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Abstract
Disaggregated storage is a pivotal component of today’s

cluster infrastructures. With the advent of high-bandwidth
server interconnects and new NVMe form factors, commodity
storage appliances are becoming denser, delivering tens of
millions of IOPS. This calls for today’s storage area network
(SAN) fabric to expand the bandwidth capacity drastically.
Industry practices tackle this issue via either (i) a scale-up ap-
proach, upgrading the per-port bandwidth in a switched SAN,
or (ii) a scale-out strategy, integrating more paths in a switch-
less SAN. However, it is unclear which network architecture
is more suitable for scaling storage disaggregation.

This paper presents a comparative study of switched and
switchless SAN architectures from several angles. We begin
by developing an experimental methodology that integrates
both small-scale real-system prototypes and large-scale simu-
lations, providing the flexibility needed to explore architec-
tural trade-offs. We then characterize NVMe-oF I/O flows
and co-design SAN traffic control mechanisms around these
characteristics to improve I/O transmission efficiency in both
settings. Our evaluation yields several key findings. First, the
switchless SAN achieves throughput comparable to that of
the switched SAN, despite involving additional routing hops,
while simultaneously reducing latency through the use of mul-
tiple load-aware I/O paths that mitigate interference. Second,
the switchless SAN reduces capital costs by obviating the
need for expensive high-radix switches, scales effectively un-
der heterogeneous I/O workloads, and avoids the single point
of failure associated with top-of-rack (ToR) switches. Collec-
tively, these results demonstrate that switchless SANs provide
a compelling alternative to traditional switched designs for
disaggregated storage environments.

1 Introduction
Storage disaggregation is becoming widely deployed in to-
day’s public clouds, enterprise on-premise clusters, and edge
data centers [18, 20, 52, 61, 100, 119]. Disaggregation allows
independent scaling of compute and storage resources, im-
proving hardware utilization and reducing the infrastructure

TCO (total cost of ownership). Driven by the availability of
high-speed network fabric (e.g., 400+ Gbps) and fast remote
storage protocol (like NVMe-over-Fabric [36]), a disaggre-
gated NVMe SSD could provide tens of microseconds laten-
cies and millions of IOPS, approaching the performance of
direct-attached storage but without any limitations on capacity
extension.

Lately, storage servers have become much denser than be-
fore. This is due to two architectural trends. First, the com-
pounding effect of continuously improving PCIe intercon-
nect [37], increasing PCIe lanes per root complex [38], and
newly-induced compute express link (CXL) [12] offers hun-
dreds of gigabytes per second I/O throughput. Second, the
emerging Enterprise and Data Center Standard Form Factor
(EDSFF) [15] for NVMe SSDs is physically more compact
and power/thermal efficient than traditional 2.5" and M.2 ones,
yielding high NVMe drive consolidation. As a result, when de-
ploying such dense storage nodes under disaggregation, there
is a pressing need to expand the storage area network (SAN)
bandwidth capacity to fully unleash their I/O capabilities.

People have developed two general ways to tackle this is-
sue. One is to use beefy high-radix SAN switches [9, 10, 26]
and upgrade per-port bandwidth to satisfy the I/O demand.
The other one is to apply a switchless architecture and equip
more I/O paths at the storage node via a specialized low-radix
adapter [23, 24, 66]. The former takes a scale-up strategy:
straightforward, high-performance, and easy to deploy. How-
ever, it is prohibitively expensive, and its scale is hindered
by switching technology. The latter applies a scale-out phi-
losophy, which is cheap and adaptive, but is performance-
suboptimal (due to multi-hop routing) and non-transparent to
the upper storage stack, requiring non-trivial modifications
to integrate the multiple paths. Researchers have explored
switched and switchless network design for HPC clusters and
data centers [53, 59, 64, 70, 72, 73, 86, 114, 116]. However, it
is unclear which network design would be more suitable for
storage disaggregation, especially given that its traffic pattern
is somewhat regular with a few characteristics (§4.1).

In this paper, we conduct a quantitative comparative study



of switched and switchless SAN architectures across multi-
ple dimensions, including performance, cost, scalability, and
reliability. Our results demonstrate that the proposed tech-
niques provide clear advantages, thereby answering the above
question in the affirmative.

First, we design an experimental methodology (§3) con-
sisting of small-scale real-system prototypes and large-scale
simulations. In particular, the switched SAN testbed uses com-
modity high-radix storage switches and adapters, whereas
the switchless one is built atop SmartNIC-based low-radix
adapters. Second, we co-design the SAN traffic control with
NVMe-oF and integrate it into both networking architectures
to optimize storage flow transmission performance and ef-
ficiency. Essentially, three techniques are proposed and de-
veloped: (i) INT-assisted symmetric routing (§4.3), which
constructs in-network telemetry at each switching hop that
captures the congestion probability of different forward paths
to remote SSDs and then chooses the least congested route;
(ii) eager bandwidth reservation (§4.4), performing proactive
bandwidth allocation based on the pairwise and asymmetric
characteristic of an NVMe-oF command pair; (iii) storage-
driven flow scheduling (§4.5), where we employ the end-to-
end design principle, disseminate storage loading status to the
network, and use it to instruct the packet scheduling.

Third, we run synthetic workloads and real applications
over switched and switchless SAN in emulation and simula-
tion (§5). Our learnings are summarized as follows:

• Performance. Both networking architectures can achieve
comparable I/O throughput. Additional routing hops jeop-
ardize performance a little since SSD access dominates.
However, the switchless SAN achieves lower average/tail
latency (up to 43.1%) because its multi-path capability,
coupled with the end-to-end I/O load awareness, enables
better load balancing of reads/writes across different paths,
reducing I/O contention and interference.

• Cost. A switchless SAN replaces prohibitively expensive
high-radix switches with cheap low-radix adapters, drasti-
cally reducing the capital costs of networking infrastruc-
tures and yielding a lower per-port deployment expense.
For example, our in-house prototype sees 50.5% cost sav-
ings. We believe this trend will continue due to the increas-
ing complexity of designing future tens (or even hundreds)
of terabit high-radix switching chips [8, 33].

• Scalability. We find that both switched and switchless
SANs scale well with the number of clients and storage
flows. With our proposed traffic control, the switchless ar-
chitecture is more adept at handling traffic heterogeneity
due to its inherent path diversity.

• Reliability. The switchless SAN can tolerate single-point
failure of the ToR switch as in the switched case, because
it introduces multiple paths for I/O delivery. When fail-
ures happen, all ongoing requests are affected and should
be rerouted when the network becomes stable, causing a

temporary throughput drop (up to 6.8% in our evaluation);

Limitation. Our study sheds some light on comparing the
switched and switchless SAN under bandwidth expansion.
Many other important factors are not discussed, e.g., manage-
ment complexity, networking monitoring, and fault localiza-
tion at scale. We make some initial steps toward rethinking
network architecture for future storage disaggregation.

2 Background and Motivation
This section provides the necessary background about SAN
and NVMe-oF, and motivates our comparative study.

2.1 Storage Area Network and NVMe-over-Fabric

A storage area network (SAN) is a dedicated, specialized,
and fast networking fabric. It decouples computing servers
and storage devices, and allows independent resource scal-
ing. SANs have gone through several evolutions in the past
decades, driven by both advances in storage mediums and
network fabrics and the proliferation of application demands.

A typical SAN deployment consists of three hardware
pieces: (1) host bus adapter (HBA), a PCIe device that runs
the hardware-offloaded remote storage protocol and provides
storage access to the SAN; (2) interconnect fabrics, includ-
ing switches, routers, and protocol bridges, together forward-
ing I/O requests; (3) storage adapter and storage appliances
(comprising storage media, and sometimes organized as a
RAID subsystem [105]). Fibre Channel (FC) [16] has been
the primary and established interconnect technology for build-
ing SANs. Unlike the network-attached storage (NAS) [67],
SANs expose the block abstraction, where storage applica-
tions build volume stores, file systems, and databases atop.
NVMe-over-Fabrics. Modern SANs use NVMe-over-Fabric
(NVMe-oF) [36] as the remote storage protocol. The base
NVMe specification defines the architecture, command sets,
and queueing interface for local NVMe drives. NVMe-oF ex-
tends it by (1) adding the data transport capability (via RDMA,
TCP, or FC) to carry command and response capsules; (2) ex-
posing the multi-paired queue of an NVMe and its controller
through memory-mapped I/O registers; (3) providing the dis-
covery and connection establishment mechanisms for NVMe
subsystem setup; (4) supporting the scatter-gather list (SGLs)
for large in-capsule data transfers. An NVMe-oF client initia-
tor first attaches to an NVMe-oF target server and then builds
a one-to-one mapping between I/O submission and comple-
tion queues. To fully use the I/O parallelism, NVMe queues
are usually aligned with CPU cores and paired with the trans-
port queueing model. Next, when transmitting a command,
the initiator driver encapsulates the NVMe command into a
fabric-agnostic capsule and passes it to the transport layer.
The capsule traverses the network fabric and is delivered to a
target NVMe subsystem for I/O execution. Upon the NVMe
I/O completion, the target-side driver fabricates the result into
a response capsule and returns it to the client.

Take the NVMe-over-TCP protocol as an example. Com-
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Figure 1: The switched and switchless SAN architecture.

munications between a client (compute node) and a controller
within an NVM subsystem are facilitated through Protocol
Data Units (NVMe/TCP PDUs). These PDUs, encapsulated
into TCP packets, contain data or control status information.
The communication process is initiated when an NVMe host
(initiator) establishes a TCP connection to an I/O queue pair
to submit NVMe commands. Upon establishment, the initia-
tor can submit I/O requests. For a read I/O, the initiator sends
the read command to the target through the associated TCP
connection. The target then retrieves the requested data and
sends it back to the initiator. Regarding writes, the initiator
first sends a write command, then waits for the Ready-to-
Transfer signal from the controller. Upon reception, it sends
the data to be written. The target returns an acknowledgment
to the initiator after writing the data to the storage.

2.2 SAN Needs More Networking Bandwidth

Hardware Trends. More recently, storage appliances have
become much denser, with a significant increase in storage
capacity and I/O bandwidth. One can easily configure a stor-
age node with dozens of NVMe drives [25, 42, 45], offering
tens to hundreds of terabytes of raw flash capacity and mil-
lions of IOPS throughput. Such considerable I/O capability
improvements are mainly driven by two architectural trends.

• #1: The PCIe root complex is evolving and can hold many
PCIe lanes per CPU socket. For example, a Dell R7725 box
with two AMD EPYC 9005 series processors supports 256
PCIe Gen5 lanes, delivering up to 1.0 TB/s of theoretical
bandwidth. With PCIe Gen6/7 [37] and upcoming server
processors [4, 47], newly-induced storage nodes will be
equipped with even higher PCIe bandwidth;

• #2: Enterprise and Data Center Standard Form Factor
(EDSFF) [15] is being widely deployed. Compared with
existing 2.5" and M.2 form factors, it is physically com-
pact and provides superior power/thermal efficiency, man-
ageability, and serviceability. An EDSFF E1 mechanical
study [14] shows that a conventional 1U server enclosing
10× 15mm 2.5" NVMe drives is now able to hold 32×
9.5mm E1.S NVMe SSDs, yielding 3× more density.

The Problem. Given such hardware trends, when deploying
these storage nodes remotely, to fully unleash their I/O capac-
ity, one needs to increase the per-node networking bandwidth
drastically. We have already seen some early industry prod-
ucts. For example, a Microsoft/Fungible FS1600 node [2]
pairs 12× 100Gb/s Ethernet ports with 24× NVMe SSDs and

delivers up to 15M random 4KB IOPS. Such rising network-
ing demands require the NVMe-oF SAN switching fabric to
extend the bandwidth capacity considerably. Today’s industry
practices tackle this issue in two ways:

• One is to take a switched networking architecture and up-
grade per-port bandwidth (Figure 1-a). This is a scale-up
and easy-to-deploy approach, but it requires replacing all
networking gear (including cables, adapters, and switches)
along the I/O path, which is prohibitively expensive. For
example, a high-radix 400/800GbE switch (like Arista
7280R3 [5] and Cisco Nexus 9300 [10]) costs much more
than the same type with 25/40/100GbE;

• The other is to employ a switchless design which equips
more I/O paths with the storage node (Figure 1-b).
This scale-out strategy is more cost-effective but is non-
transparent to the storage stack. For example, the multi-
hop forwarding, path selection, and congestion control add
system design complexities and would incur performance
overheads. People usually build such SAN architecture
using a low-radix storage adapter or endpoint-switching
module, which is available in the market [23, 24, 66].

However, it is unclear which networking architecture is
more suitable for storage disaggregation when accommodat-
ing future dense storage appliances. This paper sheds some
light on it through a comparative study.

3 Experimental Methodology
This section describes our hardware testbed and simulation
setups for rack-scale and cluster-scale evaluation.

3.1 Switched SAN

Our rack-scale testbed comprises (1) a 32-port 100GbE Dell
Z9100-ON SAN switch; (2) a 32-port 100GbE Netberg Au-
rora 710 Tofino P4 switch; (3) x86 storage servers, which
have two Intel Xeon processors, 256GB DDR4 memory, dual-
port 100GbE Nvidia/Mellanox ConnectX-6 NICs, an Intel
D3-S4610 960GB SSD, and Samsung PM9A3 960GB NVMe
SSDs; (4) x86 client servers that have similar configurations
as storage nodes without NVMe drives, which we use to issue
I/O traffic. When scaling up bandwidth, we use NIC teaming
to combine several ports and create a link aggregation group
on the switch [32]. All the servers run Ubuntu 22.04.

3.2 Switchless SAN

The switchless architecture requires low-radix switching at
the storage node. We develop such a storage adapter using
Nvidia/Mellanox BlueField-2 SmartNICs. This brings us two
benefits compared with using a commodity one. One is that
it has data-plane programmability that allows us to explore
different traffic control strategies (§4); the other is that it has
the same NIC substrate as the CX6 card used in switched
SAN, eliminating the NIC-induced performance anomaly.

Note that SmartNIC-based storage adapters have emerged
and are becoming increasingly attractive. Take the Fungible
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Figure 2: We compare the performance between a high-radix SAN switch and a low-radix SAN adapter. (a) compares the latency when
varying I/O block sizes. (b) shows the bandwidth of 4KB random read and 128KB sequential write for one and four SSDs. (c) reports
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Figure 3: The architecture of a low-radix storage adapter.
FAC200 [1] as an example. It not only offloads the NVMe-oF
protocol stack and provides fast NVMe accesses, but also
enables in-line stateful per-IO computations using embedded
execution engines (e.g., flow processors and domain-specific
accelerators) and memory resources (i.e., scratchpad, SRAM,
DRAM). Similar designs also appear in the Falcon trans-
port [115]. Thus, our emulation strategy is a valid design.
Low-radix Storage Adapter. Its internal switching architec-
ture (Figure 3) has three components: (1) a parser/deparser for
identifying NVMe-oF commands and performing packet en-
capsulation/decapsulation; (2) ingress/egress pipelines, which
look up the forwarding table and modify packets; (3) a traf-
fic manager, responsible for traffic control, maintaining flow
telemetry, and making scheduling decisions. We prototype the
adapter as a software SAN switch [7,30] over DPDK [13]. Our
implementation is developed atop the QoS framework [44]
over multiple worker threads. When emulating 3+ ports, we
combine several BlueField-2 (BF2) cards, where the switch-
ing logic spreads between the SmartNIC and a server. For
example, routing from port-1 of BF2-A to port-2 of BF2-B
requires traversing across PCIe. This inevitably incurs some
latency penalties. We quantify them below and show that the
overheads are acceptable for I/O requests. Commodity ASIC-
based multi-port networking adapters are available, such as
Intel E810-XXVDA4 [29] with four 25GbE SFP28 ports.
Building a high-bandwidth programmable one is feasible, but
it would bring implementation challenges, such as parallel
high-speed SerDes lane management, internal packet switch-
ing, PCB routing, and on-board buffering.
Network Topology. We then use the low-radix adapter to con-
struct direct-connect networks [64, 86]. Its topology depends
on the node degree (i.e., the number of adapter ports). For
example, a 1-port adapter only supports a daisy chain. With 2
or 3 ports, one can build a ring or dual-ring topology. If the
adapter has 4+ ports, we can develop a more complex network
(e.g., dragonfly and 3D torus) with richer routes.

We use the canonical distance-vector routing mecha-
nism [78] to populate the forwarding table for the adapter,

where the distance is defined as the number of hops. The table
matches an NVMe-oF transport identifier, including NVMe
Qualified Name (NQN), transport address, and service ID, and
is populated during the NVMe-oF connection setup phase. We
maintain the default (preferable or shortest) route, as well as
the Top-K candidates for each destination (optional), which is
used for our path adaptation (§4.3). Given an N-node cluster,
the table size will be up to K×N, where one could bound K
to limit the table size and lookup performance.
Characterization. We examined the adapter’s performance
using FIO [17] under an SPDK NVMe-over-TCP setup [41],
and compared it with the commodity SAN switch (§3.1).

• Latency and bandwidth: We measured the unloaded la-
tency, QD (queue depth)=1, varying the I/O block size. As
shown in Figure 2-a, the adapter only incurs a marginal
latency increase because NVMe SSD accesses dominate an
NVMe-oF I/O. For example, on average across all cases, the
random read experiences 3.6µs more latencies, only 3.2%
of the I/O execution. Regarding bandwidth, our adapter
achieves similar IOPS as the switch for both 1 and 4 SSD
scenarios (Figure 2-b), indicating that it would not become
a bottleneck and throttle the I/O transmission.

• Hop #: We configured a daisy chain topology and measured
the I/O latency (QD=1) as increasing the number of hops
(Figure 2-c). We find that traversing one hop only adds
2.9µs and 3.1µs for a 4KB and 256KB read, accounting for
3.4% 1.7% of its end-to-end I/O latency, respectively. This
indicates that a multi-hop forwarding path in a switchless
SAN is valid and would not significantly jeopardize the
disaggregated storage performance (§2.2).

3.3 Storage Protocol and Workloads

Our prototype uses the NVMe-over-TCP protocol and exposes
NVMe subsystems to clients. After mounting the drive, appli-
cations can issue arbitrary read/write requests without explicit
application modification, where our switched and switchless
SAN would route I/O submission and completion requests.
We use both FIO-based synthetic workloads and real-world
applications (e.g., RocksDB [39]) for evaluation.

3.4 Simulation Setup

We conduct scaled comparisons using simulation. We choose
a trace-driven simulator (i.e., HTsim [27]) and enhance it
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Figure 4: Read/write I/O latency break-
down varying the I/O block size (QD=1).
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with three parts: (a) the NVMe-oF storage protocol with the
read/write interface; (b) a simple SSD model (based on Am-
ber [69]) that emulates read/write latencies for different I/O
sizes and queue depths; (c) a SAN adapter with reconfigurable
switching capabilities. To validate the fidelity of our simulator,
we compare the end-to-end NVMe-oF read/write latencies
produced under varying queue depths against corresponding
measurements obtained from our hardware testbed. Because
the SSD model is externally integrated, we calibrate the simu-
lation cycle counts to ensure that read and write completions
are issued at the correct times. The simulation testbed is flexi-
ble and supports different topologies at scale. We use three
SNIA block traces [40], i.e., Systor, OLTP, and WebSearch.

4 Co-Design Traffic Control with NVMe-oF
NVMe-oF-based disaggregated storage embodies traffic
uniqueness, imposing new flow orchestration opportunities.
This section presents our characterization, formalizes the traf-
fic control (TC) problem, and describes how we co-design
TC with the switched/switchless SAN.

4.1 Understanding NVMe-oF Characteristics

We use FIO-based synthetic workloads as the microbench-
mark and analyze NVMe-oF traffic from three perspectives:
per-IO, per-command pair, and per-storage session.
#1. Per-IO: Network RTT≪ Storage RTT. We break down
the latency of NVMe-oF read/write into three components,
i.e., NVMe-oF protocol processing at the endhost, I/O serving
from the NVMe drive, and I/O transmission over the network,
and vary the I/O block size as well as the number of outstand-
ing I/Os (or queue depth). When the queue depth (QD) is 1,
as increasing the I/O block size (Figure 4), on average across
all cases, the in-network delay occupies 4.8% and 12.7% of
the total execution for a random read and a sequential write,

respectively. When increasing the queue depth (Figure 5),
the in-network percentage drops drastically. For example, a
4KB read/write I/O only spends 3.8% and 2.8% execution
time in the network when the QD is 64, while the 256KB
one just spends 0.5% and 0.2%, respectively. Therefore, the
in-network delay contributes only a little to the NVMe-oF
read/write processing, where the majority of execution time
is spent in NVMe SSD accesses.

Design Implication. Adding some network latencies will
not adversely impact the NVMe-oF SAN performance. Trad-
ing certain in-network delays to streamline I/O execution at
the storage node would be a valid design choice.
#2. Per-Command Pair: Pairwise and Asymmetry. NVMe-
oF requests and responses are pairwise and present size asym-
metry along the sending and receiving paths. An NVMe-oF
read issues a small command capsule, including a 64B sub-
mission queue entry along with optional data or scatter-gather
lists. It then receives a large data block transfer back as well
as a response capsule that contains a 16B completion queue
entry. An NVMe-oF write operates in a reverse way. We char-
acterize the ingress/egress traffic volume at a storage target
for 1/8/32 QD cases. As shown in Figure 6, the incoming
traffic of reads (gray bars) is significantly lower than the out-
going one (red bars). For example, when the read block size is
4/32/128KB, on average across three QD cases, the egress traf-
fic rate is 37.0×, 296.7×, 1187.3× higher than the ingress one.
For writes (Figure 7), contrarily, the incoming traffic volume
outperforms the outgoing one by 75.8×, 609.7×, 2440.7×
for the above three scenarios, respectively.

Design Implication. The SAN traffic volume is asymmetric
across the sending and receiving paths. The BW requirement
hinges on the I/O read/write ratio, indicating that full bisection
bandwidth may not be necessary. Such traffic predictability
can help with bandwidth reservation and traffic planning.



#3. Per-Storage Session: Backward-Propagated Queueing.
The bandwidth capacity of an NVMe-oF session depends
on the minimum communication velocity of the in-network
transmission pipe and the in-storage serving pipe. Today’s
SAN fabric offers ample networking bandwidth but ignores
the storage target part. When the target NVMe drive is over-
loaded, its I/O request queue shall be built up, further stalling
incoming session traffic. Worse yet, the I/O throughput of
an NVMe SSD varies unpredictably based on workload char-
acteristics (such as I/O size and access pattern) and SSD
conditions (e.g., fragmented level and internal garbage collec-
tion) [48, 56, 101, 109]. For example, a 4KB read-only stream
achieves 356.0MB/s higher network bandwidth than the 4KB
50/50 read/write mixed one (Figure 8). A fragmented SSD
(pre-conditioned with 128KB random writes) sustains 25.9%
and 31.9% less read and write throughput than a clean SSD,
when running the same workload (Figure 9).

Design Implication. Simply provisioning the SAN fab-
ric bandwidth is inadequate to ensure the desired NVMe-oF
stream performance. One should continuously monitor the tar-
get storage drive condition, propagate its service availability
into the network fabric, employ an end-to-end flow control,
and make the client-side adapt to such varying pipe velocity.

4.2 Problem Formalization

Similar to traditional network flow orchestration, traffic con-
trol of disaggregated storage can be viewed as a multi-
commodity flow problem [51, 63, 104]. The issue fundamen-
tally boils down to three questions: (a) which transmission
path to take (path selection); (b) at which rate to send data
(congestion control); and (c) what queueing discipline to fol-
low at each switching point (scheduling). We first describe a
generic algorithm and then discuss how to encode NVMe-oF
characteristics (§ 4.1) for optimization.
A Generic Solution. We represent the disaggregated storage
cluster as a graph G(V,E), where (1) a vertex v ∈V is a SAN
switch, an adapter (in the switchless case), or a storage node;
and (2) an edge e ∈ E is a link connecting two vertices. An
NVMe-oF request (response) i can be defined as a flow fi
with three valuables–(di,ri, pi), where (1) di and ri are the
bandwidth demand and received (or allocated) bandwidth,
respectively; (2) pi is the chosen path, represented as a list
of vertices [vsrc, ...,v j, ...,vdst ]. Note that (1) the bandwidth of
an edge e is limited by the link capacity; (2) di is bounded by
the maximum bandwidth of the target NVMe drive.

Thus, we formalize the problem as follows. In a given dis-
aggregated SAN setup G(V,E), for an incoming I/O flow fk
with stipulated bandwidth demand dk and source/destination
vertices (i.e., vsrc and vdst), the traffic control aims to (a) de-
cide the transmission path (pk) of fk; (b) compute a new band-
width allocation strategy of all existing flow [r1,r2, ...,rk] such
that the aggregated performance degradation (Per fd) of all
storage flows is minimal. Suppose r′i is the newly assigned
bandwidth for a flow i after fk joins, following the MCFP
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Data
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Figure 10: ISR header format, posited after the NVMe-oF header.
M depends on the number of hops.
(minimum-cost flow problem) [62, 68, 76, 87], we can cal-

culate Per fd as
1

∑i∈Fp 1+1
(∑i∈Fp

di

r′i
+

dk

rk
). One can use the

Lagrange Multiplier [31] to solve this optimization problem.
For example, to find the minimal Per fd , a naive strategy is to
enumerate all possible paths with bandwidth allocations and
choose the one (<rk, pk>) yielding the least degradation.
NVMe-oF Enabled Co-Design. The above approach is in-
feasible in practice because it makes several unrealistic as-
sumptions: maintaining a global and timely view of the entire
network, relying on heavy computations at each switching hop
to make TC decisions, and ignoring I/O latency requirements.
However, NVMe-oF flow characteristics bring us several spe-
cialization opportunities to streamline the algorithm:

• In-network coordinated I/O routing. Given that the net-
work delay only contributes little to the end-to-end latency
(Observation #1 in §4.1), one can develop a distributed
approach that enables each switching hop to make a greedy
routing decision based on its local flow telemetry to ap-
proach the global optimal solution gradually.

• Informed path selection. Enumerating all available paths
is not necessary because of the pairwise and asymmetric
characteristics of NVMe-oF flows (Observation #2 in §4.1).
One can prune path candidates significantly and make early
traffic planning when receiving the NVMe-oF requests.

• Proactive rate estimation. Bandwidth allocation not only
depends on the network, but also storage (Observation #3
in §4.1). One can monitor the available I/O throughput
of the target SSD, disseminate this statistic through end-
to-end flow control, and collaborate with the NVMe-oF’s
transport layer to determine the flow rate.

4.3 INT-assisted Symmetric Routing

SAN delivers I/Os between clients and target SSDs. The goal
is to select a capable path that ensures fast transmission and
avoids potential storage-induced congestion, regardless of
switchless or switched architecture. For example, A heav-
ily loaded SSD could stall corresponding NVMe-oF flows,
whose impact would be back-propagated along the forward-
ing path. As a result, I/O requests that share the impaired path
experience head-of-line (HoL) blocking.

We propose an INT (in-network telemetry)-assisted
Symmetric Routing mechanism (dubbed as ISR). The idea is
to construct an in-network telemetry of the congestion propen-



sity of all paths to remote SSDs at each switching hop and
then choose the least congested one. To realize this, ISR con-
tinuously probes the per-hop congestion along the submission
path and leverages the NVMe-oF’s pairwise feature to pig-
gyback probing statistics via the completion I/O. Figure 10
depicts our customized header. It stays after the NVMe-oF
header, including the ID of each traversed hop, a timestamp
vector, an ECN vector, and SSD access latency. We use ECN
bits for congestion detection for both switched and switchless
cases. Our telemetry construction protocol works as follows:

• I/O Submission Path: Each NVMe-oF request packet
chooses the next hop with the least congestion estimation,
records the switch ID into the ISR header, and attaches a
timestamp (for delay measurements). It then queries the
switch egress queue and sets the corresponding ECN bit
when the queue occupancy exceeds the marker threshold.
• Storage Node: When building the completion response,

the NVMe-oF target copies the ISR header from the sub-
mission packet and fills in the SSD access latency. Thus,
the completion word could piggyback both the routing and
on-path congestion information.

• I/O Completion Path: An NVMe-oF response decides
the next hop by querying the ISR header directly and then
updates the local telemetry table.

Note that routing symmetry fundamentally allows each
switch to learn the congestion probability to a remote SSD
when taking different paths. However, as discussed above,
such a symmetric requirement only applies to each command
pair, not the entire NVMe-oF session, indicating that different
I/Os could switch paths when necessary. Further, the conges-
tion degree of path i is determined by: (a) delay, the round-trip
time (RTT) between the current switching hop and the target
drive; (b) ECN bit vector, reporting the queueing occupancy
of each traversed hop. We use two metrics to distinguish the
congestion within the network or at the target storage. For ex-
ample, a large delay with a sparse vector mostly indicates that
the SSD is overloaded. Based on this, we design the routing
protocol as follows (Algorithm 1):

• Path Selection. The switch walks through available paths
and picks up the one with minimal in-network delay. When
there is a tie, the algorithm chooses a shorter path in terms
of the number of intermediate hops. There is no routing
loop because the ISR header records all traversed hops, and
it always chooses a distinct one as the next.

• Path Adaption. When receiving an I/O completion, the
switch performs two tasks. First, based on the ECN bit vec-
tor, it calculates the congestion level. Instead of considering
the next hop, we capture all intermediate hops between the
current switch and the destination to gain an end-to-end
insight. Second, the switch updates the delay table of the
corresponding congestion level using current/prior encoded
timestamps and the request latency, smoothed by the expo-

Algorithm 1 Path Selection and Adaption
1: cur/dst: the current/destination hop ID
2: iport: the ingress port
3: procedure PATH_SELECTION()
4: net_delay← delay_MAX; dist← dist_MAX
5: for eport in all ports do
6: if eport == iport then Continue
7: tdist← distance_tbl[dst][eport]
8: tdelay← net_delay_tbl[dst][eport]
9: if tdelay ≤ net_delay & tdist < dist then

10: next_hop← eport; net_delay← tdelay; dist← tdist
11: return next_hop

1: procedure PATH_ADAPT()
2: cong_level← 0
3: for i in hops[cur,dst] do
4: if ECN_vector[hops[i]] is set then clevel++;
5: qdelay← cur_timestamp - TS_vector[cur] - req_lat
6: apply_EWMA(delay_cong_tbl[iport][clevel], qdelay)
7: net_delay_tbl[dst][iport] = delay_cong_tbl[iport][clevel]
8: return

nential weighted moving average (EWMA).

SAN Implementation. ISR, similar to source routing [83,
85, 118], can be realized in both switched and switchless ar-
chitectures. Maintaining in-network telemetry requires some
programmability from the data plane. In a switched SAN,
multiple paths are offered by different ToRs, and thereby, we
implement ISR at the client host, as it is the vantage point to
make the routing decision. In a switchless SAN, ISR is di-
rectly built into the low-radix storage adapter. With the advent
of ultra–low-latency SSDs [46], minimizing in-network delay
has become increasingly critical. We believe that ISR remains
valuable in both switched and switchless cases, as its path
selection mechanism can identify and utilize the route with
the lowest available network latency. Moreover, routing paths
can be categorized according to the type of destination NVMe
device, enabling differentiated path adaptation strategies that
account for the tradeoff between latency and bandwidth.

4.4 Eager Bandwidth Reservation

Next, we tackle the bandwidth allocation issue. As discussed
above, NVMe-oF storage flows are a little more predictable
(e.g., pairwise) than data center traffic. We therefore take a
proactive strategy instead of a reactive one. Specifically, when
observing an NVMe-oF submission request from Portin, one
could pre-allocate an estimated bandwidth (BWest) based on
the I/O size and type and install it in the traffic policer of
Portin egress queue for later NVMe-oF completed I/Os.

This can be achieved as follows. First, we obtain the band-
width requirement (BWest ) of different I/O profiles via offline
profiling as what today’s cloud storage does [6, 11, 19]. Note
that this reserved bandwidth only sets up the upper bound
because it ignores many factors, such as the SSD drive condi-
tion. Second, we associate a traffic policer (through a token
bucket mechanism) with a refilling rate of BWest to ensure



that an I/O stream cannot exceed its quota. Third, on the I/O
data path, we differentiate request processing according to
their characteristics, i.e., assigning NVMe-oF read and write
I/O completion requests to different priority queues because a
read fetches a large chunk of data and a write generates a com-
pletion acknowledgment packet (less than a hundred bytes).
This mitigates the I/O interference from mixed streams. Our
reservation scheme operates at the NVMe-oF session gran-
ularity, so the installed rate is updated frequently when an
NVMe-oF request(response) comes(leaves). When the aggre-
gated bandwidth reservation of a switching port exceeds the
limit, the switch rejects subsequent I/Os.
Over-commitment. Since bandwidth reservation happens
eagerly and reserved completion I/Os would arrive in the
future, a strict traffic policer would experience low bandwidth
utilization, especially when the available bandwidth has been
reserved but completion requests are not returning yet. We
address this with an over-commitment mechanism, where a
factor Rover (≤ 1) is applied when calculating the reserved
rate. Such bandwidth deflation temporarily boosts the number
of I/Os. Rover is a step function, varying with the bandwidth
headroom, where we obtained it empirically.
SAN Implementation. We rely on the rate limiter to realize
the reservation mechanism. Our switched prototype associates
traffic classes with different NVMe-oF sessions and updates
the reserved bandwidth through the control plane. However,
the reservation requests are issued by clients when issuing
I/Os. The switchless implementation uses a flexible software
rate limiter from the DPDK QoS framework [44].

4.5 Storage-driven Traffic Scheduling

We apply the end-to-end principle and enhance the packet
scheduler with the target drive capability. Specifically, the
storage node actively monitors the bandwidth headroom of
its housed SSDs, encodes this information into the NVMe-oF
completion word, and carries it back to the client. All tra-
versed switches then record these statistics and use them for
scheduling. Such an end-to-end scheme eschews an NVMe-
oF client overwhelming the remote SSD from both the net-
working and storage perspectives.
Load Estimation. Prior studies [71, 101] have exploited the
use of I/O delay to monitor the SSD congestion and infer
the bandwidth headroom. We use a similar approach. Our
scheme measures the I/O serving latency of each I/O, takes
the latency difference between measured and target levels
as a congestion signal, and then adjusts the submission rate.
Akin to Gimbal [101], the latency threshold is dynamically
scaled to capture the SSD sensitivity. We normalize the I/O
submission rate into available credits and divide it among
contending I/O streams in a weighted-fair manner.
PIFO-based NVMe-oF Packet Scheduler. A switch per-
forms the weighted round-robin scheduling across multiple
priority queues. For similar-sized I/Os, one whose target SSD
has more available bandwidth would be served faster, which

should receive higher priority during transmission. Thus, us-
ing the above credit information, we can design a QoS-aware
scheduling by computing a "meaningful" priority. This mo-
tivates us to apply the PIFO scheduling scheme [117]. Our
design generates the rank level for an NVMe-oF packet and
chooses an associated queue to insert. The rank calculation is
a step function based on the quantum of available credits. The
more the credit is, the lower (higher) the rank (priority) will
be. Akin to SP-PIFO [49], a packet cannot be inserted at an
arbitrary position, simplifying the implementation complex-
ities. Instead, we dynamically adapt the mapping between
packet ranks and priority queues. The switch (a) scans from
the lowest-priority queue and enqueues a packet in the first
queue whose bound is smaller than or equal to the packet
rank; (b) triggers the queue bound adaptation using push-up
and push-down primitives when a rank mismatch happens.
SAN Implementation. For the switched SAN, we use the
Aurora P4 switch to realize the above scheduler based on
SP-PIFO [49]. Our switchless SAN prototype is built atop
Gimbal [101]. In both cases, we only compute the rank of the
first packet from an NVMe-oF I/O and apply it to all subse-
quent packets, avoiding packet reordering for the same I/O.
Since NVMe-oF completion packets are delivered to clients,
rank computation would not be applicable. All I/O read com-
pletions share the same rank level. Write completions will
use the highest priority queue exclusively.

4.6 System Deployment

Failure Handling. We detect failures similarly to today’s
SANs by monitoring the link status. A failed link causes a
routing detour; a failed NVMe drive (or storage node) would
stall ongoing NVMe-oF sessions and stop the remote storage
service; a failed switch then entails a large blast radius. Our
proposed techniques tolerate failures as follows:

• Routing Distance and Symmetry. A failed link or interme-
diate hop makes the routing distance infinite. Incoming I/O
requests avoid these paths during the path selection phase
(§4.3). In-flight I/Os, whose completions have passed the
failed hop, are not affected. Other I/Os that experience fail-
ures during transmission would be routed via another path,
temporarily breaking the symmetric property.

• Reserved Bandwidth. When a failure is detected, the
switch revokes all registered (§4.4) tokens of the associated
egress queues. Hence, a returning I/O would go through a
new route with no bandwidth control. To minimize the I/O
interference, we carry write completions via the highest pri-
ority queue and push read responses to the lowest priority
one. Hence, one would observe some read I/O throughput
degradation during failures.

• Piggybacked Credit. The scheduler (§4.5) is unaffected if
the switch maintains the available credits of the target drive.
When an SSD or a storage node is down, the associated
credit information is removed.
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Figure 11: Latency versus throughput for 4KB random read and
128KB sequential write on clean and fragmented SSDs.
When a link, switch, or target drive becomes active and re-
joins the SAN, the network repopulates the routing table and
expands the path candidate vector for choosing the next hop.
All the associated routing metadata would be filled in and
updated accordingly. A switching hop requires packets be-
longing to the same I/O to take the same path only if the
next hop is down. Packets cannot jump across different paths
during transmission to avoid the reordering issue.
Client Connectivity. A SAN provides external connectiv-
ity by exposing a number of ports to clients. In a switched
SAN, this connectivity is achieved through dedicated up-
stream switch ports, whereas in a switchless SAN, external
access is provisioned via reserved adapter ports. One could
combine multiple ports into a single logical interface via NIC
teaming [35] and then apply some load-balancing policies.

5 Evaluation: Switched v.s. Switchless
We compare the switched and switchless SAN architecture
from several dimensions and examine the efficiency of the pro-
posed NVMe-oF-based traffic control techniques. Our evalua-
tions aim to answer the following questions:

• How does the switchless SAN compare with the switched
one when delivering NVMe-oF traffic? (§5.1)

• How much cost savings can the switchless SAN achieve in
today’s deployments? (§5.2)

• How well does the switched and switchless SAN perform
at scale? How well do they handle failures? (§5.3, §5.4)

• How effective are the proposed traffic control techniques
(i.e., INT-assisted symmetric routing, eager bandwidth
reservation, and storage-driven traffic scheduling)? (§5.5)

5.1 Performance: Latency and Throughput

Testbed Results. We configured an experiment with four
storage nodes under 4× 100GbE bandwidth. The switched
SAN has one path to the ToR combining four ports, while
the switchless one has four paths in a 2D Torus topology.
Clients mount remote drives via NVMe-over-TCP and run
applications atop. First, we issued FIO requests to four NVMe
drives from one storage target. Figure 11 reports the latency
versus throughput as we gradually increase the request rate.

When achieving the maximum bandwidth, on clean SSDs,
switchless SAN achieves 32.3% and 18.0% lower latencies
than switched SAN for 4KB random read and 128KB se-
quential write cases. This is because a switchless SAN dis-
tributes I/O loads to multiple disjoint paths, where each has a
lower queueing delay than the single path in a switched SAN.
Reads achieve more latency savings in a switchless SAN be-
cause there are fewer concurrent I/Os at each hop, making
the token bucket mechanism (used by bandwidth reservation)
more effective. Fragmented SSDs present similar behavior
with higher latency reduction, i.e., 43.1% and 20.3%. In both
switching architectures, we disseminate the target SSD band-
width availability across the network. However, the switched
SAN is more conservative (in terms of rate limiter and rank
calculation) when bandwidth over-subscription happens, en-
tailing high queueing latency.

Next, we ported BlobFS on our prototype testbed, ran
RocksDB, and evaluated real-world applications’ perfor-
mance. In this experiment, we exposed 8 NVMe SSDs from
two storage targets to four clients, each of which ran 2
RocksDB instances (8 in total). Similar to the microbench-
marks, as shown in Figures 12, though achieving nearly
the same throughput, the switchless SAN saves the request
average/99.9th latencies by 28.3%/25.0% compared to the
switched SAN because multiple paths mitigate I/O contention.
Simulation Results. We configured a SAN with 27 storage
nodes, and each has 600GbE bandwidth. The switchless case
uses the 3D-Torus topology (each node has six paths). Fig-
ures 13 compare the read/write request completion time when
running three SNIA block traces [40]. First, our proposed
traffic control helps reduce latency significantly for both SAN
architectures because it embeds the I/O load awareness into
the end-to-end data path. As a result, less SSD overloading
and request queueing happen. Second, the switchless SAN
still outperforms the switched one, e.g., 50.0%, 19.5%, and
15.9% lower average read latency on OLTP, Systor, and Web-
Search scenarios, respectively. This is because the switchless
SAN provides multiple non-overlapping paths, enabling pro-
portional distribution of I/O requests across them according
to the runtime load, thereby reducing queueing delays. Our
simulation results align with what we observed in the testbed.

Takeaway. The switchless SAN achieves comparable band-
width as the switched SAN. Additional routing hops jeop-
ardize performance little because SSD accesses dominate.
Instead, the multi-path capability plus the end-to-end I/O
load awareness allows the switchless SAN to load bal-
ance I/O reads/writes over different paths, reducing I/O con-
tention/interference, and yielding better average/tail latency.

5.2 Cost Analysis

This section compares the capital cost of building a switched
and switchless SAN when achieving the same bandwidth.
Note that our analyses focus on networking infrastructure
(including switches and adapters). We assume that (a) the
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Figure 12: RocksDB performance comparison over the Switched/Switchless SAN. We configure the YCSB [58] to generate 10M 1KB
key-value pairs with a Zipfian distribution of skewness 0.99 for each DB instance.
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Figure 13: Average and tail FCT (flow completion time) improvement of read and write requests of real applications traces. The
switchless SAN uses the 3D-Torus topology. We also report the results when disabling the traffic control (§4) for switched and switchless
SAN. SSAN/SSAN-TC=Switched SAN with/without traffic control. LSAN/LSAN-TC=Switchless SAN with/without traffic control.

Parameter Value Parameter Value
Storage Node # (Y) 20 Adapters Per Node (B) 2

Ports Per SSAN Adapter (P) 2 Ports Per SSAN Switch (Q) 32
Ports Per LSAN Adapter (R) 4 SSAN Adapter Price ($) 900

SSAN Switch Price ($) 23,000 LSAN Adapter Price ($) 2,600

Table 1: A SAN configuration example for cost analysis.
SSAN=Switched SAN. LSAN=Switchless SAN.

Switched SAN Cost
Switchless SAN Cost

Cost Savings

1e6

Figure 14: Cost comparison between the switchless and switched
SAN when varying storage bandwidth.
aggregated SAN bandwidth and per-port bandwidth are repre-
sented as B and Bp; (b) all ports at the switch and adapter have
the same bandwidth; (c) the number of ports of a SAN switch,
a switched SAN adapter, and a switchless SAN adapter is Q,
P, and R, where R≥ P; (d) the storage cluster has Y nodes.

SAN Infrastructure Breakdown. To meet the bandwidth
requirement, the switched SAN needs (a) Ny =

B
Bp×P adapters,

given each has P ports; (b) 2×B
Bp×Q switches, where each has

Q ports. The switchless SAN then requires B
Bp×R since each

low-radix SAN adapter has R ports.

Discussion. Table 1 presents a concrete example for our anal-

ysis. We use the referenced price of a switch and adapter from
CDWG. In the switched SAN, the number of required SAN
adapters is Y×B= 20×2= 40, costing 40×$900= $36,000.
Considering (i) a SAN adapter has P ports and (ii) there
are B adapters per storage node, the total number of ports is
P×B×Y = 2×2×20 = 80. Thus, we need ⌈ 80

32⌉= 3 Q-port
switches, amounting to 3×$23,000 = $69,000. The total ex-
pense of a switched SAN is $36,000+$69,000 = $105,000.
The switchless SAN needs R = 4 ports, ⌈ 80

4 ⌉= 20 adapters,
costing 20× $2,600 = $52,000. Therefore, the switchless
SAN architecture yields $53,000 (50.5%) capital savings com-
pared with the switched one. Figure 14 further shows how the
capital cost of two SAN architectures scales with the storage
bandwidth using the example configuration (Table 1).

Takeaway. A switchless SAN reduces the capital costs of
networking infrastructures by replacing the expensive high-
radix switches with cheap low-radix adapters, yielding a lower
per-port deployment expense.

5.3 Scalability

Workload Diversity. We examined the avg./99.9th read/write
I/O completion time when running different synthetic work-
loads on our prototype testbed. First, the switchless SAN (in
a 3D-Torus topology) outperforms the switched one when the
I/O size is uniform (i.e., 4KB read/write), reducing the average
ready latency by 39.7%. Second, we observe more benefits
when mixing 4KB, 32KB, and 128KB I/Os, i.e., 85.4%/91.2%
read/write latency reduction. This is because different-sized
I/Os can take non-conflict paths, yielding less interface. Third,
under I/O incast (where one NVMe drive accepts requests),
both switched and switchless SANs behave similarly due to
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Figure 15: Average/Tail FCT (flow completion time) of read/write on 3D-Torus topology as increasing the number of clients. SSAN/SSAN-
TC=Switched SAN with/without traffic control. LSAN/LSAN-TC=Switchless SAN with/without traffic control.
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Figure 16: Perf. under an adapter failure in a switchless SAN.
the end-to-end storage control.
Scaling Client Numbers. We increased the number of clients
for 4/32/128KB mixed request sizes with 95/5 and 50/50
R/W ratios via simulation. The switched SAN supports more
clients using a two-layer FatTree topology. In contrast, the
switchless SAN employs a 3D Torus topology, leveraging
the additional dimension to scale to a larger number of client
nodes. Figure 15 depicts the latency and write latency com-
parison for four cases. Both switched and switchless architec-
tures scale well when enabling the traffic control techniques,
embodying a much more stable read/write latency. When
disabled, SSD overloading and in-network queueing emerge
with more concurrent client streams.

Takeaway. Both switchless and switched SAN can accom-
modate client scaling with our proposed traffic control. The
switchless architecture is adept at handling traffic heterogene-
ity due to its inherent path diversity.

5.4 Reliability

The switched SAN has a single-point failure issue unless a
redundant ToR is used. The switchless SAN entails better
fault-tolerant capability because it can switch to another path.
As described in §4.6, only in-flight I/Os are affected as the
chosen path might become invalid. The I/O throughput will be
recovered when there is enough networking bandwidth. Fig-
ure 16 depicts the throughput variation during an adapter fail-
ure on our simulation testbed. For a uniform 4KB workload
(read/write ratio=95/5), we observe a 1.6%/2.1% throughput
drop when the failure happens under 3D-Torus and dragonfly
topologies, respectively. It then takes 0.5ms/0.75ms to recover
to the normal operational mode, which means that all affected
I/Os are completed. For a mixed 4KB/32KB/128KB workload
(read/write ratio=50/50), the throughput drop of two topolo-
gies is 6.8%/4.5% and the failure handling takes 2ms/1.8ms.

It experiences more performance degradation because several
paths are in use with more ongoing I/Os.

Takeaway. The switchless SAN can tolerate single-point
failure (i.e., ToR switch) that happens in the switched case
because it introduces multiple paths for I/O delivery. When
failures happen, all ongoing reads/writes are affected and
should be rerouted when the network becomes stable.

5.5 Traffic Control Drill-Down

This section examines the effectiveness of the three proposed
NVMe-oF-based traffic control techniques.
INT-assisted Symmetric Routing (§4.3). We took the switch-
less SAN as an example and evaluated the technique un-
der four topologies (i.e., daisy chain, ring, dual-ring, and 2D
Torus), given that our developed adapter has up to four ports.
We configured four NVMe-oF clients and issued a mixed
70/30 read/write I/O workload to storage nodes. Note that the
server is configured with 200/200/300/400 GbE in four topolo-
gies. Figure 17 reports the results, where we take switched
SAN (400GbE) as a comparison. When the network presents
fewer paths to the destination, one could easily observe band-
width over-subscription and in-network queueing buildup,
causing latency increases. For example, under a Ring topol-
ogy, compared with the switched case, the switchless SAN
increases the read and write latency by 25.8% and 38.3%, re-
spectively. When there are more path diversities (such as the
2D mesh case), the switchless SAN outperforms the switched
one by 16.1% and 6.4% in terms of reads and writes.
Eager Bandwidth Reservation (§4.4). We evaluated
the bandwidth reservation scheme by varying the over-
commitment ratio in a switchless SAN (2D Torus topology).
Our experiment uses a mixed 4KB/128KB random read work-
load (as the reservation only works for reads). Figure 18
presents the aggregated bandwidth (y1-axis) and 4KB read
latency (y2-axis). Without reservation, one can achieve max-
imum bandwidth but the latency is high. For example, we
observe 4.7× and 9.0× higher latency for the 16/32 con-
current I/O streams cases, respectively. When the reservation
performs conservatively (with over-commitment ratio=1), one
achieves 49.6% and 62.1% of the maximum bandwidth when
there are only 1 or 4 streams as the switching hop throttles
the response traffic even if there is available bandwidth. With
higher over-commitment, the SAN can max out I/O through-
put with a modest latency increase for 16 concurrent streams.
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Storage-driven Traffic Scheduling (§4.5). We varied the
workload pattern on fragmented SSDs and examined the ef-
ficacy of the storage-driven design. In both switched and
switchless SAN, we continuously monitor the SSD condition,
estimate the drive I/O serving capacity, translate it to credits,
and propagate the information back to the SAN. As described
in §4.5, we use these statistics in two ways: clients use it
for rate control, and switching hops use it for I/O scheduling.
Thus, without such support, one can only use network con-
ditions for congestion control, and clients would issue more
I/Os, exceeding drive capacity, and causing drastic queueing
delays. On average across all cases (Figure 19), the switchless
SAN saves 25.1% of latencies than the switched one.

Takeaway. NVMe-oF disaggregated storage brings in three
unique traffic characteristics (§4.1). Co-designing them with
the traffic control can fully unleash the capability of the un-
derlying SAN architecture (regardless of switched and switch-
less), and max out the bandwidth utilization.

6 Related Work
Direct-connect topology. Researchers have explored it exten-
sively in HPC and rack-scale computing [53, 59, 60, 65, 86].
[86] introduces the dragonfly topology using high-radix
routers. It applies the global adaptive routing scheme and
proposes two optimizations: selective virtual-channel dis-
crimination and global channel congestion detection. Slim
Fly [53] proposes a cost-effective direct-connect topology
that approaches the theoretically optimal network diameter.
R2C2 [59] offers multi-path communication and performs
per-flow bandwidth reservation over a broadcast primitive.
We study how to co-design NVMe-oF flow characteristics
with the traffic control for the switched/switchless SAN.
Storage area network. SANs, a specialized high-
performance network fabric, have been widely deployed in
enterprise clusters and data centers. There are a plethora
of commodity SAN solutions [3, 21, 22, 28, 34, 43] that
provide fast remote access to a shared pool of block storage.
Researchers have developed HW/SW optimizations to
improve the performance and efficiency of existing SAN
deployments. For example, Ana et al. [88] characterized
the performance of iSCSI-based SAN and proposed several
optimizations. QuickSAN [55] proposes a low-latency
hardware-accelerated block transport and directly integrates
it into an SSD. People also use emerging programmable
networks [54, 93, 95, 97–99, 106–108, 111, 112] and cluster

interconnects [12, 50, 79, 92, 94, 120] to redesign SAN. We
examine whether a switched or switchless SAN architecture
is more suitable for expanding bandwidth capacity.
Disaggregated storage system. Researchers have developed
several new software I/O stacks and hardware architectures for
disaggregated storage [57,74,75,77,80–82,84,89–91,96,101–
103, 110, 113, 121–123]. For example, Reflex [89] introduces
a kernel-bypass data-plane for I/O requests orchestrated by
credits. blk-switch [81] integrates the switch abstraction into
the Linux storage stack and provides performance isolation.
We present a comparative analysis of switched and switchless
networking architectures in the context of storage disaggre-
gation. A key learning is that co-designing the NVMe-oF
protocol with the underlying network traffic control enables
more streamlined and efficient processing of remote read and
write I/O requests. This observation highlights the importance
of aligning protocol semantics with network characteristics to
minimize overhead and reduce end-to-end latency. Our results
suggest that incorporating lightweight in-network computing
primitives, such as support for I/O-aware telemetry, adaptive
rate control, and packet scheduling, can enhance both the
performance and efficiency of disaggregated storage systems.

7 Conclusion
This paper quantitatively compares switched and switchless
SAN architectures when holding disaggregated dense storage
appliances. We first design an experimental methodology–
consisting of small-scale real-system prototypes and large-
scale simulations–that provides adequate flexibility for SAN
architecture exploration. We then co-design the SAN traffic
control with NVM-oF traffic characteristics to optimize the
storage flow performance. Last, our evaluations draw sev-
eral findings and show that the switchless SAN entails sev-
eral advantages: (a) delivering nearly the same throughput as
the switched SAN, albeit enclosing more routing hops, but
with lower latency, because of the multiple load-aware I/O
paths, mitigating I/O interference; (b) saving capital costs
by replacing expensive high-radix switches; (c) scaling with
heterogenous I/O flows and improving SAN’s reliability.
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