IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 24, NO. 5, MARCH 1, 2012

377
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Abstract— Adopting high data rates and advanced modulation formats in optical interconnection networks will enable
future computing systems to achieve greater performance and
scalability. We experimentally demonstrate the data rate and
modulation format independence of a 4 × 4 optical packetswitched network test-bed. Leveraging wavelength-division multiplexing, we show the transmission of multiwavelength 320-Gb/s
optical packets, using 8 × 40-Gb/s wavelength-striped payloads.
Both on–off keying (OOK) and differential-phase-shift-keying
(DPSK) modulation formats are investigated. Optical packets are
correctly routed through the network, and error-free operation
is confirmed for all wavelengths with bit-error rates less than
10−12 . Best-case power penalties of 1 dB for OOK data and
0.52 dB for DPSK streams are obtained.
Index Terms— Differential phase-shift keying (DPSK), optical
communication, packet switching, photonic switching systems.

I. I NTRODUCTION

T

HE rapid growth in computational performance of
microprocessors is vastly outpacing the development
of high-performance network communication infrastructures
[1]. The resulting communications bottleneck is a substantial design challenge for future high-performance computers (HPCs), and the limitations of electronic interconnects
necessitate trade-offs between communication bandwidth,
latency, and energy efficiency [2], [3]. Optical interconnects
can alleviate this bottleneck by enabling the low-latency,
energy-efficient communication necessary for next-generation
HPCs through improved bandwidth density and bit-rate transparency [4 - 6]. However, these future HPCs must also leverage
data rate- and modulation format-independent optical interconnection networks in order to optimize the electronic/optical
interface while scaling to meet growing performance requirements.
Traditionally, the simplicity of non-return-to-zero on-off
keying (NRZ-OOK) has made it a popular modulation format
for optical communication links. However, phase-shift keying (PSK), specifically differential-binary-phase-shift-keying
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(DBPSK or DPSK), has long been known as a potential
method for improving resilience to nonlinearities, with a 3-dB
improved receiver sensitivity (with balanced detection) as
compared to OOK. Such benefits of advanced modulation
formats are becoming more significant as data rates now
exceed 10 Gb/s and even 40 Gb/s, and the optical network
elements are beginning to exceed the abilities of the driver
and receiver electronic circuitry. At the computer scale, perchannel data rates can reach 25 Gb/s [7], and at such data rates,
the power dissipation becomes a significant design challenge.
Current microprocessors already dissipate up to half of their
energy in the interconnect alone [8], and scaling up perchannel data rates without optimizing overall communication
efficiency would result in an undesirable increase in energy
dissipation. Therefore, next-generation computer systems must
leverage optical interconnection networks that utilize not only
high per-channel data rates, but also advanced modulation
formats with improved resilience and spectral efficiency [9].
This need for networks to support both OOK and DPSK
modulated data is the primary motivation for this letter.
In this letter, we experimentally demonstrate the transmission of 8×40-Gb/s wavelength-striped optical packets across
a 4×4 optical interconnection network test-bed using both
OOK and DPSK modulation formats. The optical interconnection network used here is a bit-rate transparent, multi-stage,
4×4 optical packing-switching fabric. Independent photonic
switching nodes at each network stage enable distributed
routing, with contention resolved by fast packet dropping. The
aggregate 320-Gb/s payloads, resulting in over a terabit of
bandwidth for the 4×4 network, are correctly routed through
the optical test-bed and all eight wavelengths are verified errorfree with bit-error rates (BERs) less than 10−12 .
We show a power penalty of 0.5 dB per 2×2 switch hop
for the 40-Gb/s OOK data, and a power penalty of 0.26 dB
per switch hop is measured for 40-Gb/s DPSK data. This
demonstrates comparable power penalties for different bit rates
and modulation formats with respect to photonic switching
node traversals, presenting the opportunity to scale these
networks in the future. The data-rate and modulation-format
independence of the optical network thus enables improved
network capabilities with higher data rates and advanced
modulation formats.
II. O PTICAL I NTERCONNECTION N ETWORK
The 4×4 optical network test-bed (Fig. 1) is a multistage Omega network comprised of four 2×2 non-blocking
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Fig. 1.
(a) Block diagram of 4 × 4 optical interconnection network.
(b) Photograph of implemented optical network test-bed.
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Fig. 3. Optical eyes at the input (left) and output (right) of the optical
network showing (a) packets and (b)–(e) subset of 40-Gb/s OOK payload
wavelengths.
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Wavelength-striped optical packet.

photonic switching nodes [10]. Four semiconductor optical
amplifiers (SOAs) are used at each 2×2 switching node,
gated either on or off, to transparently pass the wavelengthstriped optical packets (Fig. 2) from a given input port to any
output port. The use of SOAs enables broadband, data-rate
transparent photonic switching nodes with nanosecond switching times. Each optical packet contains dedicated, low-speed
header wavelengths to rapidly convey routing information
to the complex programmable logic device (CPLD) at each
switching node. This encoding scheme allows each switching node to sample the header wavelengths and process the
address signals to route the optical packets with a nanosecond
time-scale.
Here, the payloads consist of 8 wavelengths, each modulated
at 40-Gb/s, combined into a single wavelength division multiplexed (WDM) transaction and modulated with either OOK
or DPSK using a single modulator. Three control wavelengths
(a frame and two address bits), are multiplexed together with
the 40-Gb/s payloads using WDM to determine which output
port is being addressed for each optical packet. These header
wavelengths remain constant for the duration of each packet.
The wavelength-striped packet format ensures that the optical
network test-bed is transparent not to only data rate, but also
to modulation format.
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Fig. 4. BER curves for best case (1550.92 nm) and worst case (1560.6 nm)
40-Gb/s OOK and DPSK payload wavelengths. Input measurements are shown
with open points, while output measurements are depicted with filled points.
The power penalty spread from best- to worst-case is 0.1 dB for OOK and
>0.1 dB for DPSK at 10−9 BER.

(DFB) lasers, which are passively combined and modulated
with OOK data by a 40-Gb/s LiNbO3 modulator. The 40-Gb/s
OOK data is generated by a pulse pattern generator (PPG),
using a 215 -1 pseudo-random bit sequence (PRBS), and an
electrical multiplexer. Each optical packet is combined with
three, independently-generated network control signals, creating wavelength-striped optical packets that pass transparently
through the optical test-bed.

III. E XPERIMENTAL D EMONSTRATION
A. 40-Gb/s OOK Overview

B. 40-Gb/s OOK Results

The experimental setup, fully detailed in [10], is comprised
of a 2-stage 4×4 optical network test-bed that routes optical
packets from any input to any output port. The 4×4 optical
network test-bed is comprised of commercially available components, including SOAs, 155-Mb/s photodetectors, passive
optical components, and high-speed electronic circuitry. Each
64-ns optical packet is created using eight distributed feedback

We experimentally measure error-free transmission of all
optical packets at the output of the network, with BERs less
than 10−12 for all eight payload wavelengths. Fig. 3a shows
the optical packets at the input and output of the network.
Fig. 3b shows the optical eye diagrams for a subset of 40-Gb/s
payload wavelengths. The sensitivity curves shown in Fig. 4
demonstrate a power penalty of 1 dB for the best-case payload

BRUNINA et al.: DATA RATE- AND MODULATION FORMAT-INDEPENDENT PACKET-SWITCHED OPTICAL NETWORK TEST-BED

(a)

Packets

(b)

1533.47 nm

(c)

1550.92 nm

(d)

1553.33 nm

(e)

400 µW/div

1560.6 nm
5 ps/div

Fig. 5. Optical eyes at the input (left) and output (right) of the optical
network showing (a) packets and (b)–(e) subset of 40-Gb/s DPSK payload
wavelengths.

wavelength of 1550.92 nm (0.5 dB per SOA hop) and 1.1 dB
for the worst-case payload wavelength of 1560.6 nm (0.55 dB
per SOA hop). The small variation in power penalties is
likely due to the slight gain curve of the EDFA used in BER
testing.
C. 40-Gb/s DPSK Overview
Optical packets with 8×40-Gb/s DPSK data are then
generated and transmitted through our test-bed. The second
experimental setup consists of the above transparent, 2-stage
4×4 optical test-bed, again correctly routing 64-ns
wavelength-striped optical packets. A 40-Gb/s PPG drives a
single 40-Gb/s phase modulator (PM) to encode 215 −1 PRBS
DPSK data onto eight payload wavelength channels, each with
an average power of −14 dBm at the network input and with
wavelengths ranging from 1533.47 nm to 1560.6 nm. Immediately after modulation, and before entering the network,
the WDM data passes through a 2-km span of single mode
fiber for decorrelation. The three separate header wavelengths
(frame, address0, address1) are modulated at the packet rate
using three external SOAs, which are controlled by an Agilent
ParBERT.
In the experiment, the combined eight payload wavelengths
are gated using a single SOA, controlled by the ParBERT,
to create 64-ns optical packets. The resulting configuration
is such that each optical packet consists of 8×40-Gb/s DPSK
wavelength channels and 3 low-speed header wavelength channels. As before, all eleven wavelengths traverse the optical
interconnection network concurrently as a single wavelengthstriped packet. The amplification provided by the SOA-based
switching nodes within the optical test-bed maintains this
average power during propagation through the network and
to the network output.
At the output, the eight payload wavelengths are sent
to a tunable filter to select a single 40-Gb/s DPSK signal,
which is amplified using an erbium-doped fiber amplifier
(EDFA) and filtered again. The single wavelength is then
sent to the constructive port of a delay interferometer (DI), a
variable optical attenuator (VOA), and a 40-Gb/s photodiode
with transimpedance and limiting amplifiers. This received
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electrical data is time-demultiplexed and verified using a bit
error rate tester (BERT), which is gated for packetized data by
the ParBERT. The 40-Gb/s optical signals are simultaneously
inspected using a digital communications analyzer (DCA).
D. 40-Gb/s DPSK Results
We confirm error-free operation for all eight 40-Gb/s DPSK
payload wavelengths with BERs less than 10−12 at the output
of the optical network test-bed. The optical packets at the
input and output are shown in Fig. 5a, and Fig. 5b shows the
input and output 40-Gb/s optical eye diagrams for a subset of
payload wavelengths at the output of the constructive port of
the DI. A best-case power penalty of 0.52 dB was measured at
a BER of 10−9 (Fig. 4) for the 2-stage network at 1550.92 nm.
The worst-case power penalty of 0.56 dB was measured at
1560.6 nm. This demonstrates an average power penalty of
0.26 dB per SOA switch hop when transmitting 40-Gb/s DPSK
data at 1550.92 nm, and a power penalty spread >0.1 dB for
all eight wavelengths ranging from 1533.47 nm to 1560.6 nm.
IV. C ONCLUSION
We experimentally demonstrate a data rate- and modulation format-transparent, multi-terabit optical interconnection
network. Eight 40-Gb/s payload wavelengths are modulated
with either OOK or DPSK and correctly routed through
the network achieving BERs less than 10−12 . Further, we
show a comparable power penalty for 40-Gb/s DPSK data
(0.26 dB per SOA switch) versus 40-Gb/s OOK (0.5 dB
per SOA switch). This work demonstrates the ability to not
only scale per-channel data rates, but also to adopt advanced
modulation formats within optically-interconnected computing
systems that can further improve spectral efficiency and overall
network scalability.
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