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In this paper, different approaches to implement all-optical flip-flops, working with a synchronization
signal, will be presented and compared. In this type of optical bistable devices, the information present
at the inputs produces effects on the outputs, throughout all the clock pulse period. The performance of
optical clocked flip-flops will be studied in terms of extinction ratio (ER), switching energies and switching
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1. Introduction

Nowadays electronic routers, based on CMOS technology, can
reach over 1Tbps. However, with the increasing demand for band-
width, scaling electronic routers to higher transmission rates will
be extremely difficult, mainly due of its high levels of power dissi-
pation and energy consumption [1].

All-optical packet switching is an attractive solution to increase
the routers forwarding capacity, maintaining the efficiency and
flexibility of the network. Since this technique realizes switching
and routing functions in the physical layer, it will allow the increase
of data bit rates, with a small foot-print.

A basic building block of any router, electrical or optical, is
the memory circuit. It is essential for storing, temporarily, the
header information of a packet and for solving the contention prob-
lem that occurs when several packets arrive for the same port,
at the same time [2]. In the last few years, different approaches
of optical S-R latches memories have been proposed. In this
type of optical bistable devices, any change of information in
the inputs is transmitted, immediately, to the output, accord-
ing to its truth table. However, it may happen that input S and
R suffer unwanted variation and if we are using asynchronous
devices, unwanted information can be stored. Therefore, it is inter-
esting that a higher priority input (clock) exists to control the
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enabling of the latch, making the latch sensitive or not to the val-
ues present in the set/reset inputs. So, if the latch works with
a synchronization signal, it is possible to control the way the
information is stored. In that case, if a change of information
occurs in the inputs, when the clock is at its low state, the Q out-
put will maintain its last value, toggling only at the next clock
pulse.

In finite state machines, synchronous D type flip-flop is usually
chosen to perform the memory circuit because its input presents
the same value as the variables at the next state. However, since it
has only one data input, it requires a more complex combinational
block.

In this paper, different technologies to realize all-optical clocked
S-R and D type flip-flops will be presented and quantitatively
assessed.

2. All-optical clocked S-R flip-flops techniques

In the last few years, some approaches have been proposed to
implement all-optical clocked S-R flip-flops. These different tech-
nologies are briefly discussed below.

2.1. All-optical clocked S-R flip-flop based on coupled SOA-MZI

In [3], an all-optical clocked S-R flip-flop is experimentally
demonstrated and all the building blocks of this scheme are based
on hybrid SOA-MZIs, which allow photonic integration. The main
component of the optical clocked S-R flip-flop scheme, shown
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Fig. 2. Optical asynchronous S-R latch scheme based on two coupled SOA-MZI.

in Fig. 1, is the S-R latch, which consists of two coupled SOA-
MZI, powered by two continuous wave (CW) signals, at different
wavelengths. The latch operation principle is based on the gain
quenching concept: when MZI; suppresses the output from MZI, it
becomes dominant and the latch emits a signal at 1554.75 nm; due
of system symmetry, when the MZI, suppresses the output from
MZI, the latter one becomes the slave, and 1550.26 nm dominates
the output.

The experimental setup of the optical S-R latch is illustrated in
Fig. 2 and its dynamic operation is experimentally demonstrated
in Fig. 3 by toggling the state of the latch through the injection
of set and reset optical pulses. The set and reset optical pulses

Fig. 3. Experimental results for asynchronous S-R latch: (a) set signal; (b) reset
signal; (c) latch output. The vertical scale is arbitrary and the horizontal scale is
5ns/div.

are generated by an external cavity laser peaking at 1558.17 nm,
followed by a polarization controller and a Mach-Zehnder exter-
nal modulator. The NRZ-OOK data signal, generated by an Anritsu
MP 1763C, is then amplified by an Erbium Doped Fiber Amplifier
(EDFA), split into two equal parts using a 3 dB coupler and then
delayed by 11.6 ns to obtain different set and reset patterns.

The experimental results, depicted in Fig. 3, show that a change
of information in the latch inputs is transmitted, immediately, to
the output, according to the S-R latch’ truth table. The rise and fall
times are 1.029 ns and 857 ps, respectively, and these results are
limited mainly due to the recovery time of the SOAs.

Contrary to the described S-R latch operation, the optical clocked
S-Rflip-flop, shown in Fig. 1, allows to control the way the informa-
tion at set/reset inputs is stored, by working with a synchronization
signal (CLK). To implement this all-optical clocked S-R flip-flop
scheme, two SOA-based Mach-Zehnder interferometer devices,
acting as AND logic gates, are used to enable the S-R latch by the
logical level of the clock signal. So, for the cases that the clock sig-
nal is in its high level (CLK=1), the information at the inputs is
transmitted to its outputs. On the contrary, if CLK=0, the flip-flop
maintains its previous state, regardless the binary input data. Both
optical AND gates are implemented in a co-propagation configu-
ration. The SOA{-MZI performs the Boolean AND logic operation
between the reset and the clock signals. On the other hand, SOA;-
MZI performs the AND function between the set signal and the clock
signal. The clock signal is generated by an external cavity laser,
peaking at 1562 nm, with 13 dBm of optical power. The set and reset
input signals are the same as the ones used to test the asynchronous
S-R latch. Fig. 4 illustrates that the all-optical clocked S-R flip-flop
switches between two states, by injecting optical pulses into the
MZI that is currently dominant, allowing the other MZI to become
dominant only when a clock pulse arrives, otherwise the flip-flop
maintains its previous value. Depending on the flip-flop state, the
bistable device emits a signal at 1554.75 nm or at 1550.26 nm.
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Fig. 4. Experimental results for synchronous S-R flip-flop: (a) setnclock; (b)
resetnclock; (c) flip-flop output. The vertical scale is arbitrary and the horizontal
scale is 10 ns/div.

2.2. All-optical clocked S-R flip-flop based on SOA fiber ring lasers

The optical clocked S-R flip-flop proposed in [4] is also based on
the gain quenching effect, thus the signal output from the dominant
laser suppresses the other laser from lasing, through gain saturation
of the SOA.

Fig. 5 illustrates the experimental setup of the optical clocked S-
R flip-flop memory and it consists of two optical AND logic gates and
a S-R latch based on SOA fiber ring lasers. The optical latch device
has two possible states, depending on which ring laser is lasing. In
state 1, the SOA; output signal saturates SOA; gain therefore the
flip-flop output Q emits a continuous wave signal, operating at A4
(Q=1). In state 0, light from ring 2 suppresses lasing in ring 1 and,
in that case, ring 2 output (Q) emits a continuous wave operating
at A, (Q = 1). When the set signal is injected, it will pass through
couplers E, B and D, respectively, which suppresses ring 2 due of
SOA; saturation, setting the flip-flop to state 1. On the other hand,
by the injection of the reset signal, ring laser 2 acts as a master,
suppressing the emission of ring laser 1, setting the flip-flop to state
0.

The dynamic operation of the S-R latch is changed by provid-
ing an additional input (CLK), in order to ensure that only when
clock signal is enable (CLK=1), the information at the inputs is
transferred to the output of the flip-flop. Otherwise, the informa-
tion presents at the inputs do not produces effects on the output.
Therefore, the clock acts as a control signal for the latching switch.
To enable the optical flip-flop, by a synchronization signal, two
AND gates, implemented exploiting the nonlinearities of a SOA,
namely four wave mixing (FWM), are used. If the clock signal and
the set/reset optical signals are simultaneously ‘1’, the FWM phe-
nomenon occurs. However, if the set/reset signals are equal to ‘0’,
the FWM effect is not generated and no light flows out from the
AND gates.

Fig. 5. Scheme of the optical clocked S-R flip-flop based on two coupled SOA ring
lasers.
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Fig. 6. Experimental results for clocked S-R flip-flop based on SOA ring lasers.

Fig. 6 shows the oscilloscope traces of the S-R flip-flop syn-
chronous operation. The optical clock signal has a repetition rate
of 200 kHz, with a pulse-width of 1 s and is synchronized with
the set/reset input signals, driven at 50 kHz, in order they can enter
the bistable at the same time. From this figure, is possible to con-
clude that the switching only occurs in the presence of a clock pulse;
otherwise the optical S-R flip-flop output maintains its last value.
Therefore, the obtained experimental results are in agreement with
the truth table of the clocked S-R flip-flop, which demonstrates the
effectiveness of this flip-flop technique implementation.

2.3. All-optical clocked S-R flip-flop based on a Mach-Zehnder
interferometer bistable laser diode

The optical clocked S-R flip-flop configuration, proposed in [5],
is based on a SOA-MZI, with distributed Bragg reflectors (DBRs) at
two interferometric ports, to obtain single-mode laser operation.

Fig. 7 depicts the Mach-Zehnder interferometer bistable laser
diode (MZI-BLD), working with an external synchronization signal
at 1552 nm. Its operation principle is based on cross gain modu-
lation (XGM) and saturable absorption parts. The MZI-BLD-based
flip-flop is composed by two cross-coupled modes, with a per-
fect spatial overlap (theoretically 100%), which allows a strong
interaction between the two modes and the optical input signals.
Therefore, the switching between the two modes can be realized
with low switching energies. Mode 1 occurs in the right upper port
and the left lower port of the active interferometer. On the other
hand, mode 2 is between the left upper port and the right lower
port. The left output is switched ON with the set optical pulses,
throughout all the clock pulse period, and maintain its high state
until a reset optical pulse occurs. In that situation, when mode 2
starts lasing, it obtains optical gain at SOAs section, in both MZI
arms, which suppresses mode 1 from lasing. Switching from mode
2 to mode 1 occurs when a set pulse is injected at the left lower
interferometer port, on the high logical level of the clock signal.
Therefore, switching occurs only when a clock pulse arrives, accord-
ing to the set and reset information at that time, as shown in Fig. 8.
By analyzing this figure, although it is noticeable that the flip-flop
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Fig. 7. Scheme of the optical clocked S-R flip-flop based on MZI-BLD.
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Table 1
Quantitative results of all-optical clocked S-R flip-flops techniques.

Technology ER

Switch times Switch energies Integration potential?

Based on coupled SOA-MZI (2.1)
Based on SOA ring lasers (2.2)
Based on MZI-BLD (2.3)

18 dB (dynamic measurement)
40 dB (static measurement)
9dB (dynamic measurement)

<450ps <100pJ Yes
<lps <20nJ Yes
<300ps <30f] Yes

output waveforms show clearly two stable states, they also present
several dips, which can be attributed to the XGM effect in the SOAs.
However, some of these dips can be removed by controlling the
optical passes for set/reset input signals.

The proposed scheme is also studied using clock signals with
a wavelength range between 1545 nm and 1559 nm, and similar
output waveforms are achieved. Therefore, this optical S-R flip-flop
scheme not only presents low complexity but also can work with
clock signals with large wavelength range.

2.4. Performance comparison between different all-optical
clocked S-R flip-flop techniques

A performance evaluation of the different technologies pro-
posed for the implementation of all-optical clocked S-R flip-flops is
demonstrated in Table 1.

The switching behavior of the all-optical clocked S-R flip-flop,
based on coupled SOA-MZI, was investigated and although the
relatively slow SOA carrier recovery time, a fast operation speed
was obtained. Since all the building blocks of the scheme are
based on hybrid SOA-MZIs, photonic integration is allowed. A 18 dB
extinction ratio performance and low switching energies were also
achieved.

Since the output of clocked S-R flip-flops are mainly deter-
mined by the S-R latch state, the performance of the optical clocked
flip-flop based on SOA fiber ring lasers was evaluated consider-
ing the results obtained in the asynchronous S-R latch, ignoring
the influence of other elements of the scheme. In this scheme, the
total length of each ring laser is few tens of meters due of the
use of optical commercially available discrete components, which
limits the speed operation of the optical clocked flip-flop. Any-
way, 20 ps transition time and 10 Gbit/s operation without any bit
loss was demonstrated in [6]. Photonic integration could improve
the switching performance of the bistable device, however with
today’s technology is difficult to obtain optical isolators smaller
than 0.8 mm [7].

Regarding the optical clocked S-R flip-flop, based on MZI-BLD, it
was possible to distinguish, clearly, the two different stable states
of the flip-flop, in spite of the presence of some dips on the flip-flop
output waveform. It was very noticeable that the information at
the inputs of the S-R flip-flop was transferred to the Q output, only
when the clock signal was enabled. The ER, in static measurements,
was higher than 14 dB however, in dynamic measurements, only

“ ﬂ n Clock
ﬂ ' n. Set
Reset
i Left
_J’J- (mode 1)
'\1 Right
| | (mode 2)

0 100 200 300 400
Time [ns]

Qutput power [a.u.]

Fig. 8. Experimental results for clocked S-R flip-flop based on MZI-BLD [5].

9dB was achieved because the output light was monitored from
an EDFA, which limited the ER due of the ASE noise. Rising edge of
the response was limited by 1 GHz relaxation oscillation, due of the
laser cavity length.

3. All-optical clocked D flip-flops techniques

The all-optical clocked S-R flip-flop has a forbidden state that
occurs when both set and reset inputs are at the high state (‘1’). In
that situation, it is not possible to predict, theoretically, the flip-
flop output. The all-optical clocked D flip-flop is an adaptation of
the optical clocked S-R flip-flop and can be implemented using a
transparent S-R latch. Since the all-optical clocked D flip-flop only
has one data input, the D signal is launched into the S port of the
latch and the complement of the D input into to the R input port.
Therefore, at the input latch ports are only possible the following
combinations: S=0 and R=1 (when D=0) or S=1 and R=0 (when
D=1)removing, in that way, the S=R =0 and the delicate condition
S=R=1.

In an optical clocked D flip-flop, the flip-flop output (Q) is equal
to the D input, when the clock signal is at the logic level ‘1’. When
the clock signal is at level ‘0’, the bistable holds the information of
its previous state.

3.1. All-optical clocked D flip-flop based on coupled SOA-MZI

Like the optical clocked S-R flip-flop based on two coupled SOA-
MZI, the logic level obtained in the output of the optical clocked D
flip-flop, depicted in Fig. 9, is determined by the dominant wave-
length laser [8].

Since the optical clocked D flip-flop only has one input data, a
NOT gate, implemented with one SOA, is needed to realize the com-
plementary signal. To carry out the optical NOT logic gate, based on
XGM in a SOA, the NRZ signal at 1558.17 nm is coupled to a con-
tinuous wave signal, centered at 1554.75 nm. Then, is injected into
SOA7, which will modulate the gain of the amplifier due to its sat-
uration. Since a co-propagation scheme is used to implement the
NOT gate, a band pass filter (BPF;) is introduced, at the output of
the SOA7, to eliminate the modulated signal wavelength.

Two AND gates are used as the control signals of the S-R latch
in order to maintain the flip-flop’ previous state, in the absence of
the clock signal, independently of the D input information at that
moment. Both AND gates are implemented using SOA-MZI struc-
tures that are previously balanced in order to obtain the maximum
extinction ratio possible between the interferometric outputs. By
acting in the polarization controllers, on the SOAs gains and by
applying voltage to the phase shifters, SOA;-MZI and SOA,-MZI
were balanced, showing an ER of 36 dB and 25 dB, respectively.
After balancing the SOA-MZI structures, the clock signal, peaking
at 1562 nm, with 13 dBm of optical power, is split by a 3 dB coupler
and then launched into the ports of SOA;-MZI and SOA;-MZI. Due
to the nonlinear phase rotation of the SOAs in an interferometer,
the logic AND functions are carried out between the clock signal
and the inputs data signals. Since both AND gates are implemented
in a co-propagation configuration, the wavelength of the data sig-
nal and the clock signal are enough separated in order to avoid
undesired crosstalk and nonlinear effects such as four wave mixing
(FWM).

Please cite this article in press as: C. Reis, et al., Performance comparison of all-optical clocked S-R and D type flip-flops, Optik - Int. ].
Light Electron Opt. (2012), http://dx.doi.org/10.1016/j.ijle0o.2012.06.107



dx.doi.org/10.1016/j.ijleo.2012.06.107

G Model
IJLEO-52640; No.of Pages7

C. Reis et al. / Optik xxx (2012) XXx-xXX 5

VoA
o A

1558,17 nm

Fig. 9. Scheme of the optical clocked D flip-flop based on two coupled SOA-MZI.

Fig. 10 illustrates time domain traces of the clock, D input and
Q flip-flop output signals. The experimental performance analysis
shows that if a change of information occurs in the data input, when
the clock is at its low state, the Q output will maintain its last value,
switching only at the next clock pulse.

3.2. All-optical clocked D flip-flop based on SOA fiber ring lasers

An all-optical clocked D flip-flop is experimentally demon-
strated in [4]. The optical clocked D bistable device, depicted in
Fig. 11, consists of a SOA-based ring lasers latch and two optical
Boolean AND gates. For the experiment, the input D signal, peaking
at 1552.5nm, is generated with a repetition rate of 100 kHz while
the clock signal, with a wavelength of 1554.1 nm, is generated with
a bit rate of 60 kHz.

The combinational logic of the scheme is carried out by exploit-
ing the nonlinear effects of XGM and FWM in a SOA. Since the
all-optical clocked D flip-flop only has one data input, and since
its main device is the set/reset latch, there is the need to invert the
input data signal before enter in the reset port of the asynchronous
latch. A light comes out at 1554.1 nm from the AND between the
clock signal and the inverted input signal (D), because the clock
signal is amplified when the input signal is at the low level; other-
wise the carriers density of the SOA will be depleted and the clock
input signal will be not amplified, due of XGM effect. When the
clock signal and the data input signal (D) are simultaneously ‘1’,

AAAR AR A

cLocK
PR R R R PR PR PR R R VR VR RV
D input
— L o
| °
: :
D Flip-flop
output

k!

Fig. 10. Optical clocked D flip-flop operation. The vertical scale is arbitrary and the
horizontal scale is 5 ns/div.

Fig. 11. Scheme of the optical clocked D flip-flop based on two coupled SOA ring
lasers.

the FWM phenomenon occurs and the AND that will set the latch
isat 1550.9nm (2Ap — Acik)-

InFig. 12 isdepicted the clocked D flip-flop operation. The exper-
imental results show the effectiveness of the proposed scheme
since the information presents in the D input is transferred to the
flip-flop output only at the arrival of a clock pulse, otherwise if
CLK =0, the flip-flop maintains its last state.

3.3. All-optical clocked D flip-flop using single Terahertz Optical
Asymmetric Demultiplexer (TOAD) based switch

In [9], an all-optical clocked delay flip-flop is proposed, using a
single terahertz asymmetric demultiplexer (TOAD) based switch,
and is shown in Fig. 13. The clock (CLK) and input D signals are

time(us)

Fig. 12. Experimental results.
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Table 2
Quantitative results of all-optical clocked D flip-flops techniques.

Technology ER

Switch times Switch energy Integration potential?

Based on coupled SOA-MZI (3.1)
Based on SOA ring lasers (3.2)
Based on TOAD switch (3.3)

12.5 dB (dynamic measurement)
40 dB (static measurement)
13.64 dB (dynamic measurement)

<380 ps <100pJ Yes
<1ps <20n] Yes
<90ps <50f] Yes

selected as two orthogonally polarized lights. CLK is introduced
to the TOAD loop with a polarizing beam splitter (PBS) and it is
rejected by another PBS such that no unwanted data can pass to
the output. When D =1, the light enters into the TOAD loop through
the 50:50 coupler (from port P1) and split into two equal parts (CW
and CCW). In that situation, when CLK is ON, the SOA changes its
index of refraction. As a result, two counter propagating data sig-
nals will experience different gain saturation profiles. Therefore,
cross phase modulation takes places when they recombine at the
50:50 coupler, and a-m phase change is introduce between them
and data is transmitted to the output Q. This condition is called
‘SET". Partially silvered mirror (PSM, placed between the path P2
and the output) reflects some portion (nearly the same power of
input D) of the output data into the loop. In the meantime, the gain
of SOA tries to recover.

When CLK is OFF, then the reflected data enters to the TOAD
loop through port P2. This is treated as incoming data. As clock
is absent, CW and CCW pulses pass through the SOA at different
time, but with almost the same gain. Hence, the phase difference
between them becomes almost equal to zero and data is reflected
towards the sourcei.e.to P2 port.In that case, the datais locked. This
cannot be changed, regardless the information at the D input. After
one CLK pulse, clock becomes ‘zero’ and the TOAD itself behaves
like a loop mirror i.e. data will come to the reflected port. Only they
are amplified by the SOA. Thus, output pulse power is higher than
input D.

When CLKis ON and D =0, the data is reflected toward the trans-
mitted port (P1). So, no data is found at output Q. This condition is
called ‘RESET’, and no light can be reflected by PSM. This condition
maintains the same, even if D=1 (then, light enters into the TOAD
through P1 port and comes again to the incoming port P1, as no
clock is present at that time).

Numerical simulation is done using a bulk InGaAsP SOA, oper-
ating at 1500 nm spectral region [9] (injection current =400 mA,
confinement factor=0.48, differential gain=3.3 x 10720 m?2,
linewidth enhancement factor=8, carrier density at trans-
parency=1.0x102*m~3,  volume=150 wm x 1.5 pwm x 250 nm,
internal loss=2700m™!). The simulated waveforms (a) CLK, (c)
input D and (d) output Q are shown in Fig. 14. The gain variation
of SOA in the TOAD loop is also plotted in Fig. 14(b). Simulation
results, at 11.11 Gbit/s, show a high contrast ratio (~16.54dB)
and high extinction ratio (~13.64 dB). Signal to noise ratio is also
evaluated and ~14.37 dB is obtained. The switching speed of this

SOA

PBS

CLK _._E

Fig. 13. Physical model of the all-optical clocked D flip-flop using single TOAD based
interferometric switch.

device depends on the gain recovery time of the SOA, which can
be reduced by applying an ‘assist light'.

3.4. Performance comparison between the different all-optical
clocked D flip-flop techniques

The dynamic behavior of the different proposals for optical
clocked D flip-flops is analyzed in Table 2.

Experimental results indicate that the technology based on two
coupled SOA-MZI requires low energies to operate, presents pho-
tonic integration capability and high-speed potentiality. However,
the switching speed of this configuration was limited by the recov-
ery time of the SOAs.

As it can be seen in Table 2, the optical clocked D SOA-
based coupled ring laser scheme can provide high extinction ratio
between the states, however the length of the laser cavities (due to
the discrete experimental implementation) affects, negatively, the
switching times values.

The D flip-flop scheme, based on a single TOAD interferometric
switch, presents less complexity than the other two configu-
rations, because requires fewer components. Besides that, this
configuration is also cost effective since it uses only one active
element. Due to the fact that a TOAD can be integrated, and a
micro mirror can be used for the partially silvered mirror, we
believe that is possible to design the device to the chip-level.
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Fig. 14. Simulated waveforms of D-FF. (a) CLK power, (b) gain variation of SOA in
dB, (c) D input power, (d) Qn output power.
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However, experimental measurements must be carried out to con-
firm the agreement between the theory and the experimental
work.

4. Conclusions

Clocked flips-flops are some of the most used elements in dig-
ital VLSI systems, however scaling CMOS sequential logic will be
extremely difficult, namely due to the power consumer of their
leakage currents. Therefore, it is so important to find high-speed
and low-power optical flip-flops capable to overcome the limita-
tions of CMOS technology.

In this paper, different approaches to implement all-optical
clocked S-R and D type flip-flops were described and the main
results were presented.

We also appraised, quantitatively, the different technologies of
all-optical clocked S-R and D flip-flops. The performance of both
types of flip-flops was studied in terms of ER, switching energies
and switching times and the obtained results demonstrate the suit-
ability of them in next generation communication systems.
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