2, ) — No] (4)  is much shorter than the electron hole recombigation ﬂi’ize
where¢TE is the gain coefficient for the TE mode ang is the  (~500 ps). Since we do not consider applications that involve
total number of electronic states involved in the optical trangjlrafast dynamics here, the two populationsandn,, will be
tion. Similarly, the gainy™!(z, ¢) can be expressed as clamped tightly together, i.e.,

gTM(Z, t) = fTM [ne(z, t) + ny(z, t) — No] (5) ne(z, t) = fny(z, t). (20)

where¢™ s the gain coefficient for the TM mode. In casedn case of unstrained bulk material, the gain will be isotropic
of high-intensity optical beams, one should corgdét/™ for andf = 1. In case of tensile strain, TM gain will be larger than

saturation due to the carrier heating according to TE, i.e.,f < 1. For the equilibl’ium Va|ueS, Consistent W|th (10),
we can write
TE/TM . _
é—TE/TM — 0 / — nf o n 11
1 + eSTE/TM Mg 7 Ty 117 (11)

wheree is typically 107 per photon present in the SOA [11].\where
In the experiments that follow, we use optical fields that have a

much lower intensity so that in good approximat/ ™™ = 7= 1 T (12)
TE/T™ In writing down (4) and (5), we tacitly assumed that e

the semiconducting medium in the active layer gives rise tmd/ is the electric current andis the electric unit charge. In
anisotropic gain, such as can be realized in a bulk layer wi8)—(11), f expresses the magnitude of the anisotropy.
tensile strain [12]. If we assume that the total number of holesEquations (1)—(12) form a closed set of equations. First, we

is equal to the number of electrons will calculate the small-signal gain. To this end, we substitute
_ the equilibrium values (11) in the gain expressions (7) and ob-
ne(2, 1) = ma(z, 1) + ny (2, 1) (©) tain the small-signal gaiggE/TM
and substitute this into (5) and (6), we can exprgs5(z, t) 14 2f
™™ TE _ TE 7 — N,
andg'™(z, t) as 0 ¢ [(H—f)n 0}
TE TE
g (Z7 t>:£ [QTL,T(Z./ t)+n1 (Z7 t)_NO]
™ _cTM ! _N 7 gaM =¢™ 247 7 — Ny (13)
g (2 t) =¢ [2ny(zv t) + na(z, t) 0]- (7) : 1+ f
The rate-equation fot.(z, ) can be written as These expressions are quite general, but derived under the as-
a2, )  malz ) =T ma(z ) = foy (2, 1) sumption of linear relationship between gain and carrier num-

bers. This implies that (13) can only be used in a small interval
of the pump current. Within this given interval the parameter
values occurring in (13) can be determined, but for different in-

ot T1 TZ
_gTE(Z7 t>STE(Z7 t) (8)

and similarly forn,(z, ) tervals, different parameter values will be obtained.
According to (1) and (2), the net amplifications by the SOA
Ony(z, 1) _ _ny(z, 1) =Ty fry(z, 1) = na(z, 1) (in decibels), in absence of spatial inhomogeneity, are given by
ot T Ts
— g™z, )ST™ (2, 1) (9) 4.343 x (TTEgTE — oflF) —w  forTE (14)

g
wheren, andm, are the respective equilibrium values deterand

mined by the applied pump current as will be discussed below,

. o> ) 4.343 x ([TM¢TM _ IM
Ty is the electron-hole recombination time, afid is the ( g “«

int ) vg—Mv

forTM (15)
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Fig. 4. Computed SOA gain for the TE mode (solid line) and the TM mode

15 (dashed line) as a function of the intensity of a saturating control signal. The
10 SOA was pumped with 160 mA.
) 5 presented in Fig. 3(a), where the curve with the maximum am-
% of plification is attributed to the TE mode and the curve with min-
© & | imum amplification is attributed to the TM mode. If we compen-
hé_’ g —%— Gain Min sate for the coupling losses, estimated to be 5.6 dB (this includes
g 10 —o— Gain Max 1 two times 2.5-dB facet losses and two times 0.3-dB connector
g 15 4 losses), it follows from Fig. 3(a) that for a curreht= 160
w mA, the gain of the TE mode equals to 18.1 dB and that of the
20— 80 120 160 200 TM mode 13.6 dB. Moreover, if we use the following param-
Current (mA) eter valuesolE = oIM = 0.27 psL, f = 0.5, Ny = 105,
) Ty = 500 ps,e = 1.6 107 C, v ® = v7™ = 100 pm/ps,

_ o , _ I'TE = 0.2, andI'™ = 0.14 [13], [14], then it follows from
Fig. 3. (a) Measured polarization-dependent small-signal gain for the

T TE _ -9 ne1 ™ _ -9
mode and TM mode as a function of the injected curder(b) Similar to (a), (54) and (15) thag =T7.0107" ps and¢ =6.510
but now with a saturating control signal. The intensity of the control signal BSﬁl.

0.32 dBm. If a saturating control beam is also injected into the SOA,
the gain can be computed by using (7)—(9), (14), and (15). The

whereL is the length of the SOA. The small-signal amplifica®Ptical powerPT_E/TM for each mode is related to the intensity

tion can be obtained by replacipd® by g7¥ andg™ by g7™ S TB/TM according to

in (14) and (15). TE/TM

The experimental setup that is used to measure the polar- srem = L hw TEL/TM (16)
ization-dependent gain of the SOA is shown in Fig. 2. A laser Vg
source emits a continuous wave (CW) probe beam at a wawghrere, is Planck’s constant and is the optical frequency.
length of 1552.60 nm. This probe beam is fed into the SOA via Fig. 3(b), the saturated gain is plotted as a function of the
an attenuator and an isolator. The SOA was manufacturedihjected current if a saturating pump signal with an intensity of
JDS-Uniphase and employs a strained-bulk active region wid82 dBm is applied. The polarization of the pump beam was
a length of 800um. An attenuator is used to assure the lighdjusted in such a way that maximum gain saturation for both
that enters the SOA has a low intensityl(5.24 dBm) so that the TE and TM modes was obtained. In Fig. 4, the computed
the SOA is operated in the linear regime (with this, we meayain saturation is presented for the two modes as a function of
that no gain saturation is introduced by the probe beam). Tt injected optical power at a bias current of 160 mA, while it
SOA can be saturated by a high-intensity CW-pump beam aisaassumed that 50% of the injected power is used to saturate
wavelength of 1550.90 nm that enters from the opposite diree TE mode and the other 50% of the injected power is used to
tion. The SOA output is fed into a power meter via a circulatosaturate the TM mode. If we correct for 2.8-dB coupling losses
A tuneable bandpass filter with a bandwidth of 2 nm is used 4 the pump beam, and if we assurag = 0.8 eV, it follows
filter out the spontaneous emission that is produced by the SGfom (16) that under these circumstances, a pump beam with an
The polarization controllers are used to adjust the polarizatiimensity of 0.32 dBm leads to a saturated gain of 13.4 dB for
of the input signals (pump and probe) to the orientation of theRe TE mode and 10.5 for the TM mode. This is in agreement
SOA layers. with the experimental data that are presented in Fig. 3(b).

As afirst experiment, the polarization-dependent gain is mea-We have also compared the experimental gain saturation and
sured as a function of the injected currérih the absence of a the computed gain saturation for other intensities of the satu-
saturating control beam. This is done by adjusting the polarizating control beam, and we find that the experimental results
tion of the small-signal probe beam in such a way that the miare in good agreement with the theoretical results. It should be
imum and maximum amplification is measured. The results ammarked, however, that from an experimental point of view, it
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PC, PC, 3 dB Coupler

000 >

Probe Laser SOA

PC, PBS Output

Control laser

Fig. 5. Schematic setup of a nonlinear polarization switch. PC: polarization controller. SOA: semiconductor optical amplifier. PBS: polanzapiitber.

is difficult to control the intensities of the light that is injected 0.5
in each mode. .
We have shown that our SOA model can accurately describe __ o4 r@%ment
the polarization-dependent gain saturation. It should be noted, E
however, that the SOA paramete¥g, Ty, [TE/TM o TE/TM 5 037
and v, /™ cannot be estimated accurately. We solve this 3
problem by compensating the combined uncertainties in these % 0.2 1
parameter values by assigning valueg and&™®/™ in such g
a way that the (measured) fiber-to-fiber gain is reproduced. In 5 01
the most simple approach, one would chog$€ = ¢™, as . ——
this would be exact in the case of isotropic gain, so thaain 0 0 0.2 0.4 0.6 0.8
be estimated from the measured TE and TM gain curves by Input Power (mw)

using (14) and (15). In this case, the polarization-dependent 6 o - CFio5.Th _ g A -

; : _Eilli ig. 6. Output of the setup of Fig. 5. The system is tuned in such a way that the
gan would be tOta”y EXpIame,d by the band_fllllng effects t_heﬁlaximum output intensity of the polarization switch is equal to the intensity of
are represented by the factgr However, this leads to gain the control light that is required to suppress the output of the polarization switch.

saturation that is not in agreement with experimenta| datdorizontal axis: represents the switching intensity. Vertical axis: represents the

We have, therefore, chosen to allow for a small difference tp#tc;ntensn_y r?f the pollanzalnon switch. Solid curve: experimental result.
TR ™ . shed curve: theoretical result.

the values forg*™ and ¢ (as this could be due to a small

difference in effective transition strength). This approach leags, probe beam if the two beams co-propagate. If the control
to a gain sat_uratio_n th_at is ir_1 go<_)d .agreement with experi_menﬁ@lnt counter-propagates with the probe signal, the two wave-
data. The difficulties in estimating a.nd.STE/TM may be in- |angths may be identical. The polarization of the light from
herent to our modeling the SOA strain in terms of a populatiqi,er 5 js controlled by the third polarization controller gFC
imbalance factorf. In a more accurate—but also much more e sqjig curve in Fig. 6 shows the experimental PBS output
complicated—model, one can calculate the band structure and;, nction of the intensity of the saturating control light. The
transition matrix elements in the presence of tensile strain ag@ghn sed in this experiment was pumped with 162 mA of cur-
keep track of the different optical transitions involved as well gg ¢ Fig. 6 clearly demonstrates that a control beam of suffi-

the relevant populations. This would, however, extend beyopfht intensity suppresses the output of the PSW. This effect is

the scope of the present approach. a consequence of the polarization-dependent gain saturation de-
scribed in Section Il. The gain saturation generally leads to dif-
[1. NONLINEAR POLARIZATION SWITCHING ferent refractive-index changes for TE and TM, which results in

a saturation-induced phase difference between these modes. If

The principle of polarization-dependent SOA gain discussggg phase difference is an odd multiplenfthe output from
in the previous section will now be applied to a nonlinear pgre pRS is suppressed, i.e., switched off.

larization switch (PSW) schematically indicated in Fig. 5. The |, the experiment, the polarization direction of the input
PSW is made from two laser sources: a SOA, three polarizatiﬁfbbe light is approximately at 450 the layers of the SOA,
controllers, and a polarization beam splitter (PBS) [5]. The firgf, ot exactly. This is because our SOA had a polarization
laser (Laser 1) emits a CW probe beam at wavelengtthat gonitivity of almost 4 dB at 1550 nm, implying a difference

is fed into the SOA. The SOA output is sent into the PBS. Ong (he saturation properties of TE and TM modes also. The

polarization controller (P9 is used to adjust trle polarizationin,t angle is carefully adjusted to compensate for this, thus
direction of the input signal at approximately°4&® the ori- achieving more than 20-dB switching contrast ratio.

entation of the SOA layers, while the second polarization con-ypo phase differencé between the TE and TM modes can
troller (PG) adjusts the polarization of the (amplified) output,, computed from (1) and (2)

light to the orientation of the PBS. The SOA gain can be satu- , /

rated by injection of a high-intensity pump (control) signal pro- 5 _ HTE _ T™ — l<aTEFTE9TE _ OZTMFTMQTM> I
duced by the second laser (Laser 2). The waveleAgtbf the 2 vy " vgM

pump beam should be distinguishable from the wavelength of a7
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— Pou 1 (as function of P,y 2)

o 0.6f o Pou2(as function of Py ) 7
0:)
é 0.4&,:‘
&
g 0.2 1
o
............ B
NI |
0 0.2 0.4 0.6 0.8

Power (mw) P

Fig. 7. Configuration of the all-optical flip-flop based on two polarizationFig- 8. Intensity B, 1 of the light that outputs PSWas a function of the
switches. CW: Continuous wave. PSW: Polarization switch. PC: Polarizatiffensity R.. » of the light that outputs PSW(solid curve). Intensity R »
controller. SOA: Semiconductor optical amplifier. PBS: Polarization beaff the light that outputs PSWas a function of the intensity k. , of the
splitter. Mux: Optical multiplexer. R 1: the output of PSW. P, .: the light that outputs PSW (dashed curve). It is visible that the two curves are
output of PSW. complementary. Both curves are experimental results.

where spatial inhomogeneity is neglected altogether. Such gfat outputs PSWas a function of the amount of light,R

fects can be taken into account, but then the propagation edggyt outputs PSWand saturates the SOA in PSVBoth curves

tion should be numerically integrated. In the cases consideligd-ig. 8 are experimental results. They are obtained under the
here, (17) turns out to be an adequate approximation. The intgBnditions that are presented later in this section. Since the po-
sity Soue Of the light that outputs the PBS is given by larization switches are identical, the solid curve is complemen-

Sou = STE 4 §TM 4 9\/GTEGTM (054 1g) tary to.the da§hed curve. At pgint A, PSWs suppressed and
’ * * o8 (18) PSW, is dominant while at Point B, PSWs suppressed and

where PSW, is dominant. Point S is an unstable point [16].
GTE _ GTE(I™EgTE _aLE)(L/uT®) _ The system of two coupled PSWs can function as an o_ptical
in flip-flop as follows. The state of the flip-flop can be determined
™ ™ (I—TM TMiaTM)(L/UTM) . A
S =85 I int g (19) by observing the amount of light at the outputs of the PSW.

. . . In State 1, PSW dominates and suppresses PSVhile in
TE/TM
ands; in (19) represent the intensities of the TE and T'\étate 2. PSWdominates and suppresses PSWb switch the

ng}%ﬁ?ems of the probe beam at the SOA input. The_gallrﬂﬁ—flop between the states, light can be injected in the PSW
g h ((:jan. bi compurt]ed frr]om (g_)ﬁand ©). Oncbe the gain f hat dominates (that is the one injecting the most light into the
each mode is known, the phase difference can be compute |EWerPSW)viathesetstate and reset ports. The injected light re-

using (17). duces the light exiting the dominant PSW, which allows the sup-

Ifwe use the SOA paramete_rs that are_prese_nted n SeCt'O'bpessed PSW to increase its light output and become the domi-
we can computé,,,; as a function of the intensity of a controln nt switch

beam by using (17)—(19). The result is shown by the dashe he all-optical flip-flop is implemented as in Fig. 7. Lasers 1

curve in Fig. 6 ifarg = ary = 5. Itis clearly visible in . .
X X and 2 emit CW light at wavelengthls = 1549.32 nm and\, =
Fig. 6 that our SOA model leads to results that are in excelle{nSO.92 nm, respectively. However, it is not essential to bias

agreement with the experimental data. Note that curves in Fi hg PSWSs with light at different wavelengths. The output power

are similar to the ones presented in [15], in which the SUPPressed 5 24 4Bm for Laser 1 and-3.05 dBm for Laser 2. SOA

output of an active Mach—Zehnder interferometer is discuss?gbiased with 163.97 mA of current and S©# biased with
This reflects that the nonlinear polarization switch operates i X

similar fashion as a Mach—Zehnder interferometer switch sir:%‘%l'86 mA of current. The PBS has four ports and an extinction
in the PSW, the role of the different light paths is played by tr}a lo of 30 dB. PSW and PSW are coupled to each other via

difforent polara fie PBS.
iierent polarizations. The static operation of the flip-flop that is discussed in the

previous section is presented in Fig. 8. The flip-flop operation
is demonstrated by toggling the state of the flip-flop by injecting
Similar to [15], an optical flip-flop can be realized by cou-aregular sequence of optical pulses into the switch that was cur-
pling two identical PSWs as shown in Fig. 7. The first PSWently the master. These pulses had a wavelength of 1552.52 nm
hereafter to be called PSMVoutputs light that is injected into and duration of 150 ns. The pulses were injected in the master
the second polarization switch (to be called P3Wa the PBS. once every 1.85 ms through the set and reset port (see Fig. 7).
Hence, the output light from PSMWActs as a saturating controlFig. 9 shows the oscilloscope traces of the optical output power
signal that can suppress PS\&hd vice versa. The solid curveof flip-flop for each state. The optical peak power for the set and
in Fig. 8 represents the intensity R of the light that outputs reset pulses were3.91 dBm and-4.35 dBm. In Fig. 9, regular
PSW, as a function of the intensity,. » of the light that out- toggling between flip-flop states every 1.85 microseconds can
puts PSW and saturates the SOA in PSWConversely, the be observed. Furthermore, it is visible that the flip-flop state is
dashed curve in Fig. 8 represents the intensity Pof the light  stable in the time between the state changes. Also, the contrast

IV. ALL-OPTICAL FLIP-FLOP BASED ONNONLINEAR PSWs
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Fig. 10. Optical spectrum of the flip-flop output states. It can be observed that
20-dB contrast between the states is obtained. On the left, the spectrum PSW
dominates. On the right, the spectrum PS@éminates. 7]

between States 1 and 2 was investigated by using a spectrum af#i
alyzer. The resultis presented in Fig. 10. It turns out that the con-
trast ratio between the two states of the flip-flop is over 20 dB. [9]

V. CONCLUSIONS [10]

We have presented a simple rate-equation model that is ca-
pable of describing the behavior of polarization switches baseld*
on nonlinear polarization rotation in strained bulk SOAs. This[12]
model is based on the assumption that TE and TM components
of the light correspond to the two principle axes of the SOA
while the carriers establish an indirect coupling between thgis)
components. The effect of tensile strain is accounted for by a
population imbalance factof and a small difference in gain [
coefficients for TE and TM.

The polarization-dependent gain saturation of the SOA can
be explained with our model. The TE and TM modes experi-[15
ence different refractive indexes, which leads to a phase differ-
ence between the two modes. The operation of a nonlinear PSIAE]
is based on this principle, in which the phase difference is used-,
to suppress the output of the PSW. The nonlinear polarization
switch turns out to behave similarly as a Mach—Zehnder inter-
ferometer, inwhich the roles of the different light paths are taken
by the independently propagating TE and TM modes.

Finally, we present an all-optical flip-flop memory based on
two coupled PSWs. The contrast ratio between output states of

14]
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of flip-flop is dominated by the speed of the PSW. It has been
demonstrated that the switches can operate at 10 GHz [5]; thus,
we expect the presented flip-flop to reach at least similar speeds.
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