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Storage Disaggregation
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Decoupling storage from compute

Traditional Storage System
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Storage Area Network (SAN)
(NVMe-over TCP/RDMA/Fabric)
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Evolution of Storage Node
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Trend 1: PCIe Bandwidth Scaling

Dell R7725

• 256 PCIe Gen5 lanes
• Up to 1.0 TB/s Bandwidth
• PCIe Gen6/7 on the horizon

Trend 2: More Compact Form Factor

2.5” Form Factor EDSFF Form Factor

• 1U: 32 x E1.S
• 1U: 10x2.5”

3X Density
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Two Industry Responses to Scale SAN
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Switched SAN (Scale-Up)

400/800 GbE Switch
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Switchless SAN (Scale-Out)
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✓ Simple, high-perf, easy to deploy
✗ Prohibitively expensive switches

✓ Cheap, adaptive, multi-path
✗ Multi-hop, opaque to storage stack
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Switched SAN vs. Switchless SAN?
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Observation #1: Network RTT ≪ Storage RTT
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Network delay: 4.8% Network delay: 12.7%

Adding some network latencies will not adversely impact the NVMe-oF SAN performance
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Observation #2: Pairwise and Asymmetry
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Random Read

1187.3X

Sequential Write

2440.7x

Traffic is predictable. The BW requirement depends on the I/O read/write ratio
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Observation #3: Backward-Propagated Queueing
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356MB/sec up
26% less

NVMe-oF performance is determined by the minimum bandwidth of network and storage.



Joontaek OhUSENIX NSDI 2026

Design Principles from NVMe-oF Characteristics
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Network RTT ≪ Storage RTT

Pairwise and Asymmetry

Backward-Propagated Queueing

Greedy Routing

Predictable BW

Consider Storage State

INT-assisted
Symmetric Routing

Eager Bandwidth
Reservation

Storage-driven
Traffic Scheduling

Observations NVMe-oF Enabled Co-Design
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INT-Assisted Symmetric Routing (ISR)
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Goal: Pick the least-congested path to the target SSD

Idea: Each completion packet carriers forward-path telemetry back, hop-by-hop.
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INT-Assisted Symmetric Routing (ISR)
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INT-Assisted Symmetric Routing (ISR)

13

Goal: Pick the least-congested path to the target SSD

Idea: Each completion packet carriers forward-path telemetry back, hop-by-hop.

Storage 
Node 1

Storage 
Node 2

Storage 
Node 3

Storage 
Node 4

Storage 
Node 5

Storage 
Node 6

(In-Network Telemetry)

Hop Timestamp ECN
1 3us 0
2 13us 1
3 16us 0
4 19us 0



Joontaek OhUSENIX NSDI 2026

INT-Assisted Symmetric Routing (ISR)
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Goal: Pick the least-congested path to the target SSD

Idea: Each completion packet carriers forward-path telemetry back, hop-by-hop.

Storage 
Node 1

Storage 
Node 2

Storage 
Node 3

Storage 
Node 4

Storage 
Node 5

Storage 
Node 6

(In-Network Telemetry)

Hop Timestamp ECN
1 3us 0
2 13us 1
3 16us 0
4 19us 0



Joontaek OhUSENIX NSDI 2026

Eager Bandwidth Reservation
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Goal: Pre-allocate BW for the response before it arrives

Idea: Exploit pairwise + asymmetric to predict the request response size
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Eager Bandwidth Reservation
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Goal: Pre-allocate BW for the response before it arrives

Idea: Exploit pairwise + asymmetric to predict the request response size

Storage 
Node 1

Storage 
Node 2

Storage 
Node 3

128KB
Read Cmd

Reserved for 128KB Read



Joontaek OhUSENIX NSDI 2026

Eager Bandwidth Reservation
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Eager Bandwidth Reservation
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Goal: Pre-allocate BW for the response before it arrives

Idea: Exploit pairwise + asymmetric to predict the request response size
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Eager Bandwidth Reservation
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Idea: Exploit pairwise + asymmetric to predict the request response size

Storage 
Node 1

Storage 
Node 2

Storage 
Node 3

Reserved for 128KB Read

Data



Joontaek OhUSENIX NSDI 2026

Eager Bandwidth Reservation
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Goal: Pre-allocate BW for the response before it arrives

Idea: Exploit pairwise + asymmetric to predict the request response size
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Storage-Driven Traffic Scheduling
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Goal: Make the network aware of SSD load in real time

Idea: Storage encodes its bandwidth headroom as credits in completion packets

Storage 
Node A

Storage 
Node B

Storage 
Node C

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6



Joontaek OhUSENIX NSDI 2026

Storage-Driven Traffic Scheduling

22

Goal: Make the network aware of SSD load in real time

Idea: Storage encodes its bandwidth headroom as credits in completion packets

Storage 
Node A

Storage 
Node B

Storage 
Node C

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6

SSD 1 SSD 2 SSD 3

SSD 4 SSD 5 SSD 6



Joontaek OhUSENIX NSDI 2026
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Storage-Driven Traffic Scheduling
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Evaluation (Switched vs. Switchless) Setup
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Common Setup
• 4 storage nodes

• Storage server: 2× Intel Xeon, 256 GB DDR4

• NIC: dual-port 100GbE ConnectX-6

• Drives: 4× Samsung PM9A3 960 GB NVMe SSD

• Protocol: NVMe-over-TCP

Switched
• Dell Z9100-ON 32-port 100GbE ToR

• Aurora 710 Tofino P4 for ISR / PIFO

• Single client–ToR path

Switchless
• BlueField-2 SmartNIC adapter

• Same NIC substrate as ConnectX-6

• 2D Torus, 4 disjoint paths
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Performance: Throughput and Latency
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• Switchless SAN matches the switched one in terms of throughput on all YCSB workloads.
• Switchless SAN reduces average read latency by 28.3%.
• Switchless SAN cuts 99.9th-percentile read latency by 25%.
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Cost Analysis
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• Gap widens linearly with cluster scale.
• Switchless SAN achieves 50.5% capital savings.
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More Evaluations
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• For more details, 

please check the paper.
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Conclusion
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• Three NVMe-oF characteristics

◦ Per-IO: Network RTT ≪ Storage RTT

◦ Per-Command Pair: Pairwise and Asymmetry

◦ Per-Storage Session: Backward-Propagated Queueing

• Co-designed traffic control with NVMe-oF

◦ INT-assisted symmetric routing

◦ Eager bandwidth reservation

◦ Storage-driven flow scheduling.

• Perform a comparative study of switched and switchless SAN architecture

Thank you


