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palavras-chave

Resumo

Portas légicas dticas, flip-flops 6ticos, encammbato 6&tico de pacotes
interferometro Mach-Zehnder, amplificadores Gtic@snicondutoresprocessamen
Gtico de sinal, memodrias 6ticas, modulagéo crunad@se.

As solugfes totalmente oOticas para a comutacdcarenhamento de pacotes
de trdfego sdo cruciais para a realizagdo de urde werdadeiramente
transparente. Para atender as exigéncias crescnteaior largura de banda
tais redes de comutacao de pacotes 6éticos exigemlamentacdo duncoe:
digitais na camada fisica. Este cenario estimubmi-& investigar ea
desenvolver memdrias totalmente Oticas, focando-poscipalmente a
implementacdo de flip-flops O6ticos sincronos, cagiado de comutaca®
accionado por um sinal de relégio.

Esta tese também apresenta novas solu¢des paramemghr portas logicas
Gticas, visto estas serem um elemento fundameatal @ desenvolvimento de
funcionalidades complexas de processamento.

A maioria dos esquemas propostos neste tralsiibdbaseados em estrut
interferométricas activas Mach-Zehnder (SOA-MZI) vide as sua
caracteristicas intrinsecas, nomeadamente, razéxtidedoelevada bem con
elevada capacidade de integragao.

A implementacdo experimental de um sistema de d@nbamentode pacote
totalmente otico foi realizada usando cascatas @A-®ZIs. O impacto d
poténcia residual, devido a comutacdo ndo idealSfpa-MZls, foi também
analisado.






Keywords All-optical logic gates, all-optical flip-flops, abptical packet routing, MacBEehnde
interferometer, semiconductor optical amplified-@btical signal processing, opti
storage, cross phase modulation.

Abstract All-optical solutions for switching and routing peat-based traffic are cruc
for realizirg a truly transparent network. To meet the increasequiremen
for higher bandwidth, such optical packet switcimedworks mayrequire th:
implementation of digital functions in the physickyer. This scenari
stimulated us to research and develop innovatigh-bpeed all-optical stage
memories, focusing mainly on bistables whose staitching istriggered by
pulsed clock signal. In clocked devices, a synclaaiion signal is responsit
for controlling the enabling of the bistable.

This thesis also present®vel solutions to implement optical logic ga
which are basic building blocks of any processiggteam and a fundamer
element for the development of complex processingtfonalities.

Most of the proposed schemes developed in this amkbased on SORHZI
structures due to their inherent characteristicshsas, high extinction rat
high operation speed, high integration capabilit4 aompactness.

We addressed the experimental implementation @fllamptical packet routir
scheme, with contention resolution capability, gsimterconnected SOA-
MZls. Theimpact on the system performance of the reminispemter of th
blocked packets, from the non ideal switching penfed by the SOA-MZIs,
was also assessed.
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Chapter 1

Introduction

The exponential growth of internet traffic and nawernet-based services (such as video on
demand, voice over IP, video teleconference andimmediia services) have been the major driving
forces for the increasing demand of transmissiamdédth over the last years. This is making
network operators looking for optical approachesoider to allow higher transmission rates,
maintaining the efficiency of the network.

All-optical devices can provide data format transpay, higher-speed processing, smaller foot-
print and, expectably, lower power consumptionsngared to their electronic counterparts [1].
The optical-electrical-optical (O/E/O) conversionsquired for routing information between
electronic circuits and the optical transmissiordimm impose a severe bottleneck, which limits
the data bit rate and the traffic capacity that banprocessed [2]. Today, the current maximum
bandwidth obtained by electronic processing isdgity around 40 Gb/s, while the maximum
capacity of optical transport within a fiber hazesded 20 Tb/s, which shows the limited speed of
electronic processing [3]. An increase in the @tjgacket bit rate will increase the difficulty in
using electronic devices. Indeed, routing a higminer of packets per second through the several
layers of electronics in a router, can cause roatergestion and exceed the performance of
electronics and the ability to efficiently handl@wthe high level of heat generated [4]. Therefore
is desirable that switching and routing can beiedrout directly over the optical domain. Such
optical packet switch networks require the impletagan of digital functions in the physical layer,
namely all-optical logic gates and all-optical ffipps.

All-optical logic gates are crucial devices in gptinetworks because they can execute essential
signal processing functions such as switching, megdion and header recognition processing in
photonic switching nodes. All-optical gates areatde to perform Boolean logic operations at high
data bit rate and, in recent years, consideraldeareh has been done mainly due to technology

advances in monolithic and hybrid integration. & &nd [6], a NOT logic gate is demonstrated
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based on a semiconductor optical amplifier assiSagnac interferometer and by using a single
optical directional coupler configuration, respeely. In [7], an optical NOT gate with variable
threshold is implemented using dual wavelengthciige locking. In [8], is proposed an all-optical
XOR gate with optical feedback using highly Ge-dbp®nlinear fiber and a terahertz optical
asymmetric demultiplexer, whereas in [9] an opticglic AND gate is implemented based on a
nonlinear optical loop mirror (NOLM). Others appcbas use an electroabsorption modulator
(EAM) [10] or exploit the nonlinearity of semiconttor optical amplifiers such as cross gain
modulation (XGM) of SOA based devices [11] and [1#] are based on four-wave mixing
phenomenon [13].

A basic building block of any router, electrical @ptical, is the memory circuit. It is essential
for storing, temporarily, the header informationagpacket and for solving the contention problem
that occurs when several packets arrive for theegaont, at the same time. Using fiber delay lines
(FDLs), as an optical buffer to store optical paské is possible to prevent packet loss in adwit
When packets arrive at the same time, they aredotat different FDLs, with delay equivalent to
the packet length, and the collision can be avoitiedvever, this technology doesn’t allow neither
long-term storage nor random access at an arbitienjng. Another problem is that FDLs
introduce losses that increase with its size [14].

One of the most important optical devices for bufig decisions in next generation photonic
transmission systems is the optical flip-flop. Thisvice has at least two stable states and its
operation principle is based on hysteresis phenamanvhich is possible to obtain multiple states
under the same input conditions. In general, hgstercan be achieved by a combination of a
feedback mechanism and a nonlinear effect. Innaartional flip-flop, the bistability operation is
performed in the ‘S-shaped’ hysteretic region, tredoutput state is distinguished by the different
output power while in the optical memory, the staten be distinguished by different output
wavelengths [15]. An optical bistable is a sequdmevice therefore its outputs not only depend of
the input values in a considered instant, but degmend of information from a previous state, so it
can be used as a one-bit optical memory.

Different technologies have been proposed to impterall-optical flip-flops such as the use of
SOA based Mach-Zehnder interferometer (SOA-MZhveéitfeedback loop [16], two coupled fiber
ring lasers [17] or two coupled SOA-MZI [18]. Amotigese approaches, the ones that use active
interferometric devices have attracted increasitigndon because they require low energy to
operate, have high compactness and extinction (&), as well the potential for further optical
integration. Exploiting the non-linear effectsaiftive Mach-Zehnder interferometer has enabled

the demonstration of most of the novel techniquepgsed in this PhD work.
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Clocked flips-flops are some of the most used elgmin digital very-large-scale integration
(VLSI) systems, but scaling CMOS sequential logiextremely difficult, namely due to the power
consumed of their leakage currents. Therefoie,db important to find high-speed and low-power
optical clocked flip-flops capable to overcome thmitations of CMOS technology. In the last
years, most of the research of optical flip-flops lbeen done considering mainly the asynchronous
operation, where any change of information in tigeffop inputs is transmitted, immediately, to
the output according to the truth table. Howeversome cases the inputs can suffer unwanted
variations and if we are using asynchronous deyiwescan be storing unwanted information. The
dynamic operation of an asynchronous bistable dewén be changed by providing an additional
synchronization input (CLK), in order to controktlenable of the flip-flop, making it sensitive or
not to the values present at its inputs. Most af wark regarding flip-flops is concentrated on
devices operating synchronously.

Besides all the known applications that an optimatable device can fulfill namely, as clock
dividers, optical counters and shift registers,iagptflip-flops are essential building blocks for

implementing all-optical packet routing configuoats such as the one shown in Figure 1.
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Figure 1- Schematic of an all-optical router.

Figure 1 comprises four main building blocks: theoptical header/label processing block, the
optical buffer unit, the switching stage based o0®ASMZI switches and the collision
detection/solver block.

The first functional block performs header procegsecognition in the optical domain through
autocorrelation. Here, optical code division muéipccess (OCDMA) codes are used to encode
the packet addresses and sent in a separate wgtveleamd (out of band signalling). Employing

the OCDMA labelling scheme, the routing informatisnencoded by scrambling the label with a
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specific OCDM code, which may be viewed as a lecidress [19]. The address recognition unit
consists in a well-matched decoder with time reagisnpulse response compared to the encoded
signal. The fact that optical code processing camrrdalized in the optical domain provides the
possibility to overcome speed limitations due tadicgielectrical conversions required in header
processing and enhance the energy efficiency ofrdbéng nodes. The proper autocorrelation
function of the matching pair is pursued, in ortierprovide the triggering signal for buffering
elements of the routing node. Concerning the manage of the spectral addressing band, the
encoding process allocates a distinct spectral bzomipared to the band devoted to data
transmission. The second block consists of alleaptilip-flops for holding temporary the packet
duration. The third building block of the all-opdigacket router consists of two parallel SOA-MZI
structures (first SOA-MZI stage of Figure 1) anddxd on the information coming from the flip-
flop output, it switches the optical packets thdougoss phase modulation (XPM), which results in
an interference process, that can be constructiestructive. Finally, the collision detector and
solver blocks are implemented based also on hybregrated SOA-MZIs. If both optical packets
are routed to the same output port, at the sane toilision is detected by the second SOA-MZ|
stage of Figure 1 (SOA-MZI3 and SOA-MZI4) and thewoided by the collision solver block
based on wavelength conversion.

Others photonic routing schemes have been alsgrassiand experimentally validated. In [20],
is proposed a photonic routing system that perfoomshe-fly contention resolution between 40
Gb/s packets of the same wavelength whereas in §¥hchronous packets are routed by

combining packet detection, space switching arferesétting latches.

1.1 Thesis motivation and outline

As described in the previous section, with the iooratusly growth of Internet traffic, it is
necessary to develop new techniques and devicedbleafp support the huge bandwidth required
by the future services, with scalability and flekilp. This scenario stimulates us to research and
develop innovative high-speed photonics solutieugh as all-flip-flops and logic gates, for the
effective operation of transparent optical netwoi&sme of the research results presented in this
work were performed under the EU NoE EURO-FOS ptopmnsortium and it was performed
mainly in the facilities of Instituto de Telecomaacdes (IT) in Aveiro, and during a one-week stay

at the photonic lab of the National Technical Undity of Athens, in Greece. The following
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chapters present an analysis and novel concestsnaé of the main building blocks of all-optical

packet routing schemes. This thesis is constitojefive chapters, organized as follows.

Chapter 1 provides a brief background about phottiainsmission systems and devices, and

describes the organization of the thesis as wetbanain scientific contributions to the stateaof-

Chapter 2 focuses on the design and operationiplénoehind all-optical logic gates, since they
are a fundamental element for the development oipbex processing functionalities. Two novel
optical logic gates configurations, capable to guenf different logic operations, are presented and
described. The first method is experimentally andmerically demonstrated and uses,
simultaneously, both output ports of an activerietemeter. The second configuration is based on
a single Mach-Zehnder interferometer, with conémlphase modulators, and performs different
Boolean logic operations without changing setupgiesr he non-linear behavior of a SOA-MZI is
also described regarding gain and phase dynanmics & is the base of most of the applications
studied and proposed throughout this PhD work. Wogical logic XOR gate based on a SOA-
MZI, is also compared in terms of the way the inoagnsignal is injected (co or counter

propagation) via numerical simulations and expenitzky .

Chapter 3 presents an overview of the state oaithen all-optical flip-flops, discussing their
basic designs and theoretical concepts. We appragsantitatively, in terms of commuting speed,
switching energy and integration capability some tiké most relevant experimental AOFF
implementations and the obtained results demoestre suitability of them in next generation
communication systems. In this chapter, we alsopgsed four new all-optical flip-flop
configurations, experimentally and by means of $athon, focusing mainly in bistables whose

state switching is triggered by a pulsed clock aign

Chapter 4 addresses the technical solution ofah&eation problem that can arise from packets
aiming the same switch port but, firstly, an ovewiof some of the most preeminent all-optical
routing designs, with particular relevance for tmes using SOA-MZI structures, is outlined. The
reminiscent power of the blocked packets, due ¢onitn ideal switching performed by the SOA-
MZls, is analyzed in every stage of the routingfigamation and the performance transmission is

experimentally evaluated through BER measurememisatinction ratio analysis.

Chapter 5 overviews the developed work, summarthes main conclusions, and presents

suggestions for future work.
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1.2 Main contributions

The main contributions of this work can be sumnettias follows:

= Development and experimental demonstration of épiical Boolean operations based on a

single SOA-MZI, using simultaneously both outputtpo

= [|nvestigation of an all-optical logic XOR gate aaskessment of its performance in co and

counter propagation schemes.

= Development and validation through numerical simiofaof an optical configuration that
provides 16 optical logic operations, using a Mgl with controlled phase modulators in

each arm, without changing the setup scheme.

= Proposal and experimental implementation of alleghtS-R and D type clocked flip-flops,

using SOA-MZ| structures.

= Proposal and performance demonstration, throughenioal simulations, of an all-optical S-

R flip-flop using two gain-clamped RSOAs.

= Proposal and theoretical analysis of an all-optidatked D flip-flop using a single SOA

assisted symmetric MZI.

= |dentification and experimental demonstration hdwve treminiscent power of blocked

packets from non ideal SOA-MZIs can affect the geformance transmission.

1.3 List of publications

The work accomplished during the elaboration of tRhD work resulted in 13 papers
published/ submitted in internationally peer revéewjournals and 16 international conference

proceedings. The publications are listed below.
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Chapter 2

Optical logic gates

In the last few years, optical logic gates havenbeiglely investigated in order to overcome the
speed limitation of electrical signal processork-ofstical gates can be used in a variety of signal
processing applications, such as optical bit patteecognition, optical time division
demultiplexing, optical bit-error rate monitoringptical label swapping as well as in optical binary
adders and optical counter [22, 24].

Several approaches have been proposed up-to-dateermnstrate different optical logic
operations and mostly are based on highly nonliopéical fibers (HNLFs), on microring or on
nonlinear effects in semiconductors optical amgiffi(SOAS), integrated or not in interferometric
structures. The HNLF-based logic gates exploitkbe effect of silica, through a response in few
femtosecond range however, despite the signifieg@ntinces in fabrication technology, HNLFs
still present severe limitations when integratismaquired. In general, optical logic gates based o
the nonlinear effects in SOAs, such as cross-gadumation (XGM), cross-phase modulation
(XPM), four wave mixing (FWM) and cross polarizationodulation have been preferred mainly
due to their high potential for photonic integratiand cascadability, high gain of SOAs and strong
change of the refractive index. However, they prespeed limitation and latency, primarily due to
the slowly recovery time of the SOAs. Operationespean be increased with the integration of
SOAs in interferometer structures, especially icM@ehnder interferometers.

Semiconductor optical amplifiers in Mach-Zehndeteiferometers (SOA-MZI) are the key
devices for the majority of the all-optical prodegsfunctionalities studied and proposed in this

PhD thesis, therefore a characterization of thisagewill be made in this work.

This chapter, based on journals [J1], [J2], [J& aonferences [C1], [C2], [C3], [C4], starts
with the presentation of the operation principlel® SOA-MZI and explains the steps to balance
the interferometer so it can work properly. In 8mct2.2, we propose and experimentally

demonstrate a configuration based on a single dybtegrated SOA-MZI switch capable to carry
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out different logic operations at the same timengisimultaneously both output ports of the
interferometer. In this section, we also performoanparison study of an all-optical logic XOR
gate based on a SOA-MZI, implemented in co and twysropagation way. In Section 2.3, we
present a novel scheme that performs 16-Booleda ¢querations based on a single Mach-Zehnder
interferometer with controlled phase modulatorsngishe same design. The novel configurations
proposed in this chapter present very low compjegihd suggest high integration potential.

Finally, in section 2.4, a summary of the reseanglics discussed in this chapter is drawn.

2.1 Mach-Zehnder interferometer structures with senconductor optical
amplifiers (SOA-MZI)

SOA-MZIs are widely used in many optical applicasaince they perform a variety of optical
functions such as, on-off keying (OOK) and multiffiat optical signals regeneration, wavelength
conversion, all-optical switching, high-speed lajigrocessing and, more recently, optical
contention resolutionThe SOA-MZI is an element that provides high extort ratio, high
operation speed, requires low switching energiesprate and have high integration capability

and compactness.

2.1.1 Operation principle of SOA-MZI

In this PhD work, we propose optical circuits mp&tased on the symmetrical hybrid integrated
SOA-MZI shown in Figure 2, where each arm incorpesaone Semiconductor Optical Amplifier
(SOAL1 or SOA2) and one Phase Shifter (PS1 or PS2).

" BPF |
#B PS1  'SOAL
-}{/ K1 % #|
#C— o
K3 \ K2 ps2  SoA2[ xa_ # | BPF -

\
o | -

Figure 2 - Schematic of an all-optical SOA-MZI sutit
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Although it is possible to operate active interfagder structures with discrete components,
monolithic or hybrid integration allows longer testability. K3 and K4 are couplers of the SOA-
MZI based switch for dividing and combining the onaing data entering at ports #B or/and #C.
The power at the interferometric outputs (#| angdiga result of an interference process occurring
in coupler K4. The electromagnetic fields at thisigler will define the conditions for the output
measurements [26].

The SOA-MZI operation principle is based on crosage modulation effect and relies on the
dependency of the refractive index on the carrgrsity in the active region of the SOA. A control
signal that depletes the carrier density will madellthe refractive index and thereby result in a
phase modulation of the incoming data coupled thtio SOA-MZI. For example, if one control
signal is injected into one of the MZI input pof#\ or #D), through the directional couplers K1 or
K2, it will deplete the carriers density of the i@aponding SOA. When the SOA is under gain
saturation, the refractive index will change a®asequence of the gain saturation variations and a
phase difference is created in the signals beinglified. In this case, the incoming data flow out
to the respective bar output ports. However, ifdbatrol signals are launched simultaneously into
ports #A and #D, SOAL and SOA2 will have the saargier density, so will not suffer a change in
their refractive index and thereby the incomingadaill exit from the respective output cross-
ports. The same happens when there is no congredlsi applied into the SOA-MZI switch.

The band pass filters (BPF), placed at the outputspare used to recover the incoming data

and to block the control signals.

2.1.2 Balancing the SOA-MZI

In this subsection, is explained the balancing @sechat is realized each time an experiment
using active interferometers - SOA-MZI — is implerted.

Due to very small changes in motherboard fabricatiere is a very small effective path length
difference in each arm of the MZI, which causesnalsphase change and slightly unbalance the
MZI. Similar effects are also seen in the SOAs am&d in each arm of the MZI. Therefore, when
we are using SOA-MZI structures it is very impottemfirstly balance the interferometer to get it
to work properly. The SOA-MZI is balanced when aximaum extinction ratio (ER) between the
interferometer output ports is achieved.

For the balancing process of a SOA-MZI, we useetkgerimental setup depicted in Figure 3.
Firstly, we connect a continuous wave signal (CWfp iport #B of the device, followed by a

polarization controller (PC), and then set the poteea typical value, for example 1 dBm, with a
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variable optical attenuator (VOA). Since the devieptically symmetric, the CW signal can also
be coupled to one of the following SOA-MZI portsC #l or #J. Then, we monitored the output
power at port #1 and #J with two power meters (PMdte that is also possible to measure
simultaneously the output power at both ports usingingle power meter but, in this case, an

optical switch connected at ports #l and #J is eded

PM

T
| .
3 \ K2 PS2 soA2[ xa |* oM

#D ) \’ZS

Figure 3 - Experimental setup to balance the SOA-MZ

n \ BPF-)Z:S
cw VoA PC /
#

BPF

When the Peltier controller is powered on and dmperature of the device is stabilized (26°
C), we set the bias current of both SOAs to an legalae, adjust the input CW polarization and
apply a voltage to one or both phase shifters tainla minimum power value on the destructive
MZI output (port #1) and a maximum power at the stonctive port (Port #J). In the end, normally
a small detuning on the SOA bias current and inrthat power is needed in order to improve the
ER, but at every change, we need to re-adjust thege of the phase shifters and the input
polarization.

In order to obtain the maximum extinction ratio jHfetween the output ports, tunable filters
are placed at the MZI output ports to improve thkabcing results.

In Figure 4, we vary from 150 mA to 540 mA the basrent of SOA1 (ISOA1), maintaining
constant the bias current of SOA2 (ISOA2=200 mA)eTmean power of the incoming signal,
injected into port #B of the SOA-MZI was increadeain -8 dBm (in Figure 4 (a)) to 8 dBm (in
Figure 4 (b)). These experimental results highligh¢ fact that by changing the operational
parameters, the interference process suffers cenadik changes. We can see clearly that in Figure
4 (b), even without input CW polarization and phalsiéters adjustments, a better operational point
was achieved. It is also noticeable that in Figu(®), at certain moment, the constructive output
port converts in the destructive port, and vicesaeonly by changing some system parameters and

not by injecting a control signal into SOA-MZI.

14



All-Optical Routing Functionalities

a) b)
8 14
7 12 -
__6 ,-.10
g ¥
g o W
2 0 -
1 2
0 : : e
120 320 520 150 200 240 300 360 420 480 540
ISOA1 (mA) ISOA1 (mA)

——Port #l —@—Port # =Port #l esr=Port #]

Figure 4 — (a) SOA-MZI interference at the outpaoitp with Ry,= -8 dBm. ( b) SOA-MZI interference at the
output ports with By= 8 dBm. Lines are visual guides.

2.2 All-optical logic operations using a symmetriSOA-MZI

Logical operation using a single SOA-MZI switchais attractive technology due to the small
device size, low power consumption and compleXitgpending on the signals applied into its
input ports, a single SOA-MZI switds capable to carry out different logic operatiabshe same
time, using simultaneously both output ports of #@A-MZI. Traditional logic gates have a single
output, but if we take advantage of the two outpatts of the SOA-MZI based interferometric
switch as logical outputs, it is possible to obtainlti output logic functions. Using this concept,
we proposed a novel all-optical configuration cdeal carry out four logic operations, using
simultaneously both output ports of the SOA-MZI.heTperformance of such architecture is
assessed measuring the obtained extinction rait) (& each Boolean function. The proposed
circuit is simulated and experimentally demonstfatesing NRZ-OOK modulated signals driven at
10 Gb/s.

2.2.1 Operation principle

Four Boolean operations (AND, Transposed INHIBITIBQUIVALENCE, INVERTER) can
be performed depending of the signals applied ith® input ports #a, #b and #c of the
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2. Optical logic gates

interferometric structurélustrated in Figure 5. At the output ports #| a#d] optical band pass

filters are placed in order to recover the signpdated into port #b.

o

#ta SO0

N1 enien
;S: &/ . AN

v

BF e #

e (24
i = 2 |
PS2 som2

Figure 5 - Schematic diagram of the proposed aikapcircuit based on a single SOA-MZI. BPF: Barabs
filter, PS: Phase shifter, SOA: Semiconductor @gbtamnplifier. The input ports of the SOA-MZI are, #db,
#c and the output ports are #l, #J.

A 4

Table 1 represents the truth table of the proposed ci@udt from this table it is possible to
obtain the logical expression at the output pofiteerefore, the Boolean equations at the

interferometric output ports, expressed in theudisjive canonical form, are given by

| —abt+albe

_ (2.1)
J=albt+aldlc

Where the symbolsO and ‘" indicate logical ‘AND’ and ‘INVERTER/NOT’ expressn,
respectively. Equations (2.1) are already in tisgnplified form, so it is not necessary to use
Karnaugh maps or apply Boolean algebra to obtaimaler solution.

Consider two modulated signals X=[10010000] and 00€[10010], at the same wavelength,
and a continuous signal at a different waveleniftsignals X and Y are injected, respectively, at
port #a and port #b of the SOA-MZI switch (no sigatport #c), according to equation (2.1) the

logical expressions at the output ports can bdewrias

| =X Y D+ X [Y D= X ¥ (2.2)
J=X YD+ X ¥ 0= X ¥
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which correspond to the logic ‘AND’ and ‘Transpod®&HIBITION’ operations between the two
modulated optical beams. Also, based on this caselEQUIVALENCE’ and ‘NOT’ logic
operations can be obtained, simultaneously, atfdand port #J of the SOA-MZI if the signal X is
launched at port #a and the continuous signal rat#to

In this situation, the logic equations at the if@metric output ports are

| = X A0+ X [0 = X (2.3)

J=XI[0+XI[1[0=X

Table 1: Truth table of the proposed all-opticatwit. #a, #b, #c: interferometric input ports; #J;
interferometric output ports.

Experimental
Expected logic levels static power
measurements
Inputs Outputs (dBm)
a b c | J ! ’
0 0 0 0 0 -12,2 -12,2
o o 11l o 0 12,1 137
o 1 o 0 1 -10,4 9,1
0 1 1| 1 0 et
1 o ol o 0 13,7 -12.2
. o 1 0 0 -13,7 -12,4
1 1 o] 1 0 "9 &
L1 1 0 1 11,2 2,4

On the other hand, if signal Y is injected at pfrtwhile at port #b we maintain the continuous
wave signal, the logical expressions at the oupmuts #l and #J can be written according to

equation (2.1) as
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2. Optical logic gates

| =0Y +0Y =Y (2.4)
J=0[1LUY+0[1lY =Y

From these two latter cases, we can concludefthatdantrol signal is injected at port #a or port
#c of the SOA-MZI, the two even parts of the comtins wave signal (injected at port #b) will
propagate through the two MZI arms and will sufféferent gains and phase shifts, leading to the
unbalance of the SOA-MZI. In these cases, the nadidu of the refractive index will not be the
same (Boai# Nsoaz) and the light in the upper arm of the MZI willggent a different velocity than
the lower arm; hence a replica of the control digqpear at port #1 (EQUIVALENCE operation),
and its complementary at port #£J (NOT operatioh)s Technique to implement the NOT operation
is designed with a very simple logic circuit sinices performed using only two optical signals (one
modulated and another continuous), contrary toNBd implementations that uses three optical
signals. In section 3.2, using also two opticahalg, we implemented a NOT gate based on cross
gain modulation in a SOA to realize our all-optiBasynchronous flip-flop. To perform the XGM
based NOT gate, a modulated signal (With was injected in a SOA and modulated the gathef
amplifier due to its saturation. We coupled to thedulated signal a continuous wave (wif),
which was modulated by the gain variation of theAS@nd at the output of the SOA, a band pass
filter to eliminate the signal with wavelengitl. The advantage of this technique lies in its
simplicity, polarization independence and insewigitito the wavelength of the modulated data
(provided it is within the SOA gain bandwidth). Hever, presents some disadvantages such as a
decreased extinction ratio for up-converted sigaald pattern effects of the SOA due to the slow

recovery time [27].

2.2.2 Black box static model

Our logic configuration is characterized experinadigtin terms of non-ideal splitting factors
and SOAL1, 2 gains, following the method adoptef@j.

The measurements of SOA-MZI output power as functbinput power and SOA current is
made considering the two arms separately, usingafiar propagation, from input #a to output #l,
with SOAZ2 disabled and, similarly, from input #cdotput #J, with SOA1 disabled. The trends of
the SOA output power vs. SOA current and input poare found and the obtained curves are

shown in Figure 6(a) and Figure 6 (b). It is wantlting that this characterization is referred ® th
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overall path on which the signal propagates, sakiés into account losses and any other kind of

asymmetry of the device.

The power at the output of the SOA-MZI (#l and #))a result of an interference process
occurring in couplen. The electromagnetic fields at the two inputshi$ toupler will define the
conditions for the outputs measured. So, spedyicalhen used as an amplitude modulator, one
important factor to take into consideration is R of the output signal. For example, through
SOAs input power/current variation, the power distfion on the SOA-MZI arms can be further

changed, leading to the consequent variation ointieeference conditions on output couplers.

a) b)

Output Power (mwW)
Output Power (mW)

T #a->#1, Pin= -84Bm,i=1
& fa->#1, Pin= 0dBm =1

>
—&—#ic->#), Pin= -8dBm i=2
y G—#c-->#, Pin= 0dBm i=2
—4—#ic-->#), Pin=8dBm =2

I T

f | 1 i
%UG 250 300 350 400 450 500 550 0 1‘ é é ,; El. é 7

Figure 6 - #l and #J output power as function »fJ@A;, SOA current variation and (b) #a, #c input power.
Lines are visual guides.

Moreover, a phase shift on SOAs output signaliituéed due to the dependence of SOAs
refractive index on carrier density.

We model the working characteristic for a SOA-M#, order to describe how physical
parameters actually control the interference defiths providing a tool for operational point
optimization, which for example can be used for imézing ER.

The output powers Rport #l) and B (port #J) are indirectly computed as a functionthof
SOAs’ total input power level and SOASs’ bias cutr@soa) through SOA 1,2 gain curves reported
in Figure 6.

In Table 2, all the 3-bit words obtained combinthg 0-1 levels on the inputs #a, #b, #c are
considered and identified through the index i=1,...8.
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2. Optical logic gates

Table 2: Possible input combinations.

I nput i =1 i = i =3 i =4 i =5 =6 i = i =
#a 0 0 1 1 0 0 1
#b 1 1 1 1 0 0 0
#cC 0 1 0 1 0 1 1

A black box model, representing the relation betw&kand #J output power as function of
input power on port #b, obtained from interferoneestructure principles considering the couplers
yield, path differences and non-ideality, is gilsn[26]:

Pl. = A-a)Piy +aPoy — [Py, Py, sin(Ag +sy;)
Py, =aPiy, + (L= a)Poy + /Py, Pop, sin(Ag +s3;) (2.5)

AQ =Agy -Dg + D, :kPa—kPC+7—2T

Wherea is the splitting factor of the last coupler eva@ghexperimentally. B and By are the
power levels on, at the input of the rightmost coupler fiigure 5. A@ is the phase difference

between the two arms, which depends on the indwighase shift induced by the input #a on

upper armAg, , input #c on lower armA g, and input #bA% on both arms. The first two are

considered linear with the respective input povigause of the linear relation between SOA

induced phase and carrier density, through refradtidex variation, taking into account that the
o 7l
SOASs’ current was kept constant. The last phadeishionsidered constant at the valgedue to

the initial balancing operation. The other interoauplers yield, path length differences between
the upper and lower arms, the SOA carrier dens#tsiations and non-ideality of the tested
architecture, are taken into account through furnpiase delays;sand g;.

The SOA-MZI black box static model provides a gahéame of how parameters control the
interference depth, thus providing a tool for ofieral point optimization, which for example can
be used for maximize the ER.

The parameters’ values of the black box modekstimated experimentally and the others
through MATLAB, are reported in Table 3 and usedthe final validation, carried out considering

the measured output powersaRd B, with Isoa and Isoaconstant at 240 mA.
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Table 3: Parameters extracted from the model digtiand used in the final validation.

S,

o k Adp, Sq,

i

0.51 6,3x10 % rad —1=2rad —1+2rad

After balancing the SOA-MZI, the basic switchingeogtion is performed injecting a signal on
port #a or #c: this will produce the interferenewersion so that the injected signal will be
forwarded through port #l, while the power on paiis minimized.

In order to verify the logical operations, we us@&MAB environment and the black box
model. At the output ports we measured the poweeldecorresponding to the expected logic
operation on the wavelength of the signal injeatetfb input,A, . Thus, in all the cases where port
#b is set to zero, no wavelength conversion wa®peed.

In Figure 7, we present the comparison among theirgdxl experimental static power
measurements shown in Table 1 and the modeledtquiper levels. Through the static black box
model, it is possible to find a good matching withe correct output levels, applying the
optimization of all the parameters that affect thatput interference, exactly as it happens
experimentally when the maximum ER between the #laaind #J has to be achieved.

The ER optimization is strictly dependent on eagputs combination, due to the different
XGM/XPM effect induced by the two SOAs. Th& dase (input combination=111), illustrated in
Figure 7, explains how the power levels and theaE&kreduced in practice because of the gains
saturation and the presence of the three inputista## set at logical level 1.

The interference depth can be maximized in theadyia practice through adjustments of the
phase shifters contribution; in our formulation the static model we included their contributions
in the parameters, . ands,, .

For all these reasons, the ER maximization in mads obviously achieved differently for each
case. This is why, for example, cases 2 (input é¢oation=011) and 3 (input combination=110)
are slightly different in power levels and ER, aligh the input configuration is the same, except

for injecting signal at input #c in case 2 andngiit #a in case 3.
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Figure 7 - Comparison between measured and modelpdit power levels versus #a, #b, #c input logic
levels (level 0 mW; level £ 0.5 mW).

2.2.3 Experimental results

To experimentally demonstrate these different Idgrections using both interferometric output
ports of the SOA-MZI, we implemented the setupsicted in Figure 8. They consist of two DFB
lasers peaking at 1549.32 nm and 1547.72 nm, feliblay polarizations controllers to adjust the
input polarization. The laser at 1549.32 nm is ety modulated by a Mach—-Zehnder operating
at 10 Gbit/s, with an ER of 11 dB, amplified by &rbium Doped Fiber Amplifier (IPG-EAD-500-
C3-W) and then split into two equal parts using@B3coupler. The control data sequence is equal
to X=[10010000] and is produced by a BERT patteznagator (Agilent N4901B). Different data
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patterns, launched into the SOA-MZI ports (CIP 1fR2-ORP), are obtained by delaying the X

signal, using an optical delay line.
The signal at 1547.72 nm works in continuous wa®®/), and its power is adjusted by a

variable optical attenuator (VOA).

pC VOA

) a0 e SOM soss0

DFB1
13 dBm

1549.32 nm
50/50 50/50

a)

pC MZM PC VOA 50/50
() | X / a psi SOAL 50/50

R = =1 o3> 0, "
DFB1
13 dBm
1549.32 nm =
1 dBm #1
1547.72 nm
50/50 50/50
DFB2 00 by SoAL  50/50
1 dBm #1
1547.72 nm
9 MZM #]
(X =
9 ] (= —
DFB1 | 50/50 50/50

13 dBm

1549.32 nm lJE_I

Figure 8 - Experimental setups: a) to obthir X [Y and J = X [Y'; b) to obtainl = X andJ = X;
c) to obtainl =Y andJ =Y.

The output signals are obtained using a filter vatl25 GHz bandwidth (X-tract Net Test),
centered at the wavelength of the signal injeatgubit #b of the SOA-MZI.

A PIN (HP-11982A), with responsivity of 0.7 A/W, dran oscilloscope (Agilent Infinium
86100A) are used to analyze the temporal evolufdhe different all-optical logic operations.

Initially, the SOA-MZI is balanced by acting on tB®As gain and on the voltage of the phase
shifters, so that in the absence of modulated obsignals, the continuous wave signal injected in
port #b could experience a complete destructiverfi@tence at port #1.

From the experimental setup depicted in Figure,8{@) obtain the results of the all-optical
AND gate operation shown in Figure 9. In this cages modulated signals X and Y are

respectively launched into port #a and port #b atdhe interferometric output ports, we obtain
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simultaneously the logical functions= X [Y and J =Y [Y . The measured ER for these two

all-optical logic functions was 12.4 dB and 12.2 atBport #| and port #J, respectively.

Input X

Input Y

3

g,

£
(S'.

i
o v Y §
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’ |
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Figure 9 - Experimental time domain traces obtaileedBoolean functiond = X [Y andJ= X LY.
Horizontal scale is 200ps/div and Y axis represeptgal power in arbitrary units.

In Figure 8 (b) and Figure 8 (c), the CW signahigcted at port #b of the SOA-MZI, and
the control modulated signals X and Y are, respeltj injected at port #a in Figure 8 b) and
at port #c in Figure 8 c¢) in order to obtain the N@peration and its complementary. Figure 10
shows the results of the all-optical NOT logicategaperation and its complementary: the left
figure shows the results when the control signas ¥hjected in port #a of the SOA-MZI and the

right figure when the control signal Y is injectedl port #c. The ER for each of these logic
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functions was also experimentally analyzed and whercontrol signal X is injected we obtained
10.5 dB at port #1 and 14 dB at port #J; when thetrol signal Y is injected we obtained 10 dB at
port #l and 11.8 dB at port #J.

The experimental results show, in general, extinctiatio values higher than 10 dB, which

proves the potential of using both output portstlid SOA-MZI to obtain, simultaneously
AND/Transposed INHIBITION and EQUIVALENCE/INVERTERgic functions.
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Figure 10 - Experimentgime domain traces obtained for Boolean functiamsthe leftl = X and JZX;

on the rightl =Y and J =Y. Horizontal scale is 200ps/div and Y axis repnéseptical power in
arbitrary units.
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2.2.4 All-optical XOR using a co and counter propaation schemes

It was also implemented an all-optical logic XORegghased on a hybrid integrated SOA-MZI,
using NRZ modulated signals driven at 10 Gbit/s.

Two logic XOR schemes, depicted in Figure 11, amplémented in co and counter
propagation, and the results obtained, experimgraad from simulation (using Virtual Photonics
Inc. Software (VPI)), are compared.

For the co-propagation scheme, the incoming sigaatontinuous wave (CW) lasing at
1546.12nm and with 0 dBm average power, is laundhaa port #B and the XOR signal is
recovered at port #1, using a filter with a 25 GbhEndwidth and centered at the incoming signal
wavelength.

The counter-propagation scheme uses the same ingaiginal but it is launched into port #l of
the SOA-MZI. In this case, the output is now attpiB. For this counter-propagation setup, an
isolator is placed between the EDFA and the 3 dipl.

Both control data signals, peaking at 1549.32 mm,launched into the SOA-MZI (CIP 40G-
2R2-ORP) port #A and port #D through an opticakgldine, a variable optical attenuator and a
polarization controller to adjust and synchronize signals. Different data patterns are obtained by

delaying signals at port #A and port #D.

a)

o 000 mzm]____ [\ 5059
= |

Output

FILTER

b)

pC EDFA
oFp 000 mzm |
(= |

@10GHz

Figure 11 - Experimental setup a) co-propagatidreste b) counter-propagation scheme. DFB: distribute
feedback laser; PC: polarization controller; MZMath-Zehnder modulator; EDFA: erbium doped fiber
amplifier; ODL: optical delay line; VOA: variableptical attenuator; CW: continuous wave; SOA:
semiconductor optical amplifier; PS: phase shifter.
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By adjusting the optical powers and the bias cusreri the SOAs, the incoming signal can

interfere either constructively or destructively thte output of the interferometer, directly
performing the logic XOR operation of the two injgiatta signals.

Figure 12 illustrates the control data input signajected into the arms A and D of the SOA-
MZI, each with 2 dBm mean power, and the correspan&XOR gate output, at 10 Gbit/s. The

results obtained experimentally are in agreemettt thie operation principle of an XOR gate, since

the output is at the logical level ‘0’ only whentbaf the inputs signals have the same value.
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Figure 12 - XOR output. Vertical scale is arbitrand horizontal scale is 500 ps/div.

Simulation of both systems depicted in Figure 1dase using the VPI Software. The SOA
parameters are based on the parameters used iarf@8hey are illustrated in Table 4.
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Table 4: Parameters used in simulation for the MA-XOR gate.

Parameter Value Unit
Injection Current 0.2 A
Length 4.25¢10* M
Width 1.5x10° M
Height 1x10’ M
Optic Confinement 0.2
Internal Losses 2x10° m*
Differential Gain 1.5x10%° m?
Carrier Density Transp. | 1.5x10 m?
Index To Gain Coupl. 5
Linear Recombination 5x10’ st
Bimolecular Recombination  1x10*° ms*

Auger Recombination 7.5x10* | m°st

Initial Carrier Density 1x10"? m?

Figure 13 presents the performance of all-optic@lRXgates with the variation of the input
power of the NRZ data signals from O to 4 dBm, rfmmng at the same power the CW control

signal (0 dBm).
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—&— Co-propagation scheme (experimental)
—@— Counter-propagation scheme (experimental)
—4&— Co-propagation scheme (simulation)

—v¥— Counter-propagation scheme (simulation)

Figure 13 - Performance of all-optical XOR gatellsut data signal.
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For both co and counter-propagation scheme, théorpaance of the XOR gate is almost
independent of the input power, since the poweiatian of the two data signals involved in the
comparison is the same. However, the counter-paifmay scheme shows a better performance,
with a slight improvement on the extinction ratio, ranging from
0.72 dB to 1.64 dB. We can also conclude that timeilation results are in good agreement with

the experimental measurements.

2.3. Boolean Optical Logic Gates using a Single Mha&ehnder
Interferometer

In an attempt to overcome the speed limitation &teihcy of the SOAs due to their slowly
recovery time, we present a novel configuratiort fravides 16 optical logic operations, using a
single MZI with controlled phase modulators in eacm, without changing the setup scheme.
Conventional logical circuits are designed with angput, so each logic operation can only be
realized once at a time. This means that the oypitcan present the ‘0’ logic level, i.e., ndlig
although the circuit is fed with light signal a¢ inputs. Data loss can be prevented if is designed
circuit with two outputs, in which one is the compilent of the other. The proposed scheme uses
both interferometric output ports of the MZI, segyvinput data can reach any of the ports, with no
data loss [29],[30]. Since both output ports aneglementary, for the same operational conditions

we can obtain, simultaneously, two different ogtlogic gates.

Figure 14 depicts the proposed configuration of i8eBoolean optical logic circuit and it

consists of a single MZI, with a programmable phaséulator (PM) in each arm.

) P]

B PM-2
D k_T_)

v

Figure 14 - Schematic diagram of proposed MZI bdsetbgical operation circuit. PM: phase modulator.
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2. Optical logic gates

The operating principle can be explained as follow&en an optical signal is launched into
port #A, its power is distributed, equally, througbth MZI arms, by the input 3-dB coupler, with a
phase shift oft /2 . Then, the signals experiment an optical plchs@ge in response to an applied
voltage, provided by the controlled phase modutapdaced in each MZI arm. The input signals X
and Y will program the phase modulators, in oradecantrol the phase change in the arms of the
interferometer. The phase modulators are mostledas the electro-optic effect, in which an
electrical field is applied to an electro-opticralnt, creating a change in its refractive index.

Finally, when the optical signals arise at the atifydB coupler, they will suffer another phase
shift of i/ 2 and, at the MZI output ports, different outpritels are obtained. Therefore, since the
3-dB couplers of the MZI introduce always the saphase shift, the sixteen logic circuits are
obtained by simply adjusting the voltage of thetodled phase modulators in the setup, in order to
get the desired optical phase change in the MZsarm

Next, the mathematical model of the proposed dirisuipresented and is also described the

operational conditions to implement 16 logical @piens.

2.3.1. Theoretical model and 16-logic operation cas

Considering that the path length of the two armthefinterferometer is the same (L), and that
both signals present the same wavelengfhtiie MZI arms have a phase differedethat can be
described by

Y —(nl—nz)—Z—An=91-¢92 (2.6)

Assuming that the scattering matrix (also calledppgation matrix) of a 2x2 guided-wave
coupler is given by

(2.7)

{\/ENE}
Ve 1-¢
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Then, according to the latter expression, the dutelals intensities of the ideal 3-dB input couple

(50/50 coupling ratio, i.e; = 0.5) can be calculated as

Considering that the propagation matrix of a prssfer is given by [31]

.AG

J
e 2 0

_ji
0 e 2

Then the transfer matrix of a MZI can be defined as

1 1 N 1 1
2z Zlle 2 0 2z '
= L SR L L
V22 0 e 2 2 2

Note that the output coupler has also 50/50 cogghutor.

Equation (2.10) can be re-written as

jA8 A8 jA8 _;he
102 1.2 T
2 2 2 2
A6 A6 jA8 ag
ile'2 4 jle 2 _%e 2 +1¢ 2

(2.8)

(2.9)

(2.10)

(2.11)
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2. Optical logic gates

Knowing thatej7 = cos% + jsin A_ZH, equation (2.11) can be simplify and the eledigetds

of the output of the interferometer can be caladats

LAY . A8
By ] | 1O | TEA (2.12)
Ej Y .. A6 | |Ep

j cos— —jsin

In the absence of an optical signal in port #B,dabgut powers can be found by:

P| = E| [E| * :sinz(M)PA
2 (2.13)

P; =Ej [Ej*= COSZ(AZQJPA

From these equations we can plot the normalizepubytowers Pand Bwith A, as illustrated
in Figure 15(a). From this graph we can concluua, tatA® = 180, P is maximum and Pis
minimum. AtA® = 9¢, B = P, = 0.5, showing that is possible to vary the oufmwer withA®.

Hence, the crosstalk at the different MZI portsoalaries, as illustrated in Figure 15(b).
Crosstalk is defined by the ratio of the powerthatnon-targeted port (Pand targeted port (Fof
the MZ|, i.e.

XT = lOIog(mJ (2.14)
Pt
In an optical device, to increase the performaheectosstalk effect should be minimum. With

our proposed configuration, we can create differemtput powers and crosstalk by applying

different phases to the phase modulators.
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Figure 15 — (a) Variation of normalized output poigu.) withA6 (in degree). (b) Variation of
crosstalk (in dB) with\8 (in degree).

For logical operation, it is not always requireattthe ‘O’ logic level has a very low (nearly
zero) optical power. In fact, we can adjust it ithi@eshold level, in which above this level we have
the logic level ‘1" and below the logic level ‘05o, we consider a power range between 0.75 - 1 as

logic ‘1’ state and 0 - 0.25 as logic ‘0’ state.

The proposed logic circuit, showfigure 14, uses a very simple concept, and is dagab
perform different optical logic gates based on finase difference between the two arms of a
Mach-Zehnder interferometer. The data input sigahnd Y will program the phase modulators,

in order to control the phase change in the arnteointerferometer.

The operational conditions to implement an AND/NANBtical gate are demonstrated in Table
5. When X or Y are equal to 1, the phase modulatdrsduce, respectively, an additional 300° and
60° in upper and down MZI arm; otherwise no addaiophase shift is added. The powers at the

output ports, Pand B, presented in Tablg are obtained by solving equation (2.13).

Table 5: Optical AND/NAND logic gate.

XY 6, 6, A@ P P

0O 0 O 0 0 0 1
0 1 0 60° -60° 0.2 0.7%,
1 0 300° O 300° O0.Fx 0.7%a
1 1 300° 60° 240° 0.Pa 0.25,
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2. Optical logic gates

Considering R equal to 1 a.u., when (X:Y) are (0:0); (0:1); (1a®d (1:1), the powers at port #l
are, respectively, 0; 0.25 a.u.; 0.25 a.u. and @.¥é5 which correspond to the output logic levels
0;0;0;1. Thus, the output port #l only have theidagvalue ‘1’ when the input signals (X:Y) are
simultaneously equal to 1. This correspond to thAogical operation KY). Since both output

ports are complementary, for the same operatiamadiions we also obtain, simultaneously, at the
output port #J, the NAND logic circuit.

All the possible 16-optical logic gates that carnirhplemented with the proposed configuration
are illustrated in Table 6, and they are perforinaged on the same operating principle described
in AND/NAND optical gate. So, by changing the phasethe two arms of a Mach-Zehnder
interferometer 1 and6-), it is possible to obtain different logic funati® at the MZI output ports,

port # and port #J.

Table 6: 16-Boolean optical gates using a singld.MZ

Logic Gate €1 6, Output Port Qutput power when input signal X:Y

0:0 0:1 1.0 1.1
XYAND  300° 60° Port | 0 0.25 0.25 0.75
X +Y(NAND ~ 300°  60° Port J 1 0.75 0.75 0.25
% 120°  60° Port | 0 0.25 0.75 0.25
X4y 120°  60° Port J 1 0.75 0.25 0.75
Y 60°  120° Port | 0 0.75 0.25 0.25
X+Y 60° 120°  PortJ 1 0.25 0.75 0.75

XOY(XOF  180° 180° Port | 0 1 1 0

XOY(XNOR  180° 180° Port J 1 0 0 1

QFalge 60°  60° Port | 0 0.25 0.25 0

ATrug 60°  60° Port J 1 0.75 0.75 1

X 240°  60° Port | 0 0.25 0.75 1

X 240°  60° Port J 1 0.75 0.25 0

v 60°  240° Port | 0 0.75 0.25 1

Y 60° 240°  PortJ 1 0.25 0.75 0
X+YOR 2400 120° Port | 0 0.75 0.75 0.75
XY(NOR  240° 120°  PortJ 1 0.25 0.25 0.25
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2.3.2 Simulation results for each logic gate

In order to analyze the proposed optical logicwtycpresented irFigure 14, under different
phase conditions, without changing the setup deswgnsimulate the system shownFRigure 16,
using the Optisystem® 7.0 software. Each opticglcl@ate is obtained by properly setting the
voltage in each phase modulator, in order to getaghpropriate phase change that implements the
desired logic operation. The input signals X anil control the phase modulators, and the data
sequences used are X = [0011] and Y =[0101].

At the outputs ports of the MZI, we also introdutveo attenuators, adjusted with same

attenuation in both arms, in order to set the marmnpower at Imw.

X

0101 bR

Bit rate = 1.25 GBits/s NRZ Pulse Generator
Bit sequence = 0011

7
PM
Phase modulator_1
A C |

: it == ST
0101 A ) e AAAES <

Bit rate = 10G Bits/s Frequency = 193.1 THz
Bit sequence = 11111100 Po‘;ﬁ: = ‘l gﬂm B «x Coupler_1 D X Coupler_2
=1 bit

Optical Null P/y/ =
Y Phase modulator_2
0101f i

Bit rate = 1.25 GBits/s NRZ Pulse Generator_1
Bit sequence = 0101

Figure 16 - Proposed configuration of the opticBbolean logic circuit based on a single MZI.

Figure 17shows the graphs of simulated data measured frapubports #l and #J, for each
logic gate. These results demonstrate that theappulse, injected into port #A will suffer a
constructive or destructive interference, dependihthe phase difference between the two MZI
arms. The phase change is obtained using phasdatmducontrolled by the input data signals, X
and Y. Therefore, the different logic operations abtained as a result of a combination of the

chosen inputs.
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2. Optical logic gates

The simulated results presented in Figure 17 dlsavghat the estimated output powers, Pl and
PJ fromTable 6, obtained using the theoretical model (Bgun&.13), are in good agreement with

the simulated measured curves, which validatesancept.
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Figure 17 - Simulated curves for each logic gate{¥(AND) ; b) X + Y (NAND ); €) XY ; d)? +Y;e)
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We considered values between 0.75 - 1 as the foigik’ state and values between 0 - 0.25, as
the logic ‘low’ state. However, it is possible tduce the variation of the ‘high’ output levels and
suppress the ‘low’ logic levels shown in Figure liging optical thresholding schemes. The
thresholder function can also improve the extinctiatio values of different logic gates. In this
context, an optical thresholder scheme [32] (showlfigure 18) is connected by an Erbium Doped
Fiber Amplifers (EDFA) to each one of the MZI outports #1 and #J of Figure 18 order to
investigate the performance of each logic gate. gdia of both EDFAs is set to 20 dB and the
parameters of the two thresholders are the santh. &tenuators have an attenuation of 5 dB in
order to guarantee asymmetrical losses. The HNEd have low dispersion slope, a fiber length
of 0.4km and a nonlinear refractive index ®f6x 10" m?/W. However, their wavelengths are
slightly different: HNLR wavelength is 1565nm and HNi®avelength is 1566.6 nm. At both
thresholder output ports, an optical band paser figt placed with a bandwidth of 10 GHz.

VOA1 HNLF1

50/50 / O \50/50

. @ o /S

HNLF2 VOA2

Figure 18 - Schematic diagram of the optical thoédér circuit.

Figure 19 shows the simulation results obtainede&zh optical logic gate, after the thresholder
function is introduced. It is possible to obsermeaimost complete suppression of the 0 pulses and,
although an undesired peak is presented, the Libptgses are almost equalized. Therefore, the

two logic levels ‘0’ and ‘1’ are well defined.

The system performance is assessed with the cadgulaf the extinction ratio (ER) values for
each Boolean gate, before and after the threshbldetion. In a simple MZI, the ER is given by
[33]

0
avg

Pl
ERzlolog[ avg} (2.14)
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2. Optical logic gates

Where P* and P°

avg

avg

value ‘HIGH’ (1) and ‘LOW’ (0).

X +Y(NAND); ©) XY ; d)X +Y;e) XY ; ) X +Y ; g)X OY(XOR;h)X 0 Y(XNOR) ; i) O(False) ; j)
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In Table 7, is possible to observe that after usnthresholder circuit, the simulated ER
increased for almost all the cases. The exceptase< are the ones that before the thresholder
circuit presented already only two optical powd&tamely, comparing the functions XOR/XNOR
in Figure 17 and Figure 19, it can be seen thatstineillated curve in Figure 19, has undesired
peaks, which degrades slightly the signal and apresatly the ER value. However, for these cases,
the thresholder function is not needed since thexéiReved is superior to 10 dB. For all the other
cases, we observed a significantly improvemenh&ER values after introducing the thresholder
circuit, since it almost suppresses completely‘@hdevels and leads to a stabilization of the ‘1’
logic level. Also from equation (2.14), it can bas#y said that ER before using a thresholder
should be lower than the values obtained afterstiviglers. Because before using a thresholder

circuit, the ‘Logic-1' and ‘Logic-0’ levels vary ém 0.75 to 1 and from 0 to 0.25, respectively.

Hence the low difference anlvg - Py

avg

results in a smaller ER. After using thresholdéhs,

‘Logic-1" and ‘Logic-0’ levels have almost the saw&ues, which can be seen in Figure 19. As a

result, ER improves.

Table 7: Extinction Ratio before and after the shw@der circuit.

Logic Before Thresholder | After Thresholder
functions
(119) I J I J
XYAND
X+vnanp | 4.23dB | 4.68dB| 150dB 15.3dB
XY [ X+Y 3.75dB 424dB| 14,0dB 15.1dB
X/x+y | 4.03dB | 3.98dB| 14.4dB 14.2dB
XOY(XOF, 149
Xovxnog | 16.99dB| 16.99 dB dlé 14.9dB
QFalge
/"1 11.3d8 | 1385d8] 9.7d8 14.6dB
I(Trug
x | X 424dB | 4.36dB| 150dB 150dB
v Y 4.29 dB 427dB| 15.1dB 15.1dB
XY(NO
(NOB / 13.22 dB 7.12dB| 149dB 14.1 (18
X+YOR
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2. Optical logic gates

2.3.3Complex circuit using the MZ| based logic unit

The proposed circuit differs from the traditionales, since we find a logic functigfi(x, y))
and its inverse simultaneously from a single opfight input. Here, two variables andy behave
like control signals of the circuit. Hence, anyalahtered in the circuit will reach any of the atp
ports. The block diagram of the proposed schenséasvn in Figure 20(a). Using this single unit
block, we can design a more complex circuit, asvshio Figure 20(b).

a) b)

a
l L——p port #l
X f(x,y) <
X MZI-B
l L f | port#2
—» /(x,) ] T
In—p—k MZI-A b
In —>—< \ a
5 .
f(x’ y) T —— port #3
y
T MZI-C
y f('\""y) L port#4

1

Figure 20 — (a) Block diagram of our proposed MZséd logic unit. (b) Complex logic circuit usingeé
cascaded MZI.

By cascading these blocks, the operation performavitt not be affected and no errors will
occur at the output. This complex circuit has opgcal data input and four optical outputs and it
consists of three cascaded MZIs (MZI-A, MZI-B andZIMC). The logical expressions at the
outputs of this complex circuit can be expressed as

LB, =[ f(x ] f(ab]

(2.15) )
LE,, =[f(x »]] f(ab)] (2.16)
LE[,,=[ T(x » ] f(a b] 217)
LE|,, =[T(x v)]d T(aD] (2.18)

)
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WhereLE, indicates the logical expression at output portwith n=1,..., 4. The symbols_‘ and
‘L’ represent binary INVERSE’ and ‘AND’ expressiomsspectively.

In this complex logical circuit, optical data aodntrol signal conversion is not permitted i.e.
data and control signals are distinguishable. Tdrgrol signals create a phase difference in the
circuit, which allows optical data to be directedhe selective output port.

To explain the operation of the complex circudnsider firstly that all MZIs are set 6g=300°
and6,=60°. So, if we apply at the control inputs [0011],y = [0101],a = [1110] andb = [1000]
then, the logical expressions at the outpl,f can be obtained by solving equations (2.15) to
(2.18). In Table 8 (first row), the theoretical wa$ obtained for the first case are presented.

Table 8: Inputs and outputs for all ports of comptecuit of Figure 20(b).

MZI-A MZI-B MZI-C

Port# | Port# | Port# | Port#

x|yl 6 |6 lab 6 6 lalb| 6, | 6, | 1 2 3 | 4
300 | 60 300 | 60 300 60| S| 2] 8§

S ST BT =]

S12|300]|60!3|8] 120 | 60 |S|S|120| 60 | S| T | S| §
o — — | O — o o o — o
SA NS Anl R 4 = o o =3 =
120 | 60 180 | 180 180 [180] S| 8|1 8| 2

o o — o

=3 =3 =3 =

The simulation results, shown in Figure 21 (cagardye that the theoretical results are in good
agreement with the simulated measured curves. @tms are also studied, based on the same
operating principle described above, and the resukk shown ifTable 8and Figure 21 (case-Il
and case-lll), respectively.

At the outputs ports of the complex circuit, weraatuce attenuators, adjusted with same

attenuation in all ports, in order to set the maxmpower at ImWw.
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Figure 21 - Simulatated waveform of the proposeadplex circuit shown in Figure 8(b).

2.4 Conclusions

In the last few years, the exponential growth dfumoek traffic motivated the development of
ultrafast signal processing in the optical doméirthis context, all-optical logic gates are esggnt
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devices since they can execute complex opticalgssing functions, from binary address and
header recognition to optical time division denpléiking, which demonstrates their importance in
a wide range of applicability.

In this chapter, the non-linear behavior of the SKdAl device has been studied and
characterized since it is the foundation of mosthefall-optical applications proposed and studied
throughout this Phivork.

In this chapter we also proposed and demonstratesdovel methods to obtain all-optical logic
gates.

The first method demonstrates four all-optical ¢ogiperations, using simultaneously both
output ports of a SOA-MZIThe four logical functions are AND / transposed IBHION and
EQUIVALENCE / INVERTER. The experimental and simulation results confirmadt tthe
proposed configuration switch operates accordingitto truth table. The extinction ratio
measurements also demonstrated the suitabilithefotoposed circuit for all-optical logic gates
implementation. The potential of integration makbke proposed scheme attractive to perform
optical signal processing operations in next geimrgphotonic transmission systems.

The second proposed scheme performs 16-Boolean dpgrations based on a single Mach-
Zehnder interferometer, using the same design. Mgeved that through optical phase changes in
MZI branches, using controlled phase modulatorppssible to successfully demonstrate different
logic operations. Also we showed that the propaosgiteme can be used to build successfully a
complex logic circuit. We have explained the operaprinciple of our concept and assessed its
performance against several operational critenegugh numerical simulation, which allowed to
theoretically confirm our model.

We also assessed the behavior of an all-opticat @R gate based on a SOA-MZI| in terms
of the way the incoming signal is injected (co ouwmter propagation). We conclude that for both
co- and counter-propagation schemes, the perfomnahthe XOR gate is almost independent of
the input power, since the power variation of tlve tlata signals involved in the comparison is the
same. However, the counter-propagation scheme shaweetter performance, with a slightly

improvement on the extinction ratio.
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Chapter 3

All-optical flip-flops

An optical flip-flop (AOFF) is a one-bit memory amgla key building block in next generation
photonic transmission systems since it can fulfilany optical signal processing functions.
Examples of such functions are: as storage of dlaglér information of a packet, while the payload
of the packet is routed to the output port [34]basic building blocks of optical shift registe8s]
and optical counters [36], in threshold function®d aself-routing [37], in optical contention
resolution schemes, as regenerative memory elerf&8jtsamong others.

In the last few years, there has been an iiMengsearch on optical flip-flops as it is
demonstrated in Figure 22, which displays the ahcitetions on the IEEE Xplore for papers with
index terms referring optical flip-flops. This reseh interest can be explained mainly due to
technology advances in monolithic and hybrid intéign, and the need for a high-speed and low-

power memory.
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Figure 22- IEEE Xplore annual citations with indexms referring to optical flip-flops. The linesarisual
guides
To implement an AOFF is necessary to use ameziéthat presents a bistable behavior. In

this kind of elements, hysteresis phenomena oddysteresis is the tendency of a material or

system to maintain its properties in the absenca stimulus that generated them. In a hysteretic



3. All-optical flip-flops

cycle, the output level depends on the previous sththe device which results in a curve with the
form of a loop. Depending of its previous state &mdthe same input value, the output of the
device presents two possible states of operatitrerefore, the outputs of an AOFF not only
depend of the input values in a considered instautt,also depend of the information from the
previous states.

Two conditions are required to implement an optizsiable device:

= nonlinearity (two types of nonlinear optical elms can be used: dispersive nonlinear

elements, for which the refractive index is a fimtiof the optical intensity. Elements based
on the Kerr effect such Mach- Zehnder interferomsetee examples of dispersive elements;

or dissipative nonlinear elements, for which theamption coefficient depends of the optical

intensity. In an absorptive element, a saturabsodder has an absorption coefficient which
is a non-linear function of density of photons. Tdavity is setup for resonance: at small
intensities, the absorption due to the elementigh land the output is low and as the
intensity is increase beyond intensity of threshti@ absorption rapidly decreases and the
output goes high;

= feedback (by using fiber Bragg gratings, mirrorsemdback loops, for example).

In a conventional flip-flop, the bistability opéi@n is performed in the "S-shaped' hysteretic
region and the output state is distinguished bydifferent output power. In an optical memory, the
state can be distinguished by different output wengths [15]. This fact led to an increase

research study on all-optical flip-flops.

This chapter, based on the publications [J3], [[34], [J7], [J8] and conferences [C5], [C6],
[C7], presents an overview of the state of theohrall-optical flip-flops technologies, and their
possible experimental implementation solutions, dowariety of applications in optical signal
processing. A performance comparison of the upate-cll-optical flip-flops design schemes is
then evaluated based on experimental results. Xerienental and theoretical implementations of
the all-optical flip-flops developed in this thesise described in section 3.2. The experimental
work of all-optical clocked flip-flops presented time latter section were performed under the EU
NoE EURO-FOS projeatonsortium and carried out in the optical commuindces laboratory of
the National Technical University of Athens — Schob Electrical and Computer Engineering,
Greece.

Finally, in section 3.3, the topics discussed ia thapter are concluded.
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3.1 State-of-Art of All-Optical Flip-Flops

In the last few years, several approaches to imgherall-optical flip-flops have been proposed

and studied [39]. These different technologiesdiseussed, in more detail, below.
3.1.1 Asynchronous AOFF schemes

In [40] and [41], a Set-Reset (S-R) AOFF is implateel based on a single SOA-MZI, with an
external feedback loop. The flip-flop state is daei@ed as a function of the phase shift between
the two arms of the interferometer. So, when atrgigaal is injected, the SOA-MZI is unbalanced
and the AOFF output is at a low logical level; e bther hand, when the SOA-MZI is balanced,
the AOFF output is in the high logical level. Ingkie 23, the AOFF circuit block diagram is
depicted. The output power of this flip-flop can adjusted by modifying the feedback loop
coupling factor (r) and, by increasing the enerfygat/reset pulses, the flip-flop response delay ca

be reduced. Switching times in order of ns wereéeaehl

(#5)
-«+— Reset

SOA 1

SOA 2

P out *—

-+— Set
(#3) (#4)

Figure 23 - All-optical S-R flip-flop based on agle SOA-MZI [41].

In [42], a slightly differenS-R AOFF architecture, using a single SOA-MZI, is expentally
assessed and it is based on the theoretical amalgsionstrated in [41]. The operation principle of
this scheme relies on adding a feedback loop topéical exclusive-OR gate, in order to maintain
bistability. Initially, with no input pulse, the diee delivers no signal. When a pulse is launch int
the set input, the output switches from the OFf&ON state (Set (1) XOR Reset (0) = 1). A reset
pulse allows to go back to the OFF state sincerdiselt of Set (1) XOR Reset (1) = 0. This

configuration is wavelength independent but povesrsgtive. The required width of set and reset
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pulses to switch between states depends on théhlehghe loop, therefore as the feedback loop
increases, a higher energy of set and reset iedeed

To overcome the limitations of the scheme propdee@d0], a multiple forward-control S-R
AOFF configuration is presented in [43]. This ghitical flip-flop, shown in Figure 24, is also
based on a symmetric SOA-MZI with a feedback loap uses multiple forward set/reset signals.
As a result, this AOFF overcomes the feedback-ldelay, making it appropriate for high-speed

applications.

ST j./fm»} m ’

Figure 24 - Architecture for th&R optical flip-flop using a single SOA-MZI and muydte forward
signals [43].

In [18], an S-R all-optical flip-flop is demonsteat using two coupled SOA-MZI and its
operation principle is based on the gain quenclafigct, in which the signal output from the
dominant laser (master) suppresses the other (asamr), through gain saturation of the SOA.
Figure 25 illustrates this optical flip-flop aroddture. In state 1, the SOA-MZI 1 is the master and
suppresses the output from SOA-MZI 2 (slave). lis tase, the output of the flip-flop is a
continuous wave operating &t. In the same way, in state 2 the SOA-MZI 2 ouguppresses the
output from SOA-MZI 1 and now2 is dominant. So, controlling the level of the puitsignal in
one of the SOA-MZIs, it is possible to suppressdtieer one. The two possible operation states

can be switched by injecting set/reset pulsestimdSOA-MZI that is currently dominant.

St — € Reset

Phase shifter 1 Phase shifter 2
bias: CW, \y —>» <« bias: CW,\)

Output 1
> Statet

Qutput 2
State 2

SOAL SOA2
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Figure 25 - All-optical S-R flip-flop based on twoupled SOA-MZI.

In [44] and [17], two all-optical S-R flip-flops arproposed based also on the gain quenching
concept. In [44], the AOFF is implemented using tewoupled ring lasers and an arrayed
waveguide grating (AWG), acting as the frequendgdie element of each cavity. Each ring
laser has its own gain element (SOA) and the lgtapagates bidirectionally in the ring. Its
operation principle is shown in Figure 26. In sthtdight from a laser A flows in counterclockwise
direction and saturates the gain element of a IBsesuppressing laser B from lasing. In this
situation, the light from the dominant laser (laggris sent to an output by the AWG. Thus, the
AWG ensure isolation between the device input angut. In the same way, in state 2, only laser
B is lasing, suppressing laser A from lasing. Thardy one of the lasers can be lasing at a time,
due of the fact that the dominant laser suppressesther laser through gain saturation. Lasing in
the master can be turned off by injecting exteomical pulses, changing in this way the state of

the system. The cavity length of this AOFF schesrabiout 4.5 mm, which cause speed limitation.

inA
out A

(@ out B

inB

cleave 1 mm
inA‘ooo.oocnoccooo.oooonoolcoo.ooo.
OUUtA P === -, s
) ___SOAA _
> ’
' .
’ 80/20 72/28@:
(b) iffo S -, o
28
‘ % ~l--—--
(A 72/28
L)
g - - -
SOAB

Figure 26 - a) Mask layout for two-state multiwaargjth laser. b) Operation of device showing laser A
suppressing lasing in laser B. SOA: semicondugbtical amplifier; AWG: arrayed waveguide grating[4

In Figure 27, is presented the AOFF proposed by [fiich consists of two coupled SOA fiber
ring laser, operating at; andX,. Each ring laser is composed of a SOA, which asta gain
element, an isolator to ensure a unidirectionappgation of the light in the ring and a band pass
filter (BPF) as the wavelength selective elemerite Dperation principle can be explained as
follows: when the set signal is injected, it wikhgs through couplers E, B and D, respectively,
which suppresses ring 2 due of SOA2 saturatiotingehe flip-flop to state 1. On the other hand,
injecting optical pulses in the Reset port, thepatitight of ring 2 suppresses the emission of ring

1. In this case, the flip-flop output is a contingowvave operating at and presenting the logic
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level “0". The switching between states can beizedl by the injection of an external light at the

wavelength of the cavity that is not lasing.

Figure 27 - All-optical S-R flip-flop based on SGiker ring lasers.

The flip-flop configuration proposed in [45] isryesimilar to the flip-flop scheme presented in
[17]. The main difference is that in [17] each riager has its own SOA and a coupler is used to
couple the two ring lasers whereas in [45] the A@BRsists of two ring lasers with a feedback
loop, operating at different wavelengths, and stgathe same active element, as showRigure
28. The bistability of this configuration is caudeylthe feedback of a fraction of the lasing light
into the laser, through an optical loop mirror iempkented by a 3 dB coupler.

In [46], an AOFF is proposed based on a Mach-Zehnuerferometer bistable laser diode
(MZI-BLD), with distributed Bragg reflectors (DBR&} two interferometric ports, to obtain single-
mode laser operation. Its operation principle isdobon XGM and saturable absorption parts. The
latter flip-flop configuration overcomes the issugfsmultimode interference BLD (MMI-BLD)
flip-flop scheme proposed in [47], since the twoss-coupled lasing modes have, theoretically,
100% spatial overlap, which allows a strong intdoachbetween the two modes and the optical

input signals.
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Figure 28 - All-optical S-R flip-flop based on SGiker ring lasers sharing a SOA [45].

The AOFF proposed in [48] and depicted in Figurec@8sists of two coupled injection locked
single-mode Fabry-Perot laser diode (FP-LD). TlaeesIFP-LD is a commercially available laser
and the master FP-LD is designed with a built-itemal cavity, operating in single longitudinal
mode, with a high side mode suppression ratio. Wheontrol light has a power higher than the
locking threshold, the slave FP-LD is injectionked and holds its state even if the input power

decrease to a value lowered than the initial tholesh

Slave
FP-LD

Master
FP-LD

Output _

f\

<L
Set pulse

Figure 29 - All-optical S-R flip-flop based on thestability of injection locked Fabry-Perot lasdiode
[48].

In [49], an AOFF is demonstrated using a singldritlisted feedback (DFB) laser diode,
operating with a CW signal to obtain optical bigliab(Figure 30). If the CW signal is injected in

the laser diode, it is possible to observe twoestator the same power, due to the spatial hole
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burning effect. In one of the states, when therlésdéasing, an external light will suffer a small
amplification, due to the gain clamping, and itfuence will be almost negligible on the laser
light. In the other state, when the DFB laser iw toff, the external signal will experience a high
amplification, which results in a strong non-unifodistribution of the carriers. Thus, if a reset
signal is injected into the DFB laser, at the saide of the CW signal, it will turn off the laser,
causing a non-uniform carrier distribution. By ictjeg a set pulse in the other side of the DFB
laser, the uniformity of the carrier distributiom liestored, and the laser starts lasing. To prevent
interaction with the DFB grating, the wavelengthloé external set/reset pulses should not be close

to the lasing wavelength.

CW light )
—> DFB laser |<€——— Sﬁltszztucal
Reset optical ——)p P

pulses

Figure 30 - Schematic diagram of an optical flipgflbased a DFB laser [49].

In [50] and [51], AOFFs are demonstrated basedsiogle and coupled micro-ring lasers,
respectively. In a micro-ring laser typically egidtvo lasing modes, based on the direction that
laser light propagates - clockwise (CLKW) or couckeckwise (CCLKW) and depending on the
bias current, different operating regimes can acaiso, ideally, the CLKW mode is not coupled
to the CCLKW mode and vice-versa. The AOFF configjon proposed in [50] is depicted in
Figure 31. It has racetrack cavity geometry arid ffroduced in a InGaAs/InGaAl1As/InP MQW
material. The AOFF exhibits bistability between tminter-propagation cavity modes that can be
switched by external optical pulses. It has foyruils/outputs ports that are all-active, and can be
use to inject or extract optical signals.

In [51], two micro-ring lasers coupled by a wavetpiare presented and this AOFF
configuration has two stable states. In state KWLlight from a ring laser 1 is injected into agin
laser 2 and will suffer a significant amplificatiaghthe resonant frequencies of both lasers are
close. If sufficient light is injected into laser Bs gain will decrease below threshold, which
suppresses its oscillations, forcing the light topagate only in the CLKW direction. Injecting an
optical pulse, close to the lasing wavelength,hi@ waveguide that connects the ring-lasers, set
both lasers in the CLKW or CCLKW direction.
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Figure 31 - Scheme of an optical S-Rflip-flop basedsingle micro-ring laser [50].

In [52], an electrically pumped AOFF based on @lsinmicrodisk laser is demonstrated and its
schematic diagram is shown in Figure. 3te production of bistable AOFF is based on a
heterogeneous integration of InP-based devices asibicon-on-insulator, and the high refractive
index contrast in the InP membranes allows to redihe device size. The bistability of this
configuration is caused by a weak coupling betwienCLKW and CCLKW whispering gallery
modes (WGMs) and by the presence of a high nomdirgmin. Switching occurs between
predominant clockwise and counter clockwise laseagles, through injection of short optical
pulses.

Tunnel Quantum
junction well

Top metal

Figure 32 - Schematic diagram of optical flip-floaggmory on a silicon chip [52].

An AOFF is proposed in [53], exploiting the polation bistability in a 1.55 pm vertical-cavity
surface-emitting laser (VCSEL). A VCSEL has a squamesa structure, with circular transverse
geometry and presents bistable polarization switchietween 0° and 90° linear polarization. If a
Set pulse of 0° polarization is injected into thalapization bistable VCSEL and exceeds the

polarization-switching threshold, the lasing paation state of VCSEL is switched from 90° to 0°,

53



3. All-optical flip-flops

and maintains this state until a Reset pulse ofp@l&rization occurs. In this case, the polarizatio
state of the VCSEL switches from 0° to 90°. An AOBperating at 0.98 pum, also based on
VCSEL, is demonstrated in [54], and compared wlid tatter AOFF, it needs lower energies to

switch between the two states and allow fastercéwvig times.

3.1.2 Synchronous AOFF schemes

The dynamic operation of an asynchronous bistablecd can be changed by providing an
additional input (CLK), in order to ensure that ymbhen clock signal is enable (CLK=1), the
information at the inputs is transferred to thepatitof the flip-flop. Otherwise, the information
presents at the inputs do not produces effectherotitput. Therefore, the clock signal acts as a
control input for the latching switch.

Some of the research results shown in this suloseetiere performed under the EU NoE
EURO-FOS project consortium, in which we also dmdlated and gave origin to our experimental
work of all-optical clocked flip-flops, presentausection 3.2.

In [55], clocked all-optical S-R, D and T flip-flgp whose state switching is triggered by a
pulsed clock, are demonstrated. The core comporadnddl the clocked flip-flops, proposed in
[55], are the optical S-R bistable based on coufl@d fibre ring lasers [17] and all-optical logic
gates [56]. The Boolean functions, between thetipolsed clock and control signals, are carried
out by exploiting four wave mixing (FWM) and crogain modulation (XGM) nonlinear effects in
SOA. The clocked S-R flip-flop setup is shown igitie 33 It consists of two AND gates and the
coupled SOA fibre ring laser flip-flop [17]. ThéND 1" and “AND 2” outputs are connected to
the “Set” and “Reset” ports, respectively, in orderachieve clocked functionality. If the clock
signal and the set/reset optical signals are sametiusly ‘1’, the FWM phenomenon occurs.
However, if the set/reset signals are equal to tie, FWM effect is not generated and no light
flows out from the AND gates.

The setup of the clocked D flip-flop is reportedrigure 34. The “AND 1" gate performs the

AND function between the clock and the input sigbDalThe other gate, “AND 2", carries out the

AND function between the clock and inverted D §.
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AND2=Reset NClock
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AND1=Set NClock

15525nm  MZM

Figure 33 - Scheme of the optical clocked S-R fligm- based on two coupled SOA ring lasers.

Since the clock signal is amplified when the ingiginal is at the low level, a light comes out

from the AND between the clock signal abd; otherwise the carriers density of the SOA will be
depleted and the clock input signal will be not éfigal, due of XGM effect. When the clock
signal and the data input signal (D) are simultasgo'l’, the FWM phenomenon occurs.

1554.1nm

Figure 34 - Scheme of the optical clocked D flippflbased on two coupled SOA ring lasers.

The logic circuit for the all-optical clocked T liflop, proposed by [55], is shown in Figure 35
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and consists of three logic gates and one S-R,ldtabed on two fibre ring lasers. Unlike the
previously described S-R and D flip-flops, in thdlip-flop a feedback of the output Q is launched
into its inputs. The “AND 1" logic gate carried otite AND function between the clock and T
signal, whereas “AND 2" performs AND function be®vethe “AND 1" output CLK (T ) and
the feedback Q. The other logic gate, “AND 3", peniis the AND function betweeG@LK T

and inverted Q.
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Figure 35 - Logic circuits for all-optical clock&dflip-flop [55].

In [57], an all-optical clocked delay flip-flop Broposed, using a single terahertz asymmetric
demultiplexer (TOAD) based switch, and its schemditagram is shown in Figure 36. The clock
(CLK) and input D signals are selected as two atimally polarized lights. CLK is introduced to
the TOAD loop with a polarizing beam splitter (PBfd it is rejected by another PBS such that no
unwanted data can pass to the output. When D kelight enters into the TOAD loop through the
50:50 coupler (from port P1) and split into two agparts (CW and CCW). In that situation, when
CLK is ON, the SOA changes its index of refractiés. a result, two counter propagating data
signals will experience different gain saturationfifes. Therefore, cross phase modulation takes
places when they recombine at the 50:50 couplet,aare phase change is introduce between
them and data is transmitted to the output Q. Thisdition is called ‘SET'. Partially silvered
mirror (PSM, placed between the path P2 and thpubuteflects some portion (nearly the same
power of input D) of the output data into the lodp.the meantime, the gain of SOA tries to
recover. When CLK is OFF, then the reflected daters to the TOAD loop through port P2. This
is treated as incoming data. As clock is absent, @W CCW pulses pass through the SOA at
different time, but with almost the same gain. Hertbe phase difference between them becomes
almost equal to zero and data is reflected towtrelsource i.e. to P2 port. In that case, the idata
locked. This cannot be changed, regardless thenwaftion at the D input. After one CLK pulse,

clock becomes ‘zero’ and the TOAD itself behavés & loop mirror i.e. data will come to the
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reflected port. Only they are amplified by the SOAwus, output pulse power is higher than input
D. When CLK is ON and D =0, the data is reflectagdrd the transmitted port (P1). So, no data is
found at outputQ. This condition is called ‘RESET’, and no lightnche reflected by PSM. This

condition maintains the same, even if D = 1 (tHigiht enters into the TOAD through P1 port and

comes again to the incoming port P1, as no clogkdsent at that time).

SOA

PBS PBS

CLK —» R
Ccw CCw

=V

D > IT'—H_'Q

50:50 PSM

Figure 36 - Physical model of the all-optical cledkD flip-flop using a single TOAD.

The optical clocked S-R flip-flop configuration,gmosed in [58], is based on a SOA-MZI, with
distributed Bragg reflectors (DBRs) at two intedi@etric ports, to obtain single-mode laser
operation. Figure 37 depicts the Mach-Zehnder fietemeter bistable laser diode (MZI-BLD),
working with an external synchronization signal digeration principle is based on cross gain
modulation (XGM) and saturable absorption part&eltihe flip-flop implementation proposed in
[46], the MZI-BLD-based clocked flip-flop is compes by two cross-coupled modes, with a
perfect spatial overlap. Mode 1 occurs in the righper port and the left lower port of the active
interferometer. On the other hand, mode 2 is batwke left upper port and the right lower port.
The left output is switched ON with the set optipalses, throughout all the clock pulse period,
and maintain its high state until a reset optiadb@ occurs. In that situation, when mode 2 starts
lasing, it obtains optical gain at SOAs sectionbath MZI arms, which suppresses mode 1 from
lasing. Switching from mode 2 to mode 1 occurs wheset pulse is injected at the left lower
interferometer port, on the high logical level bétclock signal. Therefore, switching occurs only

when a clock pulse arrives, according to the seétraget information at that time.
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Figure 37 - Logic circuit for the all-optical cloe# S-R flip-flop based on MZI-BLD.

3.1.3 Applications of AOFF in all-optical signal pocessing

All-optical signal processing is expected to oveneothe limitations of electrical signal
processing and to lead optical communications éortéxt level. Therefore, it is essential to
develop all-optical sequential devices which allaeffective improvement of the all-optical
processing capabilities of future networks.

In the last few years, considerable research has Hene using AOFFs as basic building
blocks of several photonic schemes to perform a&waof optical signal processing functions
that requires memory. This subsection will provéateoverview of some of the most important
all-optical flip-flop applications performed, expeentally, in all-optical signal processing

systems.

3.1.3.1 All-optical binary counter

An all-optical binary counter can be used for headgeognizing and payload processing in
optical packet-switching networks, besides worlkasga finite-state machine in optical computing.
In [59], a two-bit all-optical counter is proposeguesenting parallel output. The experimental setup
is shown inFigure 38. The scheme is composed by two idensizaes realized each one by an
optical S-R flip-flop [17] and an optical AND loggate based on FWM in SOA. Each stage has 3
ports: the input clock, the output (Qi) and thergaignal. The latches output @nd Q, represent,
respectively, the less significant bit (LSB) andstnsignificant bit (MSB) of the counter output. In
order to carry out two-bit counting operations, tive stages are cascaded by using the "Carry 1"
signal coming from stage 1, as input for the secstagie. Extension to N-bit counting can be

performed by cascading N stages.
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Figure 38 - Logic circuits for all-optical binarpenter [59].

In Figure 39, an all-optical two-bit counting isndenstrated, at speeds of 120 kHz. By analysing
Figure 39, it is possible to observe that each tinodock pulse comes in, Q2Q1 is incremented by
1, from 00 to 01, 10, and 11, finally returning®. Performance evaluation in terms of Q factor
confirms the effectiveness of the proposed scheroascaded configurations.

Besides counting two-bit sequences, the proposhdnse can also be used as a % optical
frequency divider (obtained using only one flipgjoor ¥4 optical frequency divider (using both

cascaded flip-flops).

120 kHz

P odo

10i11{00i01{10

Q,Q; 0001

Figure 39 - All-optical two-bit binary counting 220 kHz.
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3.1.3.2 All-optical shift register

A shift register is a device capable of retaininfpimation in the form of a binary number, i.e.,
the register can store a binary word. In additibhb@ing used as temporary memory, an optical
shift register also have the ability to make susiesshifts to the left or to the right. An optical
shift register scheme is demonstrated in [35], Witionsists of an optical converter in combination
with two cascaded AOFFs. The principle of operatidnthe proposed optical shift register is
shown in Figure 40. The intensity modulated inpatiads transformed by the optical converter into
wavelength encoded data and, subsequently, injdotedthe port ‘In’ of AOFF,;, which is
cascaded with AORFEach AOFF is based on two ring lasers, with glsimactive element and a
feedback arm [45]. The two cascaded AOFFs are aledr by optical clock pulses that are
required to clear the states of the optical flgp8. The output from AORRhen sets the new state
of AOFF,. After this operation, the delayed clock pulsenjected into the port ‘Isi of AOFF; and
subsequently clears its state. The signal encodedaivelength that outputs from the optical

converter then sets the new state of AQHRus a compete ‘shift’ function has been realized

A A A

o T

@ In out |-o-=1e—In1 Outll g 51 @-{In1 Outll o
Onptical dats Optical Optical
plicaldata | gotical Flip-flop 1 Flip-flop 2
e

Converter @ In2 Out2[® - @n2 Out2

Optical clock pulses
Figure 40 - Optical shift register scheme [35].

Figure 41 shows the binary 01010011 signal being shifted qline circuit. The three outputs
are filtered using an optical filter with a centvavelength of,, and it is shown in

Figure41 that both optical flip-flops keep their initial &3 until they are cleared by the strong
clock pulses. This is because the optical powercied into each optical flip-flop via the port4In
is below the threshold power and the optical flgpé can only be cleared by a well-timed clock
pulse injected via the port 4n The optical power of the clock signal is splité two parts and
50% of the power is directly injected into the pdmt’ of AOFF; to clear this memory. After ds
(the duration of the clock pulse), the output of A®sets the new state of the AGFH his
procedure is repeated for AOFRksing the other 50% of the power of the clock putkdayed by
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12.7us. The new state of AOkks then set by the output of the optical convemdrich leads to
the completion of the ‘shift’ function.
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Figure 41 - Results for shifting of the binary seace 01010011. (a): The 20 kHz clock signal. (g Th
output of the optical converter. (c) The outpubpfical flip-flop 1. (d) The output of optical fliflop 2. All
the signals in panels (b), (c) and (d) are filteogdh filter with a center wavelength xit [35].

3.1.3.3 All-optical random access memory

An optical memory is required to store the optiighal while several processing functionalities
are performed. The first all-optical static RAM Icelith true random access read/write
functionality, is demonstrated in [60], and is lthsmn the hybrid integrated optical flip-flop
proposed in [18], in combination with two additibrsmiconductor optical amplifiers (SOAS).
This optical RAM memory can be used for asynchreneund variable-length data packet
processing and, if integrated in a memory RAM banalky avoid the contention of packets.

Figure 42depicts the configuration of the optical static RA¥IIl. The optical flip-flop serves
as the single-bit memory element utilizing the wargth dimension and the coupling mechanism
between the two SOA-MZIs for determining the memooytent, whereas the two SOAs operate
as XGM switches, controlling access to the fligsfloonfiguration. The ON-OFF of both SOAS
depend of the value present at the inverted adue@2ort A).
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Figure 42 - (a) Layout of the optical static RAMIcé) Read mode experimental setup. (¢) Write enod
experimental setup [60].

Error-free read and write functionality with truandom access properties at 5 Gb/s were

demonstrated directly in the optical domain (Figdsg.
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Figure 43 - BER measurements at 5Gb/s for readhaitel mode operation [60].

3.1.3.4 All-optical square-wave clock generation

Optical square-wave clock signals are essentiallinptical synchronous systems and they can
be very attractive for the integration of differefgvices into a photonic integrated circuit. In][61
an optical square-wave generation is demonstraged) @n all-optical optical flip-flop, based on a
bistable resonant-type SOA (RT-SOA), and a trageluave SOA (TW-SOA). The proposed
optical-clock generation scheme operates as shown i
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Figure44. The square-wave optical clock is created by seiplgnbringing the opticapower
above and below the switching thresholds of th&able hysteresis, and is obtained after the TW-
SOA block, although it is present before and dfterRT-SOA.
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-

Figure 44 - All optical square-wave clock genenatimset figure show the hysteresis loop of the FOA
[61].

Figure 45shows the experimental time domain traces of thiEapsquare-wave clock signal,
for a span of 1 ms. A rise time of 560 ps and &tfale of 740 ps are obtained. The active

elements, used to generate the optical clock signalelectrically driven only with DC currents.
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Figure 45 - Optical square-wave clock generatimsets show the details of the square-wave reguas
1us windows of the optical clock [61].
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3.1.4 Performance comparison between different ACFtechniques

We collected and characterized in terms of commgusipeed, switching energy and integration
capability some of the most relevant experimembglléementations of all-optical flip-flops.

Table 9 presents our comparative study of the miffe technologies proposed for the
implementation of AOFFs and their performances weraluated based on experimental results.
Besides the figures of merit presented in thisetabther parameters could also be used to assess
the performance of the different AOFF configurasipsuch as tunability, set reset wavelength
dependence, polarization dependence, insertioadpasong others.

Since the output of clocked flip-flops are maingtefmined by the S-R latch state, in [55] the
authors of the optical clocked flip-flops, based ®@A ring lasers, ignored the influence of the
other elements of the proposed schemes. Therefmgerformance of these optical clocked flip-
flops was evaluated considering the results obthinghe asynchronous S-R latch. This scheme
needs isolators to ensure the unidirectional prataig of the light in the rings, and the total ldng
of each ring laser is few tens of meters, whiclitirthe operation speed of these optical flip-flops
Photonic integration could improve the switchingfpemance of these bistable devices, however
with today’s technology optical isolators smallan 0.8 mm are difficult to obtain. A key
indicator of the performance of AOFFs is the extorcratio and, ideally, it should be a high value.
The compared AOFF technologies present extinctadio rvalues in order of 10 dB (dynamic
measurements), which are still suitable in optsigihal processing.

The influence of set/reset pulse energies needetange the flip-flop state and their relation
with the feedback loop of some AOFF schemes wese ialvestigated. Values in order of fJ are
already possible to obtain.

As a summary, Table 9 indicates that the optica-loih memories presented in this section
require, in general, low energies to operate, wathcompromising state integrity, and have
potential high operation speed, making them swet&in future optical packet switching networks.

They also present, in general, photonic integrateyability, which allow high density packaging
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Table 9: Comparison between different all-optidig-flops techniques. A: asynchronous; S:
synchronous; DM: dynamic measurement; SM: statiasneement CR: Contrast ratio.

Extinction Switching | Switching Hybrid Monolithic Discrete
Technology Type
Ratio Times Energies | Integration | Integration | fibre device
AOFF based on
coupled SOA- A S-R [18] >10 dB DM <200 ps <1pd v
MZI
A S-R[17] 40 dB SM <1us <20 nJ v
AOFF based on| SS-R[55] | 40dBSM <1us <20 nJ v
coupled SOA S D [55] 40 dB SM <1ps <20 nd 4
ring lasers SJ-KI[55] | 40dBSM <1us <20 nJ v
S T [55] 40 dB SM <1us <20 nJ v
AOFF based on
coupled SOA
A S-R [44] 35 dB SM <l1ns <10pJ v
ring lasers, with
AWG
>14.4dB
AOFF based on| A S-R [46] <320 ps <67 pJ v
DM
MZI-BLD
S S-R [58] 9dB DM <300 ps <301 v
AOFF based on
AS-R[47] | 16 dB DM <470 ps ~260 pJ 4
MMI-BLD
AOFF based on g
A S-R [41] <66 ns <235pJ
single SOA-MZI 11 dB DM v
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Extinction Switching | Switching Hybrid Monolithic Discrete
Technology Type
Ratio Times Energies | Integration | Integration | fibre device
AOFF based on 4
SOA-MZI, with a
A S-R[42] | 13.6 dB DM <29 ps <0.5nd
coupler inside the 4
feedback loop
AOFF based on
A S-R [48] 7 dB CR ~50 ps < 119 f] v
coupled FP-LD
AOFF based on
A S-R [49] 12dB DM <75ps <1901 v
single DFB
AOFF based on 4
single micro-ring| A S-R [50] >20 dB SM <190 ps 41 v
laser
AOFF based on
coupled micro- | A S-R[51] > 8 dB DM <20ps ~5,51] v
ring lasers
AOFF based
A S-R [52] 11 dB DM 60 ps 1,813 v
micro-disk laser
AOFF based
A S-R [53] - ~ 300 ps 1013 v
VCSEL
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3.2 Experimental and theoretical demonstration oéll-optical flip-flops

In subsection 3.1.2, we presented an overviewarfkeld AOFF configurations, but most of the
optical bistable devices reported in the literatare still asynchronous, and any change of
information in the inputs is transmitted, immedigtéo the output of the flip-flop, according t it
truth table. However, in some cases, the flip-floguts can suffer unwanted variations and if we
are using asynchronous devices, we can be stonmganted information. Therefore, it is
interesting that a higher priority input existskie responsible for controlling the enabling of the
latch, making the bistable sensitive or not tovthleies at the inputs.

In this section, we proposed and experimentally @estrated two synchronous bistable
schemes based on two coupled SOA-MZIs and additamrabinational logic circuits. To our best
knowledge, these were the first demonstration bbgtical clocked flip-flops, using SOA-MZI
structures. In this section, we also proposed amdomhstrated, through numerical simulations, the
performance of two novel schemes: an all-optic& fip-flop using two gain-clamped Reflective
Semiconductor Optical Amplifiers (RSOAs) and anagdtical clocked D flip-flop based on a

single SOA assisted symmetric MZI.

3.2.1All-Optical S-R Flip-Flops Techniques

3.2.1.1 All-optical clocked S-R flip-flop based otwo coupled SOA-MZI

We implemented an optical synchronous S-R flip-fbi@sed on active interferometric devices,
which consists of a latch S-R and two AND gatesrtable the flip-flop by the clock signal. Figure
46 presents the experimental scheme of our proposexptatal clocked S-R flip-flop. Since all
building blocks are based on hybrid SOA-MZIs, tieishnology has the potential for fast switching
speeds, high extinction ratios and photonic intégna

The main component of the optical clocked S-R filgp scheme, shown in Figure 46, is the S-R
latch [18], which consists of two coupled SOA-MZipwered by two continuous wave (CW)
signals, at different wavelengths. The latch opemaprinciple is based on the gain quenching
concept: when MZI1 suppresses the output from MEZEecomes dominant and the latch emits a
signal at 1554.75 nm; due of system symmetry, wherMZI2 suppresses the output from MZI1,

the latter one becomes the slave, and 1550.26 mmmdtes the output.
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Figure 46 - Experimental scheme of the optical kbocS-R flip-flop. DFB: distributed-feedback laseg:
polarization controller; MZM: Mach-Zehnder modulgteDFA: Erbium Doped Fiber Amplifier; ODL:
optical delay line; CW: continuous wave laser; BB&nd pass filter; VOA: variable optical attenua@®DA:
semiconductor optical amplifier; PS: phase shif®; pattern generator.

The experimental setup of the optical S-R latchllistrated in Figure 47 and its dynamic
operation is experimentally demonstrated in Figl8eby toggling the state of the latch through the
injection of set and reset optical pulses.
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1558,17 nm
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10dBm
. 155026 nm
)0

Output
Q

Figure 47 - Experimental optical asynchronous @Bh scheme based on two coupled SOA-MZI.

DFBS
13dBm
155475 nm

The set and reset optical pulses are generated bytarnal cavity laser peaking at 1558.17 nm,
followed by a polarization controller and a Machhider external modulator. The NRZ-OOK data
signal, generated by an Anritsu MP 1763C, is thapldied by an Erbium Doped Fiber Amplifier
(EDFA), split into two equal parts using a 3 dB plam and then delayed by 11,6ns to obtain
different set and reset patterns.

The experimental results, depicted in FigureshBw that a change of information in the latch

inputs is transmitted, immediately, to the outaacording to the S-R latch’ truth table. The rise
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and fall times are 1.029 ns and 857 ps, respegtiaald these results are limited mainly due to the

recovery time of the SOAs.

Set
v M\ smremastmactarirme] Pt m s win N
Reset
Latch
output

Figure 48 - Experimental results for asynchronod® 18tch. The vertical scale is arbitrary and tbeizontal
scale is 5ns/div.

Contrary to the described S-R latch operationpogtecal clocked S-R flip-flop, shown in Figure
46, allows to control the way the information at/eset inputs is stored, by working with a
synchronization signal (CLK). To implement this-afitical clocked S-R flip-flop scheme, two
SOA-based Mach—Zehnder interferometer devicesn@ets AND logic gates, are used to enable
the S-R latch by the logical level of the clockrsiy So, for the cases that the clock signal issin
high level (CLK=1), the information at the inputstransmitted to its outputs. On the contrary, if
CLK=0, the flip-flop maintains its previous stategardless the binary input data.

Both optical AND gates are implemented in a co-pgation configuration. The SOA-MZI 1
performs the Boolean AND logic operation between risset and the clock signals. On the other
hand, SOA-MZI 2 performs the AND function betwede tset signal and the clock signal. The
clock signal is generated by an external cavitgrageaking at 1562 nm, with 13 dBm of optical
power. The set and reset input signals are the santiee ones used to test the asynchronous S-R
latch.

Figure 49illustrates that the all-optical clocked S-R flipf switches between two states, by
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injecting optical pulses into the MZI that is curtly dominant, allowing the other MZI to become
dominant only when a clock pulse arrives, othervifse flip-flop maintains its previous value.

Depending on the flip-flop state, the bistable devemits a signal at 1554.75 nm or at 1550.26 nm.
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Figure 49 - Experimental results: a) clock sighdlreset signal; c) AND2 optical gate (S€llock); d)
AND1 optical gate (Res@Clock); ¢) optical clocked S-R Flip-Flop output The vertical scale is arbitranyd
the horizontal scale is 5ns/div for a) b) figuresl 40 ns/div for c)d)e).

Although all the building blocks of our synchrono&sR flip-flop are based on hybrid
integrated SOA-MZIs, the interconnection betweea bhocks and in the feedback loop were,
experimentally, implemented using discrete fibagtgiied, which affects the switching behavior.
Anyway, we achieved a switching speed of 430 ps 42 ps for rise time and the fall time,
respectively. However, a complete integration woelthance the performance and reduce the
device size. We also analyzed the performanceisfflip-flop and 18 dB of extinction ratio was

obtained.
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3.2.1.2 All-optical S-R flip-flop based on two gairclamped Reflective
Semiconductor Optical Amplifiers (RSOAS)

We demonstrated the operation of a novel all-opt&&R flip-flop scheme based on two
coupled lasers, with high photonic integration ¢ajis.

Figure 50 illustrates the simulation setup ofpheposed all-optical S-R flip-flop memory. This
AOFF works as follows: both set and reset signedpagate in the same wavelengg When the
set signal is in its high level, the laser beammtexd in\1, generated by the reflections between
the Fiber Bragg Grating (FBG) centerediih and RSOA1, has its power attenuated by XGM
effect. Besides, the laser beam generated by flextiens between the FBG centeredih and
RSOA2, goes to an high level due to the low le¥ello(due to the effect of XGM, also) and at the
output we have the laser beag at an high level and the laser begmat a low level. When the
set comes again to the low level, both set and sgein the ‘0’ level and the AOFF maintains its
present state which means that we have the lasenXizat an high level and the laser bekinat
a low level. When the reset goes to a high level,grocess is inverted and, due to XGM, XBe

laser beam goes to a low level andtheyoes to a high level.

Set Reset

Flip-Flop
Output 5 5

] e

TR
» R »
A1=1540nm 5/95 5/95 12=1544.97
13=1551.82

Figure 50 - Simulation setup of the all-optical Slp-flop based on two coupled lasers.

In Table 10the RSOA and simulation parameters are shown. Tdst distinguishable fact is
that the FBG reflectivity is higher than the RSC&flectivity, in order to have the highest value
possible for the energy inside the Fabry-Perot tgavbimulations results show that a FBG

reflectivity of 40% is the optimum value.
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Table 10: RSOA and simulation parameters

RSOA and simulation parameters Unit
Input Facet Reflectivity 0.00005
Output Facet Reflectivity 0.1
Active Length (Lx) 0.001 m
Taper Length (Ly) 0.0001 m
Active Area le-13 143
Optical confinement factor 0.45
Recombination coefficient A 3.6e8 st
Recombination coefficient B 6.5e-16 mé/s
Recombination coefficient C 2e-41 mt/s
Differential Gain 4e-20 nt
Carrier density at transparency 9e23 m™3
Index of refraction (Lq) 3.22
dn eq 3e-27 m2
dN
A1 andA2 FBGs reflectivity 0.4
A3 FBG reflectivity 0.99

In Figure 51 and Figure 52 the results for the AQieEput are shown. We see a clear toggle,
between thell and ther2 wavelength, showing a correct operation for th@F&k even for
challengeable bit rates, like 1 Gbit/s. Althougimsoundesired peaks appear, we expect to smooth
the signal by including a filter at the output & tAOFF.
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Figure 51 - Simulation output results of the AOBFthe bit rate of 250 Mbit/s.
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Figure 52- Simulation output results of the AOFRhat bit rate of 1Gbit/s.

We also can conclude, by analyzing Figure 51 agdrEi52, that the rise and fall times are in
the nanoseconds/subnanoseconds range.

The flip-flop configuration proposed in [15] preserm similar operation principle, however,
with a cavity of 7 meters long, the device is naegrable to the chip-level, something that is
solved with a our solution, which presents a cawiityh some millimeters. Also we do not use two
lasers to control the set and reset operation, @amylaser, centered i3, is needed, and an optical
delay line, to delay the signal between the setrasdt operation. A simpler approach is achieved
with our solution, using only three FBGs, insteddonir. Therefore, we reduce the complexity by

using fewer components.
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3.2.2AlI-Optical clocked D Flip-Flops Techniques

An optical S-R flip-flop has a forbidden state tloaturs when both set and reset inputs are at
the high state (‘1’). In that situation, it is mqmissible to predict, theoretically, the flip-floptput.

The optical D flip-flop is an adaptation of the iopt S-R flip-flop and can be implemented
using a transparent S-R latch. Since the opticlipEflop only has one data input, the D signal is
launched into the S port of the latch and the cempght of the D input into to the R input port.
Therefore, at the input latch ports are only pdesthe following combinations: S=0 and R=1
(when D=0) or S=1 and R=0 (when D=1) removing, hattway, the S=R=0 and the delicate
condition S=R=1.

An optical clocked D type flip-flop only changes lbgical state when the clock signal is in the
high level. If the clock signal is low when a trdios in the D input occurs, the output Q will only
toggle at the next clock pulse

The operation principle of the optical clocked P{ilop is summarized in Table 11

Table 11: Truth table of the optical clocked D Afipp.

CLK | D Q
0 0
1 1
X | LastQ

3.2.2.1 All-optical clocked D flip-flop based on agpled SOA-MZI

Like the optical clocked S-R flip-flop based on twoupled SOA-MZI, shown in subsection
3.2.1.1, the logic level obtained in the outputoof proposed and experimentally demonstrated
optical clocked D flip-flop is determined by thendimant wavelength laser.

The experimental setup is depicted in Figure 53.
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Figure 53 - Experimental scheme of the optical ketacD flip-flop based on two coupled SOA-MZI.

Since the optical clocked D flip-flop only has on@ut data, a NOT gate, implemented with
one SOA, is needed to realize the complementanyakigio carry out the optical NOT logic
operation, based ocross gain modulation (XGM) in a SOA, the NRZ sigaa1558.17 nm is
coupled to a continuous wave signal, centered 24.Y5 nm. Then, is injected into S@Avhich
will modulate the gain of the amplifier due to stgturation. Since a co-propagation scheme is used
to implement the NOT gate, a band pass filter (BFintroduced, at the output of the SQ#o
eliminate the modulated signal wavelength. In prtdeprevent the degradation of the inverted
signal quality, the translation was made from larigeshorter wavelength.

Two AND gates are used as the control signals ®fSiR latch in order to maintain the flip-
flop’ previous state, in the absence of the cldgkal, independently of the D input information at
that moment. Both AND gates are implemented usi@f\-MZI structures that are previously
balanced in order to obtain the maximum extinctiatio possible between the interferometric
outputs. By acting in the polarization controllesg,the SOAs gains and by applying voltage to the
phase shifters, SOAVIZI and SOA-MZI were balanced, showing an ER of 36 dB and B5 d
respectively.

After balancing the SOA-MZI structures, the cloidgsl, peaking at 1562 nm, with 13 dBm of
optical power, is split by a 3 dB coupler and themched into the ports of S@MZI and SOA-
MZI. Due to the nonlinear phase rotation of the SOA an interferometer, the logic AND
functions are carried out between the clock sigmal the inputs data signals. Since both AND
gates are implemented in a co-propagation configurathe wavelength of the data signal and the

clock signal are enough separated in order to amodksired crosstalk and nonlinear effects such
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as four wave mixing (FWM).

The dynamic operation of the synchronous D flipflss experimentally demonstrated by
toggling the state of the flip-flop through thedofion of optical pulses.
Figure S4illustrates the time domain traces of the clockinput and Q flip-flop output signals.
The input D signal has a repetition rate of 40 Mitith a pulse width of 2 ns while clock signal
has a repetition rate of 300 MHz, with a pulse tvidt 1.67 ns.

The experimental performance analysis shows tratHange of information occurs in the data
input, when the clock is at its low state, the @atiwill maintain its last value, switching only a
the next clock pulse. The experimental resultsragood agreement with the operation principle of
the flip-flop shown in the D truth table.

We achieved a switching speed of 290 ps and 3T8rpse time and the fall time, respectively.
We also made an evaluation performance of the gexpelocked D flip-flop and an extinction

ratio of 12,5 dB was obtained.
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Figure 54 - Optical clocked D flip-flop operatiorhe vertical scale is arbitrary and the horizostalle is
5ns/div.
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3.2.2.2 All-optical clocked D flip-flop using a sigle SOA assisted symmetric
MZI

We proposed and numerically demonstrated an altaptiocked D flip-flop scheme capable
to control the timing when the information is stbrdhe bistability of the proposed configuration,
illustrated in Figure 55, is caused by an extefeadback loop between the output Q and the
inputs, and due to the interferometric structuréh flip-flop configuration, its operation prirpte
relies on the dependency of the refractive indexhencarrier density of the SOA. The loop has an
optical delay line (ODL) and an optical attenug&l T), in order to synchronize and to equalize
the power of the input data signals that entehadircuit from interferometric ports #B and #C.
The objective of the feedback loop is to mainthim flip-flop's previous state, in the absence ef th
clock input signal. The feedback loop length shdaddsuch that the data can reach to the port #C
of the MZI when the gain recovery of the SOA tag&xce, otherwise the optical data can reach to
the unwanted port, due to crosstalk.

The SOA-MZ| used in the numerical simulations isiraformly symmetric device, with the

exactly same optical path on both MZI arms.

SOA1 BPF
CLK #A X — Q
] [
50,50 50,50
D #B [ \ #1 90/10
=] =l
# Ts0k0 \ 5050 SoR2 50550 _/ 50550
3
- Pp—=<C
Arrg ((‘)) oDL

Figure 55 - Schematic representation of the alieapD flip-flop based on a single SOA-MZI. D: inming
signal; CLK: clock signal; Q: flip-flop output; ODloptical delay line; ATT: optical attenuator; BR¥and
pass filter. The input ports of the MZI are A, B.

The power at the flip-flop output Q (port #l) isresult of an interference process, that can be
constructive or destructive, depending on the matephase condition of the interferometer. So,
when the control signal (CLK) is ‘ON’, the datatbe input port (D) reaches to its corresponding
bar-port (port #1). On the other hand, if CLK = Offfen the incoming signal emerges at its cross-

port (port #J).
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A. Theoretical model and operation cases

Some assumptions were considered for the thedratmadel of the clocked D flip-flop based on
a symmetric SOA-MZI switch, namely that the incogsignal (D) should not affect the SOA gain
dynamics. So, the incoming signal was selectediteaes smaller than the control (CLK) pulse.
The gain and group-velocity dispersion were neglictvhich is practically satisfied for pulse-
width in the pico-second range. This essentialljamsethat the incoming and clock signals travel
through SOA at same speed, so their transit timeggual. In [62], it was demonstrated that ASE
becomes too high and influence the gain saturatidy for SOAs longer than 1500um. Since the
energy of the control pulse was less than 1 ph witrery narrow pulse-width, the two-photon
absorption (TPA) and ultrafast nonlinear reflectiiNR) were also neglected [63]. Furthermore,
the SOA small signal gain, internal loss and sétmaenergy were assumed to be wavelength
independent and hence the same for both controinedhing signal, otherwise we would need to
use the second order polynomial of the gain spectibi7], which would increase the model
complexity.

The saturation energy and unsaturated single-papsfr gain of the SOA can be expressed
as [64, 65]:

haywd
Boa = :’;r (3.1)
G, =exp| g,L-ap L (3.2)
g, =FagN,|—Te -1 (3.3)
’ " qwdLN,

where, Esat is the saturation energy of the so(&; the unsaturated single-pass amplifier gdin,

the confinement factor@, the differential gain,Ntr the carrier density at transparengythe

charge of a electrony andd are, respectively, the width and the depth ofattéve region of SOA,
L is the active length of SOA@, the internal loss of the waveguide adgthe frequency.

n=h/2m, whereh is the Plank constant.

When an optical pulse passes through a SOA, mgitied and can be defined as [66]

P..(t) = P,(t [@xg h(t) (3.4)

78



All-Optical Routing Functionalities

where, Fi)n (t) and B,ut(t) are the power and phase of the input and outdsé prespectively.

From the following differential equation [66]

d L-h(t P(t
L}it):g - ()_ E(){exdh(t)]_;

e sat

(3.5)

h(t) can be calculated as
h(t) = -In {1— [1— ij ex;{—EL(t)ﬂ (3.6)
G0 Esat

When a clock pulse (CLK) is injected into the SQgsiated symmetric MZI switch, it saturates

the SOA at timets and changes its index of refraction. The gairhef$OA decreases rapidly as

G(t) =exg h(t) (3.7)

The energy fraction contained in the leading edghepulse until thd' <t is given by

E,, (1) = j P,(t) dt (3.8)

By definition Ecp(t - 00) =E_ = total energy of the control pulse. After a whitee gain

recovers due to injection of carriers and can hiainbd from the gain recovery formula [67]

— = ; ot 3.9
G, 21 (3.9)

exp| - (t-t,)/7,]
G(0) = GO[G@}
where, T, is the gain recovery time.

When a periodic pulse train is injected into theAS@ere is no time for the recovery of the
gain to Gb Instead, it only recovers to a lower ga@ [68]. Hence, equation (3.7) takes the

following form
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G()={1-(1-4G) exd-E, ¢)E. ]} (3.10)

2
Considering a Gaussian pul$g (t) = E, exp(—t—zJ as the clock signal ansl related to
o

on

full width at half maximum (FWHM) by dwum~1.665 then we can write

_E t
Ecp(t) —7{1+ erf(o_ﬂ (3.11)

where,erf(.) is the error function.

The SOA saturation timeﬁ§:TF\M4M, then 99% of the pulse transmits through the S&4.

from equation (3.10) we obtain

— Gt = G
G, =G(t) = .
V6 -(G-Den(5/E) o2

At the next bit period § ), SOA gain does not reach®p, but onlyG,. So,

G exp{ _("( ~Tewhm )/ Te}
—f} (3.13)

G,

For the next pulse, the gain starts to decrease agd the same process is repeated. The output

G=qﬂ=%{

power at bar-port(() and cross-portX) can be expressed as

P(t)= P"‘T“)E{Gl(t) +G,(1) - 2J G ()G, () eos(24)} (3.14)
R.(t) = F’i"T“)EﬁGl(t) +G,(9 + 2 G ()G, () Tos(Ag)} (3.15)

where Gi(t) and Gy(t) are the gain of SOAand SOA, respectively, at the timé and Ag

= —%[[h[%j , Wherea is line-width enhancement factor. Therefore, dffiery recombine at the
2
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input coupler, theAg = 7 and data will exit from the bar port ). At same time, the power at the
cross port = gt) ~0.

In the absence of the clock sign@ILK=OFF), the incoming signal enters into the two arms
of the MZI, propagates through both SOA at the sa&ime, and experience almost the same
unsaturated amplifier gaito. Therefore, the incoming signal passes through 3@ output
coupler withAg = 0 (asGy= Gp). So expression foP- (1) = 0 and R(t) #0.

The D flip-flop output (Q) has two possible statese is its current stat€g.,) and the other is
its previous state,). Depending on the different input conditions, théput stateQ,.; can be

expressed as:

Pov. Olpcixs = (09P o)., (3.16)

Pow: (t)\g::clLK:l = (0-9% (t) 'nput=D)H|GH +(0.R e )., (3.17)
PQM(t)\gn::lim:o = (0.9F3 (t),nput:D)LOW + ( 0.9R (], pueo, )H.GH (3.18)
o (t)‘B::(:lLK:O = (0-9F1 ) purc, )H.GH (3.19)

R (t)‘B::()chK:o = P%l(t)‘a::%CLK:1: 0 (3.20)
Ple(t)‘g::leLK:O = (O-gFﬂ (t)'”PUf:D)Low (3.21)

Fow. (t)‘gn::ol, CLk=1 = (0-9Fl ) mpurcg, )LOW (3.22)

Note that the 0,9 factor present in the above ftamis due to the 90/10 coupler of the flip-flop
setup. Therefore, only 90% of the power is obtaiaedhe D output port; the others 10% are
launched into the feedback loop.

During the operation of the optical clocked D ffipp, 2° = 8 possible situations can occur.

The possible operation cases of the proposed|@p-ére depicted in Figure 56, and will be

discussed, in more detail, below.
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CASE-I: CLK=D=1 and Q=0

Let us consider a strong control signal (CLK) imgel; through an optical 2x1 combiner, in the
port #A of the SOA-MZI. This signal modulates trergof the SOA which induces a modulation

of its refractive index. If the incoming signal (B)launched into port #B, half of its power appgear

at each output of the input coupler, with a phdst ef % However, due to the presence of the

control signal, the two even parts of the inconsignal will suffer different gains and phase shifts
which lead to the unbalance of the SOA-MZI. In tbése, the modulation of the refractive index
are not the same £A n,), therefore the light in the upper arm of the Mxkesents a different

velocity than the lower arm; hence the incomingaabtpulse emerges at port #l, as illustrated in

Figure 56 (a). Therefore, in this case, the flgpfbutput is Q = 1"

CASE-Il: CLK=D=1 and Q~1

If, however, in the previous state, the flip-floptput presented the logical value ‘1’, an optical
pulse will travel in the feedback loop and williger at port #C of the interferometer, at same time
of the incoming optical pulse. Again, due to thegemce of the control signal, the two even parts
of both signals will experience different gains artthse shifts. Therefore, the optical incoming
pulse and the optical pulse from the feedback [tagt Q) will reach their bar-ports, as it is shown
in Figure 56 (b). Therefore, in this particular €athe flip-flop’s next state will be the logicadlue
‘1.

CASE-lll: CLK=0 and D=Q~1

In the absence of a clock pulse and =0 a ‘1’ logical level will arrive to interferomet port

#C, at the same time of D optical pulse. Both irgighals are split equally, with a phase shift of

%, by the input 3-dB coupler.

The outputs of the 3 dB input coupler (couplingo=.5) are given by:

E. |_| V2 2 [
{Ej_ £, E ,(J —\/_1) (3.23)
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After passing through the input coupler, the sigralopagate into the two MZI arms, where
they will be evenly amplified by the SOAs. Since tmodulation of the refractive index are the
same (g=ny), both signals will be affected by the same phasa gain, and no additional phase
shift between the two MZI arms is added. Therefove,can simplify this system analysis, by
neglecting the gain and phase contribution providgdhe SOAs (since this contribution are the

same for both arms).

When the signals arise at the output 3-dB cougher; will suffer another phase shit Ezt and

the optical output fields can be calculated by:

g fE e
&) | B, E| |B] [ |
V2 42
The output powers can be found by:
|:ECEEé:jEcq_jEc):E§::PQ]

(3.25)
PJ = EB |:EB = jEB [Q_ jEB) = EZB: PD

where the superscript * means the complex conjuddterefore, when CLK=0 and D=.€1, the

D flip-flop holds the information of its last outpstate, as it is shown in Figure 56 (c).

CASE-IV: D=CLK=0 and Q=1

In the absence of other input signals, if in thevpus state 1, then a ‘1’ logical level will
travel in the feedback loop and will arrive to p#@ of the interferometer. After passing through

the input coupler, the signal is split in two egpatts and half of the input power appears at each

output of the coupler, with a phase shift_’%xf.
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£ (3.26)

(Ee
el e
E

NG

The signals travel through the nonlinear media (SOAnd deplete the carrier density,
modulating the refractive index. Since both partdhe signal experiments the same gains and

phases (&G,), the signals are equally amplified and recomkaheghe output coupler, where

experiments anotheg_ phase shift. Since the phase and gain, providatdpOAs are the same

for both arms, again no additional phase shift betwthe two MZI arms is added, so the system

E | _[IE
HEk 0.2

For this case, the output powers can be defined as:

can be calculated as

o)

= E2 = P
==k (3.28)

e
1

which means that the output of D flip-flop main&iits previous state when, in the absence of
other input signals, the last value of the flipgfloutput is ‘1’. This situation is illustrated kigure
56 (d).

CASE-V: CLK=1; D=0 and Q=1

When a strong control pulse (CLK) is injected agaio the interferometer, it arises at SQA
reducing its carrier density, hence the refracingex of SOA changes. In this situation, if in the
previous state 1, this optical pulse will be split in two, aftpassing through the 3 dB coupler,
and will suffer different gains and phase shifteach of the interferometer arms. Therefore, when
the clock is in its high state, it saturates th@arpSOA and the signal in the upper arm is not

amplified, which means that no optical power isaoftd at the flip-flop output (port #l), and the
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pulse from the previous state emerge, at the riata,sn its bar port, as illustrated in Figure(Bh

In this case, the flip-flop changes its states ffbhto ‘0’.

CASE-VI: CLK=1; D=0 and Q=0

This condition, illustrated in Figure 56 (f), ocswwvhen only a clock pulse is injected into the
SOA-MZI. Since the filter block the clock pulse, optical power will be obtained at the D flip-
flop output.

CASE-VII: CLK=D= Q=0

In this case, it is clear that if no light is infed at the interferometer inputs, no optical signal

can be obtained at the interferometer outputsthga flip-flop output presents the logic value.'0’

CASE-VIIl: D=1 and CLK=Q,=0

When only an incoming pulse (D) is injected intatp@B of the input coupler, its power is

distributed, equally, through both SOA-MZI armst lith a phase shift 01‘721 between the two

branches of the interferometer.

Eg
{Ell _| V2 (3.29)
E, E,

NG

In the MZI, the two even parts of the incoming sigpass through the two SOAs, where they
modulate, equally, the carrier density and thetbleyrefractive index. Since the length path of the
MZI arms and SOA'’s phase shifts and gains are ic&n(G1=G2), no additional phase shift is
added in the MZI arms because the light velocitpppgating in both MZI arms, is the same.
Therefore, both parts of the incoming signal wil evenly amplified and will recombine at the

output of the interferometer destructively (porx #&hd constructively (port #J). In this situatitime

SOA-MZI is balanced.
o))
= . (3.30)
E, IEg
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The output powers are then given by:

P =0 (3.31)
P = EBEE; = JE - JEp) = EZB: R

where the superscript * means the complex conjuddterefore, in this case, no optical signal is

obtained at the D flip-flop output. i.e., in thesabce of a clock pulse, the output does not change

even if in D input is applied logic ‘1'.

Figure 56 - Power distribution, along the interfesger arms, for different cases. (a) Case-l: DELK =1,

Qn=0,(b)Case-ll:D=1,CLK=1,Qn=1, (c)gedll: D=1, CLK =0, Qn =1, (d) Case-IV: D =0LK

=0,Qn=1,(e) Case-V:D=0,CLK=1,Qn=1),¢hse-VI: D=0, CLK =1, Qn =0, (g) Case-VII:=0,
CLK=0,Qn =0, (h) Case-VIIl: D=1, CLK =0, @n0.
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B. Simulation results
A simulation study of the all-optical clocked Dpiflop was carried out at 50 Gb/s, using the
parameters summarized in Table 12 [57, 62], of k uGaAsP-SOA operating in 1500 nm

spectral region.

Table 12: Parameters used in simulation.

Parameters Symbol Value
Injection current of SOA I 600 mA
Confinement factor r 0.48
Differential gain a 3.3x10%° v’
Line-width enhancement factor of SOA a 6.5
Carrier density at transparency Ntr 1.0x 10 m*
Width of the active region of SOA w 0.7 um
Depth of the active region of SOA d 220m
Active length of SOA L 150 ym
Internal loss of the wave guide a, 2700 nmi*
Wave length of light A 1500 nm
Gain recovery time [ 20 ps
Unsaturated single-pass amplifier gain G 23.14 dB
Clock pulse energy E 15 fJ
Full width at half maximum of control pulsé g 2ps
Incoming pulse power 0.2mwW

The dynamic operation of the all-optical clockedlip-flop was numerically demonstrated by
toggling the state of the flip-flop, through thgeiction of optical pulses. Figure 57 presents the

time domain traces obtained for the clocked D filgp and it is very noticeable that the
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information at the D flip-flop input is transferréd the Q output, only when the clock signal is
enabled; otherwise maintains its previous state.

We assessed the performance of this flip-flop gamfition and an E.R. = 10.792 dB was
obtained. Switching speeds of around 33 ps and wagve achieved for rise time and fall time,
respectively. The rising time is higher than thkirfg time because, after the decrease of the gain

of SOAL, the gain increases slowly to its recoweriye.

CLK power (m'W)

E=lU 0 10 20 30 40 50 60 70 80 90 100 110 120 130

021

0.1 .

D power (mW)

1 1 1 1 1 1 1 1 1 1
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1 1 1 1 1 1 Il 1 1 A 1

10 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (ps)

Q power (mW)
o [ [ %] U'J oy w

Figure 57 - Simulated output of SOA-MZI based gitical clocked D flip-flop.

C. Feedback loop calibration

In this flip-flop, the feedback loop is a very imiant feature since it maintains the flip-flop’s
previous state, in the absence of the clock injgmas. In this section, we try to make a calibratio
of the length of the feedback loop by showing tFfeat on the output waveforms, for different

loop lengths. Let us consider that the feedback leagth isL. So after emission from port#l, the
data will reach to the MZI port#C after the time- /v, whereUis the velocity of light inside the
fiber.
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When data (D signal) enters through port#B, at tyneemits through port#l (if control pulse is
‘ON’) at time (t, +t, ), wherety is the time taken through the Mzl switchy, is very
small). After time T, one part of that signal enters again into thégwthrough port#C and if the
control pulse is ‘OFF’ then, the data emerges afyam port#l after the timeét0 +2t,, + T) .

The flip-flop properties of the proposed circuipdad on some important aspects, such as:

a. When data arrives at port#C through the feedbaal, Ithe D signal can be present
or not.
b. At that time the gain of the SQAecovers or not.

c. The loop length delay timel{) can be small or large.

As it is shown in Figure 58, we realize numerigaldations to find out the output waveform of
the all-optical flip-flop, for differentZ. We chose all the possible cases for D and CLKeul
applied, i.e. D=CLK =1 (at 0 ps in time scale);@K = 0 (at ~0-t0-220 ps in time scale); D=1,
CLK = 0 (at ~220-t0-300 ps in time scale); D = CEKL (at 300 ps in time scale); D=1, CLK =0
(at ~300-t0-500 ps in time scale); D=0, CLK = 1580 ps in time scale); D = CLK = 0 (at ~500-
to-560 ps in time scale) and D=1, CLK = 0 (at ~56®00 ps in time scale).

Case-l: (=5 ps)

This case is illustrated in Figure 58 (a). At fiishen D = CLK =1, the data emits from port#l
and reaches to port#C after 5 ps, so the gain &, %0 not recover. Then D =0 so, from equations
(14) and (15), the data will pass through port#dhich means thaQ — 0and the data is not
‘HOLD'.

At 300 ps, D = CLK =1, and again we obtgn= 1. At 305 ps, the previous phenomena
happens again, but since D signal is present, lppets$ the data from D and port#C, which violate

the flip-flop condition, so data is not ‘HOLD".

Case-ll: (T= 20 ps)

This situation is shown in Figure 58 (b). When datéves to port#C after 20 ps, the gain of the
SOA recovers. Hence, from equation (15), we find bat the output power is not such low as the
previous case, so it will increase slowly and stg up to ~300 ps. At 300 ps, the gain of $OA

decreases further (as CLK = ON), and since dapo@#C is absent, we obtain low power at the
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output (but still Q =1). This two dips are showrFigure 58 (b) as (i) and (ii). After that it gotes

the saturation value. In this case, the ‘HOLD’ dtind of the flip-flop is satisfied.
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Figure 58 - Output waveforms for different loopdémdelay time. (a) =5 ps, (b) =20 ps, (€}40 ps and
(d) =100 ps.
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Case-lll: (T= 40 ps)

The output waveform fod= 40 ps is shown in Figure 58 (c). In this paricutase, we do not
found the first dip presented in case-ll, becadtsr 40 ps the data reaches to port#C, and SOA
recovers its gain higher than 20 ps. Thereforepltain more power at port#l than the previous
case, which is obtained from equation (14) and.(H®wever, after 300 ps, the output power
decreases more than case Il. This large dip isatell by (iii) in Figure 58 (c) since at 340 p® th
feedback comes before data at port#B is preseriftdr that the output increases slowly to

saturation value.

Case-IV: T= 100 ps)

If we increase tol= 100 ps or further more then, we obtain discretisgs at every 100 ps,
because data arrives to port#C after a very large gap. The output waveform for this case is
shown in the Figure 58 (d). We also find an unwadmeak at 600 ps when, according to theory, it
should be present the logic value ‘0’. Thereforethis case the ‘HOLD’ condition is not also
satisfied. From Fig. 12(c), we verify that if wecieasel>20 ps there may be a problem at point
(i), since it goes below the threshold value. BBathis condition, the data cannot be ‘HOLD'. For

I>>20 ps, we get unwanted discrete pulses.

From the analysis of the simulations results, we canclude that the feedback loop length

should be maintained comparable with the gain regotime (I,) of the SOAs, otherwise the

proposed flip-flop may not work according with ftath table.

3.3 Conclusions

In this chapter, a description of some of the miektvant implementations of all-optical flip-
flops was made, presenting an overview of the upate all-optical flip-flops design schemes. The
main features of the different bistable technolsgigere highlighted and evaluated based on
switching time, switching energy, and other perfance metrics. Also, a good variety of current
applications was covered and described, which nedy defining the next generation of AOFF
applications.

As technology scales, is important to develop A@&¢hniques, with reduced electrical power

consumption. Up to date, the microdisk laser AOFéppsed in [52] emerged with the lowest
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electrical power consumption, obtaining 6 mW'bit

In this chapter, we also proposed four new allagtflip-flop configurations, focusing mainly
in bistables whose state switching are triggered Ipulsed clock signal. In clocked devices, the
synchronization signal is responsible for contngjlthe enabling of the bistable, making it sensitiv
or not to the binary information present at itsut§y To our best knowledge, we presented the first
demonstration of all-optical clocked flip-flops,img SOA-MZI structures, taking advantage of the
inherent regeneration characteristics of the acierferometers. We also proposed and
demonstrated, through numerical simulations, thiopmance of two novel schemes: an all-optical
S-R flip-flop using two gain-clamped RSOAs and diroptical clocked D flip-flop based on a
single SOA assisted symmetric MZIl. The bistabitfythe latter optical flip-flop is caused by an
external feedback loop between the output Q andhiing. The loop has an optical delay line and
an optical attenuator, in order to synchronize emdqualize the power of the input data signals
that enter in the circuit from interferometric orThe objective of the feedback loop is to maintai
the flip-flop's previous state, in the absencehefdlock input signal

In my opinion, technology advances in integrati@pability can bring a new age for the
development of AOFF devices in terms of cost andopmance integration in more complex

functions, opening in this way a route for a nexteration of applications and functionalities.
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Chapter 4

All-optical packet routing

The electronic systems of today routers are exgeittebe able to follow the processing
rates of the packet routing in the optical layeswhver not known are the cost or energy
consumed to achieve that. This fact motivates dach for transparent routing schemes that
can potentially provide solutions to the contindgugicreasing bandwidth demand in
telecommunications.

An optical packet routing/switching scheme can fanmivoptical packets to the appropriate
destination port, based on the address informdkiahis encoded by the attached labels [24].
The information required for optical routing is ©ad together with the optical signal (e.g.
label) and since it can be extracted and added fihenoptical signal without optical-electrical-
optical (O/E/O) conversion, lower power consumptican be expected.

This chapter, based on journal [J9], is focusedhentechnical solution of the contention
problem that can arise from packets aiming the sswitch port but, firstly, an overview of
some of the most preeminent all-optical routingigles with particular relevance for the ones
using SOA-MZI structures, is outlined.

To perform contention resolution, collision is det&el and then avoided after wavelength
conversion using the push-pull technique, in whilse control signals open and close the
switching window in the interferometer. The remaast power of the blocked packets, due to
the non ideal switching performed by the SOA-MZ$sanalyzed in every stage of the routing
configuration and the performance transmissiorvauated through BER measurements and
extinction ratio analysis.

A 1x2 multi-wavelength optical switching node is@kexperimentally studied.

4.1. All-optical packet switching

In the last years, some optical packet switchirngestes were designed and experimentally
validated and the most relevant are discussedpne ahetail, below.
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4.1.1 State-of-the-art

The setup of a packet switching scheme is showigare 59 and uses an optical flip-flop,
based on a single SOA-MZI, with a coupler inside feedback loop that can be used as an
optical packet-forwarding unit, depending on théicg set/reset information [42]. Data flow
is forwarded through the flip-flop, without compr@® the latching operation. The operation
principle of this packet switching scheme is vame: the packet comes out if the flip-flop
is ON, and is blocked otherwise. Accordingly, ipacket is delimited with valid header and
trailer, the address recognition module will delizeSet pulse at the beginning of the packet
and a Reset pulse at the end of packet. The filsewill turn the flip-flop ON and allow the
packet to propagate to its destination. The sepuoitgk will turn it OFF so that further packets

with invalid addresses are blocked.

Forwarded
Packets

Reset |

{o) ®‘
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Figure 59 - Packet forwarding gate based on flyp-{42].

Control signals, generated by label recognition nedtoggle the states of the gate in less
than 30 ps. These short response times allow theepsing of packet-flows with short inter-
packet delay and short time-guard between payloddhaaders/trailer.

An error free operation with two packets at 40 sGhaith only 1 dB penalty, was
experimentally demonstrated, however, the achigertbrmances could be greatly enhanced
by means of optical integration, that can leadlémp length reduction and thus the pulses
duration.

In [69], a wavelength routing structure is propgsdtable for optical packet switching, in
which the packet is routed to a specific port, dejpeg on the AOFF bistable state. Figure 60
illustrates the proposed wavelength routing stmectand it comprises a wavelength-tunable
source, an optical wavelength converter based ossegain modulation in a SOA and an

optical demultiplexer.
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Figure 60 - Basic configuration of wavelength ragtsubsystem [69].

The wavelength-tunable source is realized usingsie AOFF, presented in [70], which
outputs a CW signal with a tunable and specificelavgth. The CW light controls the optical
wavelength converter in order to change the wagtteaf the input data signal (80 Gb/s data-
packets). The optical demultiplexer consists of dB3coupler and two optical filters, and
spatially routes the converted data packets toeaifsp port. The central wavelengths of the
filters are chosen such that in the upper brancly, layht with wavelength\; can pass, while
in the lower branch, can pass only light with wawejth A,. In both branches, inverted
wavelength conversion at 80 Gb/s is realized. Tiverted signal is injected into a delayed-
interferometer to change the polarity of the cotetrsignal (i.e., inverted signal is changed
into non-inverted signal). Thus, during the timetsthat the flip-flop outputs light at
wavelength\,, the wavelength of the data packet is convertemlNpand the packet is routed
to the upper port. Conversely, if the flip-flop puts light at wavelengti,, the packet is

routed to the lower port.

Routing 80 Gb/s data-packets is demonstrated byatpg the AOFF dynamically, as
shown in figure 61. It is clearly visible that timput packets are routed to different ports when
the AOFF toggles between two bistable states. Ereer operation is achieved, and no error-

floor is observed, indicating an excellent perfonegof the wavelength routing system

In [71], all-optical 10 Gb/s packet switching ishéeved, using a SOA-MZI switch and the
MMI-BLD optical flip-flop memory, reported in [47p store the labels. The output of the flip-
flop acts as the control signal of the SOA-MZI, ahniswitches the optical packets through
cross phase modulation. An error-free operationatdgined, with no error floor.
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Figure 61 - 80 Gh/s data packets and the asso@gt=diagrams. a) Input; b) and c¢) switch porte &he-
diagrams are measured by a 700 GHz optical samgtioge [70].

4.1.2 Experimental multi-wavelength optical switchig

In a wavelength division multiplexing (WDM) netwgrknultiple optical carriers at different
wavelengths can be multiplexed together onto thmesdiber, demultiplexed into separated
channels by means of optical techniques and semhdocorrespondent receiver. Each of the
channels present on the WDM fiber can carry anyistrassion format being the network
completely transparent. This technique allows felkploiting of the large bandwidth offered by
the optical fibers. So, essentially, the opticatcdpum is used more efficiently. The minimum
channel spacing is determined by the inter chamme$stalk and four wave mixing effect.
Thousands of Gb/s channels can be transmittedtbeezame fiber when spaced bellow 100 GHz.

We implemented the 1x2 multi-wavelength opticaltshing node, depicted in Figure 62, by
multiplexing together 10 input wavelengths usingBDBser diodes, modulated to 50 Gb/s PRBS
signal (2'-1) by a Mach-Zehnder modulator with the PulsedPatGenerator (PG).

A DFB laser, centered at 1546.12 nm and modulategaMb/s, was used to generate the

header pulse.
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Figure 62 - Experimental setup of a multi-waveléngptical switching node.

Depending on the information of the header, theehangth-multiplexed optical packet can be
forwarded to the appropriate destination port efwhdeband optical SOA-MZI switch, according
to the truth table of the optical switch (Table.13)

Table 13: Truth table of the optical switch

Header I J
0 Packet 0
1 0 Packet

Figure 63 a) and b) show the experimental restitained at the outputs of the switch, which
are a result of an interference process that catobstructive or destructive. We can see in these
figures a shift of the output signals, but thiswsconly due to the use of different lengths in the
fibers connected between the switch outputs andPtNephotodiodes. Although the difficulty in

obtaining an exactlyt phase shift between the two MZI arms and gainpression, extintion
ratios beyond 9 dB were obtained.
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Figure 63 - Experimental results of a multi-wavefgmoptical switching node. a) at port #J of thétahy b)
at port #l of the switch.

4.2. All-optical contention resolution

The all-optical packet switching schemes, preseimddl, can forward one packet at any given
moment. However, when multiple packets arrive floe same output port, at the same time,
contention occurs. All-optical packet contentiom dg solved in the wavelength, space and time
domain. In the wavelength domain, wavelength casigeris needed to prevent the collision of the
packets. In the space domain, space deflectionigesvseparate routes, which avoids the
contention of the packets. Finally, in the time dm when packets arrive at the same time, they
are routed to different optical delay lines (ODhagy the collision is avoided [44].

4.2.1 State-of-the-art

In [20], an optical circuit is demonstrated, retyion the hybrid integrated optical flip-flop
presented in [18], that performs on-the-fly conimmtresolution between 40 Gb/s packets of the
same wavelength.

Besides the hybrid integrated optical flip-flopetproposed configuration comprises a SOA-
MZI gate and two wavelength converters based os®a-filter technique (SOA-OBF). Figure 64
illustrates the diagram of the contention resohutiocuit.
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Optica
Flip-Flop

Figure 64 - Contention resolution concept [20].

The scheme makes optimal use of the single ftip-thy using both of its outputs to perform
packet-by-packet wavelength conversion either te dniginal (no contention) or to a new
wavelength (contention). Error-free performance aelsieved at 40 Gb/s to solve the contention
(Figure 65).

10ps/div ||) 10ps/div |||) 10ps/div
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v) 10ps/div | vsj) 10ps/div

P (dBm)

Figure 65 - 17 a) BER curves of i) input packa}syutput of SOA-OBF _1, iii) output of SOA-OBF_R)
40 Gh/s eye diagrams of i) input packets, ii) inedrsignal at SOA-OBF_1, iii) non-inverted signaS®A-
OBF_1, iv) output of SOA-MZI WC, v) inverted sigrat 1554 WC, vi) O/P2, vii) O/P1 [20].

Another scheme for all-optical contention resolatis proposed in [72], and it takes into
account priority information of the data packetsofty information is transmitted alongside with
the packets (pulse = high priority, no_pulse = f[mority). Contention is solved at both space and
wavelength domain so as to provide additional Biity: combined with a packet buffer, packet
collisions can be avoided for successive contestion

Figure 66 shows the functional diagram of the psagbcontention resolution scheme. The
incoming packets are routed by two 1x2 switchesitt®wl and 2), which are controlled by an
AOFF based on[18] and a Packet Envelope Detectionit(PED). The high priority packets are

routed to O/P1 and the contending low priority paskexit from port 5, thus resolving contention
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in the space domain. Wavelength-domain contentigolution is obtained at O/P2 via a 160 Gb/s

all-optical Wavelength Converter (WC).

Packet B 1

W@ _____ o we -G @

Priority
1= "high”

Switch_2
Figure 66 - Block diagram of the contention resolutcircuit with priority control [72].

Figure 67 depicts the pulse traces obtained at stage of the contention resolution scheme.
The feasibility of the scheme was validated at G80s and error free operation was obtained at all
the outputs of the circuit, providing the potent@l system-on-chip integration.
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Figure 67 - Experimental results. (a) Packet stréaiib) packet stream B, (c) flip-flop (d) SOA-MZ_
(switch 1) switched port, (e) SOA-MZI_1 (switchunswitched port, (f) PED, (g) SOA-MZI_2 (switch 2)
switched port, (h) SOA-MZI_2 (switch 2) unswitchgart, (j) low-priority contending packets (poinbbthe
circuit shown in Fig.66), (k) O/P2, (i) SOA-filteutput (inverting WC) and (I) DI output (O/P1). Ténscale:
38 ns/div [72].

4.2.2 Experimental analysis of an all-optical packeouting

The effect of the reminiscent power of the blocketkets, due to the non ideal switching
performed by the SOA-MZIs, can be an issue in {fstesn performance, since it can be verified in
every stage of the router system. Thus, the eff@aetbe cumulative and, consequently, the blocked
packets in the router output ports can have ang@itcomparable to the unblocked packets or
increase the crosstalk effect, degrading the ukblbpackets.

We demonstrate experimentally a packet forwardimgfiguration, with contention resolution
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capability based on wavelength conversion. In ttopased all-optical packet routing scheme, two
data packets at the rate of 40 Gb/s are introdirced-propagation way. The header information is
stored temporary in a buffer, and depending onitf@mation of the headers, the packets are
forward to the appropriate destination port of @ outer.

The reminiscent power of the blocked packets, duéhe difficulty in obtaining an exaet
phase shift between the MZI arms and gain compres# analyzed in every stage of the routing
configuration

Figure 68 shows the experimental setup of the megaall-optical packet router based on
cascaded hybrid integrated SOA-MZI structures. pactical purposes, only one part of the
system is implement so we can easily identify hbevtraffic at output #1 (OUT1) are affected by
the residual cross talk coming from the non idealching performed by the SOA-MZIs (the faded

SOA-MZI 5 was not experimentally implemented).
rELom

Ht Svitc 1: SOAMZT §

Out2

Figure 68 - Experimental setup of the all-opticatiet routing.DFB: distributed-feedback laser; PC:
polarization controller; MZM: Mach-Zehnder modulgteDFA: Erbium Doped Fiber Amplifier; ODL:
optical delay line; VOA: variable optical attenugt8OA: semiconductor optical amplifier; PS: phakdter;

PG: pattern generator.

By acting on the SOAs gains, in the polarizatiomtoalers and by applying voltage to the

phase shifters, the SOA-MZI structures of the systeere previously balanced in order to obtain
the maximum extinction ratio (ER) possible betwéss interferometric outputs. In the balancing,
ER values of almost 30 dB were achieved.

The all-optical memory block used for holding thecket duration was an S-R flip-flop based
on two coupled SOA-MZIs and powered by two contimiavave (CW) signals, at different
wavelengths. The optical flip-flop device switche=ween two states (0 or 1) by injecting set and
reset optical pulses into the SOA-MZI that is cotigdominant. A DFB laser, centered at 1546.12
nm and modulated at 2.5Gb/s, was used to genezti@nd reset pulses. Different set and reset
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patterns were obtained by dividing and then defafire signals by 28ns. By toggling between the
two bistable states, the flip-flop stores the @tizeader that controls the appropriate destination
port to forward the packets and an extinction rafic4 dB was achieved.

In order to generate the optical packet traffic,eaternal cavity laser, peaking at 1550.12 nm,
was used. This pulse train was encoded by a paffenerator, driven at 40Gb/s, with &-2
return-to-zero (RZ) pseudorandom bit sequence (ARBfEer amplification by an erbium-doped
fiber amplifier (EDFA), the data packet was splding a 3 dB coupler and finally launched in
Switch 1 (SOA-MZI1) and Switch 2 (SOA-MZ12), in gropagation way.

The experimental waveforms of the optical flip-flapd the optical packet traffic results are

presented in Figure 69.
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Figure 69 — a) Experimental results of the optilipdflop based on coupled SOA-MZI. Vertical scade
arbitrary and horizontal scale is 10 ns/div. UpBat signal; Down: Optical S-R flip-flop output. Optical
data packets with a21 return-to-zero (RZ) pseudorandom bit sequen&B@&). Upper: characteristic of
data sequence; Down: eye diagram of data sequence

Since the two incoming packet streams can be fawehto the appropriate destination port of
the router depending on the information of the leeadifferent possible scenarios were studied.

Suppose that only packet 1 is injected into pofit #bSwitch 1 with a correlated header, H1=1,
injected into port #al. We refer to this situatias Case 2, being Case 1 the Back to Back
measurement. Since the header is correlated, ifpimlsmodulates the gain of SOAL, which
induces a modulation of its refractive index. There, data packet 1 suffers different gains and

phase shifts in the upper and in the lower armthefMZI, which lead to the unbalance of the

102



All-Optical Routing Functionalities

SOA-MZI1. In this case, packet 1 is switched to ¢mrresponding bar-port (port #11) and,
consequently, emerges directly to Outl router dutpu

In case 3, we consider two packets (packet 1 ankiep2) with correlated headers (H1=1 and
H2=1). Again, due to the presence of the headerasg SOA-MZI1 and SOA-MZI2 will be
unbalanced, therefore packet 1 and packet 2 wilfoo@arded to their bar-ports and therefore
routed to different output ports: Packet 1 goesm@utl and Packet 2 goes out in Out2. However,
due to the non ideal switching performed by thecadsd SOA-MZIs, a small part of the not
perfectly blocked packet 2 reaches Outl with soeminmiscent power, which can degrade the
output signal.

Another situation occurs when the two packets Haoth headers uncorrelated (H1=0 and
H2=0), which corresponds to Case 4. In this caaeket 2 will be evenly amplified by both SOAs
(SOA3 and SOA4) and will recombine at the outputhaf interferometer destructively (port #12)
and constructively (port #J2). In this situatiorD/AMZI2 is balanced. Therefore, packet 2 is
forward through another SOA-MZI stage (SOA-MZl4Yanill cross the router architecture, going
out in Outl. In the same way, packet 1 will crdssiouter, going out in OQut2. However, Outl will
also suffer the influence of the residual of packelue to the non ideal switching performance of
SOA-MZI1 so there is still a reminiscent power atket 1 passing and mixing with packet 2.

If only one header is correlated, both packetsadressed to the same output port, at the same
time. When this happens, packet collision must éiected and avoided. In the particular case of
H1=1 and H2=0 (Case 5), packet 1 goes out dir@etPutl output port. However, packet 2 will
cross Switch 2 (SOA-MZI2) and then reaches to SOA4viwhich decides that packet 2 should be
wavelength converted due to the existence of theeleded header of packet 1. The collision is
solved in wavelength domain using the push-pullhtéque in order to further reduce the
transmission switching window. The specific teclugigs demonstrated by splitting in two the
optical modulated signal launched in the controtpof the SOA-MZI6 (differential mode). One
of these control signals has an additional delalyattenuation when compared to the other control
signal. The switching window is dependent uponpihise duration and the time delay between the
two control pulses. In this situation, at OUT1 gat packet 1, a residual of packet 2 at the same
wavelength of packet 2£1550.12 nm) and the wavelength converted packett 2,559.08nm.
Figure 70 illustrates how the packets flow at tbating system in Case 5. Since packet 1 and
packet 2 have the same wavelength (representée icolor green in Figure 70), it can be seen that
both packet will collide at Outl port. So, it ieal the reason we need to perform a wavelength

conversion at SOA-MZI 6 to prevent the collisiontiod packets.
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Figure 70 — Packet traffic in a routing system.

In Figure 71 is depicted the BER curves as functibthe received power measured at Outl
and the respective eye diagrams, for all the ptedenouting cases (Case 1- Case 5). The received
power was adjusted with a variable attenuator leefonplification and detection of the signal.
Finally, the detector output was evaluated thrdbitterror ratio (BER) measurements at 40 Gb/s.

Performance deterioration is observed as consequerthie non-ideal switching performed by
the SOA-MZI routing cascade. Namely, the expectadkpt routed to OUT1 is affected by
crosstalk from the not expected packet, still pnesas residual signal which is not totally
suppressed by the SOA-MZI switching operation.

Cases 2 and 3 represent the straight forwardingatipe of packetl which is sent to output 1.
With respect to the B2B case and the error fregition (BER=10"-9), these first two cases report
a power penalty of about 3 dB due to the non-itkeaf SOA —MZI 1 operation. A residual
coming from the lower arm is responsible for atglighigher power penalty for case 3. Regarding
the following case 4, corresponding to the crossipgration, the expected packet undergoes not
just a single SOA-MZI| stage (as the previous orird) a SOAs-MZI cascade. This condition
results in further deterioration accounted, agagether with the residuals presence on output 1.
Last case 5 is the contention resolution case, Wwernd the impact on power penalty mainly due

to the not wavelength converted contribution fromehet 2.
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All Optical Packet Routing (All Cases)
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Figure 71 - BER measurements as function of redgiever measured at output port #1 (Out 1). Insets:
Eye-diagrams measured at Qfar each analyzed case.

4.3. Conclusions

This chapter has presented an overview of all-apfi@cket routing using mostly SOA-MZI
structures. These routing configurations have lwiéded in two groups based on their ability to
forward one or more packets at any given moment.

We also addressed the experimental implementatican all-optical packet routing scheme,
with contention resolution capability, using intenoected SOA-MZIs. Since the data packets can
be forwarded to the appropriate destination pothefrouter depending on the information of the
header, different possible scenarios were studibd. reminiscent power of the blocked packets,
due to the non ideal switching performed by the S@As, was also analyzed through extinction
ratio analysis and BER measurements, in every sthgee routing configuration, since this effect

can be cumulative.
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Chapter 5

Conclusions and futureatk

The increase of traffic load and the well knownitations of the electronic routers lead to a
new interest of the transmission capacity of optfi@ers. The advances on optical integration
techniques is making possible that optical packéiching become a reality, and in the next years

we believe that all photonic routers can be comiallyavailable.

5.1 Conclusions

The objective of this thesis work plan was to iriggged and developed essential
functionalities for all-optical signal processingdaphotonic switching. The work developed was
mostly based on SOA-MZI structures due to theieneht characteristics such as, high extinction
ratio, high operation speed, high integration cdpgland compactness.

The basic building block of any processing systelectrical or optical, is the logic gate since it
is a fundamental element for the development ofpermprocessing functionalities. In particular,
optical gates are capable to perform Boolean log&rations at high data bit rates not allowed for
their electronic counterparts

In the first part of this work, novel solutionsgerform optical logic operations were proposed.
The presented optical combinational circuits diffesm the traditional ones, since instead of
offering a single output, we take advantage of tWwe output ports of a SOA-MZI based
interferometric switch, obtaining in this way medtitput logic functions. Logical operation using a
single SOA-MZI switch is an attractive technologyedto the small size and low power
consumption of the device. The first proposed lalggcheme was simulated and experimentally
demonstrated, showing the operation of four allegbtlogic gates, based on a single hybrid
integrated SOA-MZI, and using NRZ-OOK modulatednsilg driven at 10 Gbit/s as control
signals. Their operation principle was explainedtigh the analysis of the truth table and a black
box model for operational point optimization. Extiion ratio values in order of 10 dB were

obtained.
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Regarding this research topic, it was also prapdse the first time, to our knowledge, a
configuration that provided 16 optical logic opéas, based on a single MZI with controlled
phase modulators in each arm, without changing gbip scheme. Using this single unit
configuration, a more complex circuit, based or¢hcascaded MZIs was designed. This complex
circuit consisted on one optical data input and foptical outputs. The control signals created a
phase difference in the circuit, which allowed ogtidata to be directed to the selective output.

The behavior of an all-optical logic XOR gate basaca SOA-MZI was also assessed in terms
of the way the incoming signal is injected (co oumter propagation). We conclude that for both
co- and counter-propagation schemes, the perforenahthe XOR gate is almost independent of
the input power, since the power variation of tlve tlata signals involved in the comparison is the
same. However, the counter-propagation scheme shaweetter performance, with a slightly
improvement on the extinction ratio.

The second topic discussed in this PhD work wasfiieal memory elements, especially the
ones that work with a synchronization signal. Wendestrated novel techniques to construct all-
optical flip-flops and their applications in all4igal packet switching schemes. In particular, we
proposed and experimentally demonstrated two symcus bistable schemes based on two
coupled SOA-MZIs and additional combinational logicuits. To our best knowledge, these were
the first demonstration of all-optical clocked ffipps, using SOA-MZI structures.

A performance comparison of the up-to-date allegdtilip-flops design schemes was evaluated
based on experimental results in terms of commusipged, switching energy and integration
capability. We concluded that the optical one-b&nmmories require, in general, low energies to
operate, without compromising state integrity, dade potential high operation speed, making
them suitable for future optical packet switchirevmorks.

We also proposed and demonstrated, through nurhsnmalations, the performance of an all-
optical S-R flip-flop, using two gain-clamped RSQAthat can be integrated with planar
semiconductor technology. This optical flip-flop nfiguration presents a cavity with small
millimeters and by using few components, it redubescomplexity.

To finalize this topic, an all-optical clocked Dipfiflop based on a single SOA assisted
symmetric MZI was also proposed. The bistabilitytlois optical flip-flop was imposed by an
external feedback loop between the output Q anihthé. The loop presented an optical delay line
and an optical attenuator, in order to synchroaize to equalize the power of the input data signals
that enter in the circuit from interferometric morfThe objective of the feedback loop was to
maintain the flip-flop's previous state, in the etise of the clock input signal. Depending on the
internal phase condition of the interferometer, attained different logic values at the flip-flop

output.
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The last subject discussed in this work addresBedekxperimental implementation of an all-
optical packet routing scheme, with two contenfi@e outputs, using interconnected SOA-MZIs.
The main target of this research topic was to asgesimpact on the system performance of the
reminiscent power of the blocked packets from the ieal switching performed by the SOA-
MZls. This effect can be an issue in the systenfopmance, since it can be verified in every stage
of the router system. Thus, it can be cumulativd, aonsequently, the blocked packets in the
router output ports can have amplitude comparabléheé unblocked packets or increase the
crosstalk effect, degrading the unblocked packefse performance transmission was

experimentally evaluated through BER measuremamisatinction ratio analysis.

5.2 Directions for Future Work

This PhD work focused on the investigation and tmraent of digital functions for the next
generation photonic transmission systems. Fromvtbik, several investigations can be conducted

in future studies, namely:

- All the main building blocks of the proposed syrartous flip-flops were based on hybrid
integrated SOA-MZIls however, the interconnectiontwieen the blocks were,
experimentally, implemented using discrete fibegtgiled, which affects the switching
behavior. Although, we achieved switching speedsrder of picoseconds and extinction
ratios beyond 10 dB, a complete integration wouldagce the performance and reduce the

device size.

- Experimental demonstration of our all-optical cledkD flip-flop based on a single SOA
assisted symmetric MZI could also be interestintge Tain challenge of the experimental
setup could be the difficulty to maintain compaeathie feedback loop length with the gain

recovery time of the SOAs.

- Logic gates are the key devices for the majority adffoptical signal processing
applications and they are far from being a closgikct Silicon photonics, photonic
crystals, quantum dot, among other technologias bcag a new age for the development

of novel devices in terms of cost and performantegration in more complex functions.
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- The impact how the reminiscent power of the blockedkets (due to the non ideal
switching performed by active MZIs) affect the riagt performance could be assessed,

quantitatively, using different advanced modulafiormats.

- Although an all-optical random access memory (RAM3 already been proposed in [60],
the development of an optical memory element tlaat ieplace the functionality of the
electronic RAM remains one of the most importanssmg links in the development of
photonic computation. Today, commercially availadlleoptical computer are still very far

from short-term implementation and is still consatkidealistic.
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