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Abstract. In this paper, we propose and demonstrate a new MicroPhotonic
structure for optical packet header recognition based on the integration of an
optical cavity, optical components and a photoreceiver array. The structure is
inherently immune to optical interference thereby routing an optical header
within optical cavities to different photo receiver elements to generate the
autocorrelation function, and hence the recognition of the header using simple
microelectronic circuits. The proof-of-concept of the proposed MicroPhotonic
optical header recognition structure is analysed and experimentally
demonstrated, and results show excellent agreement between measurements
and theory.

1. Introduction

The rapid and global spread of the internet is accelerating the growth of optical
communication networks and the demand for more bandwidth has driven the use of
photonic technology in telecommunication and computer networks. The diversity of
future services will require high-capacity optical networks featuring dynamic and
high-speed routing and switching of data packets [1], [2].

The new generation very high-bit rate optical packet switched networks require a
potentially faster approach to decode the header bits optically so that a given routing
decision can be made on-the-fly. Currently, to make routing decisions, optical
packets are converted into the electrical domain and electronic signal processing is
used to recognize the optical headers, as shown in Fig. 1 [3]. This approach cannot
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handle the high data rates of future generation packet switched optical networks, and
this issue is currently the bottleneck for recognizing high-speed optical headers in
future optical networks [4].

Input OPti
Packe! .
Optical
Fibre

—| Electronic Buffer " — E0 )_ output
Switch optical

L ro

—E_ Packet

Routing table
LOO](UP Control

Fig. 1. Conventional optical packet switching node

Correlation is an important signal-processing function that is commonly used to
recognize an incoming pattern by comparing it with a predetermined pattern. At the
appropriate sample time, a high-amplitude lobe is produced if the input pattern is an
exact match to the predetermined pattern. Optical Header recognition based on
optical correlation is a promising concept to perform the header pattern optically by
using time-domain correlator to match it to a lookup table constructed using a bank
of optical correlators, as illustrated in Fig. 2. The stream of information from source
to destination usually consists of small optical packets; each comprises a header and
a payload. An optical tap is used to bypass a small power of the optical packets. This
small power is uniformly split using the 1xM optical splitter, and distributed into
M optical correlators of different predetermined patterns. Each correlator is assigned
a single destination address and designed to generate an electrical waveform that
represents the correlation function between its destination address and the present
optical header. By sampling the various correlation signals and comparing them,
using comparators, to threshold levels, only one autocorrelation function is
generated, which corresponds to the correlator whose destination address matches
the optical header pattern. Control signals are generated and fed into the control ports
of the N-port optical switch that routes the transmitted packets to their next hops [5].
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Fig. 2. Generic concept of optical header recognition using optical correlators
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Fibre-based optical correlation techniques have been investigated for several
years for their potential to recognize high-speed incoming bit streams, with
essentially no latency. Numerous optical correlator designs have been proposed and
experimentally demonstrated including the use of fibre matched filter [6],[7],
spectro-holographic filter [8], optical AND gates [9],[10], loop mirror configurations
with semiconductor optical amplifier [11], integrated optical chip [12], optical serial
to parallel conversion [13-15], time stretching technique [16], and Opto-VLSI
processor [17]. These designs suffer from high power requirement and low
efficiency. Recently, a set of fibre Bragg gratings (FBG) in conjunction with a single
photodetector have been proposed to construct a fibre-based optical correlator for
optical header recognition [18-26]. FBG-based correlators have some specific
advantages over other designs, however, they are susceptible to optical interference
caused by the detection of delayed optical bits using a single photodetector when the
coherent time of the optical signal is higher than the bit time delay created by the
FBGs. This effect severely limits the stability of the correlation output and hence
degrades the service and reliability of the optical network.

In this paper we propose and demonstrate a new structure for header recognition
using a new MicroPhotonic structure that integrates an optical cavity, optical
components and a VLSI photoreceiver array. The structure is scalable, and inherently
immune to optical interference. This paper is organized as follow; in section 2 is the
proposed MicroPhotonic optical header recognition structure, experimental setup and
results are in section 3, and the paper is concluded with some remarks in section 4.

2. MicroPhotonic Optical Correlator Structure

Fig. 3 schematically illustrates the MicroPhotonic correlator architecture for optical
header recognition of the present invention. The small power of the optical packet,
which consists of the optical payload and the optical header, is by-passed from the
optical fibre using the optical tap (about 10% is tapped). The 1xN optical splitter
equally splits the tapped optical packet into N packets. The microlenses are
appropriately etched into the optical substrate in order to convert the in-fibre optical
packets into collimated optical beams. Each collimated optical beam propagates
within the optical substrate and undergoes several reflections in a cavity whose width
is defined by the mirror and the diffractive optical element (DOE). Every time a
beam hits the DOE, a small fraction of its power is transmitted through the DOE for
detection and amplification by an element of the wideband photoreceiver array that
is integrated on the surface of the optical substrate, while the remaining large
fraction is reflected and routed for subsequent delayed photodetection. The
amplitude of a received optical signal can be set to a low value (0) or a high value (1)
by adjusting the photoreceiver’s amplifier gain. Each element of the
combiner/comparator array adds the amplified photocurrents of a photoreceiver row
and generates an output signal. An autocorrelation function of a very high peak is
generated whenever the optical header matches a pattern of the correlator, while for
all other patterns, only low intensity cross-correlation functions are produced.
Threshold detectors (comparators) are used at the outputs of the optical correlators to
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provide an electrical match/no-match signal to the optical switch that uses these
signals to determine to which output port each packet should be forwarded.
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Fig. 3. MicroPhotonic correlator architecture

Fig. 4 schematically illustrates the interface between the photoreceiver array and
the optical substrate and also illustrates the propagation of the optical beams inside
the optical substrate. The optical packet propagating in the input fibre is converted
into a collimated optical beam via the microlens. The glass layer is used over the
photoreceiver chip for protection. The DOE is inserted between the photoreceiver
chip and the optical substrate. The DOE comprises two sections. The first section is
the beam router, which is a hologram capable of steering collimated optical beam,
while the second section (dashed) acts as a lens relay that prevents the cavity beam
from diverging as it propagates along its optical path, and also maintains its diameter
within an adequate range. The DOE can be appropriately coated to provide any
desired reflectivity. As the cavity beam hits the DOE, a large portion of its power is
reflected inside the optical cavity and its diameter is equalized for subsequent
propagation, while a small fraction of its power is transmitted through the DOE and
the glass layer and then detected by one of the photoreceivers. For a cavity length L
and a photoreceiver spacing d, the steering angle, 6, of the beam router is
arctan (d/2L). The output sequence from the correlator is given by:
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where 7 is the number of bits in the header sequence, T';; is the bit time, x(¢) is the
input signal, and /; represents the gain of the J™ photoreceiver element. Fig. 3 also
illustrates an example for 4-bit header ‘1101’ and shows the output signal from the
combiner when the gain profile matches the header sequence.
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Fig. 4. Interface between the photoreceiver chip and the DOE

3. Experimental setup

To demonstrate the concept of the proposed header recognition architecture, we
constructed a 4-bit experiment shown in Fig. 5. An HP 70841B pattern generator was
used to generate a 4-bit packet at 16.1 Mbit/s, which intensity modulates a 1550nm
optical carrier generated by an Agilent 8164A laser source, through a Mach-Zhender
electro-optic modulator. The intensity modulated optical signal is equally split into
four output fibre delay ports, each port delays the signal 1 bit-time longer than the
previous branch using single-mode fibre line delays. A photoreceiver array, which
integrates four discrete photodetectors, four variable-gain transimpedance amplifiers,
and an RF combiner, were designed to provide arbitrary gain patterns by simply
switching the amplifiers gains between “HIGH” and “LOW” levels.
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Fig. 5. Correlator experimental setup

The correlator is first configured to match a header pattern of “1011”. This is
accomplished by reducing the gain of the second transimpedance amplifier to a low
value, corresponding to the “0” state, and increasing the gains of the other amplifiers
to high levels, which correspond to “1” states. The output electrical signal from the
RF combiner is monitored by an HP 54120A 20 GHz digital oscilloscope.

Fig. 6 shows the measured and simulated output waveforms for the 1011 optical
header. A good agreement between theory and experiment is seen, and a stable
output autocorrelation is demonstrated with no optical interference. A symmetrical
autocorrelation function with high amplitude (spike) is clearly displayed when the
input pattern matches the amplifier gains.
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Fig. 6. 1) Experimental results matched pattern, ii) simulation result matched pattern
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The correlator is also configured to match a header pattern of “1110”. This is
accomplished by reducing the gain of the fourth transimpedance amplifier to a low
value, corresponding to the “0” state, and increasing the gains of the other amplifiers
to high levels, which correspond to “1” states. The output electrical signal from the
RF combiner is monitored by an HP 54120A 20 GHz digital oscilloscope.

Fig. 7 shows the measured and simulated output waveforms for the 1110 optical
header. Again, high amplitude (spike) is seen when the input pattern matches the
amplifier gains, and a good agreement between theory and experiment is
demonstrated, with no optical interference displayed. .
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Fig. 7. Correlator match output waveform for 1110 header bit stream,
i) Experiment, ii) Simulation

Note that the correlator configured for 1011 will also produce a level “3” peak
that is above the threshold at time for a “1111” input, which is not the desired bit
pattern as shown in Fig. 8. Error-free header recognition can be accomplished by
adding a second correlator that is configured in complement to the first correlator
which produces a ZERO at the centre of the output correlation when the pattern
matches the gain profile and ONE otherwise [3], as shown in Fig. 9.

While the optical correlator enables on-the-fly processing of incoming packets,
there are some issues associated with packets processing without converting them to
electronics for header processing and updating. For example, the IP header’s time-to-
live (TTL) field is not decremented and the header checksum is not recomputed,
whereas protocol requires that both of these operations occur at each network hop.
One potential solution to this problem is to revise the protocol to allow for packets to
traverse a small number of core network hops without Optical-to-Electrical (O/E)
conversion and then update these fields once they reach a fully electronic router at
the core edge [27]. Optical signal-processing techniques have been developed as an
alternative approach to directly process these fields in the optical domain where
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instead of using binary fields within the headers a number of optical pulses are used,
which correspond to the value of the TTL [28-30].
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Fig. 8. Output correlation waveform showing a spike in a specific case of header-gain
mismatch
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Fig. 9. Complement correlator configuration for error-free header recognition
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4. Conclusion

In this paper, we presented a novel MicroPhotonic header recognition architecture
that is compact, simple to implement, and scalable to higher bit rates. A 4-bit
correlator module was constructed, using optical fibre delay lines in conjunction with
discrete photoreceiver elements, and used to experimentally demonstrate the
recognition of packet headers at 16.1 Mbps. The proposed architecture has
applications in optical networks and photonic RF signal processing.
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