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Abstract
Modern data centers deploy heterogeneous server pods, in-
cluding a mix of commercial RDMA NICs (RNICs), legacy
Ethernet NICs, and custom in-house hardware. This diver-
sity creates significant interoperability challenges, particularly
for Non-RNIC-to-RNIC (NR2R) communication, a scenario
driven by emerging disaggregated workloads like LLM infer-
ence, large-scale infrastructure upgrades, and the integration
of novel network protocols. Due to strict hardware dependen-
cies, RNICs discard packets from non-compliant packets, forc-
ing a costly fallback to TCP/IP and limiting RDMA network
scaling. Existing software RDMA solutions, RXE (SoftRoCE
implementation in Linux kernel), suffer from prohibitive CPU
overhead, making them unsuitable for high-speed networks.

To address this, we present BURST, a high-performance,
user-space software RDMA stack designed for high-speed
networks. BURST operates as an independent process that
maintains full compatibility with the standard RDMA Verbs
API, allowing unmodified applications to run on Ethernet
NICs. It integrates a lock-free DPDK data plane for line-rate
packet processing, leverages Intel’s DSA for reducing CPU,
and features a kernel-bypass connection manager to acceler-
ate setup. Experimental results show that BURST achieves
98.7% line-rate bandwidth on 400G NICs, delivering a 3.2-
6.3x throughput improvement over kernel RXE. In produc-
tion workloads, BURST accelerates LLM inference latency to
25.2% of TCP’s and increases connection setup speeds by 12x
compared to native RDMA CM, demonstrating its benefits
for unifying communication in heterogeneous environments.

1 Introduction

Remote Direct Memory Access (RDMA) delivers high perfor-
mance and low CPU overhead through hardware-offload capa-
bilities, yet its implementation remains tightly coupled with
vendor-specific designs in commercial RDMA NICs (RNICs).
Although RDMA has been widely deployed in modern data
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centers [19, 21], most large-scale infrastructures rarely stan-
dardize their hardware on a single vendor, let alone a specific
generation, to mitigate deployment costs and supply chain
risks [29]. Consequently, commercial data centers accom-
modating high-speed network traffic are profoundly hetero-
geneous, typically comprising three distinct types of NICs:
commercial RNICs from major vendors [25, 39, 40], legacy
Ethernet NICs with high-performance software stacks [15,
33, 34, 59], and in-house customized RDMA NICs with self-
developed features [17, 20, 35, 49, 50, 54].

This hardware diversification creates critical, yet often over-
looked, interoperability demands, particularly in what we term
Non-RNIC-to-RNIC (NR2R)1 scenarios. Analysis of enter-
prise production environments reveals three key drivers for
efficient NR2R communication.

First, the architectural disaggregation of modern applica-
tions creates a direct need for high-speed communication be-
tween non-RNIC and RNIC pods. The rise of distributed AI
workloads, such as disaggregated LLM inference [23, 43, 45],
typifies this trend. With the advent of architectures that
require massive KV cache transfers, workloads are split:
compute-intensive pre-fill stages run on cost-effective non-
RNIC pods, while latency-sensitive decode stages run on
high-performance commercial RNIC pods. This architectural
shift creates a critical need for efficient data exchange be-
tween them. Second, scaling and upgrading the infrastruc-
ture necessitates accelerating the performance of the vast,
pre-existing base of legacy hardware. In our storage clusters
comprising hundreds of thousands of nodes, over 20% are
legacy NICs limited to traditional software protocols. With
increasing traffic volumes, their communication with newly
deployed pods using commercial RNICs has become a sig-
nificant bottleneck. Finally, the trend of hardware protocol
innovation introduces a transitional interoperability challenge.
To support domain-specific enhancements (e.g., SACK), large
operators increasingly develop custom in-house NICs. How-
ever, achieving full hardware-level RoCEv2 compatibility for

1We define non-RNICs as all Ethernet NICs without the RoCE feature.
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these new devices is a complex, multi-year process. During
this prolonged evolution, emerging hardware must still inter-
operate with the vast installed base of commercial RoCEv2
pods, creating a pressing need for a software-based compati-
bility layer, for example, when integrating advanced transport
protocols [2, 30, 46, 47, 54].

This incompatibility presents a challenging issue. Due
to native RDMA’s strict hardware dependencies, any non-
standard RoCEv2 packets originating from a non-RNIC are
simply discarded by the other end’s RNIC hardware. This
hardware-driven fragmentation creates an insurmountable
barrier to direct communication, forcing a costly fallback to
the kernel TCP/IP (KTCP) stack and sacrificing RDMA’s
performance benefits precisely when they are most needed.

Existing research on RDMA interoperability, while valu-
able, fails to adequately address this critical NR2R chal-
lenge. As a summary in Fig. 1, case (1), prior works focus
mainly on the interoperability between distinct RNICs, uti-
lizing RNIC features such as high-performance packet pro-
cessing (e.g., UC mode [29, 57]) and direct memory access
(e.g., GPU direct [57]). Case (2), other works focus on pure
non-RNICs [33,35,57], which cannot directly talk to existing
RDMA nodes. As such, case (3), prior works can only use soft-
ware RDMA stacks to enable NR2R communication [34, 48].
Unfortunately, as we will detail in Sec. 2.2, existing solutions
suffer from prohibitive CPU overhead and performance limi-
tations in high-speed networks, making them unsuitable for
our production systems.

As a global-scale Internet infrastructure provider, our goal
is to unify the RDMA protocol stack across diverse hardware
configurations especially in NR2R scenarios, ensuring maxi-
mum interoperability, performance, and generality. We aim
to build this unification at a foundational layer that preserves
compatibility with the standard RDMA Verbs API, allowing
various applications to leverage it without modification.

In this paper, we propose BURST, a novel software RDMA
network stack designed for high-performance and seamless
interoperability in 400G networks. We deploy BURST as an
independent user-space process. Unmodified applications can
use BURST in this process service with standard Ethernet
NICs. To achieve this, BURST accesses metadata registered
by the user via libibverbs, such as Queue Pairs (QPs), Com-
pletion Queues (CQs), and Memory Regions (MRs), through
inter-process shared memory. It then parallelly reads and
processes Work Queue Entries (WQEs) using an enhanced
shared queue model implemented in software. BURST inte-
grates a lock-free Data Plane Development Kit (DPDK) [4]
data plane for line-rate packet processing and leverages Intel’s
Data Streaming Accelerator (DSA) to support near zero-copy
I/O. Beyond data plane performance, applications such as up-
grading or restarting distributed storage systems now demand
the rapid setup of tens of thousands of RDMA connections, a
requirement also highlighted by prior work [31,55]. However,
hardware RDMA Connection Management (CM), constrained

RDMA Interoperability Optimization

(1) RNIC-to-RNIC (R2R) 
With hardware RDMA support;  

Orthogonal to this work
(Flor[29], UCCL[57])

With non-RNICs

(2) Non-RNIC-to-Non-RNIC (NR2NR)
Not interoperable with RNIC 

(Snap[33], Solar[35], UCCL-xdp[57])

(3) Non-RNIC-to-RNIC (NR2R)

Existing Software RDMA
Poor performance and high overhead

(RXE[48], SoftRDMA[34])

Our Choice: 
BURST

Our Target Scenario

Figure 1: Classification of RDMA Interoperability Work.

by limited on-chip resources [54] , kernel-dependent [22] and
I/O overhead, struggle to meet the increasingly strict, sub-
millisecond service level agreements (SLAs) for this task.
Furthermore, BURST introduces a pure user-space, kernel-
bypass connection manager that leverages abundant host mem-
ory resources to accelerate connection setup.

Experimental results demonstrate that BURST achieves
98.7% line-rate bandwidth per 400G/NIC on NR2R networks
with less than 4 CPU cores, achieving a 3.2-6.3 times through-
put improvement compared to RXE [48] (also known as Soft-
RoCE). Compared to KTCP (the hardware’s fallback option),
BURST increases throughput by approximately 47 Gbps and
saves over 66% of CPU resources. By supporting GDR in
software, BURST reduces the end-to-end average latency for
LLM inference deployed in NR2R scenarios to 25.2% of that
of KTCP. We also evaluated the user-space RDMA Connec-
tion Management (CM) connection setup approach provided
by BURST in a high-concurrency, enterprise-level storage ap-
plication scenario. The results show that with multi-threading
support, BURST can achieve a connection setup speed of over
24,000 connections per second, which is 12 times that of the
native RDMA CM.

Our main contributions are summarized as follows:

• We propose BURST, the first high-performance software
RDMA network stack demonstrated to be deployable
in large-scale production applications on 400G NICs,
specifically addressing the NR2R interoperability chal-
lenge.

• We propose a pure user-space CM approach that de-
couples connection logic from the kernel, dramatically
accelerating control plane operations for large-scale, dy-
namic applications.

• We evaluate and deploy BURST in demanding, real-
world scenarios, including large-scale RPC services, dis-
tributed storage systems and LLM inference applications,
showing that it brings significant performance benefits
and has already replaced KTCP or RXE communication
flows.
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2 Background and Motivation

2.1 RDMA Interoperability Challenges: A Tax-
onomy

In modern data centers, hardware-based RDMA networks
are progressively replacing traditional software-based TCP/IP
stacks for high-speed applications. Fundamentally, RDMA
offloads the entire network stack processing to specialized
hardware (RNICs), thereby bypassing remote CPU and OS
involvement in data transfers. This approach delivers low-
latency and high-throughput communication. Through contin-
uous iterations by major vendors, Ethernet RDMA bandwidth
has evolved rapidly from an initial 10Gbps to 400Gbps and be-
yond in just a few years [38, 40]. This rapid pace of hardware
evolution makes it impractical for large-scale data centers to
maintain a homogeneous hardware infrastructure, creating a
complex, hybrid environment.

As illustrated in Fig. 1, this hardware diversity gives rise to
a taxonomy of interoperability challenges. While challenges
exist within homogeneous pods, this work focuses on the
most critical and unaddressed of these scenarios: the Het-
erogeneous Non-RNIC-to-RNIC (NR2R) connection (other
scenarios discussed in Sec. 6). The difficulty in NR2R stems
from a fundamental asymmetry between endpoints, where
one side benefits from full hardware offload while the other
relies entirely on software.

This asymmetry manifests as a critical hardware limitation.
Due to native RDMA’s strict hardware dependencies, commer-
cial RNICs are designed to discard any non-standard RoCEv2
packets originating from a non-RNIC endpoint at the hard-
ware level. Ultimately, this hardware-driven fragmentation
creates an insurmountable barrier to direct communication,
forcing a costly fallback to the TCP/IP stack and sacrificing
RDMA’s performance benefits precisely when they are most
needed.

2.2 NR2R Work and Limitations

Performance Limitations of Existing Software RDMA
Stacks. As mentioned before, the only viable approaches for
NR2R interoperability are pure software RDMA stacks [34,
48]. However, our analysis reveals that these solutions suffer
from critical weaknesses in both performance and function-
ality, rendering them unsuitable for deployment in modern,
high-speed production environments. RXE [48], the sole open-
source, kernel-space RoCE implementation, offers compatibil-
ity but introduces operational incompatibilities with standard
OFED drivers [8]. It also creates excessive latency overhead
because control signals must traverse multiple software lay-
ers within the kernel stack [24]. We confirm its performance
deficiencies in Sec. 5.1. Another example, SoftRDMA [34]
is a proof-of-concept validated only on 10G NICs. This ap-
proach, built on a user-space TCP/IP implementation, retains

a memory copy from the application to the stack and lacks
consideration for advanced RDMA transport features like
congestion control and concurrent connections.
Functional Gap: Lack of Software GPU Direct RDMA
(GDR). Beyond raw performance, a more critical failure of
existing solutions is the complete lack of support for GPU
Direct transport. This limitation is not trivial; even Snap [33],
a state-of-the-art user-space network system from Google
that delivers superior performance over kernel TCP/IP, does
not provide a software path for GDR. This functional gap is
critical for modern AI and scale-up applications.

While TCP-based alternatives for GPU transport exist, they
are not viable in practice. The state-of-the-art solution, Device
Memory TCP [9], suffers from three prohibitive deployment
barriers: (1) Hardware Dependency: It requires NICs with
specific header-split capabilities to separate packet headers
and payloads into different buffers. (2) Kernel Dependency:
It is built on a bleeding-edge Linux kernel (6.12+), necessitat-
ing extensive backporting efforts for enterprise-grade systems.
(3) Application Access Overhead: It lacks native GPU trans-
port APIs, forcing intrusive and friction-prone application
code modifications.

Furthermore, attempting to use such TCP-based methods to
connect with commercial RNICs creates a functional conflict,
as the RNIC’s own hardware-based GPU Direct capability
cannot coexist with the software TCP stack, making optimal
performance impossible to achieve.
Production Experience. Consequently, TCP/IP remains the
de facto solution for large-scale data transfer in scenarios
demanding ease of deployment and compatibility. As applica-
tion scales expand in modern data centers, the TCP/IP stack
increasingly fails to satisfy performance requirements, forcing
endpoints to forfeit the hardware offload benefits of RDMA
NICs. This reality underscores the imperative for a robust,
high-performance, and fully-featured software solution for
RDMA interoperability.

3 System Architecture and Design Principles

3.1 Goals and Principles
Our goal is to support RoCE for both host and GPU mem-
ory through software in 400+ Gbps/NIC networks, as shown
in Fig. 2, maximizing network performance while minimiz-
ing CPU overhead (significantly outperforming kernel-based
RXE and TCP) and maintaining application transparency to
reduce upgrade/deployment costs.

To achieve these objectives, we adhere to four design prin-
ciples: (1) Preserve standard RDMA library interfaces, ensur-
ing applications use BURST identically to hardware RDMA
stacks; (2) Saturate line-rate bandwidth to approach hard-
ware RNIC performance; (3) Handle RDMA transport proce-
dures (connection setup, WQE scheduling, etc.) with maxi-
mal efficiency to reduce latency overhead; (4) Eliminate CPU
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Figure 2: BURST in NR2R scenario.

overhead from memory copies to accelerate BURST ’s data
transfer capability.

3.2 Our Choice: An Independent Process

Guided by the above principles, we design BURST to operate
as an independent user-space process. On one hand, existing
kernel-centric solutions, such as RXE, are known to suffer
from excessive software overhead due to system calls and
context switching. This motivates migrating the bulk of the
protocol stack’s functionality into user-space. On the other
hand, there are some network stack deploying as a LibOS
model [13, 27, 28, 59], which presents significant challenges
in general-purpose RDMA environments. First, the standard
OFED drivers have inherent kernel dependencies for initial-
ization and control path operations. Achieving compatibility
with the standard RDMA Verbs API in a pure user-space
LibOS is non-trivial and often forces application-level code
modifications, which contradicts our goal of seamless migra-
tion. Second, when multiple RDMA applications run on the
same host, each with its own LibOS instance, a mechanism is
required to steer incoming packets to the correct stack. While
some work [59] addresses this by partitioning ports, this fea-
ture is not universally supported by commercial RNICs, and
implementing this steering in software introduces new logical
overhead.

Consequently, we adopt the independent process model
for BURST to balance high performance with general ap-
plicability, as shown in Fig. 5. Systems like Snap [33] also
utilize a microkernel-like process but are typically tailored for
a specific application ecosystem and its proprietary interfaces.
However, BURST is designed for universal RDMA appli-
cation scenarios, providing robust support for multi-process
and multi-threaded environments while ensuring fairness and
isolation between different workloads.

Following these principles and consideration, BURST faces
four core challenges:

Challenge 1: Isolation of memory access. Before net-
work communication, applications using RDMA protocols
allocate memory and register MR via standard RDMA in-
terfaces. However, this target address in user-space or GPU
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memory cannot be directly accessed by the kernel or non-
RNICs. Directly using user-provided address information for
memory access will fail to access the correct data.

Challenge 2: WQE perception overhead. A key chal-
lenge is efficiently notifying the user-space BURST process
of new WQEs posted by applications. Straightforward notifi-
cation methods often lack the required efficiency and scalabil-
ity. For instance, relying on kernel-based mechanisms like the
system call eventfd incurs high overhead (approx. 4µs per
operation) [52]. The other intuitive approach of dedicating a
simple doorbell queue (DBQ) for each QP (a Single-Producer-
Single-Consumer (SPSC) model) fails to scale, as our evalu-
ation in Fig. 3 shows its throughput collapsing sharply after
the QP count reaches 4096. Therefore, designing a scalable
shared-memory queue for WQE synchronization is non-trivial.
Without a proper design, locking and access contention will
bring extra latency overheads that significantly degrade per-
formance.

Challenge 3: Congestion Control Divergence. Existing
studies confirm that different congestion control (CC) be-
tween RDMA endpoints degrades performance [29]. In our
NR2R scenario, we evaluate the performance when BURST
running DCQCN communicates with NVIDIA BF3 series
RNICs using ZTRCC 2 [41]. Fig. 4 reveals significant perfor-
mance penalties, including reduced throughput convergence
rate and lower peak bandwidth. For RNICs, functioning as
black boxes, we possess limited information to probe their
congestion control algorithms and operational mechanisms.

Challenge 4: Kernel-Dependent Connection Setup. Af-
ter migrating the RDMA data path to software, the traditional
connection setup path remains a bottleneck [6, 22, 55]. This
process is heavily kernel-dependent, where complex system
calls and time-consuming context switching create significant
overhead, hindering end-to-end performance optimization.

2NVIDIA’s Zero Touch RoCE (ZTR) RTT-based CC algorithm.
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3.3 BURST Overview

As shown in Fig. 5, the logical flow of an application com-
municating with a remote commercial RNIC through BURST
highlights its three primary components:

Shared Resource Management: A framework that en-
ables the application, the kernel driver, and the BURST pro-
cess to share critical resources like MRs, QPs, and CQs
(Fig. 5(a)). This is achieved through carefully orchestrated
memory mapping, which allows for lock-free, zero-copy in-
teractions between the application and the BURST stack.

Efficient Data Plane: A high-performance data plane,
built upon DPDK, that manages the entire lifecycle of packet
transmission and reception (Fig. 5(b)). This includes effi-
cient WQE processing, packet encapsulation/decapsulation
following the InfiniBand specification, and congestion control
updates.

User-space Connection Management: A pure user-space
RDMA CM approach that handles the entire connection setup
process via the standard librdmacm API, eliminating ker-
nel involvement and memory copies for faster establishment
(Fig. 5(c)).

4 BURST Design

This section presents the complete design of BURST. RDMA
communication is typically divided into a control path and a
data path. We first explain our control path design. In Sec. 4.1,
we describe how BURST manages network functions and
resources in user-space while maintaining compatibility with
standard RDMA control plane kernel modules. Following
this, Sec. 4.2 presents our design for enabling the BURST
process to efficiently perceive data transfer requests (WQEs).
Accordingly, we shift to the data path, detailing our efforts to
minimize software overhead and presenting the fundamental
data transmission workflow in Sec. 4.3 and Sec. 4.4. Finally,
We introduce our pure user-space connection setup, which is
built upon the standard RDMA CM API in Sec. 4.7.

4.1 Shared Resources Access
To handle the RDMA control path in user-space (Challenge
1), our workflow aligns with the standard OFED model. Ap-
plications invoke standard libibverbs interfaces to register
resources like MRs, QPs and CQs. We process these Verbs
requests by introducing a BURST software device, which
relays the calls to a corresponding kernel driver for privileged
resource registration.

As shown in Fig. 5(a), BURST’s kernel driver uses a netlink
socket to pass the address information of the newly created
resources (MRs, QPs, CQs) to the user-space BURST pro-
cess. The BURST process then uses mmap() to map these
memory regions into its own address space. This thread-safe
mechanism not only grants the BURST process exclusive ac-
cess, protecting resources from the user application, but also
enables it to subsequently bypass the kernel on the data path,
mirroring the behavior of the hardware RDMA. BURST runs
as an independent user-space process, to scale with increasing
traffic demands, it can spawn multiple worker threads, where
each thread is responsible for processing WQEs from a set of
application QPs. A single worker thread may manage multi-
ple QPs, enabling flexible load distribution while preserving
isolation between applications.

For managing the state of each connection, RDMA uses
the Queue Pair Context (QPC) to record and manage. BURST
allocates a region of host memory and manages these contexts
as an object pool. In contrast to hardware RDMA, which must
store and access these contexts on the NIC, maintaining them
directly in host memory provides significantly larger capacity
and faster access speeds.

4.2 Handling Doorbell Queues with an En-
hanced Shared Queue Model

Hardware RDMA employs a Doorbell mechanism to notify
the RNIC that new WQEs have been posted for processing.
This is achieved by mapping a dedicated Doorbell register on
the RNIC to the corresponding host memory. When the CPU
writes to this register, it generates a hardware signal that is
directly perceived by the hardware circuitry. This notification
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prompts the RNIC to automatically fetch and process the new
WQEs from the corresponding queue without further software
intervention.

In contrast, BURST must emulate this notification mecha-
nism in software while coordinating work across threads,
since it operates as an independent user-space process.
BURST acknowledges and processed all WQEs from multi-
ple applications. However, as a user-space process, it lacks the
hardware’s intrinsic ability to perceive these memory-write
events. Thus, BURST provides an enhanced Multi-Producer
Single-Consumer (MPSC) model. (Challenge 2)

Dedicated DBQ for Worker Threads to Enhance Par-
allelism. We instantiate a dedicated DBQ for each worker
thread within the BURST process. In this model, the multiple
QPs from various applications act as concurrent producers
that are directed (e.g., via hashing) to a specific DBQ. The
corresponding BURST worker thread acts as the single con-
sumer for that queue. This architecture partitions the overall
scheduling problem into multiple parallel MPSC systems,
avoiding a single point of contention.

Crash-Safety with Timeout-based Reclamation. Inspired
by state-of-the-art MPSC queue designs [53], we partition
the DBQ buffer into fixed-size blocks. This design effectively
mitigates the contention issues over shared head/tail pointers
that are common in other concurrent queue implementations.
However, we identified and addressed a critical crash-safety
issue. As illustrated in Fig. 6, we observed in production that
when an application forcibly exits or encounters unexpected
errors, the link bandwidth for an entire worker thread would
drop to zero due to the single application’s failure. Specifi-
cally, the problem arises if a producer reserves a slot in the
queue but crashes before it can write the data and confirm the
operation (e.g., by updating the tail pointer). This would leave
the slot in an unusable "zombie" state, effectively blocking
the queue and causing data loss.

To ensure crash safety, we implemented a timeout-based
reclamation mechanism. If the producer fails to commit the
write within this predefined period, we assume the producer
has failed. BURST then safely invalidates and reclaims the
slot, ensuring the queue’s integrity and robustly handling pro-
ducer failures. (Appendix A.1.2)

BURST’s DBQ model not only demonstrates superior per-
formance but also eliminates the aforementioned crash-safety
vulnerability. The detailed implementation and evaluation of
this model are explained in Appendix A.1.

4.3 Packet Transmission

As mentioned in Sec. 3.3, BURST’s data plane proposes
efficient data transfer logic in user-space. Fig. 7 shows
the detailed packet sending and receiving process, and the
major components within BURST’s Packet module are as
follow: Requester: The Requester module handles all
SEND/WRITE/READ WQEs from the send queue (SQ), en-
capsulating them with InfiniBand and UDP/IP headers for
transmission via DPDK APIs; Congestion Control: This
module updates congestion parameters based on received
packets’ acknowledgments (ACKs), explicit congestion noti-
fication (ECN), and congestion notification packet (CNP) val-
ues; Responder: The Responder module processes incoming
data packets from a peer’s SEND or WRITE operations. For
SEND semantics, it copies the payload to the target address
and sends an ACK. For WRITE semantics, it copies the pay-
load without generating a completion queue element (CQE);
Completer: The Completer module processes received ACK
packets, verifies the packet sequence number (PSN), and gen-
erates a corresponding CQE for the SEND/WRITE WQE
once all associated work requests (WRs) are fully acknowl-
edged.

Data process. An RDMA SEND/RECV flow comprising
the following steps: (1) The user posts a SEND request by
putting a WQE into a SQ. The Requester parses the WQE to
get the virtual address of the data buffer and translates it to a
physical address using the Memory Translation Table (MTT).
(2) The Requester retrieves the data from the host buffer, splits
it into MTU-sized packets, encapsulates each packet with the
required headers, and sends them to the NIC via the DPDK-
based data plane. (3) The packets are transmitted over the
Ethernet. (4) The Responder on the receiver side validates
the incoming packet by checking its PSN and remote key
(R_KEY). (5) If the packet is valid, the Responder copies
the payload to the destination address specified by the RECV
WQE. For SEND semantics, a CQE is then created for the
RECV host, and (6) an ACK packet is sent back to the sender
host. (7) The Completer on the sender side processes the
received ACK packet. It verifies the PSN and, if all associated
WRs are acknowledged, generates a final CQE to complete
the operation.

4.4 Reduce CPU in Data Transmission

Extensive prior research on software protocol stacks has
demonstrated that the CPU overhead caused by memory
copies has long been a critical bottleneck hindering perfor-
mance breakthroughs [13,27,34,59]. As analyzed in Sec. 2.2,
memory access in native software RDMA stacks is performed
by the kernel, thus consuming significant CPU resources for
memory copies between user-space and kernel-space.

To minimize the CPU costs introduced by memory copies,
BURST eliminates memory copies in the transmit direction
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Figure 7: The data flows in BURST process.

via ingenious memory mapping and Memory Region (MR)
address translation (Sec. 4.4.1). Although constrained by the
requirement for user transparency on the receive side, BURST
also supports hardware accelerators like the DSA to handle
data copying, thereby offloading the CPU (Sec. 4.4.2).

4.4.1 Supporting Zero-copy in Send Side

In native hardware RDMA, when the user calls ibv_reg_mr
to register a MR, the corresponding memory will be pinned,
and the mapping between Virtual Address (VA) and Physi-
cal Address (PA) will be offloaded to the RNIC’s Memory
Translation Table (MTT).

As mentioned in Sec. 3.1, BURST needs to be deployed
on non-RNIC hardware and must support user transparency.
We resolve the correct PA and notify the NIC by maintain-
ing new mapping relationships within the BURST process
in user-space. Specifically, we design a system to map the
User_VA (provided by applications) and the BURST _VA
(controlled by the BURST stack) to the same PA. In this sce-
nario, the User_VA-to-BURST _VA translation requires only
a simple calculation. Subsequently, the translation BURST
_VA to PA is handled by the IOMMU (Input-Output Memory
Management Unit) maintained by the operating system, en-
suring that the device can perform DMA operations on the
memory. Finally, for the data transmission, BURST follows
the steps as shown in Fig. 7: constructing the RDMA protocol
header based on the WQE and translating the payload source
address using the MTT. The packet send request and address
information are subsequently passed to the NIC via DPDK.

Regarding GPU Direct RDMA (GDR) in send side, we
make the following extensions for GPU memory access: (1)
Since the GPU consists of several memory channels and stores
data contiguously in physical memory, BURST leverages
peer_mem kernel modules for getting the mapping between
the User_VA and the GPU_PA. By working directly with the
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Figure 8: The BURST recv path with DSA.

physical address, BURST can provide uniform DMA support
for GPUs bypassing complex, vendor-specific GPU virtual
memory systems and driver APIs. (2) After BURST delivers
the PA to the NIC, the NIC directly DMAs the data payload
from GPU memory using this PA. It then DMAs the header
from host memory, similar to how BURST handles RDMA for
host memory, completes the packet assembly, and transmits
the packet.

4.4.2 DSA Acceleration in Receive Side

As depicted in Step 5 of Fig. 7, we integrate Intel DSA into
the responder-side data path to mitigate CPU overhead from
software-based data copies. Intel Data Streaming Accelerator
(DSA) [14] is a hardware DMA engine that offloads memory
copy operations from the CPU using asynchronous descrip-
tors (Appendix A.5). Each thread binds to a dedicated DSA
queue initialized at startup.

Fig. 8 illustrates the upgraded receive data path. While
BURST leverages DPDK’s scatter/gather capability on the
send path to transmit headers and payloads without merge-
copying, this does not provide end-to-end zero-copy seman-
tics on the receive path. Upon receiving data, the responder
enqueues a DSA descriptor that triggers an asynchronous copy
from NIC-managed packet buffers to application-provided
receive buffers (Fig. 7, Step 5). This copy is required to en-
sure data visibility before CQE notification and thus cannot
be eliminated. After the copy completes, the corresponding
WQE generates a CQE to notify the application, followed by
an ACK sent to the remote host.

Single scatter/gather entry (sge). We restrict receive
WQEs to a single sge to ensure atomicity of each DSA opera-
tion. Supporting multiple sges would require splitting a packet
into multiple copy requests, complicating buffer management
and CQE reporting.

4.5 Congestion Control Adaptability
As mentioned in Sec. 3.1 (Challenge 3), unified conges-
tion control (CC) algorithms on both RDMA communication
ends enable rapid convergence and better performance, espe-
cially under heavy traffic. However, for non-RNIC scenarios
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where BURST operates, we face commercial RNICs as "black
boxes", raising a design challenge: how to detect the CC algo-
rithm used by commercial NICs before RDMA data transfer,
or whether we can notify them to align with BURST’s CC
algorithm.

Through extensive experimentation and observation, we
discovered that for commercial RNICs (e.g., NVIDIA
BF3mini): When using CM interfaces for connection setup,
ZTRCC is employed for congestion control; when using
socket interfaces, DCQCN is detected. Based on this find-
ing, we identified that the vendor_id parameter in RDMA CM
packets can guide RNIC’s CC selection.

Congestion Control Negotiation: As we optimized na-
tive RDMA connection setup with standard CM interfaces in
Sec. 4.7, we can instruct RNICs to fall back to DCQCN during
CM setup for efficient interoperability. Standard RDMA CM
packets contain a 24-bit vendor_id field to coordinate protocol
functionalities during connection setup [3]. BURST detects in-
valid vendor_id values, sets vendor_id=0 in CM packets, and
switches to DCQCN. Upon receiving these packets, commer-
cial RNICs detect vendor_id=0 and enforce DCQCN fallback
to ensure baseline compatibility. This pre-transmission CC
negotiation ensures efficient data transfer.

Other CC Algorithms Support: Leveraging software
flexibility and programmability, BURST not only adapts to
commercial RNICs’ DCQCN [58] but also supports user-
space congestion control algorithms. We have successfully
implemented DCTCP [11] and provide a streamlined deploy-
ment platform for novel CC algorithm research [44]. Cru-
cially, BURST enables dynamic selection among multiple CC
algorithms based on network conditions.

4.6 Retransmission Considerations

Timeout Retransmission Mechanism in BURST. BURST
supports a timeout retransmission mechanism to ensure ef-
ficient and reliable data transmission. The specific process
is as follows: After a packet is sent, the timer is started and
the timer_run event is placed into the task queue. Upon de-
tecting a timeout, the corresponding QP is modified to the
need_retry state. The requester enters the retransmission
processing logic using a Go-Back-N (GBN) approach based
on the QP state. Retransmission only handles inflight WQEs
and does not process new WQEs. After completion, the timer
is restarted. Upon receiving an ACK, the QP returns to its
normal state. If the maximum number of retries is reached,
the QP enters the ERROR state.

Error Acknowledgment Mechanisms in BURST. Consis-
tent with the standard RDMA specification, BURST utilizes
the syndrome field within acknowledgment (ACK) packets
to signal specific error conditions. It generates NAK packets
in response to various protocol violations, such as an out-of-
order Packet Sequence Number (PSN), an invalid request, a
remote key (R_Key) mismatch, or a remote operational error.

Separately, if the responder detects insufficient receive buffer
space (e.g., a receive request has not been posted), it sends
an Receive Not Ready (RNR) ACK packet. Upon receiving a
NAK or RNR ACK, the completer on the peer side transitions
the Queue Pair (QP) to the need_retry state and initiates a
specific rnr_timer. Once this timer expires, the requester
handles the retransmission identically to the timeout scenario
described previously.

Design Choice: GBN over Selective Repeat. We adopt
GBN primarily for broad compatibility with commercial
RNICs, where GBN is the most widely supported retransmis-
sion strategy. While selective repeat offers higher efficiency,
its vendor-specific implementations (e.g., Selective repeat in
NVIDIA CX-6 Dx [37]) require hardware negotiation and
lack uniform software interoperability across heterogeneous
pods. However, if the peer RNIC supports a known selective
repeat protocol (e.g., SRNIC [54] with explicit seth headers),
BURST can leverage user-space packet headers to enable
SACK-based retransmission(Appendix A.3).

4.7 User-space Connection Management

As discussed previously in Sec. 3.2 (Challenge 4), connec-
tion setup is an essential prerequisite for any RDMA data
transmission. For native hardware RDMA protocol stacks,
conventional connection mechanisms are fundamentally bot-
tlenecked by kernel involvement, incurring high-latency over-
head from system calls and context switching. To address this,
BURST implements the entire connection setup process in
user-space. This approach leverages the standard librdmacm
API to maintain application compatibility while eliminating
kernel overhead and costly memory copies, leading to signifi-
cantly faster connection establishment.

As shown in Fig. 9, the RDMA CM handshake is simi-
lar to the familiar TCP three-way handshake, but with key
advantages. The server first calls rdma_listen to await in-
coming requests. The client then initiates the connection by
sending a ConnectRequest packet. The server, upon receiv-
ing this request, can choose to accept it by sending back a
ConnectReply packet. However, a key distinction from tra-
ditional sockets lies in its inherently asynchronous, event-
driven model; the application does not block on a func-
tion call but rather receives events (e.g., CONNECT_REQUEST,
ESTABLISHED) from an event channel, similar to epoll. Cru-
cially, these CM packets are standard transport packets that
travel the same network path as subsequent data traffic (in-
band signaling). This provides a significant benefit: a suc-
cessful connection establishment implicitly validates the data
path’s connectivity, eliminating the need for separate data
path probes.

To manage this user-space dialogue within BURST,
Fig. 5(c) illustrates our interaction mechanism. To bridge
the application and the BURST process, we co-design com-
ponents in both the user-space driver and the process itself.
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When an application calls a standard librdmacm function to
manage a Connection Manager Identifier (cm_id), our user-
space driver intercepts this call. It then forwards the request to
the BURST process via a Unix Domain Socket (UDS). On the
receiving end, a dedicated CM control thread within BURST
listens on the UDS. This thread validates the incoming request
and enqueues it into a Connection Management Work Queue
(CM WQ). From there, worker threads in BURST’s thread
pool consume the request to perform network protocol pro-
cessing. Once the connection operation is complete, BURST
uses a semaphore to signal the user-space driver, which in turn
unblocks the application’s original API call. This decoupled
design makes the entire user-space offload transparent to the
application.

Once a connection request is dequeued by a worker thread,
BURST assumes full responsibility for CM packet encapsu-
lation. Bypassing the kernel means that BURST itself must
construct the entire packet. It leverages DPDK to build the
complete header stack, from the lower-level Ethernet and
IP/UDP headers to the InfiniBand Base Transport Header
(BTH). The RDMA CM payload, containing the specific con-
nection parameters, is then appended according to the Infini-
Band Architecture Specification. By directly implementing
these standardized packet formats, BURST operates indepen-
dently of the kernel’s protocol logic, ensuring both protocol
correctness and high performance. remark

5 Evaluation

In this section, we evaluate BURST through testbed exper-
iments and enterprise CCL workloads, comparing it with
BF3mini, RXE, and KTCP. We examine: (1) throughput,
latency, and software overhead in 400G NR2R networks
(Sec. 5.1); (2) LLM inference acceleration benefits (Sec. 5.2);
(3) performance gains from DSA optimization (Sec. 5.3);
and (4) the scalability and performance of BURST’s UCM in
large-scale applications (Sec. 5.4).

Environment setup: Our evaluation utilizes two testbeds.
Testbed1 consists of two Inspur NF5280M6 hosts (Intel Xeon

Platinum 8457C 3.10GHz) connected via a 64-port 400G en-
terprise switch. The client host is equipped with four 400G
Ethernet NICs, while the server host is equipped with four
BlueField-3 E-series DPU 400GbE/NDR NICs. Testbed2
(only for Sec. 5.3) comprises two Inspur NF5280M6 hosts
(Intel Xeon Platinum 8457C 3.10GHz), each equipped with
one 100G Mellanox ConnectX-6 Dx NIC, connected through
a 48-port 100G enterprise switch. In both testbeds, the Maxi-
mum Transmission Unit (MTU) is set to 4200, and the driver
version is OFED 23.10.

We evaluate BURST against three baselines: the kernel’s
software RDMA implementation (RXE from Linux kernel
5.15.120), kernel TCP (KTCP from Linux kernel 5.10.200),
and native hardware RDMA. We use several standard tools
for our workloads: perftest [5] to measure the performance of
BURST, RXE, and hardware RDMA; iperf [26] for KTCP;
and cmtime [7] to evaluate single-process RDMA CM con-
nection setup time.

5.1 Performance on 400G Networks

Throughput. We compare BURST with the kernel RXE
and kernel TCP (KTCP) in NR2R scenarios, and we also
test hardware RDMA (BF3mini) in RNIC-to-RNIC scenar-
ios as a point of reference. For these experiments, we use
Testbed 1 with one network card at each end, and have 32
available CPU cores. We evaluate the throughput of RXE,
BURST, and BF3mini using the perftest benchmark, config-
ured with 16 QPs and a post_send batch size of 16, follow-
ing its default configuration with unidirectional traffic from
sender to receiver. We focus on unidirectional bandwidth and
multi-qp in this evaluation, as it reflects common NR2R de-
ployment scenarios where one endpoint primarily acts as a
sender or receiver, and avoids ambiguity introduced by bidi-
rectional traffic configurations. Additionally, our single-QP
performance achieves up to 3 Mpps and approximately 110–
120 Gbps, which is bounded by the single-queue performance
limitation of DPDK (Appendix A.7).

As shown in Fig. 10(a), BURST demonstrates significant
throughput improvements over the kernel-based RXE and
KTCP stacks across varying message sizes. When the mes-
sage size exceeds 8 KB, BURST performs up to 4.69× higher
bandwidth than RXE and up to 2.86× higher bandwidth than
KTCP, achieving the theoretical line-rate (390Gbps) and has
a small gap of 1.3% of the hardware RDMA (RNIC). In
contrast, RXE’s reliance on system call-intensive packet pro-
cessing and memory copies limits its performance. Notably,
our experiments show that RXE’s performance is worse than
KTCP under a 400G network, which we attribute to its ker-
nel stack lacking optimizations for congestion control [24],
inlining, and CPU cache misses.

As shown in Fig. 10(b), we monitor BURST’s PMD threads,
which show a modest 19%–42% CPU utilization during peak
throughput, which is sufficient to achieve the peak bandwidth
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of a single 400G NIC. All CPU usage results reported here
correspond to unidirectional 400G traffic, where data transfers
are issued from the sender to the receiver, consistent with the
perftest default behavior. This represents a CPU utilization
savings of 62.2%–93.1% compared to RXE and 82.8%–92.7%
compared to KTCP. For the software stacks (BURST, RXE,
and KTCP), with a message size of 1MB, we test the number
of threads required to achieve peak throughput by increasing
the number of work threads. Fig. 10(c) shows the peak band-
width and the number of CPU cores required for each protocol
stack. Given that most modern servers have a large number
of cores (> 32), a CPU core overhead of less than 4 cores per
NIC is a small price to pay for the significant performance
benefits BURST provides in production.

Multi-NIC Scalability. We evaluate the multi-NIC scala-
bility and total throughput of BURST by incrementally adding
NICs and QPs on a single machine. We set the parameters
for perftest with a message size of 1MB, 8 QPs per NIC, a
sender queue depth of 128, and 16 available CPU cores. To
prevent performance loss from cross-NUMA memory access,
we bind all NICs to their corresponding NUMA node.

As shown in Fig. 10(d), BURST demonstrates near-linear
scaling. With a single NIC and 8 flows, BURST achieves a
throughput of 387.12 Gbps using 3 CPU cores. When we
increase the configuration to four NICs and 32 flows, BURST
maintains an average throughput of 387.6 Gbps per NIC,
while utilizing a total of 14 CPU cores. This performance
highlights BURST’s ability to efficiently scale and saturate
multiple modern NICs with a low CPU footprint.
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Figure 10: Throughput and CPU Overheads.

Latency. We measure the latency of BURST, RXE, and
hardware RDMA (BF3mini) under varying message sizes
with perftest. As shown in Fig. 11, BURST performs a low
network latency and has no significant long-tail latency, which

is close to hardware RDMA in R2R scenario. When facing
the same NR2R scenario, BURST saves 30% to 92.4% of
time overhead compared to RXE. BURST transfers a 1M
message in just 99.41µs, and its p999 latency only increases
by 7.93µs compared to its average latency. In contrast, RXE
needs 1118.89µs, and its tail latency increases by 1019.48µs.

Furthermore, all three stacks adhere to the unified maxi-
mum transmission unit (MTU) of the RDMA protocol (4KB).
As observed from the latency curve of RXE, when a software
stack handles a transmission request larger than the MTU, it
faces packet processing delays due to fragmentation. As a
result, RXE’s latency shows a linear increase from the 4KB
message size. In addressing this common challenge for soft-
ware protocol stacks, we employed engineering optimization
methods such as batching send during the implementation of
BURST. Therefore, BURST still incurs a progressive latency
increase of 9.3–71.8µs due to MTU fragmentation overhead.
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Figure 11: Latency Comparison.

5.2 Accelerating App-level Communication
Hardware RDMA is unavailable in the evaluated app-level
NR2R scenario due to architectural constraints, and Sec. 5.1
has shown that RXE underperforms TCP in 400G network
benchmark experiments; thus, we use TCP as the baseline.

LLM Inference. To demonstrate BURST’s efficacy in
real-world AI applications, we conducted an initial grayscale
test within an enterprise Collective Communication Library
(CCL), and focus on the time to first token (TTFT) metric,
which is a critical latency indicator for LLM inference and
captures the end-to-end delay from request submission to gen-
erating the first output token. Our experiments are conducted
on a two-node NR2R setup: the RNIC side is equipped with
4 Bluefield-3 NICs connected to 8 high-performance GPUs
(interconnected via NVLink), while the NR side deploys 4
400Gbps NICs paired with 8 high-performance GPUs, with
both nodes connected to the same ToR switch.

As depicted in Fig. 12, we evaluate the communication
latency of send key-value cache operations within TTFT, as
described in Appendix A.4, with an average transfer size
of 2.94K tokens’ KVCache. The results show that BURST
achieves a remarkable performance improvement in transfer
latency. On average, BURST reduces KVCache transfer la-
tency from 16.9 ms to 4.26 ms (3.97×), while lowering the
P99 latency from 111 ms to 24.2 ms. In addition to KVCache
transfer latency, we also report the overall TTFT improvement.
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With BURST, the average TTFT is reduced from 1190 ms to
931 ms, achieving a 21.76% reduction, while the P99 TTFT
decreases from 3720 ms to 3210 ms (13.7% reduction).

Storage System. We deploy BURST between storage
nodes in a production enterprise distributed file system to
accelerate network transport on commodity Ethernet NICs. Ta-
ble 5.2 shows the performance of a representative GetAttr op-
eration. In these scenarios, BURST achieves a 27.6% to 47.4%
performance improvement compared to KTCP, demonstrating
that BURST’s communication efficiency directly translates
into tangible application-level benefits.

Metric KTCP BURST Gain

Req-lat
(µs)

1st-hop-avg 42.47 30.73 27.6%
E2E-avg 52.4 37.6 28.2%
E2E-p99.9 747 393 47.4%

Sys-tpt
(QPS)

I/O Depth = 1 18.6K 25.9K 39.0%
I/O Depth = 2 34.6K 49.8K 43.0%
I/O Depth = 8 48.7K 69.5K 43.0%

Table 1: Performance comparison in an enterprise storage
system. Evaluating request latency (Req-lat) at an I/O depth
of 1 and system throughput (Sys-tpt), measured in Queue Pairs
per second, for concurrent workloads (I/O depth > 1)
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Figure 12: BURST for LLM Inference Workloads.

5.3 Performance with DSA
In this section, we evaluate BURST with DSA in Testbed2. As
described in Sec. 4.4.2, DSA is used to offload memory copy-
ing on the RECV side. BURST runs on both client and server
for unidirectional and bidirectional tests, with the perftest and
BURST processes each pinned to one CPU core. Under this
CPU-bound setup, CPU utilization differs by less than 1%
with or without DSA; therefore, we use throughput as the
primary metric to quantify DSA’s performance benefits.

Fig. 13(a) and 13(b) illustrate that when the packet length
is less than 4K, the CPU consumption on the client side (trans-
mission direction) is greater than on the server side (reception
direction). Since DSA is currently only applied to the RX
direction, the performance improvement of DSA is not evi-
dent for packet lengths less than 4K. When the packet length
is equal to 4K, the CPU consumption on the client side and
server side is roughly balanced. During the actual test, increas-
ing the test program to two processes did not improve through-
put, which suggests that the bottleneck is in the forwarding
CPU at this point. When the packet length is greater than

4K, the CPU bottleneck remains on the client side sending
the test stream. Increasing the test program to two processes
(resulting in higher CPU usage) leads to increased throughput,
indicating that the bottleneck is in the test program at this
point. From these observations, it can be concluded that after
applying DSA, BURST can maintain stable throughput at the
NIC line rate starting from a packet length of 4K.
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Figure 13: DSA-accelerated Throughput Comparison.

5.4 Connection Setup with User-space CM

Single-thread scenarios. In this part, we compare BURST
with the original RDMA CM. We use the existing tools in
cmtime to test connection setup speed, setting the affinity to a
single CPU core. Our tests measured the total time required
to establish 500, 1000, and 2000 connections, respectively,
and calculated the average time to establish each connection.
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Figure 14: Connection Setup Performance.

Fig. 14(a) shows the average time to establish each con-
nection (ms/QP), where the performance trends diverge as
the connection count grows. The average setup time for kCM
increases, which can be attributed to more cache misses on
the RNIC’s limited on-chip resources. In contrast, BURST’s
average time per QP decreases because its initial software
overhead is amortized over a larger number of connections, al-
lowing it to benefit from ample host memory. This efficiency
allows BURST to save 33%-36.7% of the setup time even
when managing hardware RNIC QPs. When using its own
software QPs, BURST further eliminates hardware interaction
overhead, saving 95% of the connection setup time compared
to RDMA CM.

Multi-thread scenarios. We evaluate BURST with an en-
terprise RPC library to assess its performance in large-scale,
multi-threaded environments. We simulated tens of thousands
of connections on two machines (detailed calculation in Ap-
pendix A.2). As shown in Fig. 14(b), when scaling from
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thousands to tens of thousands of concurrent connection re-
quests, BURST’s connection rate (QPS) is consistently 12×
that of RDMA CM. BURST maintains a stable rate of estab-
lishing 24,792 connections per second, even as the number of
connections scales to tens of thousands.

6 Related Work

RNIC-to-RNIC (R2R) Solutions. Recent efforts have fo-
cused on enabling interoperability between commercial
RNICs from different vendors and generations. These solu-
tions often leverage the RDMA Unreliable Connection (UC)
service type to implement advanced customizable network
features such as congestion control and selective retransmis-
sion through a combination of software and hardware. For
instance, Flor [29] and UCCL [57] demonstrate effective de-
ployment across heterogeneous RNICs and support the UC
service type. And another work from Azure [12] presents an
industrial-scale study on deploying RDMA in large cloud stor-
age systems, highlighting practical challenges in achieving
interoperability across RNIC generations and the necessity
of careful system-level engineering. BURST, which also sup-
ports the UC service type, is orthogonal to these existing
solutions, as it focuses on enabling efficient NR2R commu-
nication between RNIC and non-RNIC endpoints. Flor often
fails when attempting to interoperate with legacy or novel non-
standard RoCE NICs. Furthermore, while some kernel-level
solutions exist, they suffer from excessive kernel dependency,
such as SMC-R [18] and L5 [16].

Non-RNIC-to-Non-RNIC (NR2NR) Solutions. Another
line of research has explored high-speed communication
among non-RNICs, which also demonstrates high perfor-
mance but often struggles with cost-effective scalability in
large-scale hybrid networks. Specifically, SNAP [33] imple-
ment an RDMA-like service, which is incompatible with the
standard RDMA Verbs API, preventing interoperability with
commercial RNICs and thus exacerbating network isolation.
Solar [35] relies on a hardware-software co-design, which
involves long hardware upgrade cycles. Moreover, UCCL-
XDP [57], a plugin for the NCCL [42] library, incurs poten-
tial overhead by requiring data copies via cudaMemcpy() for
packet reassembly when using its AF_XDP [51] backend. Fur-
thermore, AF_XDP has been shown to underperform DPDK
in small-message processing scenarios [36].

User-space TCP Solutions for NR2R. As discussed
in Sec. 2.2, state-of-the-art kernel-level TCP implementa-
tions face significant limitations in Non-RDMA-to-RDMA
(NR2R) scenarios. In recent years, a number of user-space
TCP solutions have emerged, including mTCP [27], IX [13],
LUNA [59], VMA [10], and Demikernel [56]. These works
have shown remarkable performance improvements in tradi-
tional applications built upon the TCP protocol. However, for
high-speed network applications developed with RDMA, the
inherent interface inconsistencies between these user-space

TCP stacks and RDMA verbs introduce substantial develop-
ment and migration costs, which are critical concerns.

Connection Setup Acceleration. KRCore [55] leverages
Dynamically Connected Transport (DCT) [6] to pre-establish
shared connection pools, effectively mitigating connection
setup latency and eliminating data plane overhead. However,
its reliance on vendor-specific RDMA NICs (RNICs) and pro-
prietary Dynamically Connected (DC) Verbs APIs [1] restricts
its generalizability. SECM [22] employs multi-threading
within applications to handle complex connection setup pro-
cesses, but it lacks user transparency and still leaves room for
performance optimization in kernel space.

7 Discussion

Deployment and Optimization of BURST in Diverse Sce-
narios. We have found that as a software protocol stack,
BURST can be deployed in a wider range of scenarios with
more comprehensive optimizations in a production environ-
ment. For instance, we have implemented SACK-based re-
transmission in software, following the retransmission rules
consistent with [54] (Appendix A.3). Then, BURST also sup-
ports direct integration with RDMA standard interface-based
applications through the LibOS mode, allowing hardware
access directly from application threads. (Appendix A.6)

Evolution Potential of BURST. Unlike hardware with
fixed on-chip resources, BURST’s current CPU and cache
bottlenecks can be mitigated through software techniques like
advanced memory virtualization. This indicates that BURST
faces no insurmountable limitations and holds significant
potential for further optimization.

8 Conclusion

In this paper, we introduced BURST, a novel user-space soft-
ware RDMA stack designed to address the critical interop-
erability challenge between non-RNIC and RNIC endpoints
in modern heterogeneous data centers. Driven by application
disaggregation, infrastructure evolution, and protocol innova-
tion, the need for a high-performance NR2R communication
fabric has become increasingly urgent. BURST bridges this
gap by providing a solution that is deployable on Ethernet
hardware without requiring any application modification.
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A Appendix

A.1 Details for Shared Doorbell Queue
A.1.1 Different Implementation and Evaluation

This entire notification process, therefore, needs to be built
in software using Inter-Process Communication (IPC). Dif-
ferent Solutions and Our Analysis. Drawing on the native
RDMA Doorbell mechanism and recent work in IPC, we ex-
plored several solutions: (1) One straightforward approach we
considered was per-QP polling. This method mirrors hard-
ware RDMA by having a separate Doorbell Queue (DBQ) for
each Queue Pair (QP). While simple to set up, we found that
it does not scale well. As Fig. 3 shows, the software process-
ing quickly becomes a bottleneck even with over than 4096
QPs. (2) A second option we looked at involved using kernel-
based notification. This means using features like eventfd
and epoll to tell the BURST process when something hap-
pens. However, this brings back the reliance on the operating
system kernel, which adds overhead; a single eventfd opera-
tion can introduce up to 4µs of delay [32]. (3) Based on these
findings, we chose our final design: a global shared DBQ.
This solution involves creating one shared DBQ in memory.
We found that this provides a scalable way for the indepen-
dent BURST process to handle multiple threads and keep
communication separate for different applications. Table 2
shows that we eliminate different implementations of shared
DBQ, therefore choosing the most efficient one.

A.1.2 The Crash Not Safety issue
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Figure 15: Enhanced Doorbell Queue operations and our
deadlock-free details.

We present the details of our proposed enhanced Doorbell

queues, addressing the critical issue of deadlocks that can
arise from process failures.

For instance, when three processes (A, B, and C) attempt to
enqueue, they first each allocate a block and update the allo-
cated pointer. These three processes then sequentially fill their
data and move their produced pointer, as shown in Fig. 15(a),
smoothly completing a parallel operation in the shared queue.
However, a deadlock scenario will occur if a producer process
exits abnormally. As shown in Fig. 15(b), process A crashes
after allocating but before moving the produced pointer. Pro-
cesses B and C are then unable to wait for the produced
pointer to advance to their respective positions, and the queue
enters a deadlock state. To mitigate this issue, we incorporate
a watchdog thread with a timeout mechanism, as depicted
in Fig. 15(c). The watchdog thread periodically checks for a
deadlock by monitoring the produced and allocated pointers.
If these pointers are unchanged and inconsistent for a pro-
longed period, the thread intervenes by invalidating the data
from the failed process and advancing the produced pointer
to its expected position. This proactive recovery mechanism
restores the MPSC queue to a functional state, preventing the
deadlock and maintaining system availability.

A.2 Experimental Setup for Multi-Threaded
Connection Benchmark

The evaluation of our user-space Connection Manager in a
large-scale, multi-threaded scenario, presented in Sec. 5.4,
was conducted using a testbed based on an enterprise RPC
framework.

The test involved two machines (a client and a server),
with 8 worker threads configured on each. To simulate a
high-density, many-to-one connection pattern common in pro-
duction services, we created an N:1 incast scenario. This was
achieved by varying the server_num_per_thread parame-
ter on the server side. The data points shown in Fig. 14(b)
correspond to server_num_per_thread values of 50, 100,
125, and 188.

We define the variables for calculating the total con-
nections as follows: Tconn represents the total connec-
tions, Spt is the number of server instances per thread
(server_num_per_thread), Nst is the number of server
threads, and Nct is the number of client threads. The total
is calculated using Equation 1:

Tconn = Spt ×Nst ×Nct (1)

A.3 Supporting SACK with known selective
repeat approach

BURST facilitates interoperability with RDMA NICs fea-
turing known SACK implementations [54], with results con-
firming significantly superior performance compared to both
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1 Thread 2 Threads 4 Threads 8 Threads 16 Threads 32 Threads 64 Threads 128 Threads
DPDK Ringbuf 2.4 ms 4.8 ms 9.8 ms 24.3 ms 126.8 ms 624 ms 679.6 ms
Mutex 2.4 ms 4.2 ms 8.0 ms 21.8 ms 62.7 ms 152.0 ms 288.3 ms
Multi-Producer Enqueue 4.8 ms 5.6 ms 6.8 ms 8.8 ms 12.7 ms 22.1 ms 37.5 ms 74.8 ms

Table 2: Performance Comparison of Different Implementations for a Shared Doorbell Queue. (Multiple producer threads each
enqueue 10,000 items, which are processed by a single consumer thread. We record the total completion latency.)
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Figure 16: Throughput under different packet loss rates.

Go-Back-N (GBN) and TCP’s fast retransmission under dif-
ferent packet loss rates, as shown in Fig. 16. Furthermore,
in pure software deployments (e.g., both endpoints running
BURST), we implement selective repeat via a lightweight
seth extension, as described above, significantly improving
retransmission efficiency.

A.4 KVCache Transfer and TTFT

The time to first token (TTFT) metric consists of multiple
components, including prompt processing, key-value cache
(KVCache) communication, and first-token generation. In our
evaluation, the KVCache communication latency corresponds
to the data transfer stage between distributed inference work-
ers. Although KVCache communication does not dominate
the entire TTFT, it lies on the critical path of LLM inference
and directly affects the availability of the first generated to-
ken, especially under large-context workloads. As a result,
the reduction in KVCache communication latency achieved
by BURST contributes directly to the end-to-end TTFT im-
provements reported in Fig. 12.

A.5 Background on Intel DSA

Intel Data Streaming Accelerator (DSA) is a programmable
hardware DMA engine designed to offload memory copy and
data movement operations from the CPU. It supports asyn-
chronous submission of copy descriptors and can overlap data
movement with computation, thereby reducing CPU utiliza-
tion for memory-intensive workloads. In BURST, DSA is
used to offload unavoidable data copies on the receive path,
where incoming packets stored in NIC-managed buffers must
be copied into application-visible memory before completion
notification. By delegating these copy operations to DSA,
BURST reduces CPU overhead without changing RDMA
semantics or relying on hardware-specific packet processing
features.

A.6 LibOS mode for BURST

BURST also supports direct integration with RDMA stan-
dard interface-based applications through the LibOS mode,
allowing hardware access directly from application threads.
In this mode, BURST can achieve ultra-low latency; however,
it typically relies on spin-polling application threads. There-
fore, this mode is generally suitable for high-performance
requirements, mostly in scenarios where a single application
exclusively occupies the server. The above thread model per-
tains to the independent thread mode of BURST. For the
LibOS mode, each PMD thread not only includes the BURST
protocol stack logic but also runs the user’s application logic
within the same thread.

A.7 Single-QP Performance

To further understand the fundamental performance charac-
teristics of BURST, we conduct the single-QP performance
evaluation using the identical experimental setup detailed
in Sec. 5.1. As shown in Table 3, while the BF3mini hard-
ware NIC scales linearly to near line-rate (∼385 Gbps) with
large message sizes, BURST saturates at approximately 121
Gbps. It is worth noting that in production environments,
workloads typically multiplex traffic across a large number
of QPs. The performance ceiling observed in this single-QP
microbenchmark is primarily attributed to the architectural
constraints of the underlying packet processing framework.
Since BURST is built upon DPDK, it adheres to a run-to-
completion model where a single QP is mapped to a specific
hardware Rx/Tx queue. Due to the programming paradigm,
this queue is strictly bound to a single CPU core. Conse-
quently, the throughput is limited by the packet processing
capability of that single core (which exhibits ∼60% utilization
in our tests), rather than the total available PCIe or network
bandwidth.

Message Size BF3mini (Gbps) BURST (Gbps)
16 Bytes 0.61 0.36
64 Bytes 2.43 1.43

256 Bytes 9.68 5.72
1 KB 38.8 22.9
4 KB 154.7 116.0

16 KB 351.4 119.6
1 MB 385.4 121.9
4 MB 385.5 121.5
8 MB 385.6 121.5

Table 3: Throughput comparison details (Single-QP).
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