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Abstract

The performance of an optical 3R gating with a Symmetric-Mach-Zehnder semiconductor gate is predicted from our
gating model and a set of realistic component-parameter values. In particular, the trade-off between amplitude-noise
suppression and pattern-induced internal noise is demonstrated with an assumed 40-Gb/s input signal. Furthermore, a
frequency-scaling rule for the 3R gate is analytically predicted that takes into account the optimum carrier lifetime and
the carrier-injection level for the semiconductor-optical amplifiers inside the gate. The predicted scaling rule was nu-
merically confirmed through our simulation, where a signal bit-rate of 160 Gb/s was assumed.
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1. Introduction

All-optical Symmetric-Mach-Zehnder (SMZ)
semiconductor gates [1-3] are expected to be useful
for optical 3R gating [4-9] at ultrahigh bit-rates;
i.e., 40-160 Gb/s and even beyond 160 Gb/s. In
fact, SMZ 3R gates that include semiconductor
optical amplifiers (SOAs) offer high tolerance with
respect to input timing, as has been experimentally
observed [6,7,9]. The amplitude noise in optical
signals has also been all-optically suppressed (i.e.,
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without EO conversion) in experiments [4,5,7].
However, this author is unaware of any theoretical
model accounting for such 3R performance.

For accelerating the 3R gating speed from 80
Gb/s [5,6] to 160 Gb/s or higher, the carrier life-
time of SOAs or new materials is widely recog-
nized to be the most important component or
material parameter. SOA research [10,11] and
more fundamental materials research [12-14] have
taken several directions. Both the optimum carrier
lifetime and the optimum carrier-injection level
for the SOAs inside such 3R gates, however, are
thought to strongly depend on the signal frequency
(the bit-rate). Because these dependences have not
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been clearly modeled, they have not been taken
into account in the on-going SOA or materials
research to the best of this author’s knowledge. If a
frequency-scaling rule could be derived from a
well-established 3R-gating model, such a rule
would offer a clearer roadmap for use in SOA and
materials research.

In this work, the outlines of the above two as-
pects of 3R gating performance are numerically
predicted based on our original gating model and a
set of realistic SOA parameter values. In particu-
lar, the tradeoff between amplitude-noise sup-
pression and the pattern-induced internal noise,
which is an inherent property of this type of 3R
gate, is demonstrated. Furthermore, a frequency-
scaling rule is analytically predicted from the the-
oretical model. The predicted rule was numerically
confirmed through our simulation.

2. The theoretical model

An optical 3R gating with an all-optical SMZ
gate was assumed (Fig. 1); this form of gating has
been experimentally studied elsewhere [4,8]. The
time-dependent amplitude of the pseudo-random
input data signal pulses to the SMZ gate was as-
sumed to be

inpu t— Tm
Ega (1) = Z Cy Esignal sech( 7 ),

w

m=1,2,... 0, (1)

where the digital code C,, is either 0 or 1. The
pattern length of the pseudo-random digital se-
quence C,, was set to 21°~1. 7,, is the pulse position
in time and 7y, is the pulse-width parameter. The
full-width at half-maximum (Zzwpm) of a sech
pulse is related to 7, as

Input data signal (with amplitude noise) Regenerated

datasignal
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Fig. 1. Optical 3R gating with an all-optical SMZ gate.

Tewnu = 2log (1 n ﬁ) T,. 2)

Inside the SMZ gate, the input signal pulses were
split into two identical components. One of these
components then reached the first SOA (SOAI)
in Fig. 1 as

ESoni (1) = Egina, (0). (3)

signal signal

The second component was given a specific delay
time, At, before arriving at the second SOA
(SOA2) as

ESON (1) = EgPe (1 + At). (4)

signal signal

The amplitude of the input clock pulses to the two
SOAs was

t— T;:oc - Tm
Eclock (t) = Z Eclock sech ( $> 5

T
m=1,2,...,00, (5)

where T, 18 @ parameter for adjusting the clock’s
input timing with respect to the signal.

When SOA1 receives Eggg} (¢) and Egoe (7), the
excess carrier density 7.(¢) inside SOAT1 is assumed
to be governed by the following rate equation

[15,16]:

d —

FrC )

oy mOM() 1 iy
=y (el 1)

|Eclock (t) ‘2 +

ho
In a similar manner, the density inside SOA2 is
assumed to be

signal

ESOAL (p) ’2
X )

g nEOAZ (f)

dt
Io nSOA2 (t)
-ty (afmo} - 1)
2
|Eclock (t)|2 + Esslg;Aa% (t)‘
x — : (7)

The excess carrier density in each SOA, n.(¢), in
this work is defined as

ne(?) E% /:0 ne(z,t)dz = % /:0 {n(z,t) — ny }dz.
(8)
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In Egs. (6)—(8), I,y is the injection current, g is the
elementary charge, 7. is the carrier lifetime, and n,,
is the transparency carrier density. L and V are,
respectively, the length and the volume of the SOA
active layer, 7 is Planck’s constant, and w is the
optical angular frequency of the optical pulses.
n(z, t) is the carrier density at a position z inside the
SOA at time ¢. The temporal chip gain of each
SOA was assumed to be

G(t) = exp |dg/dn.n.(t)T'L|, 9)

where dg/dn. is the differential gain and I is the
optical confinement factor.

At the output of SOA1 and SOA2, the respec-
tive clock pulses were assumed to be expressed as

ESA (0 =/ G {0 () fexp [i0{ 0N (1)} | Eaous (1)
(10)

and

SO (0) =/ G {no% (1) bexp [i0{n$0% (1)} | Euour (1)
(11)
While the \/G{n.(¢)} factor in Eqgs. (10) and (11)

governs the cross-gain  modulation, the
exp[i®@{nSOA2 (¢)}| factor governs the cross-phase
modulation. The non-linear phase shift ®{n.(¢)},
which the respective clock pulses receive after
propagating through the respective SOAs, was
assumed to be linearly proportional to the excess
carrier density

&(t) = —kodn,/dnen (1) 'L, (12)

where £ is the wave number in vacuum and dn, /dn,
is the non-linear change in the refractive index.
The regenerated signal pulses are generated
when the two clock pulses ESO4! (1) and ESO42 ()
are optically combined with each other at the
output of the Mach-Zehnder interferometer. The
regenerated signal pulses are therefore written as

ESP (1) = {ESOAY (1) + exp(iAdy) ESOA2 (1)} /2,
(13)

where A®y, is the interferometer’s phase bias. The
interferometer’s phase bias is adjusted with the
phase shifter (bias-phase shifter) shown in Fig. 1.

Note that for simplicity the basic equations
used here contain only the lowest-order terms. For
instance, both the SOAs’ material gain in Eq. (9)
and the non-linear refractive-index change in Eq.
(12) were assumed to be only linearly proportional
to the excess carrier density. The feasibility of
these assumptions has been experimentally verified
through several types of gating experiments
[15,16].

3. The parameter values

The parameter values assumed in this work are
summarized in Tables 1 and 2. In Table 2, G is the
nominal unsaturated gain of a typical SOA inside
the 3R gates. Gy is generally defined as the small-
signal gain when the excess carrier density n.(f)
inside the SOA reaches an equilibrium value n?
with a nominal current injection Igp

Go = G(n—czig). (14)

Because every part of an SOA, including the facet
reflectivity, is designed using G, and n_(c), other pa-
rameters in this work — Py, A®@.x, and 7, — were
based on values previously measured in the vicin-
ity of 7g = n{ with I3, [15,16]. The maximum phase
shift A®,,,, is deﬁned as

APy = <1>(n7 = n_g) — ®(71; = 0)

= kodn,/dn.ndT'L. (15)
The n_g in Eq. (15) is related to P, and Gy
EilpsatlnGO (16)
vV ko
Table 1
Input pulse parameters
Description Value Value
(42 Gbls) (168 Gb/s)
Signal pulse width 2.0 ps 0.50 ps
Signal pulse energy 100 £J 100 £J
Signal power +3.2 dBm +9.2 dBm
Pseudo-random word 261 251
length
Clock pulse width 2.0 ps 0.50 ps
Clock pulse energy 800 fJ 800 fJ
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Table 2
Gate parameters

Parameter Description Value (42 Gbls) Value (168 Gb/s)
Gy Unsaturated gain 28 dB 28 dB

Py Gain saturation energy 180 fJ 180 fJ

APk Phase shift at complete carrier depletion, A®(An, = n?) +2.0m +2.0m

T Carrier lifetime 50.0 ps 12.5 ps

Igp Nominal injection current 150 mA 600 mA

Lop Enhanced current injection 440 mA 1700 mA

I;’g“ Injection enhancement factor 2.9 29

At Delay time for the interference 11.9 ps 2.98 ps

Ady, Interferometer phase bias 1.060m 1.0607

The nominal injection current, however, is
generally insufficient for 3R gating, because the
relatively strong clock pulses that are introduced
to suppress the signal-pattern-induced effects
consequently deplete the peak carrier density. The
injection current (/op) in this work is therefore as-
sumed to be increased from Igp by a specific factor
(Iggh), as shown in Table 2. Note that the temporal
gain G(¢) never goes above the nominal unsatu-
rated gain Gy even after the injection enhancement
given in Table 2. Nor does the excess carrier den-
sity n.(t) ever rise above the equilibrium value n.
This is because the injection enhancement is in-
troduced only to compensate for the carrier de-
pletion. We believe that all of the parameter values
for the 42-Gb/s gating in Tables 1 and 2 are real-
istic with respect to those previously reported (e.g.
[15,16]).

The unsaturated gain G, and the gain satura-
tion energy Py, for the clock pulses were, respec-
tively, assumed to be equal to those for the input
data pulses (Table 2). Consequently, a possible
difference between the SOA gains for the input
data and clock pulses in the previous experimental
works is neglected in this work.

4. Amplitude-noise suppression

Fig. 2 shows a typical pair of calculated 42-Gb/s
signal waveforms. The pulse width was assumed to
be 2.0 ps so that a relatively large tolerance to the
input timing could be obtained. The delay time, A¢,
for the input signal pulse to the second SOA was
set to half of the pulse distance (11.9 ps). An
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Fig. 2. Calculated 42-Gb/s pseudo-random signal waveforms:
(a) before the 3R gate and (b) after the 3R gate.

random noise in the normal distribution was ad-
ded to the electric field amplitude of each ‘1’ pulse
in the input signal in Fig. 2(a), so that the Q* value
of its eye diagram dropped to 16.4 dB. (The ran-
dom noise was added independently from the
pseudo-random input bit pattern.) The output
waveform in Fig. 2(b) demonstrated that the am-
plitude noise was dramatically suppressed after the
3R gating.

Fig. 3 shows the noise-suppression property in
the eye diagram. Fig. 3(c) and (d) corresponds to
the results from Fig. 2(a) and (b), respectively.
Even when we further increased the noise in the
input signal (Fig. 3(e)), the output eye diagram
was only slightly degraded (Fig. 3(f)).
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Fig. 3. Calculated 42-Gb/s eye diagrams: (a), (c) and (e) before the 3R gate; (b), (d) and (f) after the 3R gate. The Q? values at the 3R

input were set to 22.4 dB (a), 16.4 dB (b), and 12.8 dB (c).

Fig. 4 shows another noise-suppression prop-
erty taken from more systematically calculated eye
diagrams. In this work, the Q factor of the input
and output random data signals were defined as

a, — o

0=, (17)
where a; and a, are the mean values of the 1-bit
and 0-bit intensity levels, respectively, at time Tpeax
when the average 1-bit pulse waveform reaches its
maximum. o is the standard deviation of the 1-bit
intensity level at Tpeax.

The solid curve in Fig. 4 indicates the Q? value
of output eye diagrams, including those in Fig. 3,
as a function of the O? value of the respective input

20+

wof," .
| Il Il

10 20 0
Qvaueof 3R input, Q2 (dB)

Q value of 3R output, Q? (dB)

Fig. 4. Trade-off between noise suppression and pattern-in-
duced noise. The input signal-pulse energies were assumed to be
50.0 (solid curve), 12.5 (dashed curve), and 3.13 fJ/pulse (dotted
curve).
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eye diagram. In this example, the output Q? value
remained above 24 dB even when the input Q°
value fell to below 16 dB. The solid curve also
indicates that the output Q? value saturates even
when the input @ value is increased to above 26
dB. This saturation level is attributed to the so-
called pattern-induced noise from the gate itself. In
fact, most of the noise seen in Fig. 3(b) is attrib-
uted to pattern-induced noise.

When the averaged input pulse energy was de-
creased by a factor of either 4 (dashed curve in
Fig. 4) or 16 (dotted curve in Fig. 4), the pattern-
induced noise was improved. However, the noise-
suppression performance was clearly reduced. This
was attributed to the decrease in the non-linear
phase shift with the input pulse energy. Thus, the
input pulse energy to the 3R gate should be opti-
mized while taking into account the tradeoff be-
tween the noise-suppression performance and the
pattern-induced noise in this type of optical 3R
gating.

5. Tolerance to the input timing

The input timing of each signal in Figs. 2-4 was
adjusted so that each clock pulse coincided with
the center of each gate window formed by the two-
split signal pulses. Fig. 5 shows calculated eye di-
agrams where we slightly delayed the input-signal
timing (AT7in) by either —2.4 or +1.2 ps with respect
to the window’s center. The input signals were
assumed to contain the same amplitude noise as
that in Fig. 3(b). As shown in Fig. 5, the quality of
the output eye diagram was reasonably tolerant
with respect to the input timing offset A7y from
—-2.4 to +1.2 ps. The calculated output Q* values
were 26.8 dB (ATiy = —2.4 ps, Fig. 5(a)), 24.6 dB
(ATiy = 0 ps, Fig. 5(b)), and 23.8 dB (AT = +1.2
ps, Fig. 5(c)), respectively. (According to the defi-
nition in Eq. (17), the small amounts of noise in
the ‘0’ bits in Fig. 5(b) and (c) were ignored.)

The calculated output Q value is shown in Fig. 6
as a function of the input timing offset A7yy. The
output eye diagrams were approximately accept-
able inside both timing region A (—6.0 ps <
ATy < +1.6 ps) and B (—15.9 ps < ATiy < —9.2
ps). In case of the timing regime A, in view of the
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Fig. 5. Calculated 42-Gb/s eye diagrams after the 3R gate. The
input signals were assumed to be delayed by —2.4 ps (a), £0 ps
(b), and +1.2 ps (c), with respect to the input clock. The Q*
value at the 3R input was set to 16.4 dB.

optical phase difference between the two-split
clock components before interference, the data
pulses to SOA1 (Fig. 1) generated the output ‘1’
pulses. In case of the regime B in contrast, the
data pulses to SOA2 contributed more to the gen-
eration of output ‘1’ pulses than those to SOAL.
The amount of noise in the ‘1’-bit pulses was un-
acceptable in most of the regions outside regions A
and B. The noise in the ‘0’-bit time slots (as was
only slightly seen in Fig. 5) was particularly un-
acceptable inside a narrow timing region where
—7.5 ps < ATy < —6.0 ps. As indicated by the
dashed curve in Fig. 6, the peak-to-peak intensity
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Fig. 6. Calculated tolerance of the 3R gating with respect to
input timing. (solid curve) The Q? value of the output pulses.
(dashed curve) The averaged peak-to-peak intensity of the
output pulses. The assumed input Q* value was 16.4 dB. The
quality of the output eye diagram was reasonably acceptable
when the input timing was inside the two timing regions A and
B. The logic of the output signal was non-inverted throughout
these two timing regions.

of the output signal also turned out to be slightly
dependent on the input timing.

Finally, it should be emphasized that the output
logic in both regions A and B was non-inverted.
Thus, Figs. 5 and 6 demonstrate the tolerance of
the 3R gating with respect to the signal’s input
timing.

6. Frequency-scaling rule for 3R gating

We have found that we can quadruple, for ex-
ample, the frequency of any type of 3R gating
result when we scale the input and gate parameters
given in Tables 1 and 2. This is done as follows: (1)
the widths of the signal and clock pulses are nar-
rowed by a factor of 4, (2) the energies of the signal
and clock pulses are maintained, (3) the carrier
lifetime of the two SOAs is shortened by a factor
of 4, (4) the carrier injection is increased by a
factor of 4, (5) the injection enhancement factor is
maintained, and (6) the interferometer delay time
At is shortened by a factor of 4. The parameter
values for 168-Gb/s gating in Tables 1 and 2 were
obtained according to this frequency-scaling rule.

Of items (1)—(6), items (1), (3), and (6) had in-
tuitively been expected. In contrast, items (2), (4),
and (5) were unexpected by this author. The fre-
quency-scaling rule given above was theoretically
derived in this work as follows. We assumed a
specific carrier-density evolution n.(¢) fulfills a rate
equation that is simplified from Eq. (6)

Sy =7 " (G} - Dm0

C

where J is the current-injection term, n, is the total
photon number of the input pulses, and f, is the
frequency of the input pulses. After Eq. (18), we
have found that the four-times faster carrier evo-
lution nl(t) = n.(4¢) fulfills the following rate
equation:

d n.(¢) .
&n'c(t) =J - - (G{n.(t)} — 1)"; o (19)
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Fig. 7. Output eye diagrams: (a) with a 168-Gb/s input signal
and the frequency-scaled parameters from Tables 1 and 2; (b)
with a 42-Gb/s input signal, for comparison. The assumed input
0? value was 16.4 dB.
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when the parameters are scaled as 7, =1./4,
fy =4/, and J'=4J. Eq. (19) indicates that the
frequency-scaled carrier-density evolution n.(t)
will be generated from these scaled parameters. It
is thus theoretically derived that frequency-scaled
output waveforms are generated with these scaled
input pulses and gate parameters.

To confirm this frequency-scaling rule, we
calculated the 3R gating with a 168-Gb/s data
signal using the frequency-scaled parameters from
Tables 1 and 2. The calculated eye diagram of the
168-Gb/s regenerated data signal is shown in
Fig. 7(a). For comparison, that with a 42-Gb/s
data signal is shown in Fig. 7(b). The input
0? value was assumed to be 16.4 dB for both
calculations. A comparison of Fig. 7(a) and (b)
shows that the 3R gating result was precisely
frequency-scaled from 42 to 168-Gb/s. Thus,
the frequency-scaling rule given above was
successfully confirmed through this numerical
simulation.

7. Conclusion

The performance of optical 3R gating with a
SMZ semiconductor gate was predicted from a
numerical simulation using an original gating
model and a set of realistic component-parameter
values. In particular, the inherent trade-off rela-
tionship between the noise-suppression perfor-
mance and the pattern-induced internal noise of
this type of 3R gating was modeled, apparently for
the first time. The magnitude of this gate’s toler-
ance with respect to input timing was also
numerically estimated. It turned out that the tim-
ing-tolerance window is split into two regions. The
output logic was non-inverted throughout the two
timing-tolerance windows.

After the successful modeling of the SMZ 3R
gating, we analytically derived a frequency-scaling
rule from intentionally simplified model equations,
and then confirmed its validity through a numer-
ical simulation. The scaling rule has indicated that
we should be able to quadruple the maximum bit-
rate for the 3R gate by: (1) reducing the SOA’s
carrier lifetime by a factor of 4 and (2) increasing

the carrier-injection level by a factor of 4. The
typical optimum carrier lifetime for 160-Gb/s 3R
gating in our results was 12 ps, while that for 40-
Gb/s gating was 50 ps. The frequency-scaling rule
predicted in this work should be helpful for on-
going research into both SOAs and materials, and
thus should help accelerate the gating speed to
above 160 Gb/s.
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