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Abstract
Reconfiguration delay is a defining systems parameter of
photonic switching. Yet, it is almost universally modeled as
a single constant in network design and circuit scheduling
algorithms, namely the optical switching time reported
by the device. We argue that this abstraction is no longer
sufficient. From an application’s perspective, reconfiguration
begins when a new circuit is requested and ends only when
communication resumes over the new path. The latency
observed by the application spans an end-to-end critical path
across multiple hardware and software components, not just
the optical switch.

This paper asks a simple question: what is reconfiguration
delay, really? We argue that it should be understood as an
end-to-end systems property rather than a device property.
To make this concrete, we dissect the critical path of a circuit
transition, spanning host-to-controller communication,
controller processing, electrical signaling, and optical
switching. Our measurements show that optical switching
itself accounts for only a small fraction of the end-to-end
latency, even before considering transceiver recovery and
receiver-side reactions. This perspective raises a fundamental
systems question: if most of the end-to-end delay lies outside
the switch fabric, what should future photonic switching
systems optimize? We conclude by outlining a research
agenda for reducing end-to-end reconfiguration delay across
the hardware–software stack.
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1 Introduction
The growing demand for network bandwidth, together with
the slowdown of Moore’s Law, has renewed interest in pho-
tonic switching, both in academia [1, 2, 18, 22, 25, 26, 40, 42,
44, 48, 55] and industry [17, 45]. Photonic switching promises
high bandwidth and low power consumption, making it an
attractive communication substrate for datacenters and high-
performance computing [5, 12, 18, 40, 44, 48], particularly for
chip-to-chip communication in scale-up systems [1, 21].
The circuit-switched nature of photonic interconnects

introduces two fundamental systems questions: (i) what
circuit topology should be established, and (ii) when
should the topology be reconfigured? Both questions
fundamentally depend on the reconfiguration delay of the
interconnect [1, 8, 27, 40, 48]. Existing works typically model
reconfiguration delay as a single constant determined by the
switching technology, while device vendors and photonic
hardware research report the intrinsic optical switching
time, ranging from tens of nanoseconds for electro-optic
switches [30, 39] tomilliseconds formechanical switches [37].
This paper asks a different question.
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What does reconfiguration delay actually comprise
in a photonic switching system?

To answer this question, we consider synchronous,
source-initiated photonic switching, in which a traffic source
(e.g., a GPU) requests a new circuit and a controller programs
the optical interconnect [5, 26, 40]. We distinguish two
intervals: the control path delay, from circuit request to light
arrival, and receiver recovery, from light arrival to traffic
resumption. Figure 1 traces the resulting end-to-end critical
path in our testbed using nanosecond-scale electro-optic
switches. A striking observation is that optical switching
accounts for only ≈ 7% of the measured reconfiguration
delay, even before considering the well-known problem of
transceiver locking at the receiver. It covers the control-path
delay (≈[1.6] 𝜇s in our prototype); receiver recovery is about
six orders of magnitude larger on commodity NICs (≈1 s) and
is analyzed separately in §3.6.

The control-path latency arises from stages that are rarely
considered together. Before the optical switch can change
state, the source must communicate the circuit request to
the controller. Using a GPU connected to an FPGA controller
over PCIe, this communication alone contributes ≈ 694 ns
on average, making it the largest component in our testbed.
The controller must then translate the requested circuit into
switch configurations. In our FPGA implementation, routing
an 8×8 Beneš interconnect requires ≈ 136 ns, increasing to
1.3𝜇s for a 32×32 interconnect, nearly an order of magnitude
larger than the optical switching time itself. Finally, the
control signal must propagate from the controller to the
optical switch before the optical transition occurs, introduc-
ing another non-negligible delay. Once the circuit has been
established, the destination transceivermust reacquire lock, a
well-known challenge that can add tens of microseconds [14].
We discuss this receiver-side latency separately and exclude
it from the end-to-end measurements presented in Figure 1.
Importantly, each individual latency, including the optical
switching time itself, are neither constant or deterministic,
and introduce non-negligible variance when modeling
nanosoecond-scale systems. We elaborate on each of these
components in Section 3 and quantify their contribution to
the overall reconfiguration delay.

This perspective shifts the optimization target from the in-
trinsic switching time of the optical device to the end-to-end
latency experienced by distributed applications. The purpose
of this paper is not to claim that these individual delays are
new. Rather, we place them on a common timeline to expose
the critical path of photonic switch reconfiguration.Naturally,
from a network design and circuit scheduling perspective, we
urge the community to consider variance in reconfiguration
delay as a first-class parameter, opening new avenues for re-
search in online algorithms where the cost of reconfiguration

Figure 2: Hardware prototype

is partially known and only revealed after the fact. From a sys-
tems and hardware perspective, we believe it is high-time to
revisit the classic problem of interconnect routing e.g., Beneš
routing, and efficient algorithms that can compute switch
states within a small fraction of the switching time. We dis-
cuss several future research directions at the end of the paper.

2 Hardware Prototype
As part of our broader effort to bring photonic interconnects
closer to GPUs and end hosts in modern scale-up systems,
we developed an end-to-end hardware prototype to study
reconfiguration delay.

Figure 2 illustrates the architecture. Our prototype consists
of eight NVIDIA RTX PRO 6000 GPUs, each connected to
a BlueField-3 DPU over PCIe Gen5 with dedicated PCIe
bandwidth. Since current GPUs cannot directly interface
with optical transceivers, we treat the GPU, DPU, and optical
transceiver as a single compute node. The BlueField-3
hosts the optical transceiver and operates in DPU mode,
allowing forwarding rules to be programmed directly into
hardware through Open vSwitch. This abstraction affects
only the data path; the control path, which is the focus of this
paper, remains unchanged. Each transceiver connects to the
photonic interconnect through single-mode LC fiber.
The photonic interconnect is an 8 × 8 Beneš network

constructed from seventeen 2×2 electro-optic switches [46].
Each switch consists of a birefringence crystal whose refrac-
tive index changes in response to an applied voltage [9, 41],
thereby changing the optical path. Consequently, every
optical reconfiguration requires an electrical driver circuit
that controls the voltage to transition each switch between
its cross and bar states.

AnFPGAacts as the reconfiguration controller between the
compute nodes and the optical fabric. Connected to the GPUs
over PCIe Gen5 and to the optical switches through GPIO, it
receives circuit requests, computes the corresponding Beneš
switch configuration, and simultaneously drives all seventeen
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switches using TTL control signals. This control path natu-
rally decomposes reconfiguration into four stages: commu-
nicating the circuit request from the GPU to the FPGA, com-
puting the switch configuration, propagating control signals
to the switch drivers, and performing the optical transition.
Our prototype supports arbitrary communication topolo-

gies across the eight GPUs while allowing circuits to be
reconfigured at runtime. More importantly, it exposes every
stage of the end-to-end reconfiguration pipeline, allowing us
to isolate and quantify the latency introduced by each stage
rather than observing only the optical switching event.

3 Dissecting the Reconfiguration Delay
Figure 2 illustrates the control path responsible for establish-
ing a new optical circuit. Every reconfiguration begins when
the communication runtime determines that a new topology
is required, for example, at the boundary of a collective
communication step. The requested logical topology is
communicated from the compute node to the switch
controller, translated into individual switch configurations,
and finally propagated as electrical control signals that
actuate the optical switches. While the optical transition
itself lasts only a few nanoseconds, every stage preceding
it contributes to the end-to-end reconfiguration delay.
This section examines the control path corresponding to

points a – d in Figure 2.Our controller is implemented on an
AMDVCK190 Versal FPGA connected to the compute nodes
through PCIe Gen5 and to the optical switches through GPIO.
Upon receiving a circuit request, the FPGA computes the cor-
responding Beneš switch configuration and simultaneously
drives the electrical interfaces of all optical switches. We next
quantify the latency introduced by each stage of this pipeline.
3.1 Host-to-Controller Communication

The first stage of reconfiguration is communicating the
circuit request from the compute node to the FPGA controller.
The VCK190 integrates the Cache Coherent PCIe Module
4 (CPM4), which supports several PCIe communication
mechanisms including Programmable I/O (PIO), Bus Master
DMA (BMD), XDMA, QDMA, andAXI bridges. Since a circuit
request consists of only a few bytes describing the desired
topology, throughput is secondary to latency.We therefore
employ PIO, which exposes the FPGA BAR space directly
to the host and allows the GPU to access FPGA registers
with minimal software and hardware overhead. In contrast,
DMA-based approaches incur additional setup costs that
dominate such small control-plane transactions.
Figure 3 shows the cumulative distribution of PCIe

write latency measured between the host and the FPGA.
The distribution rises sharply between 330 ns and 1 𝜇s,
with an average write latency of approximately 694 ns.
More than 99% of writes complete within 1.15 𝜇s, making

Figure 3: CDF of PCIe write latency between the com-
pute node and the FPGA controller, with 99𝑡ℎ percentile
latency of 1162ns and average latency of 694ns.

PCIe communication the single largest contributor to the
end-to-end reconfiguration delay in our prototype.
3.2 Controller Processing

Once the circuit request reaches the FPGA, it must be trans-
lated into individual switch configurations. By routing, we
refer to the process ofmapping a requested logical topology to
the state of every 2×2 switch in the underlying interconnect.
The complexity of this translation depends on the switch-
ing architecture. Optical switching fabric are typically con-
structed inmodular fashion using units of switching elements.
Different topologies can be employed to scale an 𝑁 ×𝑁 from
a unit 1×2 or a 2×2. Among all popular topologies include
PILOSS [20], Double-Layer Network(DLN) [7], Crossbar [28]
and Beneš topologies [50]. Every topology has a different
number of input, output, and intermediary layers. With the
increase in the number of layers, the dependency between
paths reduces. And thus, the partial reconfigurability of the
switching fabric increases [24].However, it directly affects the
number of switches used and thus the complexity of mapping
logical topology to the switch states. While crossbar fabrics
can establish connections with little or no routing compu-
tation, they require𝑂 (𝑁 2) switching elements and become
prohibitively expensive at scale [11]. Practical photonic inter-
connects therefore increasingly adopt multistage Rearrange-
ably Non-Blocking (RNB) fabrics such as Beneš, which realize
arbitrary permutations using only𝑂 (𝑁 log𝑁 ) switching ele-
ments at the cost of online routing computation [29, 30, 36, 39].
Other scalable multistage switching architectures, including
Clos and related variants, pose similar configuration prob-
lems that must be solved before the optical fabric can be re-
configured [11]. Consequently, controller computation itself
becomes part of the critical reconfiguration path.

Figure 4a reports the hardware execution time of two FPGA
implementations of Beneš routing: a graph-coloring-based
implementation following Opferman’s algorithm [36] and a
route-table-based implementation [34]. Figure 4b shows the
corresponding FPGA resource utilization. For an 8×8 inter-
connect used in our prototype, routing completes in approx-
imately 116–160 ns, already exceeding the intrinsic optical
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Figure 4: Routing computation time and hardware re-
source utilization for Beneš interconnects shows non-
negligible overhead in the critical path.

switching time of many electro-optic devices. As the switch
fabric scales, however, routing latency grows rapidly [35, 53].
For a 256×256 Beneš network, the graph-coloring implemen-
tation requires 16.6𝜇s, while the route-table implementation
requires 11.0 𝜇s. The graph-coloring implementation also
consumes approximately 20% of the FPGA LUTs, compared
to 17% for the route-table implementation.

The key observation is not which routing implementation
is faster, but that routing itself quickly becomes a first-order
contributor to reconfiguration delay. While optical switching
technology has steadily reduced device switching times to
only a few nanoseconds, controller computation continues
to growwith the size and complexity of the switching fabric.
As photonic interconnects scale, the latency of computing
switch configurations can dominate the intrinsic optical
switching time, making controller processing an increasingly
important target for end-to-end optimization.

When is routing on the critical path?Many workloads
that motivate runtime reconfiguration necessitate online
computation: in data-dependent MoE all-to-all traffic [26],
multi-tenant job arrivals, or failures, the next configuration is
knownonlyat runtime.Thisplaces routingdirectlyon the crit-
ical path. However, routing is not always on the critical path:
demand-oblivious schedules [4, 33] and collectives whose
communication patterns are known at compile time [22, 40]
allow switch states to be precomputed. We discuss this
tradeoff, and the limits of precomputation at scale, in §4.
3.3 Insertion Loss

Routing algorithms are often formulated purely in terms of
connectivity. In practice, however, the optical properties of
the interconnect introduce additional constraints. Among
these, insertion loss (IL) is particularly important because
it determines whether a candidate path satisfies the available
optical power budget.

Insertion lossbecomes increasingly important as the switch
fabric scales, and its growth depends strongly on the topology
connecting the underlying switching elements. The topology
determines howmany elements each optical path traverses
and whether this number varies across source–destination

(a) Insertion loss of a switch (b) Insertion loss with Scaling

Figure 5: Insertion loss with different switch states and
varied number of stages.

pairs. Fortunately, Beneš networks possess an important
property: every input-output path traverses the same number
of switching stages. As a result, all source-destination pairs
experience nearly identical path loss, allowing routing to be
performed without explicitly accounting for insertion loss.
Figure 5a shows the measured insertion loss of a representa-
tive 2×2 switch. Although different switching states exhibit
small variations in insertion loss, Figure 5b shows that the
end-to-end insertion loss scales approximately linearly with
the number of switching stages. Since every path in a Beneš
network traverses the same number of stages, the resulting
path loss remains nearly uniform across all routes.
This property does not generally hold for other photonic

switching architectures. Grid-based and irregular topologies
admitmultiple pathswith different lengths and different num-
bers of switching elements, resulting in different insertion
loss for different routes [19, 23]. Routing algorithms for such
architectures must jointly consider connectivity and optical
feasibility , increasing the complexity of controller processing
and, consequently, the end-to-end reconfiguration latency.
3.4 Electrical Signaling

The final stage of the control path is actuating the optical
switches. This stage bridges the digital control plane and the
optical fabric, translating controller outputs into the physical
signals required by the switching elements. Every photonic
switching technology requires such an interface between the
controller and the optical device, making it an unavoidable
component of end-to-end reconfiguration delay.

The design of the actuation circuitry depends on the under-
lying switching technology.MEMSswitches require precision
actuators and high-resolution DACs to steer micro-mirrors
with low settling times [31]. Thermo-optic andmagneto-optic
switches require drivers capable of generating controlled
thermal and magnetic fields, respectively. Electro-optic
switches instead require high-speed voltage drivers with
fast rise and fall times. Although recent electro-optic devices
demonstrate intrinsic switching times of only a few nanosec-
onds [20, 29, 52], and emerging devices project picosecond-
scale operation [15], the latency of the driver circuitry often
exceeds that of the optical switching element itself. Faster
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switching devices alone do not necessarily reduce the end-
to-end reconfiguration delay experienced by applications.

(a) Fall time (b) Rise time

Figure 6: Electrical-to-Optical rise/fall time for differ-
ent switch configurations: 𝑎→𝑐 & 𝑏→𝑑 represent bar
connection and 𝑎→𝑑 & 𝑏→ 𝑐 represent the cross con-
nection.

Our electro-optic switches operate at voltages substantially
higher than the FPGA I/O levels. Each FPGA control signal
first passes through a dedicated level translator before
reaching the switch driver. The level translators contribute
an additional 20–30 ns of latency, while the complete
electrical signaling stage, including the driver circuitry,
accounts for approximately 41% of the measured end-to-end
reconfiguration delay in our prototype.
Figure 7 shows the electrical-to-optical delay, defined as

the time between issuing the electrical control signal and the
onset of the optical transition, across the four possible switch-
ing transitions. We observe that the electrical-to-optical
delay for optical rise transitions ranges from approximately
140 to 160 ns, whereas the corresponding delay for optical
fall transitions ranges from approximately 540 to 600 ns.
Figure 6 summarizes the distribution of these delays across all
four transitions, showing that the electrical-to-optical delay
exhibits non-negligible variation that should be accounted
for when modeling nanosecond-scale photonic switching.
The driver circuitry also bounds the maximum reconfig-

uration frequency of the optical fabric. Even if the optical
switching element itself operates in only a few nanoseconds,
successive reconfigurations cannot occur faster than the
driver can reliably actuate the switch. This observation
extends beyond electro-optic devices: regardless of the
underlying switching technology, the circuitry responsible
for controlling the switching element forms an integral stage
of the end-to-end reconfiguration pipeline.
3.5 Optical Switching

The final stage of reconfiguration is the optical transition it-
self. The latency of this stage is determined by the underlying
switching mechanism. Free-space technologies such as 3-D
MEMS [51] and LCOS [47] typically exhibit switching times
ranging from microseconds to milliseconds, whereas inte-
grated electro-optic devices achieve transitions in only a few

nanoseconds [10, 29]. Our prototype employs an electro-optic
switch, enabling nanosecond-scale optical transitions.

Figure7 showsoscilloscope traces for the fourpossible state
transitions of the 2×2 switch. Across all transitions, the opti-
cal rise and fall times remain between approximately 5 ns and
151 ns. The slight variation across transition types arises from
the switching element’s physical characteristics, but remains
within the nanosecond regime. These measurements confirm
that the optical transition itself contributes only a small frac-
tion of the overall reconfiguration delay in our prototype. The
dominant latency is outside the optical signal itself!
3.6 Receiver Stack: This is the Not the End!

The end-to-end reconfiguration pipeline does not end when
the optical circuit is established. Once the optical transition
completes, the receiver must reacquire transceiver lock, after
which the NIC firmware, device driver, and host kernel react
to the resulting link-state changes before communication
can safely resume. These receiver-side effects dominate the
overall reconfiguration delay and have been the subject of
significant prior work [14, 49, 54].
To understand this overhead, we measured the receiver

stack latency using NVIDIA BlueField-3 NICs. Our testbed
consistently exhibited approximately 1 s before the link
became operational following a circuit transition. In contrast,
kernel tracing showed that the Linux networking stack
spends only 120–150 𝜇s processing the corresponding
link-state events. Since the mlx5_core driver is open source
while the NIC firmware remains proprietary, we cannot fully
attribute the remaining latency.We observed similar behavior
on ConnectX-6 NICs. Prior work approaches receiver locking
differently. NICs used in RotorNet’s [32] prototype lacked
built-in low-latency loss-of-signal detection, allowing
the switch reconfiguration events to be communicated to
endpoints via an out-of-band notification channel. At 20
µs slot times, this workaround was sufficient as locking
overhead could be absorbed. Sirius [6] eliminates the problem
entirely through phase caching and storing the per-sender
phase offset so that re-locking is nearly instantaneous, but
this is only feasible because its fixed cyclic schedule makes
the next sender’s identity known in advance. Receiver
recovery is intentionally outside the scope of the latency
breakdown presented in Figure 1. Our objective is to expose
the often-overlooked control path that precedes receiver
recovery. Nevertheless, once the control path itself is reduced
to the microsecond scale, the receiver stack becomes the
dominant component of application-visible reconfiguration
delay and warrants renewed systems attention.

4 Future Research Directions
The objective of this paper is not merely to decompose
reconfiguration delay, but to expose the systems challenges
that emerge when photonic switching is viewed end-to-end.
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(a) Electrical fall to optical fall (b) Electrical fall to optical rise

(c) Electrical rise to optical fall (d) Electrical rise to optical rise

Figure 7: Measured transition delays for a 2×2 optical switching element: While the intrinsic optical switching
latency is approximately 150ns, the electrical-to-optical response time reaches up to 600ns, making the driver and
actuation path a non-negligible contributor to the overall reconfiguration delay.

Our measurements suggest that reducing application-visible
reconfiguration delay requires coordinated advances across
the hardware–software stack. We highlight several research
directions that naturally arise from this perspective.
Hardware-efficient routing: Routing computation lies
directly on the critical reconfiguration path, yet compara-
tively less attention has been paid to its absolute execution
time on hardware than to its algorithmic complexity. Our
measurements motivate routing algorithms that jointly
optimize hardware execution latency, memory footprint, and
resource utilization, alongside asymptotic complexity.
An alternative direction is to shrink the configuration

space until precomputation becomes feasible again. Rather
than supporting every possible circuit configuration,
photonic interconnects could be designed around a carefully
chosen subset of configurations that captures communication
patterns observed in practice. Such restricted configuration
spaces could dramatically simplify controller design and
even enable lookup-table-based routing. Characterizing
the resulting tradeoff between routing flexibility, controller
complexity, and performance impact remains an interesting
systems problem.
Oblivious switching [2–4, 32, 33] represents one point

in this design space, replacing online routing with a small
set of precomputed permutations at the cost of multi-hop

forwarding and synchronization. Understanding when
demand-aware and oblivious switching provide the best
end-to-end performance remains an open question.
Multi-tenancy and interconnect sharing: Most prior
work on circuit scheduling assumes either blocking inter-
connects, where every reconfiguration disrupts the entire
fabric [1, 5, 8, 13, 25, 27, 38, 40, 43], or strictly non-blocking
interconnects [16], where reconfigurations are independent
across ports. Practical photonic interconnects, however, are
often implemented as Rearrangeably Non-Blocking (RNB)
networks, where reconfiguring one circuit may require
modifying switches simultaneously used by other active
connections. Consequently, a reconfiguration requested by
one tenant can temporarily affect unrelated traffic sharing
the same interconnect.
These interactions become increasingly important once

reconfiguration is viewed as an end-to-end operation rather
than a nanosecond-scale switching event. Circuit schedulers
must reason not only about communication dependencies,
but also about shared reconfiguration overheads arising from
controller computation, electrical signaling, and receiver
recovery. Developing scheduling algorithms that jointly op-
timize workload completion time while accounting for these
interactions remains an important open systems problem.
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Control interfaces for GPUs:Host-to-controller commu-
nication over PCIe accounts for a significant fraction of the
end-to-end reconfiguration delay despite transferring only a
few bytes. This raises a simple question: is a general-purpose
memory transaction the right abstraction for circuit control?
Circuit reconfiguration requires only reliable command
delivery, ordering, and completion semantics. Identifying
the minimal hardware–software protocol that provides these
guarantees while minimizing latency presents an interesting
systems research direction.
Receiver stack and NIC support: The receiver stack and
transceiver recovery remain the dominant contributors to
application-visible reconfiguration delay. Significant prior
work has reduced transceiver locking to nanosecond-scale us-
ing burst-mode transceivers [14] and multicast-based control
protocols reporting 3.1 ns clock and data recovery [49].While
this is only one milestone in the reconfiguration process, the
application can resumecommunicationonly after the receiver
stack, NIC, and operating system collectively recognize that
the newly established circuit is ready [54]. This exposes a
broader systems challenge: what does it mean for a circuit
reconfiguration to be complete? The controller, optical switch,
transceiver, NIC, operating system, and application each
observe different completion events. Defining the appropriate
completion semantics across these layers, and determining
how these events should be propagated to the application,
presents an interesting systems research direction.
Generalization of themeasurements: The absolute laten-
cies we report are specific to our prototype, but which stages
lie on the critical path depends on how reconfiguration is
controlled. PCIe write: In GPU-controlled reconfiguration, for
example, at the boundary of a collective communication step,
the circuit request must travel from the GPU to the controller.
A GPU-issued PCIe write to a discrete controller (§3.1) is the
most direct such path. Passing the request through the CPU
only increases this cost, since the GPUmust first notify the
CPU before the write is issued. Conversely, dedicated control
interfaces for GPUs, as discussed above, may provide a more
direct, lower-latency channel between GPUs and the con-
troller. In switch-centric reconfiguration, where the switch
controller follows a fixed schedule [6, 33], no per-requestmes-
sage is needed, and this stage disappears. Routing: Routing is
needed onlywhen the configurationmust be computed at run-
time; fixed configurations can be precomputed, as discussed
in §3.2 and underHardware-efficient routing in §4. Signaling:
Every photonic switch must be actuated electrically, so sig-
naling is present in all designs. However, the latency depends
on the switch’s actuation mechanism, whether thermo-optic,
electro-optic, magneto-optic, or MEMS-based (§3.4).
We believe end-to-end photonic switching has emerged

as a rich systems problem. As switching technologies and
circuit scheduling algorithms continue to mature, the next

performance gains will come from optimizing the end-to-end
reconfiguration pipeline.
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