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Effect of Chirped Gratings on Reflective Optical
Bistability in DFB Semiconductor
Laser Amplifiers

Drew N. Maywar, Student Member, IEEEBnd Govind P. Agrawalfellow, IEEE

Abstract—We use spatial chirp of the built-in grating to
improve optical bistability on reflection from distributed feedback
semiconductor laser amplifiers. We show that improvements in
the on-off switching ratio occur because spatial chirp greatly
affects the saturation behavior of the reflectivity resonances, al-
lowing access to states of low reflection during bistable switching.
We also show that spatial chirp modifies the spectral range of the
variety of hysteresis shapes that occur on reflection. In doing so,
we discover a new type of hysteresis loop that reveals a qualitative
difference between the loop-shaped hystereses occurring near the
two edges of the stop band. With spatial chirp, the new hysteresis
loop can exhibit an on—off switching ratio in excess of 100 000.
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Fig. 1. Average-internal-power hystereses for two signal wavelengths. The
longer signal wavelengthtL. = 6.085 via (5)] exhibits higher switching
. INTRODUCTION thresholds. Other parameters are:= 5, kL = 3, goL = 1.19815, and

PTICAL bistability in semiconductor laser amp|ifierscr;,lfL = 0. The powers are normalized to the saturation power (typically
"y : . . - - 10 mW). Dashed portions of the curves are unstable.
(SLA's) is well suited for applications in optical switch-

ing [1], [2], signhal processing [3], [4], memory [5], [6], and
logic [7]. SLA’s are compact 4300 m? active volume), own switching behavior. This diversity increases the potential
are capable of monolithic integration in photonic circuitsapplications of bistable DFB SLA’s. The objective of this
provide amplification, and can be fabricated to operate at apgper is to show how spatial chirp can improve these reflective
wavelength used in optical communications [8]. Their strongystereses. We will focus in particular on modifications in the
nonlinearity and inherent gain lead to switching at microwasfpectral range of such hystereses and on improvements to the
levels with switching times less than one nanosecond, resultimg—off switching ratios.
in femtojoule switching energies [9]. The paper is organized as follows. In the next section, we

In a distributed feedback (DFB) device, bistability is supdiscuss the positive feedback loop that gives rise to optical
ported by feedback provided by a built-in diffraction gratingistability and outline our computational model. In Section I,
[10], [11]. Gratings are especially useful as feedback elemente discuss the variety of reflective hysteresis shapes in terms
in single-substrate photonic circuits because integration candfethe saturation behavior of reflectivity resonances. During
achieved without requiring facets. The bistable performantgis discussion, we demonstrate a new hysteresis loop on
of a DFB device can be improved by varying the spatiakflection from DFB SLA’s. In Section IV, we show how
frequency of the grating (referred to as spatial chirp). Fepatial chirp affects reflective bistability by changing the
example, spatial chirp can lower the optical signal powsaturation behavior of the reflectivity resonances. We focus
required for switching, as was shown for passive devices the cases exhibiting high on—off switching ratios and show
exhibiting a Kerr-type nonlinearity [12], [13]. In/4-shifted that values greater than 100000 can be obtained using the
DFB SLA's, spatial chirp increases the spectral range of lomew hysteresis loop.
threshold switching [14]. These investigations, though, focus
on transmissive bistability. I

Reflection from DFB SLA’s, unlike transmission, exhibits
a variety of bistable hysteresis shapes [15], each with iAs

. OPTICAL BISTABILITY IN DFB SLA’s

Physical Process

Manuscript received May 5, 1998. This work was supported in part by the Optical bistability is characterized by a steady-state hys-
U.S. Department of Education and the National Science Foundation. teresis, as shown in Fig. 1. Here, the average internal optical
The authors are with The Institute of Optics and Rochester Theory Center. . . L
University of Rochester, Rochester, NY 14627 USA. power is plotted as a function of the incident power for two

Publisher Item Identifier S 0018-9197(98)08874-5. signal wavelengths. For each hysteresis, two regions of stable

0018-9197/98$10.001 1998 IEEE



MAYWAR AND AGRAWAL: EFFECT OF CHIRPED GRATINGS ON REFLECTIVE OPTICAL BISTABILITY 2365

power (solid lines) are connected by a region of instabilitwhere » is the average refractive index associated with the
(dashed line). The internal power switches between the tfimdamental waveguide mode, the parametg{= 2nA) is
stable branches by means of a positive feedback loop occurrthg Bragg wavelength, and is the period of the built-in
for the optical power within the DFB SLA. grating.

The positive feedback loop for dispersive optical bistability The field distribution inside the DFB SLA can be calculated
requires two ingredients: a cavity resonance and an intensitya the standard coupled-mode equations [14]
dependent refractive index. In SLA’s, the latter arises from the

A . . Qin .
dependence of the refractive index on the carrier density [8]. = [zé + g(1 —ia) — t}A +ixB (3)
. . . . . dz 2 2
An optical signal that depletes the carrier density by stimulated B g it
emission (i.e., gain saturation) simultaneously increases the 5 |:i5+ 5(1 —da) — 12“ }B—i-imA. 4)

refractive index. ) ) o )

In DFB SLA's, a built-in diffraction grating provides feed-Here, is the coupling coefficienty;,; accounts for internal
back along the length of the amplifier, and therefore creat®$Ses, ang is the gain coefficient. The linewidth enhance-
an effective cavity even without facet mirrors. Cavity resTent factora represents the coupling between the refractive
onances (localized spectral regions of high internal powdpdex and optical gain that occurs in semiconductor gain

occur at both edges of the stopband (a spectral region of IG¢dia.

transmission centered at the Bragg wavelength). _The detuning parametérin the coupled-mode equations is
Optical switching occurs via the following positive feedbacRiVen by
loop. An optical signal enters the amplifier with a center 2rn, W
b=pB-Pp=—F"—-+ 5)

wavelength longer than that of a cavity resonance. An in- o A

crease in the optical power within the amplifier increases thei% e 3 and e th rier-densitv-independent part
refractive index, and the stopband (and cavity resonance) shiffd® ef and n, are the carrier-density-independent parts

to longer wavelengths. If the cavity resonance moves Ongéfiggti\slf?r?(ljga\;zzu;nc?ie\:/ relanth:ee s:r?itéa:lgei\s/ﬁragsder:g:ril
the signal wavelength, the internal optical power increasts ! P y- [ y-dep

more. As a result, the refractive index continues to increa: Cé)ntr|but|on to the detuning is represented by they/2)a

and the stopband shifts to even longer wavelengths. T 'lesfm in (3) and (4).] The detuningis related to the free-space
positive feedback loop for the internal power moves the cavi lgnal wavelengti\, such that, for constant, andA, smaller

resonance fully onto the signal wavelength. The resulting ju B\Iues of detuning correspond to longer signal wavelengths.

experienced by the internal power is indicated by the up—arrow-rhe gain C(_)eff|C|ent for CW sgnqls and pulses r_nuc_h wider
in Fig. 1. than the semiconductor carrier lifetime (~100 ps) is given

The reverse process occurs at the down-arrow. If the ingy [14]
dent power is lowered so that the signal wavelength is at the g= Yo (6)
peak of the cavity resonance, a small subsequent decrease in 1+P

incident power will initiate the reverse positive feedback loopyere, ¢, is the small-signal gain, which we assume is flat over
In this case, the cavity resonance shifts away from the signgk spectral range near the stopband (nm). The quantity
wavelength, and internal power switches downward. Thege— p/p,_ is the optical power normalized to the saturation
two switching processes give rise to the common S-shapgglver P, = ohe/(A,7.a), whereh is Planck’s constant and
hysteresis. c is the speed of light in vacuum. A typical value Bf,; is
The two bistability curves shown in Fig. 1 exhibit differentig mw, if we uses = 0.4 um? for the transverse area of
switching threshold powers. The optical signal with the longefie optical mode), = 1.55 um for the operating wavelength,
wavelength ¢ = 6.085) is initially farther away from . — 200 ps for the carrier lifetime, and = 2.5 x 1016 cn??

the cavity resonance and therefore requires a larger incidesit the differential gain. In terms of the field envelopes, the
power to seed the positive feedback loop. The correspondinglyrmalized power is given by

larger internal power and higher gain saturation for longer ) ) )
wavelength signals greatly affect the shape of the hysteresis () = [E(2)|"To ~ (AP + [B(=)["Te 7)
on reflection, as discussed later in Section Il. Piat Pt

where the confinement factdr represents the fraction of the
B. Computational Analysis optical power of the transverse mode within the active region.

Optical bistability in DFB SLA’s can be studied using thelhe effect of the neglected optical interference term (with a
following model. The optical field is expressed as period of ~0.2 xm) is assumed to be washed out by carrier
diffusion (typical diffusion length~2 pm).

E(z) = A(z) exp(ifipz) + B(2) exp(—ifpz) (1)  We solve this set of nonlinear equations via a transfer-
where A and B are the slowly varying envelopes of thematr_ix method [16] that_divides the amp_lifier into many s_,mall
forward- and backward-propagating fields, respectively. TRRECUONS. Transfer matrices, corrgspondmg 0 ?aCh section, are
Bragg wavenumbepp is given by calculated from the analytic solutions [14] to a I!n_earlzed form

of (3) and (4). The power values along the amplifier are used to
By = 2mn _T ) saturate the gain in each region, after which the power profile

AB A is recalculated. This iteration procedure is continued until
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Fig. 2. Reflected-power hysteresis shapes under conditions identical to those

of Fig. 1. The inset shows a hysteresis for an even longer signal wavelengdtig. 3. Evolution of the small-signal reflectivity spectrum with change in
All signal wavelengths are on the short-wavelength side of the stopbamg@in for the parameter values of Fig. 1. Reflectivity resonances at the stopband
Where the stable branches (solid lines) become unstable, the reflected ptiges reshape from a peak to a dip, and shift to longer signal wavelengths,
switches to the other stable branch at the same incident power. as gain is decreased.

convergence (we refer the reader to [14] for further detailgjependence on gain. For large amounts of gain (enough to
Although neglected in this paper, finite facet reflectivities magpproach lasing threshold), reflectivity resonances occur as

be included using appropriate matrices [17]. peaks at both edges of the stopband, as seen in Fig. 3 for
g,L = 1.2. As the gain is decreased, the reflectivity peaks
I1l. UNIFORM-GRATING DFB SLA’S begin to disappear, and dips arise at wavelengths slightly far-

ntgler away from the stopband. This reshaping of the reflectivity
ggonances is apparent in Fig. 3 fgi. = 0.6. With less gain,

he peaks completely disappear and the dips push downward.
Prg,L =0 (the case of passive filters), the reflectivity
resonances are deep dips. The red shift of the stopband with
reasing gain results from the corresponding increase in the

Although the hysteresis curves for the average inter
power in Fig. 1 are both S-shaped, the corresponding reflect
power hystereses take on different shapes, as shown in Fi
for the same signal wavelengths used in Fig. 1. While t
hysteresis for the shorter wavelengthZ( = 6.785) is S-
shaped, the longer wavelength signal exhibits a Ioop—sheucfé%c

hysteresis. A third hysteresis shape, for an even longer watgractive index. . . .
length §L — 4.685), is given in the inset. The small-signal reflectivity resonance behavior of Fig. 3

Each reflective hysteresis shares the same switching thréSh1€lPful inunderstanding the reflected-hysteresis shapes
old powers as its corresponding average-internal-power hyt[izause bistable switching is accompanied by gain saturation.
teresis. The unstable region, which connects these thresholdi€ amount of saturation depends on the initial detuning of the
can therefore be determined straightforwardly. The switcfignal wavelength from the cavity resonance, as mentioned in
ing thresholds are the same because reflective bistabifgction Il. Consequently, different spectral regions will have
is supported by thesamepositive feedback loop describegdifferent reflective hysteresis shapes.

in Section ll—i.e., a positive feedback loop involving the FOr signal wavelengths initially tuned close to a cavity
intensity-dependent refractive index, a cavity resonance, dif§onance, a low mtemal power Is required to sged opti-
the signal’sinternal power. cal bistability. The relatively low internal power during the

The shape of each reflected-power hysteresis can be undi@sitive feedback loop allows the gain to remain relatively
stood in terms of differences between the cavity resonarfd@h under saturation. Thus, the reflectivity resonance is a
supporting the bistable switching andeflectivityresonance. Peak during the positive feedback loop. Moreover, we find
By reflectivity resonance, we mean a localized spectral regif#sing the saturated gain profile) that the reflectivity resonance
of either high or low reflectivity. This region may be centeregpectrally overlaps the cavity resonance, which is also shaped
at a different wavelength than, or may have a differefike @ high peak. Since the cavity and reflectivity resonances
spectral width than, the corresponding cavity resonance. Th@e similar, the reflected power switches in the same manner,
differences depend, in part, on the coupling strength inducad evident by the S-shaped hysteresis of Fig. 2. After upward
by the built-in grating (we usesL = 3 throughout this switching, the on-state of this hysteresis exhibits about 13-dB
paper) and on which side of the stopband the particular cavmplification.
resonance occurs. Differences between the reflectivity andn contrast, signal wavelengths initially tuned far from the
cavity resonance also depend on the amoungaif within cavity resonance require higher optical powers to seed the
the DFB SLA—a feature that does not (necessarily) exist fpositive feedback loop. The correspondingly large internal
switching devices based on a passiy€ nonlinearity. We powers saturate the gain enough that the reflectivity resonance
will illustrate how the reflectivity resonances depend on gaia a dip during the switching process. As the reflectivity
by examining the small-signal regime. resonance shifts to longer wavelength, the reflected signal

For small optical powers<0.1 W), saturation can be power drops accordingly. Thus, the reflected power switches
ignored, and the reflectivity resonances exhibit the followindownward even though the average internal power switches
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Fig. 5. Schematic illustration of a DFB SLA with a linearly chirped grating,
indicating the P-direction({ > 0) and N-direction ' < 0).
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The origin of such a loop may be understood as follows.
0.1 ., 02 03 For reflection from the long-wavelength edge of the stopband,

Normalized Incident Power L. i

the reflectivity resonance peak and dip straddle the central

Fig. 4. Bistable behavior of the reflected power for three signal waveleng ; ; ;
on the long-wavelength edge of the stopband for the same device usedtmir%“/(:"Iength of the cavity resonance with llﬂlp at the Ionger

Fig. 1. The middle curve is a new hysteresis shape—a loop that occurs bel@velength. Th_erefo_re, as the StOpba_md shifts to Iong_e_r wave-
the stable branches. lengths, the optical signal is affected first by the reflectivity dip

and then the peak. Consequently, the reflected signal decreases
E d then increases, giving rise to the particular shape of the
o

upward. This behavior gives rise to an inverted-S-shapll . . . !
b g b steresis loop. In our calculations for Fig. 4, we find that

hysteresis, like the one in the inset of Fig. 2. The on-sta TR
. o e . L ven though the bottom of the reflectivity dip is not reached,
typically exhibits no amplification since the gain is strong| he reshaping of the reflectivity resonance is enough to initially

saturated. Notice that the high-incident-power tail of thi . -
. o ull the reflected power down. The resulting on—off switching
hysteresis pushes down beyond the switching thresholds. . X .
ratios are small. Moreover, since the summit of the reflectivity

signal is sim'pI.y experienci_ng the .growi'ng reﬂectivi.ty dip. Beak is not encountered, large amplification is not realized.
The remaining hysteresis of Fig. 2 is shaped like a loo “To our knowledge, this is the first report of qualitatively

The top of the loop is unstable and switching occurs dOWd]lfferent hysteresis loops occurring at either edge of the DFB

from_t_)oth sides [15] from on-statr—_zs of a _few decibels IgLA stopband. The loop on the long-wavelength edge may
amplification. Loop-shaped hysteresis occur in a spectral rarhq(_je\[e gone unnoticed since its on—off switching ratios can be

between the hysteresis described above. For these &ggnge small. This new hysteresis loop, though, is intriguing
(o

wavelengths, the internal powers satur.ate the gain to lev ause it occurs predominantly below the stable reflected-

\év_here the chiv:t)yGr'eS(l):r)ange $h resr}?plpg'tfrom E pe;':j.top&/ver branches and points toward zero reflected power. One
Ip (seeg,L = 0.6 in Fig. 3). The reflec Wity peak and dip ay be able to design a device for which the loop approaches

straddle the central wavelength of the cavity resonance, W%ro reflected power, making the on—off switching ratio very

the peak slightly closer to the stopband. large. This will occur if the signal wavelength encounters a

For reflection from the short-wavelength edge of the StoB'eep reflectivity dip. In the following section, we pursue this

band, the reflectivity resonance peak occurs at a longer Wayksa by introducing spatial chirp into the built-in diffraction
length than the cavity resonance. The peak may theref%jrl%t-n
n

completely pass through the signal wavelength, resulting

an increase and then decrease in the reflected power. This ,
kind of a mismatch between the internal and output resonances IV. CHIRPED-GRATING DFB SLA’S

was shown to gives rise to loop-shaped hysteresis in othe’A DFB SLA with a linearly chirped grating is depicted
geometries as well [18], [19]. For DFB SLA's, downwardn Fig. 5. The P-direction is defined to be the direction for
switching on the high-incident-power side of the hysteresighich an incident optical field sees @mcreasein the spatial

is facilitated by the reflectivity resonance dip. As the stopbaritequency (and Bragg wavenumber) of the grating. Likewise,
shifts to longer wavelengths, this dip shifts toward the opticah optical field incident in the N-direction sees, by definition,
signal. Moreover, gain saturation during the positive feedbaekdecrease in the spatial frequency of the grating. (“P” and
loop will push the dip to lower values of reflectivity while“N” indicate positive and negative chirp, respectively, in our
guenching the resonance peak. notation.)

An interesting feature of the loop-shaped hysteresis is thatThe P- or N-direction is specified in computations by the
its shape is qualitatively different for reflection at either edggign of the chirp paramete?, introduced by using
of the stopband. On the long-wavelength edge, the loop occurs . (z — LJ2)
predominantlyunder the stable-power branches. The bottom Bp(z)=p+C I
portion of the loop is unstable and upward switching occurs
at both sides, as shown in Fig. 4. Here, we have left out tiMhere/3; is the average Bragg wavenumber. A positive (neg-
spectral evolution of the loop hysteresis to focus on the loopative) value ofC corresponds to the P-direction (N-direction),
0L = —2.675. During the transition from one hysteresis shapand the magnitude af represents the total change/dn(z)L
to another, upward and downward switching may occur, slong the device. For small amounts of spatial chirp, the
general, on either side of loop-shaped hysteresis. coupled-mode equations (3) and (4) remain unchanged except

(8)
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(b) Fig. 7. Spectral evolution of the reflected-power hysteresis for optical signals
incident in the N-direction near the long-wavelength-edge of the stopband.
Parameters are the same as in Fig. 6, except ¢hét = 1.5081. The

20 Ni‘gr_ec_‘si‘)’“ 09 |~ inverted-S- and loop-shaped hysteresis do not occur (compare with Fig. 4).
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Fig. 6. Small-signal reflectivity spectra for several values of the gain for
an optical signal incident in the (a) P-direction and (b) N-direction of a
linearly chirped-grating DFB SLA withC| = 5. Other parameters are:
a = 5, kL = 3, andajp L = 0. Note how a deep reflectivity dip can @ 0.005
be realized near one edge of the stopband for a relatively high value of gain
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that the detuning parametér = 3 — S now becomes
dependent. In this section, we use a valug@f = 5, which

Normalized Reflected Power

corresponds to a total variation ifig of about 0.1% for a 0.06
300«m-long device. )
Spatial chirp has a major effect on reflective bistability in 0.044 dL=7
DFB SLA'’s because it changes the saturation behavior of the g
reflectivity resonances. To illustrate this change, it is (again) 0024 L/
instructive to examine the small-signal regime. For optical E
signals incident in either the P-direction or the N-direction, 000 b
reflections from the two edges of the stopband exhibit re- Normalized Incident Power
markably different behavior, as seen by the reflectivity spectf@y. 8. Reflected-power hysteresis for optical signals incident in the
shown in Fig. 6. N-direction with wavelengths on the short-wavelength side of the stop band.

. o . . - All other parameters are the same as in Fig. 7. (a) The switching thresholds
Reflectivity resonances exhibit peaks in spite of a reductl?ﬁcﬂ the loop-shaped hysteresis are an order of magnitude smaller than those of

in gain for short-wavelength signals incident in the P-directiofg. 2. (b) The on—off switching ratio exceeds 30 for the high-incident-power
[Fig. 6(a)] and for long-wavelength signals incident in the Nside of the hysteresis.
direction [Fig. 6(b)]. Each of these signals has a wavelength
that matches the Bragg wavelength away from the input fadetd for long-wavelength signals incident in the P-direction
and therefore travels deep into the amplifier before beifgig. 6(a)] and for short-wavelength signals incident in the
reflected. The increased gain—length product results in tNedirection [Fig. 6(b)]. Here, the reflectivity resonance peak
enhanced reflection [20]. readily diminishes with gain saturation. Moreover, we find
For these two enhanced-reflection cases, we find that thet the reflectivity resonance dip is the most prominent for a
reflectivity resonances remain spectrally overlapped with tin@nzerovalue of gain. In Fig. 6, large reflectivity dips occur
cavity resonances. As a result, the reflected-power behavior g, = 1.1. Increasing the amount of spatial chirp tends to
mimics that of the internal power, and only S-shaped hymicrease the value of gain for which the dip is most prominent.
teresis occur. Fig. 7 shows the spectral evolution of reflecti@ain saturation via the optical signal now has an even larger
bistability at the long-wavelength edge of the stopband feffect on the reflected-power hysteresis.
optical signals incident in the N-direction. The inverted-S- and A consequence of the above behavior is that loop-shaped
loop-shaped hysteresis do not appear at all. hystereses occur at smaller incident powers. Fig. 8(a) shows
In contrast, anincreasein spectral range for inverted-a loop-shaped hysteresis for an optical signal on the short-
S- and loop-shaped hysteresis occurs for each optical signalvelength edge of the stopband, incident in the N-direction of
with a wavelength that matches the Bragg wavelength nemachirped-grating DFB SLA. The hysteresis is similar in shape
the input facet of the DFB SLA. This condition is satis-to that of Fig. 2, but the switching powers are one order of
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05 hysteresis are intriguing because the reflectivity resonance dip
T is involved in the bistable switching process. The lower the
g P-direction reflectivity dip, the higher the on—off switching ratio.
£ €=3 By introducing spatial chirp into the built-in grating, the
§0.2{ reflectivity resonance can push toward zero reflectivity during
= ] : the bistable switching process. This occurs for signal wave-
g . lengths that match the Bragg wavelength near the input facet
ém_f ! / of a chirped-grating DFB SLA. FJC| = 5, we found optical
E ] / wavelengths for which the on-off switching ratio exceeds
z ] 3 30 at one side of their reflected-power hysteresis. For the
16 g6 N-direction, this high switchi.n.g rgtio is accompar}ied.by an
001 L AN S . on-state of about 4-dB amplification. For the P-direction, an
0.0 0.3

on—off switching ratio of at least 30 is realized for optical
signals over a spectral range of about 27 GHz, with the

Fig. 9. Reflected-power hysteresis for signals incident in the P-directi . s . . .
with wavelengths on the long-wavelength edge of the stop band. All oth?ﬁa)('mum switching ratio exceeding 100000, but without

parameters are the same as in Fig. 7. The on—off switching ratio exce@d®plification.
100000 for the low-incident-power side of the middle hysteresis. Ideally, large on-state amplification will coexist with im-
provements in the on—off switching ratio. This will occur if the
magnitude smaller. (For both cases, the small-signal gain is 8Bfical signal experiences both a high-reflectivity peak and a
at about 95% of lasing threshold.) For a device with, = 10 Iow-reflectlvny dip dun'ng the blstab'le.syvnchlng process. Such
mW, this corresponds to 20W switching. The loop-shaped behavior may be achleved_by th|m|2|ng parameters such as
hystereses not only occur for smaller incident powers, but al§¥ coupling strength, the linewidth enhancement factor, and
exist over a wider spectral range than for the unchirped cade chirp parameter. In addition, other grating nonuniformities

As discussed in Section Ill, the high-incident-power tafincluding different chirp profiles), nonzero facet reflectivities,
of the reflected-power hysteresis pushes down for sigrfjfld resonances away from the stopband edges may also con-
wavelengths on the short-wavelength side of the stopband. E#pute to high-contrast high-gain switching. We are currently
the chirped-grating case, a deep reflectivity dip can affect tfvestigating some of these options.
optical signal during the bistable switching process, allowing
the bottom of the hysteresis tail to approach zero reflected
power. An example is given in Fig. 8(b), for a longer optical
wavelength than in Fig. 8(a). Downward switching occurs The authors are grateful to J. R. Marciante and G. H. M.
from an on-state of about 4-dB amplification with an on—offan Tartwijk for fruitful discussions.
switching ratio of about 30.

For the long-wavelength side of the stopband, a deep
reflectivity dip may also be experienced by the optical signal
during the positive feedback loop. This causes the hysteredig
loop to push down toward zero for the loop- and inverted-
S-shaped hysteresis, as shown in Fig. 9 for signals incidegy
in the P-direction. The on—off switching ratios at the low-

0.1 02
Normalized Incident Power
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