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All-Optical Analog-to-Digital Converters,
Hardlimiters, and Logic Gates

Lukasz Brzozowski and Edward H. (Ted) Sargent

Abstract—The authors propose and analyze the optical signal = N layers .
processing functionality of periodic structures consisting of alter- . y .
nating layers of materials possessing different Kerr nonlinearities.
They explore structure—materials—performance relationships in
all-optical analog-to-digital converters, hardlimiters, and AND Ingizlent
and oRr gates. They show that their proposed analog-to-digital 3
converters can extract a binary word from multilevel optical sig- Refloche
nals in a single bit interval. They also propose a family of optical ",
limiters whose output signal clamps to a set upper logic level for
any input value exceeding a chosen threshold. They explore the
performance of an all-optical logic gate whose forward-directed
output implements a binary AND and whose backward-directed
output implements anor function. -z

I sl

Index Terms—Analog-to-digital converter, gates, hardlimiter,
Kerr nonlinearity, logic, nonlinear optics, optical bistability,
optical switching, optical signal processing.

Fig. 1. Structures consisting of alternating layers of materials with different
linear refractive indexes and Kerr coefficients.

techniques of mesoscopic self-organization both in inorganic
[6] and organic [7] materials. Either system lends itself to the
HE EMERGENCE of increasingly high-speed, parallekelective inclusion of materials with fast Kerr-type nonlineari-
and complex digital optical systems demands an all-ofies of opposite signs. Devices which are either angularly and
tical analog-to-digital converter. At the same time, opticapectrally broadband or narrowband can be realized in these
hardlimiters are needed in synchronous and asynchrongagular media. Signal-processing elements rooted not simply
optical code-division multiple-access (CDMA) systems [1]Jn 1-D nonlinear distributed reflection, but implementing non-
[2]. Limiters also form a prospective basis for all-optical logiclinear diffraction of signals—mediated by the set of available
Present-day electronic signal processing speeds have falletiprocal photonic lattice vectors—can be envisioned.
far behind the capabilities of both optical time-division and Self-organization of bulk samples is extensible to the domain
wavelength division multiplexed (WDM) systems. Elecef two-dimensional (2-D) confined systems—i.e., ordering of
trical-to-optical and optical-to-electrical conversions limit thenonodisperse mesoparticles inside the cylindrical core of an op-
speed and sophistication of photonic networks [3]. On the othigal fiber. This would enable a class of connectorized, low-loss,
hand, performing signal processing operations entirely withfanctional photonic devices.
the optical domain would exploit the speed and parallelism
inherent to optics. Il. THEORETICAL MODEL

We propose and explore herein a set of principles and de-
prop P b P The structures analyzed are shown in Fig. 1. They consist

vice architectures which could enable the realization of an arra X , ,
alternating layers of materials, each one possessing a Kerr

of optical signal processing functions. The devices rely up i ) he ind ¢ refract ¢ such ol b
the mechanism of nonlinear reflection rather than absorptionr?)clm inearity. The index of refraction of suich a material can be

light and are, as such, less susceptible to damage than absSﬁ?—reSSEd as [8], [9]
tion-based devices [4], [5]. Composed of formable multilayer
structures, the devices are relatively easy to fabricate into a de-
sired shape or to attach to any kind or form of surface. where
For illustrative purposes, we restrict our analysis in the . . .
. . .. ng linear index;
present work to the case of a one-dimensional (1-D) periodic )
) . n,; Kerr coefficient;
nonlinear model system. A vast array of further device opportu- ; . S .
.. . . . . ; I local intensity of light in the medium.
nities arises in the context of periodic three-dimensional (3—@

) . ending on the material and optical wavelength, the index of
media. Such structures have already been realized throug . ) . 2 .
réfraction may either increase or decrease with intensity [10],

[11], as embodied in the sign af,;.

. INTRODUCTION

n =ng~+ ol 1)
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intensity. Moreover, the spectral position of the transmittance We analyze the case of noncoherent radiation wherein inten-
minimum shifts as the incident intensity is varied. Multistablsity, proportional to the squared modulus of the electric field,

structures do not exhibit saturation of the transmitted intensity approximated a$(z) = |A1(2)]? + | 42(2)|? [8]. We then

to a limiting value and may manifest chaotic behavior [14kxpand the periodic linear and nonlinear parts of the index of
Such a response is undesirable in analog-to-digital convertegfraction in Fourier series [18]

and hardlimiters. We derive the conditions that ensure the sta-

bility of nonlinear distributed feedback structures. n(z) =no + (n1 — n2) f(2) (8)
In analogy with the case of linear periodic structures [19], the
Bragg condition for a medium with intensity-dependent refrac- (%) = Nto + (Pt — Nz ) f(2) ©)
tive indexes is itself a function of intensity
where ng — (n01d1 —+ nogdg)/A and Nplo — (nnlldl —+
A nni2dz) /A are average linear and nonlinear refractive indexes,
(ro1 +nnud) di + (noz + npuxl) da = 5 (2)  Ais the period of the grating, and
where . sinmn X 2mwz
no1 andnge  linear parts of the refractive indexes of the two f(z) = Z exp(imm X) mr exp <Z A ) - (10)
materials; m70
nni @Ndngge Kerr coefficients; _ is the Fourier expansion of the step function with= d; /A.
dy andd, corresponding layer thicknesses.

e .. Since we analyze device response near the structural reso-
The spectral positioA of the center of the stopband of a periodi,ance [i.e., conditions (5) and (6) satisfied], only the first-order
grating is given by (2). _ terms take part in the contradirectional coupling. The higher
_ With a view to achieving stable, narrowband device opergiqer Fourier coefficients do not result in phase matching. We
tion, we require that the center of the stopband stay fixed in thgye verified through full numerical solution of the exact equa-
intensity-dependent medium, so that tion set that the inclusion of these higher order terms results
in no noticeable changes to the transfer curves. By restricting
(3) our attention to the pertinent Fourier component, we thus ob-
tain coupled mode equations for a nonlinear periodic structure
(4)  with negligible absorption

A
nordy + noady = 3
Npird1 + Npgads =0.

This condition can be fulfilled only if the Kerr coefficients  dA;(z)

are of opposite sign. We solve (4) and (5) éarandds "z
W
dy = A — (5) = { [(7101 —n02) + (N1 — nle)I(Z)}
2 no1 — no2 —
< o o Nni2 ) d,\ Sin i
.o A
A —i— As(
do = . (6) P < A ) A
2 <ﬂ02 — o1 nn12> 2 2
Nni1 - exp |:L < wno _ %) z:| — ﬁnII(Z)Al(Z)}
C
Expressions (5) and (6) specify the thicknesses of the layers (11)
which, for a given pair of nonlinear materials, ensure the sta—dA ()
bility of the system, fixing the transmittance minimumate- -2~
gardless of incident intensity. Equations (2), (5), and (6) are dz
heuristic: in reality, the intensity will vary from layer to layer, _ v B B I
but only slowly between adjacent layers in low-index-contrast ¢ (noy = no2) + (Pnix = i) 1(2)
structures, in which case the approximation is a good one. Re- dy
sults obtained through exact methods and reported later in this Ty S N
work confirm that fulfilment of these conditions results in a " €Xp <LT> Ai(7)
stable response.
In order to model the response of the proposed structures, we cexp | —i 2wng 2w 2| = ul(2)As(2)
adapt the coupled mode equations [19] to the case of a nonlinear P c A)” R
medium. We write the electromagnetic field as a sum of forward (12)

and backward propagating waves
wherew is the frequency of the radiation ards the speed of
E(2) = A1(2)e™** 4 Ay(2)e = (7) light in vacuum.
We specify two boundary conditiong;(L) = 0 (no radia-
where A; and A, are the forward- and backward-propagatingon incident on the structure from the right) apt{ 0)|? = I,
wave envelopes anidis the propagation constant. (known intensity incident on the structure from the left).
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[ll. RESULTS AND DISCUSSION N=100

=
o
!

Aided by coupled equations (11) and (12), we proceed to
explore potential uses of the proposed structures as all-optical
functional components in photonic networks. We propose
hardlimiters, analog-to-digital converters, and OR and AND
gates based on our generic structure.

We show in Fig. 2 the transmitted intensity of the periodic
nonlinear medium as a function of incident intensity for various 0 0.5 1 15 2
numbers of layers. Here and in the rest of the paper we consider Incident Intensity

|Ight of Wavelength at the center of the linear StOpband ChOSEB_ 2. Transmitted intensity for the structures for various numbers of

according to conditions (5) and (6). The structures analyzed @&ffrs. The structures have linear refractive indexes of 1.5 and 1.52 and Kerr
made up of materials with the linear indexes of refraction of 1&efficients of 0.01 and-0.01.

and 1.52 and Kerr coefficients of 0.01 an@.01. Throughout

N=400
N=1000

—_
I

o
3]
.

Transmitted Intensity

o

this work we consider intensity in units reciprocal to those (|1 53 L4153 L4
n.1. We observe in Fig. 2 three regimes of operation: at loj; 5, 121 52 _,""=Ol'fd5ices 1,2
intensities, the incident signal is resonantly reflected; for inte 151 (1)8 151 ] S (1)8
mediate incident intensity, the system goes through a region| "’ 06" 0,6
. . . . .. L . 115 041 15 T  Intensi - 0,4
constant differential transmittance; for high incident intensit Intensity 0.2 ensity - 0,2
the transmittance redescends to zero. 149 e 0
We illustrate in Fig. 3 the mechanisms responsible for th 0 250 500 750 1000 0 2% 500 750 1000
behavior. We plot the evolution of intensity and the inter|%>3 T, 1 14598 T o7 . T 14
. . . . in Intensity L 170 in=1. Intensity - 10
sity-dependent refractive index for various valuedigfacross |1,52 ~a 152+ ISV
the 500-period structure with the same material paramett|i,51 il 8% 1,51 g . 8’2
as in Fig. 2. Low incident intensity/{, = 0.3) is blocked | 5 | Indices 1 8:3 15 | [Indices L 0,4
; : i T0, 0,2
_by the strong linear grating and decays_ to a _negllg_lble vali; 49 0149 o
in the first part of the structure. As the intensity is increase 0 250 500 750 1000 0 250 500 750 1000

beyond (no1 — no2)/2(|nnii| + |nniz|) the nonlinearity
modifies substantially the profile of refractive index variatiomig. 3. Local index and intensity across a 500-period structure with material
across the structura?i(l = ().65)_ Since the |ayers with higher parameters as in Fig. 2 for various values of incident intensity. Total refractive
linear index have a negative Kerr coefficient, and those Wiﬁlpex is given on the left vertical axis and intensity is given on the right axis.
lower ny have a positiven,,;, increasing intensity initially

decreases the difference between the total indexes of refraction, ? 25 —
reducing the net amplitude of the grating. The transmitted 2 2 &=
intensity is no longer zero. When the incident intensity reaches ;f 1.5 /

(no1 — no2)/(|nai1| + |nni2|), the grating disappears and the g a=1
structure is completely transmitting. As the incident intensity £ 05 1 J / 2=0.5

is increased furtherl(, = 1.07) the grating (phase-shifted S // /

relative to the initial linear grating) forms again, resulting in the = 0 ‘

limiting behavior manifest in Fig. 2. The transmitted intensity 0 1 2 3 4
is clamped at o1 — n02)/2(|nnin| + |[nnil). In order to Incident Intensity
achieve such sharp characteristics, the structures analyzed need

to be at least 500 periods long. Fig. 4. Transmitted intensity for structures made of different materials. The

We show in Fig. 4 the response of structures with stroni ‘iting value changgs according to the magnitude of linear and nonlinear parts
S . . ofindexes of refractiom = (701 — n02)/(|Rni1] + |Raiz])-
built-in linear stopband (large number of layers or high linear :

index contrast) for different materials (differeng andn,,;). We ) )
define a new parameter As the strength of the linear grating weakens (short structures

or low linear index contrast) the transmission characteristics de-
0= oL — o2 (13) viate nearlir} = a/2 andl, = afromthe vaIueg defined by 14.
[nit| + [z In a hardlimiter the output should be one for input greater then
or equal to one, and should otherwise be zero [1], [2]. We illus-
For a given choice of materials), the transmitted intensity trate in Fig. 5 the realization using the proposed structures of an
(Zou:) is related to incident intensity by the approximate pieceg|-optical hardlimiter with arbitrarily steep transition stagas.
wise-linear relation: limiters with @ = 1 are positioned in series, with optical iso-
lators between each pair. These isolators allow light to propa-
gate in the forward direction and absorb reflected light. The first
_ a nonlinear grating blocks show incident radiation with intensit
Tout 2a(lin = 1), for g <l <a 14) smallerthgm/ngowever, the transmitted intensity still rangeg
a, for Iin > a. from 0 toa. This light is then fed into the second unit, and again

a
0, for Ii, < 3
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Fig. 5. All-optical hardlimiter. Arranging the proposed structures in series results in an increasingly steep transition. The configuragierptigaldsolators.
The insert shows the how the response of the hardlimiter is modified with the increasing number of units.

light with intensity lower tharu/2 is blocked. Light with in-  sualoe  « m i m N m i .
tensity lower tharz/2 seen by the second unit corresponds tinpui . e Tt
light incident on the composite device with intensity larger tha ¥ 4 [ I

a/2 and lower tharsa /4. Generalizing forV, we obtain the fol-

lowing transmission characteristic: 3 - 4 - . .
=+ a4 el lesv
i il

1
0, forli, < a <1 — 2—]\)
I [N}
Iou. = 4 1 p m Il b '
' al2N (L, — 1) + 1], fora<1—ﬁ><fin<a Ao
a, for I;, > a. -

(15) Ial kevel

Thus, given a sufficiently large number of units, the proposq_qg. 6. All-optical analog-to-digital converter. In the example considered, an
device will behave as an arbitrarily abrupt all-optical hardlimanalog input of 5 is transformed to the digital word (0101).
iter. All of the intensities smaller thanwill be reflected and all
grater or equal ta will be transmitted. The transmitted intensi-corresponding receivers. An analog input of 5 is converted to a
ties will clamp toa. Since the value of is determined by linear (0101) digital word in a single byte interval. Our approach pro-
and nonlinear indexes, the choice of material biases the dewddes a basis for all-optical, ultrafast decoding of multiampli-
at the desired value. tude intensity signals [22].

We illustrate in Fig. 6 a four-bit analog-to-digital converter We illustrate in Fig. 7 the use of the proposed limiter in the
constructed using the limiters described above. Our approackdsstruction of OR and AND gates. Inputs A and B are first
scalable to higher resolutions. The¢h additional bit requires combined into a single beam. The transmitted intensity is de-
n — 1 limiters. The total number of limiters for al-level A-D fined as the O1 output and the reflected value as the O2. We
converter isN (N — 1)/2. Delay lines can be placed along theias the hardlimiter at 1. If one of the inputs is 0 and the other
output lines to ensure that all signals arrive at the receiver simal-the output at Ol is 1 and at O2 is 0. If both A and B inputs
taneously. The separation of the incident and reflected signhbsve the value of 1, a 1 is transmitted and 1 reflected. Thus, O1
can be performed with nonreciprocal directional couplers [20}ields the result of an OR operation and O2 the result of a digital
[21]. AND.

The analog-to-digital converter illustrated in Fig. 6 is con- Implementation of the devices considered herein will rely on
structed using limiters biased at values 8, 4, and 2. As an ¢ike use of materials with large Kerr nonlinearities in order to
ample we illustrate A/D conversion of analog input 5. 5 is fullpbtain a low-intensity threshold for limiting action. Recently,
reflected by the fist set of limiters (fourth level) giving an outpuhighly nonlinear materials with low absorption coefficients have
of 0. In the third level, 4 is transmitted and 1 reflected. The deen reported withr,,; ranging from x101° cm?/W to as
output is normalized to yield the second digital output, 1. The rhigh as & 10~ cm?/W with response times of picoseconds or
flected 1 is fed into the second level and is completely reflectdoktter [10]-[12], [23]-[25]. A 1-mm-long limiter operating on
The 0 at the output of the second level provides the third digd.532,.:m light would, using these materials, achieve switching
Signal 1 reflected from the second level yields the lowest ordand limiting intensities of ¥10° W/cm? to as low as ¥ 10?
digit. Placing delay lines behind second, third, and fourth level§/cm?. These intensities are many orders of magnitude lower
ensures that the four digital signals arrive simultaneously at ttie&an reported for reverse saturable absorption-based limiters of
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imperfection (10% fluctuations) the transmitted intensity satu-
rates to some limiting value. Thus, though the quantitative per-
formance of the device is affected by fabrication errors, perti-
nent qualitative features of device behavior are preserved.

IV. CONCLUSION

The structures which we have proposed herein are suitable
for realization of all-optical devices with applications in
photonic networks. We describe using simplified analytical
expressions the relationships between device behavior and
underlying material and structural characteristics. Aided by

Fig. 7. OR and AND gates. For two input beams A and B, the transmittdfie analytical expressions derived and numerical simulations

intensity of the hardlimiter biased at 1 implements the OR function while t
reflected beam implements the AND operation.

r@mployed, we quantify the performance of our structures
as all-optical hardlimiters. We have demonstrated that the
proposed devices would maintain key qualitative behavior even
with substantial fabrication errors. We present the use of these

1.2 hardlimiters in realization of A/D converters and logic gates.
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