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Abstract

We present a parallel-to-serial converter (PSC) for high-speed optical packet processing. We con-
structed a photonic PSC from electrical PSCs with a novel and simple circuit scheme and electroab-
sorption modulators (EAMSs). By effectively combining electrical multiplexing with optical multiplex-
ing, the photonic PSC can generate a 40-Gbit/s 16-bit optical packet from 16 parallel channels of elec-
trical signalsat packet rates of 40 MHz. The photonic PSC has several advantages, including support for
asynchronous burst signal input, compactness, and low power consumption. The electrical PSC has also
been applied to alabel comparator for bypass/drop self-routing of 10-Gbit/s asynchronous optical pack-
ets.

1. Introduction

Dueto theincreasing optical signal bit rates of opti-
cal communication systems, it is becoming harder to
implement regular signal processing functions on
electronic circuits when direct optical-electrical (OE)
conversion is used. Photonic serial-to-parallel con-
verters (SPCs) and parallel-to-serial converters
(PSCs) are very promising because they provide an
interface that enables us to use low-speed but smart
silicon electronic circuits, such asa CMOS (comple-
mentary metal-oxide-semiconductor) processor, to
handle high-speed optical signals. Figure 1 shows
our concept of a photonic packet processor [1] in
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which a silicon electronic processor is sandwiched
between an all-optical SPC and a photonic PSC. The
all-optical SPC converts a high-speed optical signal
into n parallel slow electrical signals through alow-
speed PD array. The n parallel electrical signals are
sent to the silicon CMOS processor. Then, after pack-
et processing (label processing, buffering, 3R (ream-
plification, reshaping, retiming) regeneration, and
packet compression/decompression) has been com-
pleted, they are output from the processor and con-
verted into a high-speed optical signal by the photon-
ic PSC. We have reported an all-optical SPC [2], [3]
that uses an ultrafast surface-reflection optical switch
[4]. The SPC can convert an incoming high-speed
(40-Gbit/s to 1-Thit/s) 16-bit optical packet into 16
parallel optical signals.

Parallel-to-serial conversion of ten 10-Gbit/s elec-
trical data streams to one 100-Gbit/s optical signal
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Fig. 1. Conceptual diagram of a photonic packet processor.
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has been demonstrated using optical time-domain
multiplexing (OTDM) technology [5]. Unfortunately,
this scheme requires ten electroabsorption modula-
tors (EAM) for the ten data streams. Another way to
achieve photonic parallel-to-serial conversion is to
use high-speed electrical multiplexers that convert,
for example, four 10-Gbit/s data streams to a 40-
Ghit/s data stream. Such a scheme, however, con-
sumes alot of power and requires a high-speed opti-
cal modulator to convert the electrical datainto opti-
cal data. Moreover, both schemes are effective only
in bit-synchronous systems.

This paper describes a photonic PSC [6] consisting
of EAMs and new electrical PSCs [7] with ordinary
metal-semiconductor-metal photodetectors (MSM-
PDs). An InP-based electrical 4:1 PSC features a
novel circuit scheme that markedly improves the
response of an ordinary MSM-PD and generatesa 10-
Ghit/s 4-bit serial electrical signal from 4-ch parallel
signals when MSM-PDs are opticaly triggered. The
new circuit scheme provides a highly sensitive com-
pact electrical PSC that operates at low bias voltage,
supports burst signal input, and consumes very little
power. The effective combination of electrical multi-
plexing with optical multiplexing enables the photon-
ic PSC to generate a 40-Ghit/s 16-hit optical packet
stream from 16-ch parallel electrical data streams.
This paper also reports on a label comparator that
uses the electrical PSC [7]. Bypass/drop self-routing
of 10-Ghit/s optical packets has been successfully
demonstrated using the comparator.

2. Electrical PSC

A simple way to build an electrical PSC isto align
alinear array of MSM-PDs, spaced at regular inter-
vals, with atransmission line as shown in Fig. 2. The

Optical trigger pulses

Serial signal

Za

@ @ i @

Parallel signal

Fig. 2. Schematic of the simple electrical PSC using MSM-
PDs.

MSM-PDs are biased by parallel electrical input sig-
nals and opticaly triggered one by one with appro-
priate delays. This produces a serial electrical signal
containing the same data as the parallel input signal.
In this scheme, PIN-type photodetectors cannot be
used because they generate an output signal when
optically triggered, even when no bias voltage is
applied. MSM-PDs are suitable for PSCs because
they have no photoresponse in the absence of a bias
voltage. However, the impulse response of an ordi-
nary MSM-PD exhibits along fall time due toitslow
hole mobility, and this makes it difficult for the PSC
to generate a high-speed serial signal with bit separa-
tions of less than afew hundred picoseconds.

The fall-time problem has been tackled by fabricat-
ing MSM-PDs on low-temperature-grown GaAs [8],
[9] and InGaA/InAlAs multiple quantum wells [10],
as well as by making those with a narrow-spacing
electrode structure [9], [11]. These approaches, how-
ever, sacrifice MSM-PD sensitivity and ease of fabri-
cation for ultrafast electrical pulse generation.

In contrast, our novel and simple circuit scheme
reducesthefall time of an ordinary MSM-PD without
sacrificing either its sensitivity or ease of fabrication
[7]. Figure 3 shows our proposed circuit and its oper-
ating principle. The circuit consists of input resistor
Rin, hold capacitor Ch, and an MSM-PD. Here, Rq,
Ron, and V', are load resistance, on-state resistance of
the MSM-PD, and hold voltage, respectively. Rin is
set much larger than the sum of Ron and Ra. An input
signal charges up Ch slowly with a time constant of
RinCh. When the MSM-PD is optically triggered,
charges held in Cp are rapidly discharged, and the
bias voltage on the MSM-PD disappears because
RinCh is large enough. Therefore, the response of the
circuit is determined by the time constant Ch(Ron*+Rd)
and not affected by the residual holes.

Opical trigger

Ron v

Vbias out

Slow
charge

Rapid

Ry
discharge

Fig. 3. Schematic circuit and operating principle of the
proposed circuit.
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The circuit was fabricated using epitaxial layers
grown on InP substrate by metal-organic vapor-phase
epitaxy. The MSM-PD consists of a 1.5-pm-thick
InGaAs photoabsorption layer and an InAlAs Schot-
tky contact layer. The interdigitated MSM-PD has a
photosensitive area, line/spacing, and sensitivity of
20 x 20 um?, 0.75/0.75 um, and 0.37 A/W, respec-
tively. The input resistor Rin was formed using semi-
conductor layers and the hold capacitor Ch was made
using an insulating thin-film SiNy. For all fabrication
processes, including patterning of the interdigitated
electrodes of the MSM-PD, conventional photolitho-
graphy was used.

We measured the impulse response of the circuit
and that of aseparate directly biased MSM-PD (with-
out Ch or Rin) on the same wafer by time-resolved
electro-optic sampling with a 1.55-um incident pulse
(FWHM (full width at half maximum) of 600 fs)
using an external CdTe probe chip [12]. The separate
MSM-PD had the same structure and size as men-

tioned above. Figure 4 shows the impul se responses
of (a) the separate M SM-PD and (b) the proposed cir-
cuit for several optical pump energies. The responses
of the circuit have amuch shorter fall time than those
of the separate MSM-PD. With increasing optical
pump energy, the fall time of the MSM-PD becomes
longer because of the space charge effect, while that
of the circuit becomes shorter because of the smaller
CR time constant. For pump energy of 3.6 pJ, it gen-
erated ashort electrical pulse with FWHM of 3.3 ps.

Figure 5 shows a 4:1 electrical PSC consisting of
four of the new circuits. The PSC wasfabricated ona
wafer with the same epitaxial layers and the MSM-
PDs had the same dimensions as the one described
above. The MSM-PDs with 250-um period were
aigned alongside atransmission line. Each MSM-PD
was connected to a metal-insulator-metal (MIM)
capacitor (Cp) of 55 fF and a semiconductor resistor
(Rin) of 25 kQ.

Parallel input signals (0-3.0 V) charged up the
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Fig. 4. Measured impulse responses. (a)
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Fig. 5. Schematic circuit of an electrical 4:1 PSC.
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Fig. 6. Output waveforms from (a) the 4:1 PSC for input signal of “1100", (b) the 4:1 PSC for input signal of “1010",
(c) the decision IC for input signal of “1100”, and (d) the decision IC for input signal of “1010".

capacitors and optical trigger pulses illumi-
nated the four MSM-PDs in order at intervals
of 100 ps. Figures 6(a) and (b) show the
waveforms output from the 4:1 PSC for par-
alel input signals of “1100” and “1010",
respectively. The PSC successfully generated
10-Ghit/s 4-bit serial signals corresponding
to the parallel input signals. The output signal
was reshaped by a decision integrated circuit
(1C). Thewaveformsfrom thedecision IC are
shown in Fig. 6(c) and (d). Although the out-
put waveforms from the PSC exhibited a
dlight tail, the decision IC output distinct non-
return-to-zero waveforms for the two data
patterns. The PSC requires no electrical
power supply, only optical trigger pulses, to
generate a 10-Gbit/s serial signal.

3. 40-Gbit/s 16-bit photonic PSC

Our photonic PSC is shown in Fig. 7. It
consists of the four electrical PSCs fabricated
on one chip, a surface-emitting planar light-
wavecircuit (PLC), and four EAMs. An opti-
cal pulsefromapulse sourceissplitinto three
pulses: atrigger pulsefor reading data, atrig-
ger pulsefor the electrical PSCs, and asource
pulsefor an output packet. The optical trigger
pulseisinput to read out datafrom the CMOS
processor and 16-bit data are output in the
form of parallel electrical signals. The paral-
lel electrical signals are bundled in groups of
four with each group passed to a4:1 electrical
PSC. Thetrigger pulsefor the electrical PSCs
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Fig. 7. Schematic of 40-Gbit/s 16-bit photonic PSC.
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Fig. 8. Measured waveforms of (a) input 16-ch parallel data and (b) output optical packets from the photonic PSC.

islaunched into the PLC, which containsa1:16 split-
ter, delay lines, and 45° mirrors [13]. The split pulses
are emitted from the PLC surface and focused using
microlensarrays on each MSM-PD biased by the par-
allel electrical signals. This configuration provides
stable and precise illumination of trigger pulses, and
four setsof 10-Ghit/s4-bit serial electrical signalsare
generated. Thefour serial electrical signalsareampli-
fied and reshaped and input to the EAMs. The source
optical pulse is launched into an optical multiplexer
to form a 10-Ghit/s 4-bit pulse train. It is then split
into four parts, each of which is modulated by one of
thefour EAMs. Thefour 10-Ghit/s 4-bit optical pack-
ets are then combined in a bit-interleaved fashion
with abit separation of 25 ps, resulting in generation
of a40-Ghit/s 16-bit optical packet. Thistype of opti-
cal packet generator has several important advan-
tages: it is scalable, owing to the effective combina-
tion of electrical and optical multiplexing; it gener-
ates ultrafast burst optical packets from much slower
parallel electrical data; and it can be driven by asim-
ple, low-cost CMOS|ogic | C and haslow power con-
sumption.

Figure 8(a) showsthe input electrical data streams
from a 16-ch pulse pattern generator driven at a 40-
MHz repetition rate. The 16-ch parallel data aternat-
ed among four patterns: A (1001 0110 1101 0010), B
(1001 0110 1000 0111), C (1000 0111 0101 1010),
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and D (1001 0101 1010 0110). Output optical pack-
ets from the photonic PSC were measured with a
sampling oscilloscope through an OE converter with
30-GHz bandwidth, as shown in Fig. 8(b). The small
signals for the “0" states arose because of ringing of
the OE converter. The photonic PSC successfully
generated 40-Gbit/s 16-bit optical packets corre-
sponding to the four alternating 16-ch parallel data
patterns.

4. Label comparator

High-speed optical label processing capability is
the key to building large-capacity optical packet-
switched networks. The 1x4 self-routing of 40-Ghit/s
16-bit optical-packets has been demonstrated based
on bit-by-bit label recognition [14]. Simpler label
processing based on all-optical matched-filter-type
|abel-recognition schemes [15], [16] has also been
demonstrated. These schemes, however, require con-
trol of polarization or wavelength and have difficulty
in handling increases in the number of label bits.
Here, we describe a simple label comparator using
the electrical PSC. This label comparator requires
neither polarization nor wavelength control, and it is
scelablein terms of the number of label bits.

Figure9 showsthe experimental setup for 1x2 self-
routing of 10-Ghit/s 4-hit optical packets using the
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Fig. 9. Experimental setup for bypass/drop self-routing of 10-Gbit/s 4-bit optical packets.

label comparator composed of a 4:1 electrical PSC
and an EAM. Theoptica pulsefromafiber laser with
20-MHz repetition rate was converted into two 4-bit
optical signals (A: 1100, B: 1010) with a bit separa-
tion of 100 ps using fiber-based optical multiplexers.
In this experiment, the 4-bit signal wasregarded asan
optical packet consisting of a4-bit label and an empty
payload. Packets were split into three and injected
into an optical clock pulse generator [17], the EAM
and a 1x2 LiNbOs switch (LN-SW). From each
incoming burst optical packet with no preamble, the
optical clock pulse generator providesasingle optical
pulse having a constant pulse width (<10 ps), con-
stant power, and stable timing (<2 ps) when the pulse
energy of thefirst bit islarger than 0.5 pJ. An optical
clock pulse synchronized with the incoming packet
was launched into the 4:1 PSC. Four-channel parallel
electrical signals were input into the PSC as a local
address and converted into a 10-Ghit/s serial address
signal when the MSM-PDsin the PSC weretriggered
by the optical clock pulses. The 10-Ghit/s-address
signal, after it was reshaped by the decision IC and
amplified, drove the EAM, which acted as a logic
gate. Here, the EAM gate was set to be normally open
and the number of “1" bitsin the packet and the local
address were identical. The input optical packet was
therefore erased only when the optical packet com-
pletely matched the local address. Therefore, in the
matched case, no signal voltage was applied on the
LN-SW and the packet was output from the drop port.
In the unmatched case, part of the packet passed
through the EAM and was converted into an electri-
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cal control signal by a photodetector. The controller
then applied a switching voltage to the LN-SW to
guide the packet to a bypass port.

Figure 10 shows the input local address and output
optical signalsfrom bypass and drop ports. When the
local address alternated between “1100” and “1010”
with 40-MHz repetition rate, packets A and B
matched the local address and were output from the
drop port, and no signal was observed at the bypass
port (Fig. 10(a)). On the other hand, when the local
address cycled between “1100” and “1001", packet A
was output from the drop port, while packet B was
output from the bypass port becauseit failed to match
the local address (Fig. 10(b)). The crosstalk to the
other port was less than —15 dB, which was deter-
mined by the extinction ratio of the LN-SW. These
results indicate that the label comparator properly
processed the optical 10-Gbit/s 4-bit labels and accu-
rately switched the optical packets.

5. Conclusion

For application in optical packet processors, we
have demonstrated a 16:1 photonic parallel-to-serial
converter (PSC) that can generate a 40-Gbit/s 16-bit
optical packet from 16-ch parallel electrical signalsat
the packet rate of 40 MHz. Because the photonic PSC
uses new electrical PSCs and effectively combines
electrical and optical multiplexing, it has many
advantages, including support for burst signal input,
compactness, low power consumption, scalability in
terms of input channel number, and compatibility

NTT Technical Review
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with CMOS circuits. This electrical PSC has aso
been used in a label comparator for bypass/drop
switching of 10-Gbit/s asynchronous optical packets.
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