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Abstract—This paper compares the scalability and energy
consumption of switch fabrics for optical and electronic packet
switching. In particular, arrayed-waveguide-grating (AWG)-based
switches, semiconductor optical amplifier (SOA) gate arrays,
electro-optic phased-array switches, and microresonator-based
switches are compared with state-of-the-art electronic switch
fabrics. The analysis includes the key contributors to energy
consumption and the scaling capabilities of each technology. To
provide a fair comparison, the analysis takes into account the
optical-to-electronic and electronic-to-optical converters and
the multiplexers and demultiplexers needed in electronic packet
switches. We show that optical switch fabrics generally become
more energy efficient as the data rate increases, and AWG and
microresonator-based switches consume marginally less energy
than electronic switch fabrics at bit rates above about 100 Gb/s.
However, optical packet switches do not appear to offer significant
throughput improvements or energy savings compared to elec-
tronic packet switches. A key impediment to the scaling of optical
switch fabrics is the energy consumed in the electronic circuits
that drive the individual optical devices in the switch fabric and
the energy consumed by the network of control lines that feed
these electronic drivers. Ultimately, the energy consumption of
optical packet switches is limited by the optical-to-electronic
and electronic-to-optical converters required for packet header
recognition and header replacement.

Index Terms—Energy consumption, energy efficiency, optical
packet switching (OPS).

I. INTRODUCTION

R ESEARCH papers on optical packet switching (OPS)
started appearing in the literature from the late 1980s

[1]–[6]. In the intervening 20 years, there has been a consid-
erable research effort on OPS, and a steady flow of research
papers has ensued. A number of review papers provide a good
overview of the field. See, for example, [7]–[11].
Papers on OPS (including a number written by the present

author) often include introductory comments about the advan-
tages afforded by OPS and claims that OPS will be needed
in the future telecommunications network. In particular, many
researchers have argued that limitations of today’s electronic
packet switching technologies will constrain the ability of the

Manuscript received April 19, 2011; revised July 01, 2011; accepted July 01,
2011. Date of publication July 14, 2011; date of current version July 29, 2011.
This work was supported in part by the Australian Research Council.
The author is with the Institute for a Broadband-Enabled Society and the

Centre for Energy-Efficient Telecommunications, Department of Electrical and
Electronic Engineering, University of Melbourne, Melbourne, Vic. 3010, Aus-
tralia (e-mail: r.tucker@unimelb.edu.au).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2011.2161602

network to meet the rising demand for more data. These limita-
tions are commonly identified in terms of 1) energy consump-
tion, (e.g., electronic packet switches are power hungry), and
2) capacity (e.g., electronic packet switches are limited in ca-
pacity by slow and inefficient optical-to-electronic and elec-
tronic-to-optical converters, electronics is slow compared to op-
tics, and so on). It is commonly argued that OPS will overcome
these speed and/or energy consumption problems.
To gain some insights into the potential viability of OPS, it

is necessary to analyze some of the claims that have been used
in the past about the promise of OPS [12]. The purpose of this
paper is to quantify some of the capabilities and limitations of
optical packet switches and to make realistic comparisons of
these capabilities and limitations with the capabilities and limi-
tations of electronic packet switches.
In this paper, we consider in detail the energy consump-

tion and scalability properties of a number of OPS switch
fabric technologies and compare these with the corresponding
properties of state-of-the-art electronic switch fabrics. In par-
ticular, we consider arrayed-waveguide-grating (AWG)-based
switches, semiconductor optical amplifier (SOA) gate arrays,
electro-optic switches, and resonator-based switches. Pre-
vious work on the scalability of optical switches (e.g., [13])
has shown how optical switches can scale to the terabits per
second regime. But to date, very little attention has been
paid to the question of energy consumption. The analysis
in this paper takes into account key contributors to energy
consumption in each of the technologies considered, including
the optical-to-electronic (O/E) and electronic-to-optical (E/O)
converters required in electronic and optical packet switches as
well as the multiplexers and demultiplexers that are needed in
electronic packet switches to reduce bit rate to speeds that can
be handled by the switch fabric.
In previous work [14], [15], we have investigated the energy

consumption of optical switch architectures for a fixed line rate
(i.e., the bit rate of data on the incoming ports). In this paper,
we extend this analysis to include a range of line rates. In ad-
dition, we include data on state-of-the-art (2010 era) electronic
switch technologies and project the analysis to expected device
performances in 2020. For reasons of limited space, we do not
consider buffer technologies in this paper. This topic has been
considered in detail elsewhere [14], [16]. We do not consider
component costs in our analysis. The reader is referred to [17]
for an economic view of OPS. Our analysis includes the criti-
cally important effects of optical signal degradation due to spon-
taneous emission in SOAs and crosstalk in SOA gate arrays,
and takes into account the accumulation of spontaneous emis-
sion and crosstalk in cascaded switches. The devicemodels used
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in the analysis are necessarily based on a number of assump-
tions, and the model parameters are best estimates, obtained
from a variety of sources. However, we believe that the analysis
presented here provides a balanced comparison of competing
technologies.
Some researchers argue that it is unfair to compare optical

packet switches with electronic packet switches because OPS
is “immature,” and therefore does not perform as well as
today’s electronic packet switching, which is “well developed.”
However, this author does not subscribe to this argument. After
20 years of research, OPS is far from commercialization, while
electronic packet switching has seen many orders of magnitude
of improvements and continues to improve at a rapid rate,
through developments in CMOS, optoelectronic integration,
and the use of optical interconnects. There is no evidence that
OPS will catch up.
A key conclusion of this paper is that optical and electronic

switch fabrics can both, in principle, be scaled to very large
sizes. However, some optical switch technologies show more
promise for scaling to large size and low energy consumption
than others. Optical switch fabrics generally become more en-
ergy efficient as the data rate increases, and AWG and resonator-
based switches consume marginally less energy than electronic
switch fabrics at line rates above about 100 Gb/s. However,
optical packet switches do not appear to offer any significant
throughput improvements or energy savings compared to elec-
tronic packet switches.
An impediment to the scaling of optical switch fabrics is

the energy consumed in the electronic circuits that drive the
individual optical devices in the switch fabric and the energy
consumed by the network of control lines that feed these elec-
tronic drivers. Ultimately, the energy consumption of optical
packet switches is limited by the O/E and E/O converters re-
quired for packet header recognition and header replacement.
In broad terms, we conclude that optical packet switches do not
appear to offer significant throughput improvements or energy
savings compared to electronic packet switches.

II. ENERGY CONSUMPTION

In this section, we review the architecture of electronic and
optical packet switches and identify some key parameters.

A. Bit Rate and Energy Consumption

To analyze the capacity and energy consumption of optical
packet switches, it is necessary to consider the performance of
cascaded switches rather than a single switch in isolation. This
is because a number of optical impairments, including optical
noise and crosstalk, accumulate over an optical path and these
impairments, particularly accumulated optical noise, have a sig-
nificant influence on the total energy consumption. Fig. 1 shows
the configuration considered in this paper: a cascade of packet
switches, with each packet switch having input ports and
output ports. The bit rate at each port of the switches is and
the supply power to packet switch is . The total throughput
in each switch is bits/s. In the present analysis, we ignore
the energy consumption and signal degradation associated with
optical transmission links between the switches. In addition,

Fig. 1. cascaded packet switches.

we ignore the energy consumed by blowers and other cooling
equipment, and power supply inefficiencies. This equipment is
required for all large switches, whether optical or electrical, and
scales with the switch energy consumption.
The basic energy parameter used in this paper is the energy

per bit of switched data. The total energy per bit consumed
by the th packet switch in the cascade in Fig. 1 is given by

(1)

For the purposes of this paper, we assume that all incoming
wavelengths (WLs) are operating at full capacity. While this has
implications on packet loss rate, it does not affect the relative
performance comparison between the various optical and elec-
tronic switching technologies considered here.

B. Technology Improvements Over Time

One difficulty often encountered by researchers trying to
compare two technologies is accounting for the improvements
in technology over time. In the present analysis, we compare
state-of-the-art performance of optical and electronic packet
switches in 2010 and also in 2020, using indicative projections
of technology performance into the future. This approach is
well established in the electronics industry, through projec-
tions based on Moore’s law or the more precise predictions
encapsulated in the International Technology Roadmap for
Semiconductors (ITRS) [18]. To provide indicative projections
into the future for our estimations of 2020 technology, we
model the improvement in device energy consumption as being
exponential in time. Thus, the time dependence of energy
consumption in is modeled as follows:

(2)

where is the energy per bit in a device at time (in
years), is a reference year, and is the annual percentage
improvement in energy efficiency.

III. ELECTRONIC PACKET SWITCHES

In this section, we describe the models of two electronic
packet switch architectures and develop an energy model for
each of these architectures. The two architectures are shown in
Fig. 2 and the corresponding WL assignment scheme for the
two architectures is shown in Fig. 3.
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Fig. 2. Electronic packet switch architectures. (a) WL packet switch. (b) WB
packet switch.

Fig. 3. WL assignment schemes. (a) WLs. (b) WBs.

A. WL Packet Switch

The architecture in Fig. 2(a) represents a packet switch
with incoming WLs and O/E converters (i.e., optical
receivers). Each WL and each O/E converter operates at a
bit rate , corresponding to the WL assignment scheme in

Fig. 3(a). For simplicity, we call the architecture in Fig. 2(a)
a “WL packet switch.” In a typical packet switch in the core
network, the line rate on each incoming WL is higher than can
be handled CMOS electronics. As shown in Fig. 2(a), an array
of electronic demultiplexers (DEMUXs) at the outputs
of the O/E converters reduce the bit rate of incoming data. In
this process, serial data at the input line rate are converted to
parallel data paths, each of which is at a bit rate equal to
of the line rate, i.e., .
All incoming packets at this bit rate of are passed to a

forwarding engine, which forwards the packets to an electronic
cross connect with inputs and outputs. This
switch fabric is shown in Fig. 2(a) as an array of electronic
switches each with dimension , feeding into an array of
electronic switches, each with dimension of . At the out-
puts of the switch fabrics, another array of switches
of dimension , feeds into the forwarding engine at the
output of the switch, followed by an array of multi-
plexers (MUXs) and E/O converters (i.e., wavelength division
multiplexing (WDM) transmitters). Note that additional demul-
tiplexing (not shown in Fig. 2) is commonly used within the
forwarding engine, but this does not affect the present analysis.

B. WB Packet Switch

An alternative WL assignment scheme is illustrated in
Fig. 3(b), in which each WL is replaced by a waveband (WB)
that contains sub-WLs. Each of these sub-WLs carries data
at a bit rate of and occupies of the spectral width of a
WL in Fig. 3(a). The aggregate bit rate of the sub-WLs is .
The architecture in Fig. 2(b) uses this WL assignment scheme.
A key advantage of the WL assignment scheme in Fig. 3(b)

is that the data rate of each sub-WL is . This means that
for a given aggregate bit rate , the bit rate of the O/E and
O/E converters in Fig. 2(b) (and other electronics) is lower than
in Fig. 3(a). The disadvantage is that more O/E and E/O con-
verters are required. However, with advances in photonic-inte-
grated circuit technology [19], the demultiplexer needed to sep-
arate the sub-WLs at the input to the packet switch can be
integrated on a single chip, together with the O/E converters.
The same technology platform can be used to integrate the E/O
converters at the outputs of the packet switch [19].
The architecture in Fig. 2(b) has O/E converters, each at

a bit rate . We call this a “WB packet switch.” In the WB
packet switch in Fig. 2(b), data from each of the O/E con-
verters are fed directly to the forwarding engine at the reduced
bit . There is no need for an electronic demultiplexer. In
common with the WL packet switch in Fig. 2(a), the forwarding
engine in Fig. 2(b) operates on all incoming packets at a bit rate
of and forwards the packets to an electronic cross connect
with input ports and output ports.

C. Switch Fabric Architectures

The and the electronic switch fabrics in Fig. 2(a)
and (b) can be constructed using a three-stage Benes arrange-
ment, as shown in Fig. 4 for an fabric. This switch fabric
has three stages of Benes [20] switches, with each Benes switch
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Fig. 4. Three-stage Benes switch fabric.

having input ports and output ports. The number of in-
ternal switch stages inside each Benes switch
is given by

(3)

and the total number of stages between each input port and
output port in Fig. 4 is .
The energy expended on a single bit of data as it tra-

verses the switch fabric in Fig. 4 is given by

(4)

where is the energy per bit per internal stage and is
the energy expended by the interconnects at the output of each

Benes switch stage. Note that in Fig. 4, there is a total
of of these interconnects between the stages. In
practice, interconnects between two stages on the
same circuit board are likely to be electrical. However, between
boards, optical interconnects may be preferred. We will address
this question in Section V.
We now calculate the energy expended on each bit as it passes

through the complete packet switches in Fig. 2. From (1), the
energy per bit in the WL packet switch in Fig. 2(a) is
given by

(5)

where is the total supply power to the switch fabric in
Fig. 2(a), is the total supply power to the O/E con-
verters and the E/O converters in Fig. 2(a), is
the total supply power to the DEMUXs and the MUXs
in Fig. 2(a), and is the total supply power to the forwarding
engines in Fig. 2(a).
Equation (5) can be written in the following form:

(6)

where is the energy per bit in the O/E and E/O con-
verters, is the energy per bit consumed in the de-
multiplexers and the multiplexers, and is the energy per
bit in the forwarding engines.

An analysis of the energy consumption of WDM transmitters
and receivers in [21] shows that the energy per bit in
the O/E and E/O converters in Fig. 2 depends on a number of
factors, including the modulation format and the circuit arrange-
ment [21]. For high-speed circuits that include load resistors,
the energy dissipated in source and load resistors is inversely
proportional to bit rate for fixed voltage levels, which implies
higher energy per bit at lower bit rates. However, at lower bit
rates, the resistive terminations can often be removed, thereby
reducing the energy per bit. In the present analysis, we model
the energy per bit in the O/E and E/O converters as being inde-
pendent of bit rate.
A multiplexer or demultiplexer built from a cas-

cade of binary multiplexers or demultiplexers requires
cascaded stages. Thus, the energy per bit for a de-
multiplexer or multiplexer is

(7)

where is the energy per bit in a binary (2:1) multiplexer or
demultiplexer.
The energy per bit in the WB packet switch in

Fig. 2(b) is the same as (6), but without the term

(8)

In Section V, we will assign values to the parameters in (6)
and (8) and compare the calculated energies with optical packet
switches.

IV. OPTICAL PACKET SWITCHES

The optical packet switch architecture considered here is
shown in Fig. 5(a). At the input, incoming WLs from the
left are each split into two paths. One path feeds the optical
switch fabric. The other path feeds an O/E converter and an
electronic demultiplexer that reduces the bit rate. An electronic
forwarding engine reads the packet headers and controls the

WL-interchanging optical switch fabric.
The switch fabric has input ports and output ports and

operates at the payload line rate . An important difference
between the electronic switch fabrics in Fig. 2 and the optical
switch fabric in Fig. 5 is that the electronic switch fabrics have
times more ports than the fabric in the optical packet switches,
but each port operates at of the bit rate of the optical fabric.
Because the optical switch fabric operates at the full line rate, it
is essential that this fabric can be reconfigured rapidly. For line
rates above 10 Gb/s, a reconfiguration of less than 1 ns is re-
quired. Therefore, in this paper, we focus on switch fabrics that
can potentially achieve switching speeds of this order.
Optical delays at the input to the optical switch (not shown in

Fig. 5(a), for simplicity) ensure that the forwarding engine has
time to process the header and control the switch fabric before
each packet is switched. A header replacement circuit gener-
ates new headers for the outgoing packets. The new headers are
multiplexed to the line rate , using an array of MUXs,
converted to optical form using E/O converters, and combined
with the respective outgoing packets. In Fig. 5(a) the headers
are inserted at the output ports of the OPS, but this can equally
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Fig. 5. (a) Optical packet switch architecture, excluding buffers. (b) Packet
structure, adapted for OPS, with header bit rate payload bit rate .

well be done at the input ports. An additional switch (not shown
in Fig. 5(a) for simplicity) strips off the incoming packet header
before it is replaced by the new header.
The electronic forwarding engine in Fig. 5(a) controls and co-

ordinates the operation of all parts of the packet switch. There
has been some interest in optical rather than electronic pro-
cessing in the forwarding engine in optical packet switches [22].
However, this is not a viable option in large packet switches
based on IP routing because the state of the art of optical signal
processing has very limited functionality and is constrained by
large energy consumption [23].
If the forwarding engine is not required to do any processing

on the packet payload (e.g., deep packet inspection or other se-
curity-related operations), it may be possible to power OFF the
O/E and E/O converters in Fig. 5, while the payload is passing
through the switch. However, this would be difficult to achieve
in practice, especially in asynchronous networks where the time
of arrival of a packet is not known in advance.
Fig. 5(b) shows the format of a packet for use with the optical

packet switch in Fig. 5(a). If no payload processing is required,
the O/E and E/O converters and (DE)MUXs in Fig. 5(a) need
to receive and operate only on the header. This means that the
header can be set at a lower bit rate than the payload, allowing
the optical packet switch to operate with a payload bit rate that is
higher than the capabilities of O/E/O converters and (DE)MUXs
[3]. The downside is that because the header bit rate is lower
than the payload, the total packet duration is increased and this
causes a small increase in the energy per bit in the optical switch
fabric. In the present analysis, the bit rate of the header is ,
as shown in Fig. 5(b).
Note that for simplicity, Fig. 5(a) does not show any optical

buffers. As pointed out earlier, because of limited space, we
focus in this paper on other issues. However, it is worth noting
that the footprint and energy consumption of optical buffers is

vastly inferior to electronic buffers [14]. These problems may
possibly be alleviated by using very small buffers [24].
The energy per payload bit in the optical packet switch

in Fig. 5 is given by

(9)

where is the energy per bit in the switch fabric. The
factor in the second term on the RHS of (9) accounts for
energy savings associated with the header bit rate being lower
than the payload bit rate.
We now use (9) to determine the energy per bit in four optical

switch technologies.

A. AWG-Based Switch Fabrics

AWG-based optical switch fabrics are attractive technologies
for OPS due to their potential for low energy consumption [14].
Fig. 6(a) shows a schematic of an AWG-based switch
fabric, using AWGs, tunable WL converters (TWCs) and
fixed wavelength converters (FWCs). The potential of this kind
of switch fabric is dependent on the development of a viable
all-optical WL converter technology [11].
Fig. 6(b) shows a model of the power consumed in a TWC.

The power required to provide a fixed output WL is and
the power required to tune the TWC is . A driver circuit
supplies the tuning power to the TWC. The total power input

to the TWC is given by

(10)

where is the power conversion efficiency of the driver.
If the optical packet switch uses and AWG-based switch

fabric of the kind illustrated in Fig. 6, the energy per bit
is obtained by writing (9) in the following form:

(11)

where and .

B. SOA-Based Switch Fabrics

Fig. 7 shows schematics of two optical switch fabrics
based on an array of SOAs. Fig. 7(a) is a Benes [20] architecture,
based on crosspoints made up of SOA gates and 3-dB optical
couplers. In a typical switch design, the gain of the SOA gates
in Fig. 7(a) overcomes the losses in the 3-dB couplers. Fig. 7(b)
is a broadcast-and-select architecture, in which each of the in-
coming WLs is split ways in splitters, selected by an
array of SOA gates, and routed to the appropriate port via
an array of optical combiners. For large , the SOA gates
may not be able to fully compensate for the losses in the split-
ters and combiners. Additional gain blocks at the input and/or
output ports can be added to compensate these losses.
In Fig. 7(a) and (b), FWCs at the output of the switch align the

outgoing WLs with the output WL multiplexers on the output
fibres.
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Fig. 6. (a) Three-stage Benes WL-interchanging switch using TWCs, FWCs, and AWGs. (b) Model of energy supply to TWC.

For the Benes switch fabric in Fig. 7(a), the energy per bit
is given by writing (9) as follows:

(12)

where is the energy per bit associated with each SOA gate
and is the energy per bit in each output FWC, and

(13)

A key design parameter in SOA gate arrays is the extinction
ratio (ER) of the SOA gates [25], [26]. The ER needs to be
high to minimize crosstalk, but high ER comes at a cost of in-
creased energy consumption [26]. To quantify this tradeoff, the
Appendix develops a model of crosstalk and energy consump-
tion in cascaded SOA gate array switch fabrics. A key result
of the Appendix is an expression for the minimum energy per
bit in one of cascaded switch fabrics, as shown in
Fig. 1. The energy is minimum in the sense that the ER of all
devices has been optimized to minimize the energy per bit.
The analysis in the Appendix is a good approximation at large

bit rates. However, practical SOA devices require a minimum
drive current (i.e., drive power) to achieve the required on-level
gain of (see Appendix). For example, practical SOAs
with high ER typically need around 100 mA of drive current.

To account for both and this device-dependent term
at low bit rates, we model the total energy per bit in
an SOA gate as the sum of these two components as follows:

(14)

where is the power associated with the minimum practical
device drive current. As shown in the Appendix, at a SNR of
20 dB and with cascaded switches, is around
10 pJ. For a junction voltage of 2 V and a driver efficiency of
50%, the second term in (14) is around 10 pJ at 50 Gb/s. The

term dominates above 50 Gb/s and the second term
in (14) dominates below 50 Gb/s.

C. Electro-Optic-Based Phased-Array Switch Fabrics

Integrated phased-array optical switches based on
electro-optic phase shifters [27] can be scaled to
switches using the Spanke [28] switch architecture. Fig. 8(a)
shows a schematic of an Spanke switch using
switches, each with dimension . FWCs are employed at
the output of the switch. Each of the phased-array switches in
Fig. 8(a) is controlled by input voltages on input control
lines that control the phase shift in each of the waveguides in
the grating [27].
Fig. 8(b) shows how the voltages on the electrodes can be

controlled. For high-speed operation, the control signal to each
electrode needs to be distributed via terminated transmission
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Fig. 7. Two SOA gate array architectures with FWCs at the output
ports. (a) Benes gate array. (b) Broadcast and select architecture.

line [termed feed line in Fig. 8(b)]. This is particularly important
for the and switches in Fig. 8(a) because any reflec-
tions from the device back onto the transmission lines will de-
grade the crosstalk performance of the switch. If the electrodes
are equipped with 50 resistive terminations and the drive cir-
cuit for each electrode is also terminated with 50 , the total
energy per bit needed to drive each electrode is [21]

(15)

where is the rms control voltage on each electrode and
is the power conversion efficiency of the driver amplifier

connected to each electrode. Note that the conversion efficiency
excludes the effect of the 50- output resistance of the

driver [21].
For a switch, the optimum number of electrodes is given

by 1.6 [29]. Therefore, the total number of electrodes
in the Spanke switch fabric is

(16)

Therefore, from (15) and (16), the energy per bit in
the Spanke switch is given by

(17)

We show in Section V that this is energy is much larger than any
of the other optical switch fabrics considered here.
Fortunately, it is possible to use other architectures that re-

duce the energy consumption. For example, a three-stage Benes

Fig. 8. (a) Spanke fabric using and switches. (b) Circuit
model of driver and electrode.

switch can be constructed using the architecture in Fig. 4, with
each switch in Fig. 4 constructed using the Spanke architecture
in Fig. 8(a). With this arrangement, the total number of elec-
trodes in the resulting Spanke/Benes switch
becomes

(18)

and the energy per bit in the switch is given
by

(19)

Note in (17), the energy scales with , but in (19) it scales with
the square root of .

D. Resonator-Based Switches

Fig. 9 shows an switch fabric based on dilated
crosspoints [30] using microring-resonator switch elements.
The scalability of switches based on ring resonators is gener-
ally limited by crosstalk, but the dilated structure overcomes
these problems. Each crosspoint in Fig. 9 requires four switch
control lines to drive the switch state of each resonator and
four resonance controllers to ensure that each resonator is at
the correct WL. An array of input FWCs ensure that all
incoming data are at the same WL as all resonators. We assume
that each of the switch control lines operates with a signaling
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Fig. 9. switch fabric based on dilated crosspoints using ring-resonator
switch elements.

voltage of 1 V and is terminated with 50 at an on-chip CMOS
resonator driver [31]. In the analysis in Section V, we assume
that the power consumption of each resonance controller is
500 mW.

V. ENERGY CONSUMPTION

In this section, we present calculations of energy consump-
tion of packet switch fabrics based on the models presented in
Sections III and IV. We compare the energy consumption in op-
tical and electronic packet switch fabrics based on estimates of
state-of-the-art device performance in 2010 and using projec-
tions of future device performance in 2020, based on anticipated
rates of improvement of these technologies. A key objective of
the analysis is to compare the relative energy consumption of
optical and electronic packet switch fabrics as a function of the
line rate . This provides an opportunity to test the proposition
that optical packet switches will outperform electronic packet
switches at very high line rates.
Note that the comparison does not include the energy con-

sumption or capacity limitations associated with buffers. There-
fore, the comparison is likely to favor OPS. Note also that the
comparison does not include any estimates of the forwarding en-
gine power in (6), (8), (9), (11), and (12). This is because we
assume that the degree of packet processing is the same for all
switches considered here, and is the same for all switches.
Table I summarizes the parameter values used in the calcu-

lations. These parameters apply to 2010 era devices. Informa-
tion on the parameter value is given in Sections V-A and V-B as
follows.

A. Electronic Switch Fabrics

The device parameters for the electronic routers considered
here are based on a state-of-the-art commercial 144 144 cross-
point switch with an operating bit rate of 10 Gb/s [32]. This
switch is a single packaged chip and consumes 21 W of supply
power. The chip is equipped with matched input and output in-
terfaces for interchip interconnects. We estimate that approxi-
mately half of the 21 W of power consumption is used to drive
these interfaces [the term in (4)]. With 10 Gb/s data on all
144 input and output channels, the total input-to-output energy
consumed per bit in this chip (excluding the interconnect inter-
faces) is 5 pJ. Putting in (3), we estimate that there
are approximately 14 stages of 2 2 crosspoints in the chip.

TABLE I
DEVICE PARAMETERS FOR TECHNOLOGIES IN 2010

.

Therefore, we estimate the energy per bit per stage in the
switch to be approximately 0.5 pJ and the interconnect energy
per bit to be pJ.
We assume that the switch energy per bit in commer-

cial switches will decrease at a rate of % per annum over
the next ten years. This assumption is based on ITRS projec-
tions [18] and is backed up by our recent analysis of CMOS chip
performance [21]. The energy consumption of future optical in-
terconnects is expected to be more than an order of magnitude
smaller than current-day electrical interconnects [33]. There-
fore, we project that the interconnect interfaces on commercial
devices in the future will be optical, and the interconnect energy
per bit in 2020 is 0.5 pJ/bit.
The parameter values for the O/E converters, the E/O con-

verters, and the multiplexers and demultiplexers are based on
a recent analysis by the author [21]. In [21], the energy con-
sumptions of state-of-the-art optical transmitters and receivers
(including clock and data recovery) is estimated to be around 30
and 50 pJ/bit, respectively. In addition, the energy per bit in a
2:1MUX and a 1:2 DEMUX are estimated at around 10 pJ each.
These data are included in Table I, in which the total energy per
bit for the O/E and E/O converters are 80 pJ/bit in 2010 (i.e.,

) and the energy per bit of a 2:1 and 1:2 MUX/DEMUX
pair is pJ in 2010.

B. Optical Switch Fabrics

For the optical packet switches, we assume that the O/E/O
converters and multiplexers and demultiplexers in Fig. 5 are
identical to those used in the electronic routers. The power
consumption of an FWC is taken as 600 mW (e.g., including
200 mW for a continuous-wave laser and 200 mW for each of
two SOAs in a Mach–Zehnder arrangement) and 800 mW for a
TWC (e.g., including 200 mW for the tuning power and driver).

C. Analysis

Fig. 10 shows the energy per bit for complete switches
delivering a total switch capacity of 1 Pb/s. This energy
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Fig. 10. Energy per bit in optical and electronic switches with
total capacity of 1 Pb/s against bit rate per WL or wave-
band, based on state-of-the-art technology. (a) 2010. (b) 2020.
E-WB Electronic Waveband E-WL Electronic Wavelength
O-AWG Optical Arrayed Waveguide Grating O-SOA
Semiconductor Optical Amplifier O-MR Optical Microring Resonator.

per bit is plotted as a function of the bit rate per WL or WB.
Fig. 10(a) gives the energy per bit using the 2010-era parame-
ters in Table I, and Fig. 10(b) gives the projected energy per bit
in the year 2020. For clarity, the labels on the curves in Fig. 10
commence with an “O” for optical switches and an “E” for elec-
tronic switches.
Note that the curves for the electronic wavelength switch

(E-WL) in Figs. 10 and 11 extend across the full 10–1000 Gb/s
range considered here. But in practice, WL switches are limited
by the speed of the O/E and E/O converters. This limitation does
not apply to the electronic waveband switch (E-WB).
The optical Spanke, Benes/Spanke, and SOA gate-array

switch fabrics consume the most energy. The energy per bit
in these fabrics decreases as the bit rate per WL increases,
and in Fig. 10(a) and (b), at Tb/s, the energy per bit
in Benke/Spanke and SOA gate array switches decreases to
similar values as for WL and WB switches. However, in the
projected 2020 data in Fig. 10(b), the Benes/Spanke and SOA
gate array switches become less competitive than WB, MR,
and AWG switches at 1 Tb/s.
The data in Fig. 10 confirm that all of the optical switch fab-

rics consume decreasing energy per bit as the bit rate increases.
However, an important conclusion from Fig. 10 is that at bit

Fig. 11. Fraction of energy consumption of drivers andWCs and the electronic
switch fabric in SOA-based, AWG-based,MR-based andWL routers, relative to
the total energy consumption against bit rate per WL or WB, based on state-of-
the-art technology in 2010.

rates per WL of up to 1 Tb/s, all of the optical switches consid-
ered here, except for the AWG-based and microresonator-based
switches, consume more energy than the electronic waveband
switch. Note that the energy difference between the resonator-
based (and AWG-based) switches and the waveband switch in
the region of 1 Tb/s is slightly smaller in 2020 than in 2010.
This is due to the use of optical interconnects in the waveband
switch in 2020.
Fig. 11 shows the contributions of different components in

each switch, relative to the total energy consumption in that
switch, in 2010. Like Fig. 10, the data are plotted against the bit
rate per WL or WB. The three key contributions to the total
energy consumption in the WL switch are the switch fabric, the
O/E/O converters, and the (DE)MUXs. As shown in Fig. 11,
the relative contribution of the (DE)MUXs rises from zero at

Gb/s (where ) to more than 50% of the total at
Gb/s. The relative contribution of the switch fabric and

the O/E/O converters both decrease as B increases. The switch
fabric consumes less than 30% of the total energy at low bit rates
and less than 15% at high bit rates.
The contribution of the SOA switch fabric to the total energy

consumption of the SOA packet switch drops from almost 100%
at Gb/s to about 70% at 100 Gb/s. The remainder of the
energy is consumed by the O/E/O converters and (DE)MUXs,
roughly in the same proportion as for the WL switch. Simi-
larly, the contribution of the WL converters in the AWG switch
fabric drops from 97% to 6%, and the contribution of the res-
onator drivers in the microring resonator switch drops from
72% to 6% as increases from 10 to 100 Gb/s. The remainder
is contributed by the O/E/O converters and (DE)MUXs, and
the resonator controllers in the microring resonator switch. At
high bit rates approaching 1 Tb/s, the energy consumption of
the AWG switch, the microring resonator switch, and the two
electronic switches are dominated by the O/E/O converters and
(DE)MUXs.
Fig. 12 shows the energy consumption of each of the

switches, at a bit rate per WL or WB of 100 Gb/s, relative to
the energy per bit in the electronic waveband switch. The
data in Fig. 12 are plotted against the total switch throughput
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Fig. 12. Energy per bit in optical and electronic switches relative to
the lowest-energy technology (E-WB) against switch throughput mB.
E-WB Electronic Waveband E-WL Electronic Wavelength
O-AWG Optical Arrayed Waveguide Grating O-SOA
Semiconductor Optical Amplifier.

Fig. 13. Total power consumption in optical and elec-
tronic switches against switch throughput .
E-WB Electronic Waveband E-WL Electronic Wavelength
O-AWG Optical Arrayed Waveguide Grating O-SOA
Semiconductor Optical Amplifier O-MR Optical Microring Resonator.

, ranging from 100 Tb/s to 1 Pb/s. Note that the relative
energy per bit is largely independent of total switch throughput.
This paper has focused on the energy per bit—a fundamen-

tally important parameter. However, it is informative to con-
sider the total power consumption of a complete switch. Fig. 13
shows the total power consumption at a bit rate perWL or wave-
band of 100 Gb/s against the total switch throughput , from
100 Tb/s to 1 Pb/s. The Benes/Spanke switch consumes be-
tween 170 kW and 5 MW, and the SOA gate array switch con-
sumes between 30 and 400 kW. The most energy-efficient of
the switches are WL switches, AWG-based switches, microres-
onator switches, andWB switches, with power consumptions in
the range of 6–100 kW. The power consumption of the Spanke
switch is more than 10 MW and lies well off scale on Fig. 13.

VI. DISCUSSION AND CONCLUSION

We have studied the energy consumption and scalability
properties of a number of optical packet switch fabric tech-
nologies and have compared these with the corresponding

properties of state-of-the-art electronic switch fabrics. The
analysis includes the key contributors to energy consumption in
each technology and the throughput (i.e., capacity) capabilities
of each technology. The analysis includes the O/E and E/O
converters required in electronic packet switches as well as the
multiplexers and demultiplexers needed in electronic packet
switches to bring the bit rate down to speeds that can be handled
in the switch fabric.
As expected, we find that the energy consumption per bit of

data in optical switch technologies decreases as the bit rate of the
data increases. However, for two of the optical switch technolo-
gies considered here, the energy consumption is larger than in
electronic switches. AWG-based switch fabrics and resonator-
based switch fabrics consume marginally less energy than elec-
tronic switches at high bit rates. However, AWG switches de-
pend on rapidly-tunable TWCs, which are yet to be developed
to a level where they are commercially viable, and there remain
significant challenges in controlling the resonance WL in res-
onator-based switch fabrics.
We have shown that optical and electronic switch fabrics can

both, in principle, be scaled to very large sizes. A key impedi-
ment to the scaling of optical switch fabrics is the energy con-
sumed in the electronic circuits that drive the individual optical
devices in the switch fabric and the energy consumed by the
network of control lines that feed these electronic drivers. In
the future, low-energy optical interconnects help to alleviate this
problem. Ultimately, the energy consumption of optical packet
switches is limited by the O/E and E/O converters required for
packet header recognition and header replacement.
Our analysis has not included any consideration of optical

synchronizers or optical buffers. Even if we put these problem-
atic issues aside, there remain very large, if not insurmountable,
problems to be solved before OPS can become a commercial re-
ality. Not the least of these problems is the fact that high-speed
(subnanosecond) electronic switching technologies continue to
improve at a more rapid rate than high-speed optical switch
technologies.

APPENDIX

Fig. 14 shows two cascaded SOA stages in an SOA gate array.
All SOA gates in the array have an intrinsic extinction ratio of
ER. This extinction ratio is the attenuation in each gate when it
is turned off. All SOAs in the array are switched ON or OFF by
driver circuits that are controlled from the forwarding engine. In
Fig. 14, the first SOA (Stage ) is switched OFF and the second
SOA (stage ) is switched ON. The drive energy per bit is
0 when the SOA is OFF and when it is turned ON. The
total energy consumed by the SOA gate and its driver is

, where is the power conversion
efficiency of each SOA driver.
For the gate that is turned OFF in Fig. 14, the intrinsic gain

is and the net gain is . For the gate
that is turned ON, the intrinsic gain compensates the internal
attenuation ER and also compensates for the 3 dB loss in one of
the couplers. Therefore, the intrinsic gain in Stage is

. Stage reduces crosstalk in the ratio . Therefore,
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Fig. 14. Cascaded SOA gates in an SOA gate array.

the total signal-to-interference ratio for a switch with
stages is given by

(A1)

and for p cascaded switches as shown in Fig. 2, the
total signal-to-interference ratio is given by

.
We now define a total effective signal-to-noise ratio

at the output of the cascaded switches as follows

(A2)

The objective of this Appendix is to find the optimum value of
the ER that minimizes consumed per gate for a cascaded
array of gates. The energy consumed per gate in a cascade of
amplifiers is given by [21]

(A3)

where is the conversion efficiency of the SOA.
The optimum extinction ratio is obtained by substi-

tuting (A2) into (A3), differentiation with respect to ER, and
setting the derivative to zero. Thus, the optimum extinction ratio
is given by

(A4)

The minimum energy per bit per SOA gate is obtained
by substituting (A4) in (A3) as follows:

(A5)

The natural logarithm term in (A5) is almost constant over a
reasonable range of values of . Therefore, (A7) can be
approximated as

(A6)

Fig. 15. Energy per bit per gate versus total SNR.

Fig. 15 shows the minimum energy per bit per SOA gate as
a function of the total SNR for a single switch fabric with five
cascaded switch fabrics and with . Curves
are plotted for switches with 1024 ports and 16 384 ports.
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