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Abstract—Fast optical circuit switching has significant po-
tential to solve scaling issues with traditional packet-switch
based networks and improve bandwidth and power efficiency
in datacenter and high-performance computing applications. One
difficultly in utilizing a fast optical switch is that the optical signal
must be rapidly reacquired after each switching event so as to
not significantly impact the overall throughput of the system.
Here we present a system-level integration of a nanosecond-scale
2×2 silicon photonic switch with a 25-Gbps burst-mode receiver
that can lock in 31 ns. A novel FPGA-based control plane was
used to generate test data, control the silicon photonic switch and
burst-mode receiver, and measure bit errors at 12.5 and 20 Gbps.
Error-free links (BER < 10−12) with system-level reconfiguration
times below 60 ns (at 20 Gbps) and 90 ns (at 12.5 Gbps) including
bit- and frame-synchronization are demonstrated.

Index Terms—Burst-mode (BM), clock and data recovery
(CDR), optical receiver, optical switches, silicon photonics

I. INTRODUCTION AND BACKGROUND

Bandwidth requirements in modern hyperscale datacenters
have been increasing exponentially, approximately doubling
every year [1]. Traffic within some hyperscale datacenters
can exceed the backbone traffic of the Internet itself. Ad-
ditionally, high-performance computing (HPC) systems also
continue to scale [2], and many large-scale applications are
limited by bandwidth bottlenecks in various interfaces of the
system. Typically, the requirements of different workloads are
not perfectly matched to a fixed set of computing hardware
resources. Disaggregation of compute resources through a very
high bandwidth scale-up network has significant promise to
improve resource utilization. In summary, building networks
capable of meeting the demands of both the hyperscale and
scale-up systems is exceedingly difficult.

Modern datacenter and HPC networks are built from elec-
trical packet switches. Electrical packet switches route pack-
ets from a source to a destination through a network in a
distributed, scalable fashion by forwarding packets peer-to-
peer through the network. Packet switches operate by storing

The information, data, or work presented herein was funded in part by the
Advanced Research Projects Agency-Energy (ARPA-E), U.S. Department of
Energy, under Award Number DE-AR0000844. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the U.S.
Government or any agency thereof.

Alex Forencich and George Papen are with the University of California, San
Diego, CA, USA. Valerija Kamchevska is with Telia Company AB, Denmark.
Nicolas Dupuis, Benjamin G. Lee, Christian Baks, and Laurent Schares are
with the IBM T.J. Watson Research Center, Yorktown Heights, NY 10598,
USA. The work by A.F. and V.K. was done during internships at the IBM
T.J. Watson Research Center, Yorktown Heights, NY 10598, USA. Contact
email: jforenci@eng.ucsd.edu, schares@us.ibm.com.

packets in queues and using packet header information to make
local routing decisions based on information in routing tables.

Alternative network designs based on aspects of circuit
switching such as time-division multiple access (TDMA) are
being considered [3]. Optical circuit switches work by making
and breaking light paths through the switch. Switching in the
optical domain enables rate agnostic switching, where the data
rate per port is not tied to a specific line rate or modulation
format. This work motivates research in datacenter networks
with high-bandwidth optical circuit switches that have the
potential to address some of the issues in existing datacenter
networks.

The use of active optical switch technologies within a
datacenter has several challenges. Due to the stateless nature
of optical circuit switches, it is not possible for an optical
circuit switch to store and forward packets or to make routing
decisions based on information extracted from the packets
themselves. Instead, data must be routed end-to-end through
all of the switches along the path. Therefore, successfully
utilizing optical circuit switches in a scale-out network re-
quires significant coordination at the link level that is not
required in a standard packet-switched network. Scheduling
algorithms must be used to determine switch configurations
and decide which data will be sent at what time [4], [5], while
synchronization techniques must be used to ensure that data
successfully arrives at the correct destination. Other methods
rely on variations of TDMA and do not require an explicit
schedule [6], [7]. Scheduling may also be less of an issue in
scale-up or disaggregated networks with fewer, newer compute
nodes. In either case, the synchronization issue must be solved.

Optical circuit switches also have their own physical-layer
scaling challenges. Depending on the switch technology, there
are numerous trade-offs between the number of switch ports,
the reconfiguration speed of the switch, and optical proper-
ties such as insertion loss, crosstalk, optical bandwidth, and
noise [8]. While insertion loss limits the number of switches
that can be cascaded before requiring optical amplification
and the associated increase in cost, complexity, power con-
sumption, and optical noise, multiple recent demonstrations
have shown that the flip-chip integration of semiconductor
optical amplifiers (SOA) on silicon photonic switches have the
potential to overcome the link margin challenges [9], [10]. The
speed and optical properties of a switch will also vary with the
port count. Larger switches can be built as cascades of smaller
switches at the expense of insertion loss and crosstalk.

Because circuit-switched networks operate by switching
physical connections instead of packets, the speed at which the
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switches can reconfigure at the link-level is a key performance
metric. Network traffic inside a datacenter consists of flows
of various sizes. Faster reconfiguration of link-level circuits
can route smaller blocks of data, enabling a larger fraction of
the total network load to be optically circuit switched. This
is illustrated in Fig. 1, which shows the switch throughput
as a function of data transfer size for different end-to-end
switching times, highlighting the importance of fast end-to-
end reconfiguration when operating on packets or small flows.
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Fig. 1: Illustration of circuit switch throughput as a function
of data transfer size for different end-to-end switching times
(blue: 10 ns, orange: 10 us, green: 10 ms). The vertical dashed
lines related selected data sizes to link speeds (purple: 400
Gbps, black: 25 Gbps)

Faster circuit switching also requires tighter coordination
between network components. In order to efficiently utilize
a nanosecond-scale optical circuit switch in a network, fast-
locking or burst-mode receivers are also required for link re-
timing and retraining. Burst-mode (BM) receivers that operate
over a large range of input power levels and have locking times
similar to switch reconfiguration times are critical to rapidly
recover the clock and data (CDR) after an interruption in the
link [11].

In this paper, we expand and refine the preliminary results
from our earlier work in [12] , demonstrating a switched
optical link consisting of a combination of a nanosecond
silicon photonic optical switch [13] and a burst-mode optical
receiver [14], coordinated by an FPGA .

II. OPTICALLY-SWITCHED ARCHITECTURE AND SYSTEMS

A notional system-level figure of a photonic-switched net-
work is shown in Fig. 2. Data from one processing node
such as a network interface card (NIC) is routed to a second
processing node through a series of optical circuit switches,
which are coordinated by a control plane. In a conventional
implementation, the control plane computes a schedule for
data transmission, transfers this schedule to all the transmitters
and optical switches, and synchronizes all of the components
in the network. Admission control components at end hosts
report demand information to the control plane and hold data
for transmission until triggered to send it by the scheduler.
For maximum throughput, burst-mode data transmission is
required, as will be shown in Section III. Burst-mode data
transmission requires a burst-mode receiver that is designed
to rapidly lock onto the incoming data stream as well as a
transmitter that sends the necessary preamble signal at the
correct time to facilitate the operation of the burst-mode
receiver.

Fig. 2: Notional schematic of future photonic switch system
integration.

The scheduler in the control plane uses a scheduling algo-
rithm to determine how to configure switches and when to
transmit data. Various techniques for computing a schedule
exist, but the scaling properties of these algorithms can be
problematic, especially at hyperscale datacenter scales [15],
[5]. Operating a global scheduler also requires collecting a
set of demand information and distributing a schedule based
on that information. These operations can require a significant
amount of bandwidth at large scales. Minimizing the latency
of these components is critical for enabling high network
performance.

A. Optical switches

There are a variety of methods for implementing routing
in the optical domain [5], [7], [16], [17]. One method is to
route different wavelengths with passive components such as
array waveguide gratings (AWGs) and fast tunable lasers [18].
Another method is to use active switching technologies with
fixed-wavelength transmitters. This paper focuses on the latter
technique.

Switches based on free-space microelectromechanical sys-
tems (MEMS) technology can scale to large port counts with
low loss, but suffer from large size, slow switching speed, and
high actuation voltage [19]. Semiconductor optical amplifier
(SOA) based switches have been studied, but suffer from
noise and nonlinearities in the amplifiers as well as polar-
ization sensitivity [20]. Thermo-optic Mach–Zehnder (MZ)
interferometers and ring resonators may be suitable, but the
time constants associated with the thermo-optic effect limit
switching speeds [21]. A switch design based on MEMS
actuated waveguides [22] shows promise for sub microsecond
switching times coupled with good optical performance and
reasonable scaling properties.

Switches based on silicon photonics are capable of switch-
ing on much shorter timescales. Electro-optic ring resonators
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and Mach–Zehnder (MZ) interferometers can both be used to
construct switches that have reconfiguration times on the order
of 5 ns [13], [23].

B. Burst-mode receivers

During a switching event, the physical connections to the
receivers are changed from one host to another host. In most
deployed datacenters, these hosts do not share a common
clock. Therefore, the clock frequency and phase must be
recovered at the receiver. No data can successfully transit
the network until the switches have completed reconfiguring
and the receivers have locked on to the data. As a result, the
system-level reconfiguration time is determined primarily by
the sum of the switch reconfiguration time and the receiver
lock time. The duty cycle is the fraction of time in which data
can be sent over the network between each reconfiguration.
More reconfigurations of the switch, with slower switches,
or with slower receivers can reduce the duty cycle and the
overall network throughput. This is why fast-locking receivers
are required when using fast optical switches.

Burst-mode receivers are designed to lock onto an input
signal without a significant interruption of data. This is nec-
essary when the links are optically multiplexed in time, either
with an optical switch or by switching transmitters on and off
as in passive optical networks (PON). In a PON, downstream
data is transmitted using a broadcast-and-select protocol while
upstream data is transmitted using a time-division multiple
access (TDMA) protocol. The upstream receiver in a 10G-
EPON network must be able to lock on to the preamble of
each incoming frame within 400 ns, despite varying power
levels and clock phase and frequency.

Burst-mode receivers consist of two main components: a
variable gain transimpedance amplifier (TIA) and a burst-
mode clock data recovery (CDR) circuit. The variable-gain
TIA adjusts the gain and threshold to track changes in received
optical power. The burst-mode CDR follows the TIA, recovers
the clock signal, and detects the data bits. Both the TIA and
the CDR must be able to quickly find the optimal gain, offset,
and clock phase for successful recovery of the data [24].

C. System-level reconfiguration time

The overall system-level reconfiguration time is the sum
of the switch reconfiguration time plus the receiver locking
time and is illustrated in Fig. 3. Fast optical switches help to
reduce the system-level reconfiguration time, but minimizing
the overall system-level reconfiguration time requires precise
synchronization between the optical switch, burst-mode trans-
mitter, and burst-mode receiver. For efficient operation, the
receiver lock time should be matched to the speed of the
optical switch.

For a scale-out network, this desirable high data-rate func-
tionality creates many challenges related to link establishment
and coordination. Recent demonstrations have focused on the
switch interface, while using either source-synchronous [25],
[26] or non-burst-mode optical links [27]. Source-synchronous
data transmission requires distributing the transmit clock to
the receivers, which is complex to implement at datacenter

Fig. 3: Illustration of system-level reconfiguration time, includ-
ing switch reconfiguration and link training (bit- and frame-
synchronization). Not included are scheduling and time-of-
flight.

scale. Non-burst-mode receivers recover the clock from data
transmitted with an embedded clock, but are not specifically
optimized for fast locking and as a result limit the achiev-
able system-level reconfiguration time as well as the average
throughput.

Here, we present detailed system-level results for a non-
source-synchronous burst-mode link of an optically-switched
network that can reconfigure on nanosecond time scales. The
system-level timing for the link is coordinated by an FPGA.

Utilizing a burst-mode receiver enables fast switch recon-
figuration in a scalable fashion. The FPGA initiates a burst
from an optical transmitter, configures the photonic switch, and
signals the receiver to begin a training sequence. Once, locked,
the FPGA-based data plane provides error-free transmission
through the switched link. The testbed demonstrates system-
level reconfiguration times of 90 ns at 12.5 Gbps and 60 ns
at 20 Gbps for kB-scale packets.

III. IMPLEMENTATION

Fig. 4: Testbed block diagram. The blocks in the shaded region
are implemented in the same FPGA.

A testbed, shown in Fig. 4, was developed to assess the
combined performance of a silicon photonic optical switch
chip and a burst-mode receiver. The testbed consists of optical
components, a data plane, and an FPGA to coordinate the link.
The link-level components, data pattern generator, and error
detector are implemented on a Virtex Ultrascale FPGA on a
VCU108 development board. Data from the pattern generator
is serialized with a transceiver on the FPGA and sent to a
commercial 100GBASE PSM4 QSFP28 transceiver operating
around 1310 nm. The output of the transceiver is coupled
to the input of the silicon photonic switch chip through an
isolator, polarization controller, and lensed fiber. After passing
through the switch chip, the light is coupled out with another
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lensed fiber, amplified with an O–band praseodymium-doped
fiber amplifier (PDFA), filtered with a tunable optical bandpass
filter, attenuated, and coupled in to the receiver with a fiber
probe. The output of the receiver is connected to the FPGA
for error analysis via a pair of demultiplexer chips. The
details of this part of the testbed are shown in Fig. 5. Optical
power is measured in several places—a tap and detector in
the bandpass filter module, a tap and power meter following
the attenuator, and the photodiode bias source meter, which
supplies the bias voltage to the high speed photodiode in
the receiver and measures the average photocurrent. Control
software continuously adjusts the attenuator throughout the
tests to control the photocurrent (optical power) at the receiver.

A. Optical components

The switch used in the testbed is a 2 × 2 Mach–Zehnder
based silicon photonic switch [13] configured as a 1 × 2
switch. This switch is equipped with two electro-optic phase
shifters driven in push-pull mode and two thermo-optic phase
trimmers. It provides fast switching in about 5 ns, while
exhibiting an insertion loss of 1 dB and an extinction ratio >
20 dB over an optical bandwidth of 12 nm in the O-band. The
low crosstalk of this switch leads to a worst-case power penalty
of less than 0.25 dB [28]. Electronic circuits, including digital
device drivers and a serial-to-parallel interface, are integrated
on the die alongside the switching elements [23]. A switch
control module on the FPGA loads new configurations into
the switch with a 250 MHz clock.

The burst-mode receiver used in the testbed has a measured
lock time of 31 ns at 25 Gbps [14]. The receiver uses a series
of steps to recover the data, including a TIA calibration to
adjust the DC bias and a successive approximation search
routine to determine the correct clock phase. Phase interpo-
lators are used to generate the recovered clock. The receiver
completes the input DC level calibration in 12.5 ns and locks
onto the data bit edges in 18.5 ns. The receiver has an internal
1:2 demultiplexer, providing two half-rate data outputs at
12.5 Gbps as well as a half-rate clock at a nominal rate of 12.5
GHz. The 12.5 Gbps outputs are further demultiplexed by a
factor of 16 in the FPGA-based data plane as described below.
The trigger generator module on the FPGA provides the start
signal to trigger the burst-mode locking routine in the receiver.

Due to the design of the CDR chip, the falling edge of the
start signal resets the control logic and the phase interpolators
in preparation for the rising edge to initiate the locking routine,
causing the link to be interrupted on the falling edge of the
start signal. This means that the width of the start pulse directly
affects the length of time the link is interrupted during the
CDR locking operation. This is in contrast with [14], where
the locking time is measured from the rising edge of the start
pulse after the CDR has been reset. The shortest pulse that
worked reliably was 6 ns wide and the CDR takes about 4 ns
to respond to the falling edge, so the overall locking time
achieved is closer to 42 ns at 20 Gbps instead of the expected
38 ns (extrapolated from 31 ns at 25 Gbps).

B. Datapath

Data is generated with a custom pattern generator, imple-
mented on a Virtex Ultrascale XCVU095 FPGA. The pattern
generator is responsible for generating the preamble that the
burst-mode CDR chip requires—in this case, a 2-UI square
wave or 1010 data pattern—as well as a known data sequence
as the payload for BER measurements. The pattern generator
uses a 30-Gbps GTY transceiver on the FPGA to serialize the
data for transmission to the QSFP28 module and through the
link. The two data rates used in this paper are 12.890625 Gbps
and 20.625 Gbps, which are 50% and 80% of the data rate of
a single lane of 100GBASE-R, respectively. For brevity, this
paper lists these rates as 12.5 Gbps and 20 Gbps. The pattern
generator supports generating variable-length payloads either
from an internal pattern RAM or an internal PRBS generator.
When running in PRBS mode, a continuous PRBS sequence is
generated and segmented into individual payloads, with each
payload containing a different section of the sequence. The
pattern generator continuously outputs a repeating preamble
pattern, switching to the configured payload data pattern when
triggered.

Fig. 5: Block diagram of receiver, FPGA connections, and
FPGA receive datapath logic.

Following the receiver, an error detector was implemented
to assess system-level performance. A block diagram of the
error detector and connections to the receiver is shown in
Fig. 5. This diagram covers the burst-mode receiver, de-
mux, and error detector blocks from Fig. 4. The burst mode
receiver contains a variable gain transimpedance amplifier
(TIA), 1:2 demultiplexer, phase interpolators, and the burst
mode CDR logic. When running at 25 Gbps, the output of
the burst-mode receiver chip is a pair of source-synchronous
single-ended 12.5-Gbps outputs with a 12.5-GHz clock. The
transceivers on the FPGA work at up to 30 Gbps, but can
only be used for receiving serial data with an embedded
clock—they do not support reception with an external full-
rate recovered clock. 12.5 Gbps is also too fast for normal
source-synchronous FPGA I/O, which supports a maximum
of 1600 Mbps for LVDS inputs. Instead, a pair of external
demultiplexer chips (Adsantec ASNT2011) on a custom FMC
(FPGA mezzanine connector) board (shown in Fig. 6) are used
to demultiplex each 12.5-Gbps output to sixteen 800-Mbps
low-voltage differential signalling (LVDS) signals that are
compatible with normal source-synchronous FPGA I/O. Level
shifters (Adsantec ASNT3111) are used to convert between the
single-ended ground-referenced outputs of the receiver and the
differential Vcc-referenced inputs of the demultiplexer chips.
The recovered clock from the burst-mode CDR chip is applied
to the demultiplexers through an amplifier, trombone phase
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shifter, and wideband resistive power divider. The FMC board
contains two demultiplexers, two LVDS clock dividers, and
delay compensation traces to realign the data after the clock
dividers. The clock dividers are required to enable operation
in double data rate (DDR) mode, as 800 Mbps per pin is right
on the edge of what the FPGA is capable of in single data
rate (SDR) mode. The LVDS data from the demultiplexers is
passed through LVDS input buffers and DDR flip flops in the
FPGA I/O banks for a final demux by a factor of 2. Once
inside the FPGA, two different error detection techniques are
implemented.

Fig. 6: Picture of dual-channel 1:16 demux FMC board.

First, the errors on each of the 16 outputs of each de-
multiplexer chip are measured with 32 gated error detectors,
denoted PRBS in Fig. 5. Each gated error detector consists
of a linear feed-forward shift register with the same taps as
the corresponding PRBS generator shift register followed by
a gated counter. Bit errors in the data shifted into the shift
register produce logical high levels at the output—one logical
high per tap, per error. The gated counter accumulates the
errors when the gate is open, with the gating signal provided
by the trigger generator. The gated error detectors are useful
for debugging purposes. Because the error detectors operate
on the fully demultiplexed data, the guard times required for
the detectors to synchronize with the incoming data are quite
large. Our previous work [12] only used this technique for
error detection. Further details are provided in the Appendix.

In this work, an improved method of error detection was
also used that is based on a set of frame-synchronized pattern
checkers. Two of these pattern checkers are attached to the
outputs of each demultiplexer chip, one for each possible data
alignment of the 1:2 demultiplexer in the receiver chip. It is
not possible to use a single pattern checker in our testbed
as the clock dividers in the two discrete demultiplexers can
come out of sync with each other during the operation of
the burst-mode locking routine due to runt clock pulses from
stepping the phase interpolators on the CDR chip. This would
not be an issue with a fully-integrated demultiplexer. A frame
synchronization module, denoted FS in Fig. 5, detects the

start of frame delimiter (SFD) between the preamble and
the payload data and barrel-shifts the data into the correct
alignment so the pattern checkers, denoted PC in Fig. 5, can
check the payload data. The start-of-frame delimiter (SFD)
used is the same as the standard Ethernet SFD where the last
bit of the 1010 preamble is inverted. A signal from the trigger
generator prepares the frame synchronization logic to lock on
to the SFD after each switch reconfiguration. Using frame
synchronization vastly reduces the guard times associated with
the error checkers. Note that some guard time is still required,
as bit errors in the preamble will cause the frame synchronizer
to lock at the incorrect offset. The pattern checkers are capable
of comparing payload data to fixed patterns stored in SRAM or
feeding payload data through an LFSR-based PRBS checker.
Utilizing both the PRBS generator in the pattern generator and
the PRBS checkers in the frame-synchronized pattern checkers
enables testing with the entire PRBS sequence.

C. Link-level Control

A link consisting of both an optical circuit switch and
a burst-mode receiver requires precise synchronization of
the datapath to ensure that the error-rate measurements are
conducted when the switch is in the appropriate state. This
means that the receiver is locked and valid data is present
at the output of the receiver. A simplified timing diagram of
the control signals to synchronize the switch chip, the burst-
mode receiver, and the BER measurements as well as selected
data signals is shown in Fig. 7. The timing diagram shows
the timing relationships between various events, but is not
necessarily to scale. Further details of the specific ordering
of the trigger events are provided in the Appendix.

Software running on a control computer interfaces with all
of the datapath components and test equipment. The control
software sets up all of the datapath components for each
test, then alternates between adjusting the optical power,
accumulating errors, and reading out error counters.

Fig. 7: Simplified system timing diagram.

The control signals on the timing diagram are generated
by a programmable trigger generator implemented within the



0733-8724 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2020.2970458, Journal of
Lightwave Technology

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. YY, SEPTEMBER 2019 6

FPGA shown in the grey box in Fig. 4. The trigger generator
runs on a 500 MHz clock, providing a delay resolution of
2 ns. This generator triggers the burst-mode receiver, pattern
generator, switch controller, and frame-synchronized error
detector. The pattern generator is responsible for generating
and switching between the preamble used to lock the burst-
mode receiver and the data pattern used by the error detector
for evaluating link performance. In the absence of a trigger, the
pattern generator continuously produces a preamble pattern as
shown schematically at the top of Fig. 7. The preamble is a
2-unit-interval square wave (1010 data pattern). A 215 − 1 bit
PRBS was used as the payload because of the long cycle time
of a 231−1 sequence; there are no fundamental limitations in
either the photonic switch, the burst-mode receiver, or the rest
of the receive datapath when longer sequences are used [14].

Event (A) in Fig. 7 denotes the start of a switch cycle, when
the latch signal from the switch control module on the FPGA,
denoted switch latch in Fig. 7, commands the switch chip to
latch the new configuration to the PIN diode drivers, thereby
causing the switch to reconfigure. During this event, the pattern
generator sends the preamble sequence to the switch during
the switch transition so that the receiver will be ready to
lock immediately after the switch has stabilized in the new
configuration.

After a delay DSW, shown at the top of Fig. 7, the burst-
mode receiver is triggered at event (B), initiating the burst-
mode locking sequence. This event occurs when the trigger
generator module on the FPGA issues the start signal to the
burst-mode receiver, denoted in Fig. 7 as BM RX start. At this
point, the burst-mode receiver will start its gain adjustment
and clock phase search routines. During this time interval, the
preamble signal must be continuously present at the receiver
so that the burst-mode locking routines in the receiver will
properly lock on to the signal. When the locking routine
completes, the BM RX done signal is asserted.

After a second delay DPG shown as event (C) in Fig. 7, a
trigger output from the trigger generator informs the pattern
generator to stop generating the preamble sequence and switch
to a start of frame delimiter (SFD) followed by the payload
data, which is nominally a PRBS. The timing of the trigger
event is adjusted so that the SFD and payload data arrive at
the receiver after it is locked and ready to receive data.

After a third delay DFS, shown as event (D) in Fig. 7, a
trigger output from the trigger generator informs the frame
synchronizer in the pattern checker module on the FPGA to
start searching for the start of frame delimiter (SFD). Upon
detecting the SFD, the frame synchronizer barrel-shifts the
demultiplexed data into proper alignment for error detection
of the entire packet payload.

Event (E) in Fig. 7 denotes the start of aligned payload data
after the frame synchronizer. The end of the packet is denoted
event (F), TPKT later. The error detector accumulates errors
over the entire payload.

The error measurement process is repeated with a cycle
time TCYCLE. For the timing parameters used in the testbed,
the load signal for the next measurement cycle starts during
the error measurement process due to the significant pipeline
delay through the datapath on the FPGA. The duty cycle

TPKT/TCYCLE for several payload sizes at both data rates is
shown in Table I. The system-level switching time TSW is
defined as TCYCLE − TPKT.

IV. RESULTS

The bit error ratio (BER) of the burst-mode link was tested
in three measurement configurations at data rates of 12.5 Gbps
and 20 Gbps. The test data included a preamble consisting of
the pattern 0101 . . . and a 1024-byte PRBS15 payload, with a
730-ns overall period at 12.5 Gbps and a 460-ns overall period
at 20 Gbps.

The first configuration was a back-to-back set-up without
the photonic switch. With the photonic switch inserted, the
cross and bar states were used to assess the performance. The
same BER measurement was performed in each case, sending
multiple data packets containing segments of PRBS15 over the
link and re-locking the burst-mode CDR before each packet.

Fig. 8: Waveforms at 20 Gbps with a 1024-Byte payload.

Fig. 8 shows several measured waveforms. The upper two
waveforms (denoted BM RX start and BM RX done) are used
to start the burst-mode locking process and notify the system
when that process is completed. The next trace from the top
is the input waveform to the switch. The darker part of this
trace is the preamble and the lighter part is the data pattern.
The slight change in the amplitude between these two parts
of the waveform is attributed to high-frequency roll-off of the
preamble compared with the PRBS payload that includes more
low-frequency components.

The lower two traces are the waveforms at the cross and
bar outputs of the switch. Fig. 9 shows a zoomed-in version
showing the switching transition. As in Fig. 8, the upper two
waveforms are the trigger signal to the burst-mode receiver and
the done signal in response, the third waveform is the input to
the switch, and the bottom two waveforms are the two outputs
of the switch. The data patterns in the high-speed waveforms
do not align between the waveforms as the waveforms were
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Fig. 9: Traces inside the dashed box of Fig. 8.

captured separately and combined based on the burst-mode
start trigger. The data pattern alignment difference of up to
5 ns between the trigger signal and the pattern generator in
the FPGA is due to the crossing from the trigger generator’s
500-MHz clock domain to the pattern generator, running in
the 201.4-MHz serializer transmit clock domain.
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Fig. 10: BER at 12.5 Gbps (•) and 20 Gbps (N).

The bit error ratio (BER) curves for the back-to-back
configuration and for the cross and bar configurations of
the switch chip for each of the two data rates are shown

in Fig. 10. The measured eye diagrams (back-to-back and
through the switch) at 12.5 Gbps and 20 Gbps are shown
in Fig. 11. The BER curves indicate minimal impact on
the sensitivity at 12.5 Gbps and about a 1.5-dB penalty at
20 Gbps, both measured at a BER of 10−12. Part of the
penalty at 20 Gbps may be due to interference effects from
the switch chip itself or the fiber coupling to the chip. The
sensitivity degradation of approximately 2 dB compared to
[14] is mostly attributed to our data source, the transmitter of
a commercial 100GBASE PSM4 QSFP28 module driven by
FPGA serializers with integrated PLLs.

Payload size (B) 2048 1024 2048 1024
Data rate (Gbps) 12.5 12.5 20 20
TCYCLE (ns) 1366 730 858 460
TPKT (ns) 1276.0 640.5 797.5 400.3
TCDR (ns) 64.0 64.0 41.5 41.5
TSW (ns) 90 90 60 60
Duty cycle (%) 93 87 93 87

TABLE I: Timing parameters and overall duty cycle.

Table I contains the timing parameters for the links that were
evaluated. Data rates of 12.5 and 20 Gbps and payload sizes of
1024 and 2048 bytes were tested. For each configuration, the
timing parameters were adjusted for zero-error performance.
TCYCLE is the overall cycle time, the time between the start
of each switch reconfiguration. TPKT is the length of time
required to transmit the packet, which is checked by the pattern
checkers on the FPGA. TCDR is the measured locking time of
the CDR chip, measured from the done output falling to done
output rising. During this time, data cannot reliably transit
through the CDR chip, even if the link has not been interrupted
by the optical switch. TSW is the system-level reconfiguration
time; the time during each switch cycle in which data cannot
be sent. In this case, TSW = TCYCLE − TPKT. Finally, the duty
cycle is the fraction of the switch cycle that can be utilized
for data transmission. In this case, D = TPKT/TCYCLE.

The system-level reconfiguration time is the time during
a complete switching cycle that cannot be used for sending
valid data. It includes not only the optical switching and burst-
mode receiver lock time, but also a settling delay required
before triggering the receiver, and guard time on both ends
for triggering the pattern generator and frame-synchronized
error detector. Our measured values of 60 and 90 ns could
be improved through further FPGA optimization or an ASIC
implementation.

V. OUTLOOK

This work employed a 32-nm CMOS burst-mode receiver
that can lock in 31 ns at 25 Gbps [14], which contributes a
large part to our measured end-to-end reconfiguration time.
Faster burst-mode receivers locking in 6.8 ns at 56 Gbps have
since been demonstrated in 14-nm CMOS, although that im-
plementation did not include an automatic gain control block
to enable operation over the large dynamic range that may be
required in optical switching applications [29]. Our measured
reconfiguration times could also be further improved through
increased integration to remove the discrete demultiplexing of
our lab demonstration and by using an ASIC implementation
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Fig. 11: Optical eye diagrams.

instead of an FPGA. System-wide synchronization may also be
implemented through other means such as clock distribution,
phase-caching [30], or in-band protocols such as WhiteRab-
bit [31], [32]. While standards such as IEEE 1588 (PTP) have
been developed for synchronization across a large number of
end hosts, very fast synchronization at the nanosecond scale
has only been demonstrated in small-scale test beds.

While the work presented is necessary for an optical circuit-
switched network, it is not sufficient. To build a complete
network, additional components are required that have their
own set of challenges. Any optically-switched network must
have a scheduler to compute switch state and data transmission
schedules. For this experiment, a simple deterministic round-
robin schedule was used that did not dynamically adjust
to traffic demand. In practice, this system-level issue is a
significant challenge in particular for scale-out networks [7].

VI. CONCLUSION

Fast optical switching has significant potential to improve
throughput and power efficiency in datacenter and high-
performance computing applications. However, effectively uti-
lizing fast optical switching in a network requires precise
coordination of the switches and burst-mode receivers in order
to minimize overall system reconfiguration time.

Detailed system-level results for a non-source-synchronous
link of an optically-switched network that can reconfigure on
a nanosecond time scale have been presented. The system
combines a nanosecond scale optical switch with a fast-locking
burst-mode optical receiver. An FPGA-based testbed was used
for coordination to demonstrate error-free performance of
switched links at 12.5 Gbps and 20 Gbps with measured
system-level reconfiguration times of 90 ns and 60 ns, re-
spectively. These system-level results are a vital step in the
development of scalable nanosecond optical networks.

Moreover, any circuit-switched network must synchronize
the transmitters, switches, and receivers. Implementing global

synchronization at datacenter scale across many separate com-
ponents is complex. For this experiment, the major compo-
nents were all implemented on the same FPGA, avoiding
several issues that would have to be addressed in a distributed
synchronization scheme.

Admission control at the transmitters is also required to
ensure the correct data is sent on the wire at the correct
time. Implementing admission control for nanosecond optical
switches at any scale requires hardware support at the end
hosts to achieve the necessary control over transmit timing.

The work presented here is a significant step towards the
integration of optical circuit switching into datacenter and
HPC networks.

APPENDIX

This appendix presents details of the experimental setup
used in this work and contrasts this setup to the previous setup
used in earlier work [12]. Our previous work reported a 332
ns system-level lock time using a burst-mode receiver and a
nanosecond optical switch chip. While this result was novel, it
resulted in a low circuit-switched duty cycle for typical packet
sizes. To make this method more practical, several key changes
were implemented in this paper to improve the performance
thereby making the system more practical.

The setup used for the work presented in this paper has
the same general structure as our earlier work, but makes
several key changes that lead to significant improvements
in the system-level lock time. These changes were to: (1)
optimize the settings of FPGA-based pattern generator, (2)
reduce the width of the burst-mode receiver trigger signal
pulse, (3) implement frame synchronization, and (4) re-order
of the triggering events to compensate for the large delay
of the pattern generator. We consider each of these changes
separately.

Two optimizations were made to the FPGA-based pat-
tern generator. The first optimization was setting the pattern
generator datapath width to half the previous value. The
second optimization was doubling the serializer clock speed.
These changes reduced the trigger uncertainty from the trigger
generator from 6.2 to 3.1 ns at 20.625 Gbps. These changes
also reduced the serializer latency by one cycle of the 128 bit
interface, or 6.2 ns at 20.625 Gbps. The changes also reduced
the latency of the rest of the pattern generator. Specifically,
doubling the clock frequency cuts the latency of the rest of
the pattern generator from 37.2 ns to 18.6 ns at 20.625 Gbps,
saving 18.6 ns of latency. The combined changes to the FPGA-
based pattern generator reduced the trigger-to-output delay by
3.1+6.2+18.6 = 27.9 ns.

Changes were also made to the burst-mode receiver trigger
signal. Originally, the trigger signal was configured to be a
20 ns wide active-low pulse. However, the burst-mode receiver
resets on the falling edge of a trigger pulse and initiates the
locking routine on the rising edge of the pulse. This means
that the width of the trigger pulse directly impacts the locking
time of the receiver. Therefore, we reduced the width of the
trigger pulse. For the current setup, we determined that a 6 ns
pulse was the shortest pulse that would reliably trigger the
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(a) Timing details our previous setup [12].)

(b) Timing details of the setup used in this paper.

Fig. 12: Comparison of the timing parameters used for our
earlier work and the setup used for this work.

receiver. This change yielded a savings of 14 ns for the lock
time of the burst-mode receiver.

The use of frame synchronization also improved the system-
level switching time. Our previous work used only gated
BER measurements taken individually on each output of the
discrete demultiplexers. Because of the lower data rate, it
takes longer for the PRBS checkers to synchronize with the
payload data. Specifically, when checking PRBS-15 data, each
PRBS checker must see at least 15 data bits before it can lock
onto the pattern. Since the data is demultiplexed by 64 in the
FPGA, this requires 8 clock cycles at rate/64 or 24.8 ns at
20.625 Gbps. Frame synchronization enables handling data at
the full interface width, enabling the PRBS checker to lock in
a single 3.1 ns clock cycle.

Finally, changes were made to the ordering of the triggering
events to compensate for the large delay of the pattern genera-
tor. This large delay was primarily due to the FPGA serializer
and propagation delay from the pattern generator to the burst-
mode receiver. Specifically, we interchanged the ordering of
the burst-mode start trigger and the pattern generator trigger.
This re-ordering led to the burst-mode receiver being triggered
after the pattern generator instead of before as was the case
for the previous setup.

With respect to the timing diagram, the previous setup
considered the burst-mode trigger signal to be the reference
time (i.e. ”t = 0”) for the rest of the trigger signals, as shown
in Fig. 12a. For this previous case, the pattern generator start
signal was triggered 20 ns after the burst-mode receiver, shown

as DPG in Fig. 12a. The pattern generator latency is TPG, the
propagation of the pattern generator output through the optical
components and back to the receiver is TPROP, the lock time
of the burst-mode receiver is TLOCK, and the overall system-
level switching time is TSW. In the timing diagram, the TX
data trace represents the output of the pattern generator, and
the BM RX input trace represents the optical signal at the
input of the receiver, after passing through the optical switch.
Unlike Fig. 7, Fig. 12a shows the data at the input of the
burst-mode receiver instead of the output as the focus is on
the propagation of the data from the pattern generator to the
receiver along with the related control signals.

In the current setup, the reference time for the rest of the
trigger signals was changed to be before the pattern generator
trigger signal. Therefore, in this new reference frame, the
burst-mode trigger signal occurs after the pattern generator
trigger signal as shown in Fig. 12b. This change in the exper-
imental setup set the pattern generator trigger at a fixed offset
of t = 10 ns after the reference time. The maximum delay DBM

for the burst-mode trigger that produced no bit errors was t =
252 ns after the pattern generator trigger. This delay yielded
the minimum system-level lock time. Accounting for the 20 ns
offset used in the previous setup gives an overall change of
20+252-10=262 ns in the relative timing of the burst-mode
trigger signal and the pattern generator trigger signal between
the previous setup and the setup used in this work.

Because the burst-mode trigger pulse width was reduced by
14 ns, this results in the rising edge of the burst-mode trigger
signal changing to 248 ns. Adding 25 ns from the use of frame
synchronization gives an overall improvement of 273 ns for the
system-level locking. This value is in excellent agreement with
the measured 272 ns difference between the 332 ns system-
level switching time reported in our previous work [12] and
the 60 ns switching time reported in this work. The system-
level switching time in Fig. 12 is depicted as TSW.
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