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Abstract—Theoretical results for modeling source-based smart  An in-depth analysis of SPAs is complicated by several fac-
pixel arrays are presented. Attention is focused on modeling the tors. The individual pixels in a practical SPA usually are not to-
nonlinearities in sources, as well as electrical and optical couplings 41y jslated from each other. One of the inherent causes of this
and interactions within a single pixel. A matrix formalism is used lack of isolation is the electrical and optical crosstalk between
to generalize the theory to include the behavior of an entire smart i s ] -
pixel array consisting of interacting pixels with arbitrary optical ~ adjacent detectors and emitters. These devices are fabricated on
and electrical interconnections. A vertical cavity surface emitting the same chip and, therefore, share the same substrate. With
laser (VCSEL)-based smart pixel array is used for experimental shrinking dimensions and the interest in increasing the number
demonstration of the application of the theory in the design and ¢ yayices on a single chip, the devices may no longer be com-
implementation of an optoelectronic flip-flop, where the nonlinear - . . .
characteristics of the VCSELs are utilized in a positive feedback plgtely isolated, aﬂd Va“OEJS electrical leakage meChan'S_ms mgy
scheme to achieve bistability. exist between adjacent pixels. The same factors result in addi-
tional complications for the emitters. While the ability to inte-
grate relatively powerful VCSELSs into arrays on a single chip
is a definite advantage, the increased possibility of unwanted
optical couplings between a VCSEL and the adjacent detectors

|. INTRODUCTION is a side-effect to be considered. Therefore, in addition to elec-

MART pixel arrays (SPAs) are optoelectronic architecturelfical crosstalk, optical crosstalk between adjacent pixels has to
ith a variety of applications in optically interconnected® taken into consideration. Another complicating fact in the
networks, smart sensors, and neural networks [1]-[3]. The me.havior of SPAs is. the nonlin_earity of light emitters, the most
terest in this field has intensified recently as the fundamenffident demonstrations of which are the threshold current and
limitations of electronic interconnects are being approached [#fturation in emitters. All these factors and their effects limit
while at the same time, technological advancements have mé&e dynamic range and the available space-bandwidth products
the fabrication of larger and more complex SPAs more practid&f @ given SPA, and must be understood and modeled as thor-
[5]-[7]. oughly as possible for SPAs to be used in their fullest capacity
Usually SPAs consist of a set of individually addressable offt information processing applications.
tical detectors and optical modulators or emitters. While the in- Cross-couplings between pixels within a SPA are not limited
tegration and fabrication of optical detectors and modulatorst® crosstalk. There are numerous situations, in which the
easier, the resulting architectures require additional expensfigsigner wants to take advantage of the on-chip processing
optics and external light sources. As a result, much attentiorc@Pabilities of SPAs by introducing additional electronic or
focused on emitter based SPAs, where the optical sources &REcal interconnections schemes within and between pixels
detectors are fully integrated into the same array. Particularly §-achieve improved performance or new functionalities. Such
tractive candidates for this purpose are SPAs incorporating v&l2AS have applications in, among other areas, neural-networks,
tical cavity surface emitting lasers (VCSEL) [8]. VCSELs ar&arly vision processing, analog optoelectronics, and optoelec-
efficient sources of laser light, and they are particularly suitabfeonic field-programmable gate arrays (OE-FPGA) [9]-{13].
for smart pixel applications because they can be fabricated c&{her problems addressable by such schemes are issues related
veniently in the form of two-dimensional (2-D) arrays with d© the nonlinearity and nonuniformity of optical sources. The
perpendicular optical axis in the third dimension. Integration Gf0st effective way to encounter these effects in semiconductor
light detectors such as metal-semiconductor-metal (MSM) dasers is through the use of negative optoelectronic feedback.
tectors on the same substrate provides the necessary functfg#gdback may also be used to achieve new functionalities,
alities for the SPA to perform a variety of optoelectronic task§therwise not commonly available [14], [15].
involving the receiving, processing, and transmission of optical Itis the aim of this paper to develop a formalism for modeling
and electrical signals in an inherently parallel manner. source-based SPAs, to include arbitrary optoelectronic intercon-
nections as well as crosstalk and/or various feedback schemes
. . . _ within and between pixels in the presence of optical source non-
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Low means it is usually sufficient to model the detector with a linear
(possibly small signal) gaini.
In addition to the source and detector circuits, there may be
I several interconnection or crosstalk paths. There can exist op-
L+ Ln tical feedback (or crosstalk), representediyfrom the output
Electronics | Optics of the source to the detector’s input. Another effect to be mod-

eled is the current leakage from the source to the detector. This
Fig. 1. Schematic diagram of a single smart pixel. term is represented by, and as shown later, can affect neg-
atively the performance of the SPA. It should be noted that the

, i ) , opposite effect (current leakage from the detector to the emitter)
any electronic or optical coupling between the variables of 0R&,s a1ly negligible, because the signal level at the output of the

pixel or multiple pixels in a SPA. Models capable of accountingetecor is usually very small compared to the emitter drive cur-
for such single- and multiple-pixel interactions are essential ik 7 e also allow for electronic feedback from the output of

better understanding the behavior of SPAs, and are crucial togfs detector to the input of the pixel. This feedback, denoted by
in the process of designing practical and new applications f@r 5 introduced intentionally usually to achieve closed loop be-

such arrays. havior. For convenience and without any loss of generality, the

Initially in this paper, the modeling of various interconnecy iyt of thel” block is subtracted from the electrical input, be-

tions and crosstalk mechanisms in the presence of source NOlise ysually” represents a negative feedback scheme to stabi-
linearity within a single pixel is addressed. Then the resultinge the output of the pixel. Later, we generalZéo model arbi-
concepts are generalized to multipixel interactions within an gz ry electrical interconnection schemes between various pixels.
bitrary SPA. The single pixel analysis presented in this paper iS|ge a1y, when there are no electrical and/or optical crosstalk
partly based on our previous work [16], with the difference tha,,§ aiso when no feedback is presefit= J = R = 0), the

in this research, we take a more general approach and con¢8Bztrical and optical outputs of the pixel are given by:
trate on developing the concepts toward a multi-pixel array with

nonlinear optical sources and arbitrary interconnectivity. As an _

. . . . Iout — ALin (1)
experimental demonstration, we use optical feedback, positive
electrical feedback, and the inherent nonlinearity of the VCSEL Low = Ks(Blin)- @)

source to implement a VCSEL-based optoelectronic flip-flop. . . . o
As mentioned earlier, however, the situation is usually more

complicated in practical cases. The termisand R may no
Il. SINGLE-PIXEL ANALYSIS longer be zero due to proximity of the detector and the source
on the same substrate. Moreover, it may be useful to introduce

In order to develop a general model for a SPA, it is useful {itentionally additional on-chip processing capabilities or
consider first a single pixel. Fig. 1 shows the schematic diagrg&dback schemes to achieve improved performance or specific
of a single pixel, which consists of a light source, a detector, afghctionalities. For example, as can be seen from (2), the optical
driver and receiver circuits. output of the pixel depends on the form of the functiiis,

The pixel has an electronic input and an electronic outpyhich in general is nonlinear and depends on the characteristics
Iin and L,y It also has an optical input and an optical outpubf the individual device, with random variations from one
Li, and Loy:. These optical signals refer to the intensity of thgevice to the next. The most straightforward solution for these
light. Further, it is assumed that the optical signals are mutgroblems is to use negative feedback as represented h¥ the
ally incoherent, so there are no interference effects present. Ypgek.
pixel can be thought of as an interface element, which allows|n the genera| case, where J and R are nonzero, tracing

for bi-directional exchange of electrical and optical signals. Agf the signals around the loop results in the following implicit
important aspect of this model is that the optical source is mogquation forL

eled with a nonlinear functioi s(I), wherel is the output of
the driver circuit3. This is important because, in general, all op- 3 FApB

tical sources are nonlinear. They cannot produce a negative light Lou = Ks <1 +FJB Ty FJj in
if their input becomes negative, and usually they have a satura- BFAR

tion current limiting the maximum output power of the pixel. 14 FJB out)

Even within these two limits, the output may not be a linear

function of the drive current. The same nonlinear function alsgncer, . is found, other loop variables can also be found. A
may be used to model other nonlinearities in the system, suchggphical solution to (3) provides insight into the behavior of
power supply clipping of the signals or the nonlinearity in thghe single pixel. Realizing that the argument of ftie function
gain of the driving circuit3. Therefore, all the nonlinearities jg simply the drive currenf, one can find the solution as the

are assumed to be lumped in the functiin(Z). It should be jntersection of the functiofie,, = K s(I) and a load line given
noted that the same concerns are not generally applicable togpe

detector, because the optical input to the detector is always posi-

tive. Also the optical signal levels at the input of the detector are 1+ FJj 1 1

usually much lower than the pixel’s optical output levels, which ou = TTRARS I+ FARI“‘ - ELi“' )

out

®3)
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Fig. 2 illustrates this situation for a typicals({) function, with
a threshold and saturation behavior. The intersection of the |
line with each axis is also shown in the figure. It is realized that,

in order for the loop to be biased in the active region with a

single solution (the situation implicitly assumed in the figurefVer all the pixels within the array. Fig. 3 shows the schematic
a necessary condition is thaoththese relations hold iagram of an arbitrary interconnected SPA following this no-
tation.

. 3. Schematic diagram of a fully interconnected SPA.

1 o> I (5) In this figureF = [F};] andR = [R;;] represent the elec-
FAT™ m trical and optical interconnectivity matrices. These matrices
1+FJp model individual electrical and optical gains within pixels
ILin— FALy, > —— 1. (6) . . . .
i and cross-couplings between various pixels. The two matrices

) ) ) ] ) A = [A4;;] andJ = [J;;] are the detector crosstalk and current
Equation (5) requires negative feedback (positijewhile (6) |eakage matrices, respectively. The mafix= [3;] is a diag-
limits Lj, for a given/;, and/yy,. If, on the other hand, a multi- a1 matrix with elements;. By choosings to be diagonal,
stable or digital on-off behavior is needed, (5) and/or (6) c3fle have assumed implicitly that there is no cross-coupling
be violated and the desired behavior can be achieved by proggfyeen the drivers of the various pixels. This is a reasonable
choice of the loop parameters. For example, the bistable Bgwmption because usually driver circuits operate on high
havior in the optoelectronic flip-flop discussed at the end of thig,rrent levels, nevertheless, generalization to a nondiagonal
paper is achieved by violation of these inequalities. A case Bf is straightforward. The signal quantities are represented
special interest for analog applications is to use negative fqu)(g,-Iin = [Iini],Lin = [Lin_i] andLou = [Lou_i]; the
back to make the output of the pixel independent of the deviggctrical input, the optical input, and the optical output vectors,
characteristics. Usually, this is achieved by increasing the '0%’5pectively. Her®, A, J, 3, andR are square x n matrices,
gain 5 and making it larg€3 — oc) in which case the load gnqr. L;,, andLy,, aren x 1 vectors, where: is the total

1119

line in Fig. 2 tends to become horizontal. If the current leakagg,mper of pixels.

's negligible(./ = 0) the optical outputis given by To analyze the array, we notice that
ou = Zrmdin = 7 Lin L= i [T i = Fijlow ] ®)

The importance of this case is that the optical output is indepeghile 7., ; can itself be written as
dent of the functiorf{s({), and is linearized in both,, andL;,,.
Atthe same time, this underlines the importance of having negli- Toni—j = Z ALy + Z Jirdn 9)
gible leakage current levels because (7) holds only when0.
Therefore, it can be deduced that in general the leakage currand ;. can be written as
deteriorates the performance of a negative feedback loop.

Lk = Lin—k + Z RknLout—na (10)

[ll. M ULTIPIXEL ANALYSIS
Combining (9), (10), and (8) and noticing the repeated indexes

The case of a single pixel discussed in Section Il can be u dummy indexes to be summed over, we find

as a basis for analyzing the behavior of a SPA with arbitrary in-

terconnectivity. In the following analysis, we add an indegr I = B[l — FIT — FAL;,, — FARL o] (11)

all the signal quantities referring to an arbitratly pixel within

the array. On the other hand, the interconnections are shogglving (11) forI results:

with double indexes. For examplé;; and.J;; represent the in-

ternal emitter-detector current leakage for pikehnd the cur- I=[L + fFJ] B[Ln — FAL;, — FARLgy:] (12)
rent leakage from the emitter of pixgto the detector of pixel,

respectively. We also adopt the summation over repeated inadexerel,, is the square x »n identity matrix and itis assumed that
convention, so the repeated index is a dummy index summkdt-3FJ is a nonsingular and hence invertible matrix. It should
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be noticed that a sufficient condition for the nonsingularity d8. Linear Source Solution

this matrix isJ = 0. _ Another important especial case, in which closed loop solu-
If we define the vector notation tions may be found, is when the optical emitters can be modeled
_ with a threshold currerf;;, and a linear gaik” above threshold,
Loue = Ks{I] = [K'si(L)], (13) 5o for theith emitter
a formal solution for the array can be obtained sy _ )0 I < Iin—;
Louw—i(L:) {Ki(li L) Li> Ly’ (19)

Lout = Ks([I, + SFJ] ' 8[Lyn — FAL;, — FARL,u¢]).
(14) This model is particularly useful for VCSELSs, because they have
a threshold current below which their optical output is small,
Therefore, (14) can be considered as the matrix generalizat d above it the optical output increases relatively linearly with
: Liye current. The linear solution is also useful in small signal

of (3). For instance, an obvious special case is when the matri Ivsi here the whol tem is i ed q
F, A J, andR are diagonal (no pixel-pixel interaction). Thenan;iﬁzsr;g;lmere € whole system IS finearized around some op-

(14) decouples into separate equations of the from given by (ESUsing the matrix notation introduced in (13), and assuming

While (14) is an implicit equation in terms d@f, ¢, it is also : . .
possible to obtain an equivalent set in terms of the variEible all emitters are biased above threshold, (19) can be written as

substituting (13) directly into (11) Lout () = K(T - Ten) (20)
out — — 4
I= p[lin + FJT + FALi, + FARKST]]. (15) whereK is a square diagonal matrix with elemetfs andI;y,

. . IS a vector with elements,,—;. If (20) is substituted into (11),
The advantage of (15) over (14) is that there are no matrix ID-closed-form solution is obtained

versions involved.

. Although, in general, (1A_f) or (15) have to be solved numer-  y_ p—i,, + M—'FAL;, — M~ 'FARKI,, 1)
ically, for example by self-iterative methods, there are special

cases where closed form analytical solutions may be found. fygere

examples of such cases, we discuss two important special cases,

(a) strong negative feedback and (b) a linear source. M ="' -FJ - FARK. (22)

A. Strong Negative Feedback Solution The optical output vectdiioy is obtained easily from (21) and
. . : . ..(20). The validity of this solution is limited to the case where
Itis often desired to implement negative feedback to stabili fe array is biased in the active region, a necessary condition
and linearize the output of nonlinear sources such as semicP “which is thatM should be nonsingula,r N1 becomes close
_dugt(_)r lasers. For_SPAs, this can be aphie_ve_zd by increasinglt Géingular, some elements bfnay become very large or neg-
individual loop gains ¢ — oo for all ) within the negative ative, and this contradicts our assumption of active biasing. In

feedbgck loops. For S|mpI|C|ty, we assume the current Ieakatgﬁes case, the solution given by (21) is invalid, and the general
is negligible(J = 0). In this case, (12) reduces to nonlinear (14) or (15) should be used.

= flin - FALin — FARLow] (16) IV. EXPERIMENTAL DEMONSTRATION. AN OPTOELECTRONIC
Becausé3 is a diagonal matrix with nonzero elements, it is in- FLIP-FLOP
vertible, and (16) can be written as As an experimental verification of some of the models dis-
cussed in this paper, we demonstrate the application of these
BN =T;, — FAL;, — FARLw (17) models in the analysis and design of a VCSEL-based optoelec-

tronic flip-flop. In Section II, we discussed the concept of a
For the case of high loop gains;(— oc for all 4) the left hand load-line generated by the feedback loop around a nonlinear
side of (17) is a vector with small elemer{t8—'I = 0) and optical source. In this experimental demonstration, we use the

therefore we obtain inherent nonlinearity in the VCSELS to create bistability. The
bistable behavior of the pixel can be used then to make an op-
Louwt = [FAR|'T;, — R Ly,. (18) toelectronic flip-flop.

The underlying principle of such a flip-flop is illustrated
This equation is clearly the generalized form of (7) for the singla Fig. 4, which is essentially a special case of Fig. 2. The
pixel. The importance of this solution, just like the case of difference here is that the form of the nonlinearity is chosen to
single pixel, is that the optical output vector of the array is exepresent a VCSEL with the threshold current and threshold
pressed as the sum of two linear transformations of the opticaltput 7;;, and 7.;3,, and the saturation current and saturation
and electrical input vectors. This solution also has interestiogtput /,,; and L.,;. The saturation can be intrinsic to the
implications in optical computing applications, because it catevice, or be made to represent current limiting due to driver
be used to implement the operations of matrix-vector and marcuits. Also, three instances of the load-ling, d, and d,
trix-matrix multiplication as well as matrix inversion. with horizontal axis intersections,z, and x5, are shown
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Fig. 4. Graphical illustration of the use of VCSEL nonlinearity and positive
feedback to implement an optoelectronic flip-flop. "

for a positive feedback (negativ€) case. The variable is ,
a function of loop parameters and the optical and electrica.
inputs L;, and I,

i FAS

= n — Lin 23
Y1+ FIB 1+ FJp (23)

and the slope of the load-line is given by

Fig. 5. Photograph of a sample VCSEL of the array surrounded by 4 MSM
1+ FJp detectors.
m=——""" (24)
FARp

It can be seen that, as the inputs to the pixdel, and I, 160

vary, the load-line shifts left or right, while its slope remains

constant. As the load-line moves from left to right, the VCSEL

is biased first below threshold, and as the load-line pass ,, /

do, the VCSEL is switched on to saturation. On the othe -~ /

hand, if the load-line moves toward the left, the VCSEL is2 100

biased initially in the saturation region, and as the load-lin @ /

passesd;, it is switched off to sub-threshold. Therefore, & 80

hysteresis is created, which can be utilized to implemelg &0 /

an optoelectronic flip-flop. It should be noted that, while 3 /

the load-line is betweer, andd;, a third solution (in the 40

active region) is mathematically possible. However, this i /

an unstable solution because of the positive feedback loc 20 /
Using (23) and (24), and for a given VCSEL characteristic LA

the pixel's parameters are chosen, so that the load-line is n 0 i i

. . 0 2 4 6 8 10 12 14

mally located betweedr; andd,. Once an input optical pulse Inout A

L;, is received, the load-line moves to the rightdyf When nput Current (mA)

the p_ptlcal pulse I§ removed, the Ic_)ad_“ne_retums toits nom’\‘—%. 6. Output characteristic of the VCSEL used in the experiments.

position, but the pixel stays on. This constitutes the “set” oper-

ation of the flip-flop. To turn off the pixel, a negative pulse on

the biasing input current,, should be applied. Decreasidg, was measured to bé = 2.7 x 10~°. The gain of the de-

causes the load-line to move left pasdedresulting in flipping tector was4 = 0.3 A/W, and the electrical loop-gain was set

the VCSEL to sub-threshold biasing. Now, if the negative pulsg FAZ = —0.79 mA/uW. The optical feedback coefficient

on/;, is removed, the load-line again returns to its normal posivas set toR = 0.09. The leakage loop gain waBJj3 =

tion betweend; andd,, but the pixel stays off. This constitutes—0.071, much smaller than unity. This meant that the effect of

the “reset” operation of the flip-flop. the leakage current was small. These parameters resulted in a
For an experimental demonstration, we usdda4 array of load-line slope ofn = 13 pW/mA according to (24). The slope

VCSELs interlaced with @ x 4 array of MSM detectors. The of the VCSEL characteristic in the active region was roughly 43

photograph of a sample VCSEL in this array, surrounded by,AV/mA, larger than the slope of the load-line. This ensured that

MSM neighboring detectors, is shown in Fig. 5, and the outptlte situation depicted in Fig. 4 was realizable.

characteristic of it is shown in Fig. 6. Using CMOS driver cir- Using an external laser source, an optical input was applied

cuits, the saturation current and output were limited to roughly the pixel and gradually increased, while the optical output

11.5 mA and 95:W, respectively. The current leakage coefof the pixel was being monitored. A plot of the optical output

ficient between the VCSEL and the adjacent MSM detectgersus the optical input is given in Fig. 7. As the optical input

140
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Fig. 7. Demonstration of input optical pulse capture. (Ri1, Riz, Rus, J11, J12, J13) for three VCSEL sources versus on-chip
distance.

was increased, the optical output of the VCSEL also increase”
This corresponds to moving the load-line with the slopgof
13 xW/mA in the sub-threshold region of the VCSEL character
istic resulting in sub-threshold output powers. From Fig. 7, it i
seen that the pixel flips on at an optical input power of about 0.2
#W. At this point the output power is about 48V, in agreement
with the threshold output of the VCSEL seen in Fig. 6. Once th
VCSEL is flipped on, the output is limited by the driver circuits.
The slope of the curve in this region corresponds to the outp 5
impedance of the driver circuits. The optical input then was re 5,
duced, causing the VCSELSs output to also reduce. Neverthele 3
the pixel stayed on, even when the optical input signal was r >
duced down to zero. This demonstrates the capture of an optis
input pulse by the flip-flop. To “reset” the flip-flop, the elec- 10
trical input 7;;,, which biases the loop should be decreased, ¢
previously explained.

The operation of the flip-flop discussed so far is based 0 95
a single pixel analysis. To demonstrate multi-pixel effects, w
now address crosstalk mechanisms between adjacent pixt
First, we measure the optical interconnection and current )
leakage coefficientsRij andJij) from VCSEL sources further ;Tilg-.ﬂ%p. Demonstration of crosstalk effect from a second VCSEL source on the
away on the chip. The quantities, related to the flip-flop, are
denoted by index 1, and the adjacent VCSELs are denoted by
higher indexes. This measurement can be done by turning@uplings from VCSELSs further away can be attributed to stray
the adjacent VCSELs and measuring the output of the detectmyht and inaccuracies in the optical system. The current leakage
The results of these measurements for VCSEL-1, as well @zefficient also decreases by going from the adjacent VCSEL
two additional VCSEL sources, aré;; = 2.7 x 107°, J1, = to the next VCSEL, however, it slightly increases for the third
7.8 x 1076, J13 = 9.4 x 1076, R;; = 0.9, Ri» = 0.008, and VCSEL. This anomalous behavior was verified several times
Ry3 = 0.004. These results are also shown in Fig. 8. It should different experiments, and may be due to the underlying
be noticed that thé2;; and./;; coefficients are the same as thggeometry of the various layers on the chip. The determination
R and/J coefficients of the flip-flop. The measured coefficient®f the exact cause(s) of this behavior lies outside the scope of
are plotted against the distance from the centers of VCSELstlis paper, and needs further investigation.
center of detector. It can be seen that the optical interconnectiomhe effects of the adjacent sources on the behavior of the
coefficient reduces almost one order of magnitude by goirfiip-flop can be modeled using the multi-pixel analysis of Sec-
from the closest VCSEL to the next VCSEL further away. Thigon Ill. For simplicity, we focus only on the effects of couplings
is expected because the first VCSEL was coupled intentionalijth a single additional VCSEL. In this case, the operating point
to the detector to implement optical feedback. However, tlud the adjacent pixel can be set independently, because there is

12

11.5

11

rent (mA)

10.5

¢
®
L 3

0 2 4 6 8 10 12
VCSEL-2 current (mA)
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no electrical interconnection presdit;; = L2 = Iy = 0).
However, the operating point of the extra VCSEL affects the

load-line of the pixel implementing the flip-flop. In fact, if we s
write the first component of (12), and solve for the optical output
of the first pixel (flip-flop), we obtain a load line in the form
[2]
1+ Bl Ju 1
Low—1 = — I + I
. BuFuAnRy L FuAnRy
[3]
Jio R
———— Iy — —=L,u_o. 25
ARy 2 Ry M (29) 4]

Equation (25) predicts that the drive current and the opticall®]
output of the second VCSEL can shift the load-line of the first
pixel to left or right without affecting its slope. It can be ver- [6]
ified from (25) that, if 1, is negative (positive feedback for
first pixel), increasing/> and Lo shifts the load-line to the
right, causing the flip-flop to turn on. This was observed ex-
perimentally, and the results are shown in Fig. 9. In this figure, [7]
the drive-current of the adjacent VCSEL was swept, while the
drive-current of the first VCSEL (corresponding to the flip-flop) [g]
was being observed. The flip-flop switched on, when the driving
current of the second VCSEL exceeded 7 mA, which roughly
coincided with its threshold current. Moreover, the slope of the[9]
curve after switch-on is significantly higher compared to when
the flip-flop is off (where the slope is nearly zero). This means;,
that, in this case, the main contribution to crosstalk from the ad-
jacent VCSEL to the flip-flop is optical for two nearest neighbor
VCSELs. For VCSELs further apart, the optical couplings ma)}ll]
decrease to a leve, in which optical and electrical couplings be-
come comparable. [12]

V. CONCLUSION [13]

We have developed theoretical models of smart pixels and
their individual performance, as well as their performance irf14l
conjunction with other pixels in a fully interconnected SPA.
These models are crucial tools for the analysis and developts]
ment of new applications for SPAs, especially as the number
of devices per area on a single chip continues to rise, whiléls]
the trend to take advantage of parallel on-chip processing and
full optoelectronic interconnectivity capabilities of SPAs is be-
coming more important. The models include the nonlinearities
in the emitters, as well as various leakage, cross-couplings, and
more general optical and electrical interconnections between the
pixels. Closed form solutions for two important special cases
were obtained. As an experimental verification of the developed
models, we have demonstrated the application of the theory in
the design and implementation of a VCSEL-based smart pixel
optoelectronic flip-flop.
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