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Abstract

Emerging switched CXL memory pooling systems, albeit
promising, suffer from significant performance interference
due to the shared but performance-uncontrolled data path
among concurrent memory streams between a host core and
a remote DIMM. We systematically characterize a memory
pooling appliance based on the XConn’s Apollo CXL switch,
and identify three issues: intra-host contention, in-fabric con-
gestion, and unmanaged host-remote DIMM interaction.

This paper presents a new transport layer, MemChannel,
which provides the mchannel abstraction to manage end-to-
end fabric bandwidth among competing memory flows and
enable application-specific traffic for switched CXL memory
pooling. Under the hood, our key idea is to build a Sender-
Driven Fabric-Informed transport protocol—inspired by Core-
Stateless Fair Queueing (CSFQ)-that admits just the right
amount of CXL requests to each mchannel based on the esti-
mated Core <> DIMMcx; bandwidth availability. To grapple
with the ramifications of CXL-induced idiosyncrasies, Mem-
Channel introduces a couple of techniques: time-based rate
control, host-side admission control, cross-host bookkeeping,
new congestion signals, rate estimation based on the fluid
model, and delay-based link capacity adjustment. We build
MemChannel from scratch and support unmodified applica-
tions. Our evaluations over switched memory pooling demon-
strate the effectiveness of MemChannel from performance
isolation, scalability, and multi-tenancy perspectives.

1 Introduction

Load-Store interconnects—such as Compute Express Link
(CXL)—and the resulting memory pooling have gained signifi-
cant traction recently. They transparently extend a commodity
server’s memory capacity, enable elastic memory resource
sharing, and allow applications to access remote memory
using load/store instructions. Such composable memory tech-
nology holds great potential to remedy the DRAM scaling
issue, ameliorate hardware resource utilization, and boost the
cost efficiency of rack/cluster-scale computing. The last few
years have seen several industrial prototypes [6, 11,15, 16, 18]

being developed, evaluated, and sampled.

However, memory pooling, especially under switched de-
ployment, suffers from significant performance interference.
Unlike local memory connected via dedicated memory buses,
the data path between a host core and a remote CXL DIMM
under switched pooling is shared among concurrent intra-
/inter-host memory streams without explicit performance con-
trol. We systematically characterize the problem using the
XConn’s Apollo CXL switch and Titan evaluation platform
and identify three issues (§2.3). First, at the server host, taking
the Intel EMR (Emerald Rapids) processor as an example,
access contentions happen at both (a) the CHA (caching and
home agent) and M2PCle modules of the host uncore; and
(b) the virtual lane inside a CXL host adapter, increasing
the CXL memory access latency by up to 13.4x with 82.6%
bandwidth drops. Second, within the switch fabric, the link-
layer credit-based flow control is workload-agnostic, causing
head-of-link blocking and unfair bandwidth partition at the
egress port. As such, when a cacheline-sized memory stream
interleaves with a 4KB-sized one, it experiences 6.9x/3.8x
higher read/write latencies, with 97.8% link bandwidth being
taken (even though both have the same amount of outstanding
bytes). Third, the hardware prefetching implicitly induces
many more loads into the target adapter under regular access
patterns and predictable data locality, which is completely
transparent to the CXL fabric. We observed that while the
switch downstream port is not congested, the target adapter
sees twice as much traffic, causing dramatic queue build-up.

Therefore, the switched CXL memory pooling lacks a
transport layer that can effectively manage end-to-end fab-
ric bandwidth among competing memory flows and enable
application-specific traffic control. However, realizing this
is non-trivial. First, CXL packets (FLITs) traverse through
the CPU pipeline, system bus, switching fabric, and remote
DIMM, whose transmissions are implicit. Specifically, a
load/store instruction is issued depending on data locality and
the execution condition of micro-architectural components,
and its response directly resumes the stalled processor execu-
tion without signaling. Second, CXL adapters and switches
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employ an ultra-fast data plane with limited in-network com-
puting capabilities, whose hardware architecture is opaque,
eluding any active traffic control mechanisms. Third, monitor-
ing the data transmission performance requires us to bridge
the gap between high-level memory streams and low-level
hop-by-hop link-layer credits. The problem is further exacer-
bated by the inherent nature of the lossless network and the
massive amount of application-induced memory requests.

We design and implement a new transport layer (dubbed
MemChannel) atop today’s CXL.mem protocol stack, in-
spired by a seminal technique — Core-Stateless Fair Queueing
(CSFQ) [75]. It achieves max-min bandwidth in the Inter-
net for competing flows without maintaining per-flow states.
We find that CSFQ is promising to tackle the above chal-
lenges in our context because (a) it is highly scalable, where
core switches only maintain a few aggregated variables (e.g.,
arrival rate, accepted rate, and fair share rate) with fixed com-
puting complexity; (b) edge-driven, requiring minimal in-
network support; (c) lightweight on the data plane, whose
traffic manipulation primitives (e.g., statistic bookkeeping,
labeling, and packet dropping) are compute-efficient.

MemChannel comprises three pieces: (a) host program-
ming interfaces that center around the mchannel system ob-
ject with APIs to support unmodified applications; (b) the host
runtime that runs the protocol stack, interacts with CXL fab-
ric components, and performs rate control; and (c) in-fabric
system extensions at the switch, adapter, and CXL DIMM,
participating in the protocol execution. MemChannel probes
the end-to-end bandwidth capability at runtime on the data
plane, introduces new fabric congestion signals, and com-
putes the per-mchannel transmission rate. Key to MemChan-
nel is a Sender-Driven Fabric-Informed transport protocol
that admits just the right amount of CXL requests to each
mchannel based on the estimated Core <+ DIMMcx, band-
width availability. Specifically, we first apply the fluid model
to the entire CXL fabric, figure out how to tailor CSFQ to
our context, and derive the theoretical bound. Next, to han-
dle the implicit transmission issue, MemChannel applies the
time-based rate control that translates the end-to-end band-
width usage and availability to the available running time. To
avoid in-network data-plane operations, we push rate calcula-
tion to the edge, reserve a designated remote memory region
for bookkeeping cross-host statistics, and translate in-network
packet dropping to endhost admission control. We then follow
the fluid model to determine the per-mchannel access speed
and fair share rate and use a delay-based approach to probe the
link bandwidth capacity. Further, we extend the MemChannel
to support weight and multi-layer CXL switching.

We prototyped the MemChannel, ported several applica-
tions [26,27,44,49] atop, and performed end-to-end evalu-
ation over a real switched memory pooling setup. Our eval-
uations show that MemChannel fully uses the underlying
link bandwidth, mitigates intra-host and cross-host perfor-
mance interference, provides CSFQ-like fairness, adapts to
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Figure 1: The architecture and hardware testbed of a switched
CXL memory pool. (¢) shows the architecture of a CXL switch.
VL=Virtual Lane. vPPB=Virtual PCI-to-PCI Bridge.

the fabric bandwidth availability, and scales with the applica-
tion demands. Applications running over mchannels receive
efficient multi-tenancy and achieve 2-3.5x improvements.

2 Understanding Switched CXL. MEM Pooling
2.1 Switched CXL Memory Pooling

CXL [3] is an emerging high-speed cluster interconnect built
atop the physical layer of PCle Express [10]. It provides a
load/store interface for CPU, memory, and device communica-
tions. The interconnect uses the Flex Bus I/O architecture [4],
and is organized into physical, data link, and transaction layers.
CXL supports three types of channels: CXL. cache, CXL.mem,
and CXL.1io. Memory pooling is constructed using CXL.mem
and the corresponding memory expanders (Type-3 device).
Since CXL 2.0, CXL fabrics allow resource pooling via single-
level and multi-tiered switching [4]. Figure | depicts the sys-
tem architecture of a switched CXL memory pool.

e CXL Host Adapter. It exposes access root ports (RPs) and
cooperates with the host memory subsystem. The adapter
converts load/store instructions into fabric-routable FLITs
and transmits them over the wire. Upon responses, it parses
the packets, obtains fetched read data or write completions,
and delivers them to the processor pipeline.

e CXL Switch. A CXL switch consists of upstream ports
(UPs) for host adapters’ connectivity, downstream ports
(DPs) for remote memory, and internal forwarding tables
for traffic orchestration. Upon initialization, it discovers
all connected components, configures the routing structure,
and fills table entries based on the topology. The switch car-
ries CXL transactions on the data plane and employs some
scheduling policies. CXL supports a hybrid of Port-Based
Routing (PBR) and Hierarchy-Based Routing (HBR).

e CXL Endpoint Adapter. It stays close to target memory
devices, operating as a responder for remote memory. The
adapter processes CXL protocols and converts between
FLITs and memory commands. It also performs integrity
checking, request steering (when multiple logic devices are
used), and transmission speed synchronization.
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e CXL Attached Memory. The remote DIMMs (rDIMMs)
are housed in a standalone chassis or appliance, including
an SoC backplane, memory controllers, and a power sup-
ply. Each module uses a DDR-compatible PHY interface,
supporting different kinds of memory media.

Evaluation Target. Several memory appliances [6, 11, 14,
17,18] have been developed, sampled, and tested in the past
few years. We take the recent Titan platform [18] from the
XConn Tech as the evaluation target (Figure 1-b). It consists
of (1) ASIC-based host and endpoint adapters; (2) an XConn
B2 Apollo CXL switch with 14 upstream and downstream
ports, 2 CEM [1] slots, and 128 CXL2.0 lanes, supporting
x2, x4, and x8 bifurcations; (3) a memory chassis using an
MCIO/EDSFF backplane that holds up to 12 vendor-agnostic
CXL DIMMs [8, 12] under the compact EDSFF E1.S, E3.S,
and E3.L form factors [7]; and (4) an MX8 board operating
as the management host and fabric manager.

Software Stack. A switched CXL memory pooling platform
has three software components: (1) a fabric manager running
on a dedicated host, which interacts with each fabric hard-
ware, discovers the system topology, enumerates hosts and
target memory nodes, and monitors their living status; (2) the
memory controller firmware for the remote DIMMs, which
configures the communication ID, initializes its address space,
and processes traversed data; (3) a device driver that makes
remote memory as host-managed device memory (HDM) and
exposes it as a CPUless NUMA node. The host OS fabricates
an attached CXL DIMM as a memory node, manages it with
object or tiered memory systems [34,46,52,61,74,78,82,87],
and runs applications atop. After a CXL DIMM is mapped
to the host memory subsystem, applications can access it
via load/store instructions. Take the Intel x86 processor as
an example. A memory read, missed from the last-level
cache (LLC), fetches the corresponding cache line from
the CXL memory. Memory writes hit the store buffer first,
then are issued to the remote memory under eviction. Hard-
ware/Software prefetch and cache coherence-induced events
(like read-for-ownership) also cause data loads [47,50].

2.2 CXL Switching Architecture

A CXL switch provides high-performance and lossless con-
nectivity between upstream and downstream ports (Figure |-
c¢). Data is transmitted at the FLIT granularity, a fixed-sized
amount of data traversed over the underlying link, such as 68B
and 256B. An incoming FLIT arrives at one virtual lane (VL)
and is then forwarded to an arbiter (multiplexer). Next, the
FLIT is delivered to a vPPB (virtual PCI-to-PCI bridge) mod-
ule, acting as a logical connection point to accommodate dif-
ferent types of CXL devices and facilitate the routing. vPPBs
can also be organized hierarchically to construct multiple
VCS (virtual CXL Switch) within a physical switch. There is
a credit engine (CEngine) interacting with all vPPBs and run-
ning (1) a hop-by-hop credit-based flow control [42,43]; (2)
a credit update protocol (like N23) for reliable device-switch
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Figure 2: Different access contention points along the CXL data
path under switched CXL memory pooling.

and switch-switch coordination [42]; and (3) an adaptive and
statistical credit allocation scheme to maximize bandwidth
usage [43]. Last, most of today’s CXL switches (like XConn
Apollo XC50256 [18] and Omega Fabric [6]) employ a cross-
bar topology, where the routing logic is determined by the
fabric manager during the memory pool initialization. Note
that (1) the CXL switch is nearly bufferless but still incurs
transmission stall when credit starvation happens; (2) there is
little programmability on the switch data-plane, unlike Eth-
ernet ones offering some in-network primitives in the traffic
manager; (3) host and endpoint adapters usually adopt a simi-
lar switching architecture, just with much fewer ports.

2.3 Characterizing Switched CXL Memory Pooling

Researchers have studied extensively about a direct-attached
CXL Type-3 memory expander [34, 45,47, 50,55,71,76].
This section characterizes the performance of switched CXL
memory pooling with a focus on analyzing the performance
interference. Figure 2 presents how intra- and inter-host mem-
ory requests would interleave at different locations along the
CXL data path in a switched memory pool. We configure
experiments to locate the contention points, quantify how
performance isolation is affected, and explore the root causes.
Experimental Methodology. We use 2U Intel Emerald
Rapids servers as hosts, where each contains two Xeon Gold
6530 CPUs, 1536GB DDRS5 memory, and two Samsung
9MA3 960GB NVMe drives. Each processor has 32 cores
running at 2.1GHz and 160MB LLC. All the hosts run Ubuntu
24.04. Each server is equipped with one CXL host adapter
enclosing two x8 CXL ports. Using Intel MLC [5], we ob-
serve that the server achieves 220.5ns and 47.2GB/s when
accessing the switched CXL memory pool. We developed
a micro-benchmark (similar to [9, 51, 76]) that can launch
any number of memory streams between host cores and lo-
cal/CXL DIMMs with different access patterns. It supports
various configurations, such as enabling/disabling prefetching,
issuing temporal read/write and non-temporal write, injecting
NOP instructions, and performing random/sequential/strided
accesses. The benchmark uses data and instruction synchro-
nization barriers to complete pending reads and writes in
the CPU pipeline before starting the test. When running, it
spawns several pinned threads, initiates memory streams, is-
sues reads/writes, and collects execution statistics.

Issue #1: Intra-host Contention. Host uncore and CXL host
adapter are the first two contending locations. In an Intel X86
processor, the uncore—enclosing LLC, CHA (Caching and
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Figure 4: In (a), X-Y describes the case that a latency stream X is co-located with throughput streams (Y), where we report the average
latency of X. (b) presents the latency results of four data movements. We add the local-rDIMM scenario for comparison. rnd=Random.
seq=Sequential. In (c), we run two throughput streams each over four cores, issuing 64B/4KB read/write requests.

Home Agent), and FlexBus, connected via a mesh NoC [66]—
is shared by local and CXL memory requests, e.g., stream1
and stream?2 in Figure 2. We configure two kinds of threads:
T1, whose working set fits into the LLC, accessing local or
CXL memory and measuring latency; and 72, which gen-
erates competing traffic with gradually increased loads by
adding the number of threads without overwhelming the host
adapter’s bandwidth capacity. As shown in Figure 3-a, when
the FlexBus is congested, accessing the CXL memory ex-
periences up to 13.4x latency increases, rising from 50.1ns
to 669.4ns. Using the recent PathFinder tool [47], we find
out that this is because significant queueing happens at the
M2PClIe ingress, which slows down CXL request transmis-
sion. When contentions occur at the LLC/CHA under mixed
local and CXL traffic, we observe that both the LLC miss
rate and the total amount of cache snooping requests greatly
increase, yielding at most 2.9 x CXL access latency increases.

Next, we analyze the host adapter contention by issuing
cache-bypassed CXL requests (stream2 and stream3 in Fig-
ure 2). We set up two memory streams: 7/ accesses CXL
memory with one outstanding load/store (i.e., victim memory
stream); T2 reads/writes to remote memory, with the number
of outstanding accesses gradually increased. As shown in Fig-
ures 3-b/c, T1 starts to experience a performance drop even
when the total traffic only reaches 30%, far below the adapter’s
bandwidth capacity. By discussing with the device vendor,
we learn that this is because the host adapter schedules CXL
FLITs over several VLs of the virtual lane in a best-effort
fashion, completely agnostic of how requests are issued from
host cores, which causes skewed cross-lane FLIT distribution.
When the adapter is nearly saturated, we observe that in the
Read(T1)-Read(T2) case, the victim stream’s bandwidth is
reduced by 82.6%, with latencies increased from 230.2ns to
1624.2ns. The other three cases are similar.

Issue #2: In-fabric Congestion. The CXL switch is the sec-
ond interference point (stream3 and stream4 in Figure 2).
Since the CXL switching relies on a hop-by-hop credit-based
flow control [38,42,43], the amount of credits that a down-
stream entity receives is proportional to its bandwidth usage
and the contention degree at the upstream device. Hence,
when a small-sized request stream competes with a large one
that causes credit over-subscription, it would experience stalls
due to delayed credit replenishment. To quantify this, we
configure two kinds of random access memory streams: the
latency stream that issues one memory read/write at a time,
and the throughput one, which generates larger data blocks,
yielding multiple outstanding memory transactions.

We intermix small and large memory requests and de-
ploy memory streams in two directions: host—rDIMM and
rDIMM—rDIMM. Regarding the host—rDIMM case, as
shown in Figure 4-a, when the fabric is under-utilized, a
64B read mixed with 128B reads and writes causes a 7.5%
and 54.2% latency increase, respectively. In the case of a
64B write contending with throughput streams, when the
data block size is 256B, its latency is increased by 6.2% and
98.6%. This is due to the head-of-line (HoL) blocking effect
at the upstream port. When bandwidth over-subscription hap-
pens, one would experience considerable performance drops.
For example, when interleaved with a 4KB memory request,
a 64B read/write experiences a 6.9x/3.8x slowdown. The
rDIMM—rDIMM scenario presents similar behaviors (Fig-
ure 4-b), where the 64B CXL memory access latency starts
to rise when the data block size is above 256B.

Next, we deploy two competing throughput streams, vary
their request configurations, and explore how bandwidth is
allocated in different cases. As shown in Figure 4-c, we find
that the bandwidth a memory stream receives is mainly pro-
portional to its data block size, regardless of request type. For

972 23rd USENIX Symposium on Networked Systems Design and Implementation

USENIX Association



Stride Len. RD Lat. RD Th. WR Lat. WR Th.
1 10.9 ns 21.9 GB/s 10.8 ns 22.0 GB/s
2 15.6 ns 15.3 GB/s 132 ns 18.0 GB/s
4 18.7 ns 12.7 GB/s 13.3 ns 17.9 GB/s
6 18.2 ns 13.1 GB/s 12.3 ns 19.4 GB/s
8 18.6 ns 12.8 GB/s 12.4 ns 19.2 GB/s

Table 1: CXL memory performance under a fixed stride size X.
The distance between two consecutive requests is X x 64 bytes.
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example, when two 4KB read(write) streams interleave, each
would achieve 10.6(11.0) GB/s. However, if a 4KB stream
is interleaved with a 64B one, it can take nearly 97.8% of
the total bandwidth. These results make sense for two rea-
sons. First, memory requests from one memory stream are
synchronously served one by one. The number of outstanding
cacheline-sized reads/writes depends on the data block size.
Second, when multiple concurrent streams compete for the
fabric, the CXL switch/adapter mainly performs round-robin
scheduling to decide the next issuing request. Thus, the stream
with more pending transactions has more opportunities to be
scheduled, yielding higher bandwidth.
Issue #3: Unmanaged Host-rDIMM Interaction. The end-
point adapter provisions enough bandwidth for CXL DIMMs.
Since it connects directly to the switch, access congestion is
first resolved at the downstream port, which should leave the
adapter and rDIMM free from contending traffic. However,
we find out this is sometimes not the case. Even though we
control the aggregated traffic across all hosts to be lower than
the link/port bandwidth, contention still happens. This is be-
cause host prefetching, under regular access patterns, implic-
itly generates more memory requests, which are transparent
to the CXL fabric but cause bandwidth over-subscription.
We configure our microbenchmark to issue strided memory
reads and writes. Table | presents the latency and throughput
as the stride length increases from 1 to 8. When the stride
length is 1, compared with the random access, remote memory
read and write achieve 10.9ns and 10.8ns (hitting in the L1 and
L2 cache), sustaining at 21.9GB/s and 22.0GB/s bandwidth.
Apparently, the access locality results in multiple cacheline
reads and writes issuing concurrently to hide latency. When
the stride length increases to 8, the read and write bandwidth
drops to 12.8 GB/s and 19.2 GB/s. Further, we perturb the
CPU prefetching effect by issuing NOP instructions between
two consecutive memory accesses and measure its perfor-
mance impact. We find that both local and CXL memory
performance drops significantly when inserting more NOP
instructions (Figure 5). When prefetching helps little, a re-
mote memory read/write matches the local one. Therefore,
host prefetching causes unmanaged host-rDIMM interaction,
which would introduce much more traffic than expected and
cause contention within the target memory pool.

2.4 Problem and Challenges

Our characterization study unearths and quantifies three is-
sues (i.e., intra-host contention, in-fabric congestion, and host-
rDIMM interaction) that cause performance interference in a
switched CXL memory pool. The fundamental problem is that

Figure 5: Performance when perturbing instruction prefetching.

the data path between a host core and a remote CXL DIMM
is shared among concurrent memory requests without explicit
performance control. As such, any on-path entities, like the
host memory subsystem, switch, and host/endpoint adapter,
could become a communication choke point, which would
break the target latency and bandwidth of a memory stream.
This calls for a new transport layer for switched memory pool-
ing that effectively allocates communication resources based
on the application requirements. Realizing this incurs the
following three challenges that have not been tackled before.

e #1: Implicit transmission. Under switched memory pool-
ing, a CXL request traverses across the CPU pipeline, cache
hierarchy, system bus, adapters, switching fabric, and re-
mote DIMM. Whether and when to issue a CXL load/store
transaction is affected by several factors, such as data local-
ity (L1D, L2, and LLC), queueing occupancy at different
micro-architectural components (such as store buffer and
line fill buffer), and hardware prefetching. Similarly, a data
response returns to the host memory subsystem and di-
rectly resumes the processor execution. Therefore, tracking
CXL requests, measuring the per-flow performance, and
controlling the transmission rate become non-trivial.

e #2: Hardware non-programmability and opaqueness.
To sustain at sub-microsecond latency and hundreds of
Gigabytes per second of bandwidth (CXL 3.2 [4]), CXL
adapters and switches streamline their data plane and offer
nearly no reconfigurability and telemetry capability, mak-
ing our conventional in-network transport design [21,22,39,
48,92] impractical. Further, there is no consensus system
model or open implementation standard (like PISA [29]).

e #3: Fine-grained cross-layer traffic monitoring. Measur-
ing end-to-end bandwidth availability is already challeng-
ing enough since this requires tracking how many link-layer
credits are allocated across the entire data path. However,
in a switched pool, the transport layer has to further break
down this information at a finer granularity to individual
host cores/threads. As described above, the round-trip de-
lay is impractical to obtain, given the integrated pipeline.
The inherent nature of lossless fabric (back-pressure and
credit starvation) further exacerbates the issue.

3 MemChannel: a Designated Memory Lane

This section introduces the MemChannel transport, including
semantics, APIs, and system model. Our system design goals:

USENIX Association

23rd USENIX Symposium on Networked Systems Design and Implementation 973



o High Utilization. MemChannel should fully use the band-
width at any vantage point and link. It should be able to
ramp up the CXL memory access speed for other needed
applications when some bandwidth becomes available.

o Efficient Multi-tenancy. MemChannel should mitigate
the performance interference across the end-to-end CXL
data path (§2.3). It should achieve low (tail) latency and
approximate Max-Min fairness under contention.

o Low overheads. MemChannel should have little impact
on the de facto CXL load and store access. It should incur
few memory footprints and consume tolerable host CPU
cycles when holding existing applications.

3.1 Overview

MemChannel is a transport layer that orchestrates remote
memory accesses between host cores and CXL DIMMs
in a switched CXL memory pool. It offers a performance-
controlled data pipe (mchannel), provisions proper commu-
nication resources based on workload demands and remote
DIMM’s free bandwidth, and mitigates interference from con-
tending memory streams. A mchannel, established between
a host core ((;) and a CXL DIMM (rDIMM ), is associated
with a dedicated application process. One can also group
multiple mchannels for each application (discussed in §4.4).

Key to MemChannel is a Sender-Driven Fabric-Informed
transport protocol that admits just enough CXL requests to the
switched memory pool based on the estimated C; <+ rDIMM ;
bandwidth availability. Essentially, it probes the end-to-end
bandwidth capability at runtime on the data plane, introduces
new fabric congestion signals, computes the per-mchannel
transmission rate and admits an adequate amount of CXL
load/store commands to the memory pool. MemChannel en-
compasses three major pieces. One is the programming inter-
face that allows porting unmodified applications. The second
is the host runtime that runs the protocol stack, interacts with
other CXL fabric components, and performs rate control. The
third is in-fabric system extensions at the switch, adapter, and
CXL DIMM, which participate in the protocol processing.

3.2 The mchannel Semantics

MemChannel exposes the mchannel as a system object from
the host OS perspective, consisting of the following attributes:

e Host/Core ID and Registered Memory Node, specifying the
requester (source) and responder (destination) of a Mem-
Channel. Akin to commodity systems [6,11,17], we support
DAX memory, mounted as a CPUless NUMA node.

o CXL Data Path, describing the end-to-end data path be-
tween C; and rDIMM , provided by the fabric manager,
including host adapter, switches, and endpoint adapter.

e Channel Representation, like struct sock, instantiated

by our host runtime, serving as an intermediate connection
point between applications and the transport protocol.

/" Host1 }{ Host2 { Host3
Applications 5 N ::

MemChannel

Host Adapters

e

CXL Switches | 2 \ CXL Switchs

/
Endpoint Adapters EA2 EAs
CXL DIMMs oviis il

Figure 6: The system model of MemChannel.

e Performance Attributes, like bandwidth envelope and inter-
ference degree. Developers specify them upon registration
or at runtime. When omitted, the mchannel is labeled as
best-effort and uses what bandwidth is available.

3.3 The mchannel Interface

MemChannel provides a user-space CLI (Command-Line
Interface), similar to numact1, which onboards the unmod-
ified applications and controls their execution behaviors to
achieve the performance target. MemChannel runtime offers
four lightweight APIs to control the remote memory access:

e mchannel_init creates mchannels and takes user-
specified configurations, such as which applications to
run, host core mappings, remote memory nodes, and per-
formance attributes. It then identifies the CXL data path
for each mchannel, allocates local memory for mchannel
metadata, maps shared CXL memory for inter-host coordi-
nation, and launches the applications as subprocesses.

e mchannel_open opens a mchannel to a rDIMM in the
pool, invoked when a new application thread is launched.
It allocates the per-thread mchannel states and resources,
and then arms a POSIX timer with a scheduling window
T . When the timer expires, it invokes mchannel_sched
as the signal handler and readjusts the bandwidth allocation.
It also uses the m_bind system call to ensure the applica-
tion places its data on the remote DIMM specified by the
mchannel, sets the thread’s core affinity based on the host
core mappings, and opens as well as maps the performance
counters for CXL bandwidth monitoring.

e mchannel close closes the mchannel to the remote
DIMM, cleans up allocated resources, and unsets the timer
signal handler. It is called when the application thread exits.

e mchannel_sched enforces application-specific bandwidth
allocation via our transport protocol (§4), which monitors
the remote pool access bandwidth and then controls ap-
plication execution to meet the application performance
needs. For bandwidth measurement, we use off-core re-
sponse (OCR) architectural event counters to track three
types of CXL requests [47,50]: demand reads, reads for
ownership, and hardware prefetches. The results are col-
lected via rdpmc commands and aggregated as the remote
bandwidth. For bandwidth control, during a scheduling win-
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dow Ty, we adjust the POSIX timer expiration such that
the application thread runs for T and sleeps for Ty — Tk.

MemChannel relies on code injection techniques [2], such
as LD_PRELOAD and ptrace, to support unmodified applica-
tions. Specifically, MemChannel injects a dynamic link library
(DLL) into applications when launching them. Inside the DLL
constructor and pthread_create interposed by DLL, Mem-
Channel calls mchannel_open. The mchannel interfaces in-
cur low overheads, because mchannel_sched is invoked only
once per scheduling window Ty and halts application exe-
cution only once during that window. In addition, we utilize
lockless data structures to synchronize between mchannels
and the rdpmc command to read performance counters inside
mchannel_sched instead of system calls.

3.4 System Model

We divide our running environment into six layers (Figure 6):
applications, mchannels, host adapters, CXL switches, end-
point adapters, and CXL DIMMs. Our MemChannel layer
carries application-induced CXL memory requests and de-
livers them to the host adapter. The CXL FLIT traverses the
underlying fabric as it is. Following the recent CXL specifi-
cation [4], the memory device continuously reports service
loads, reflecting its internal queueing status. There are two
ways: (a) piggyback in memory responses (red line in Fig-
ure 0), where the memory transaction response reserves 2
bits to indicate four levels of loads: light load, optimal load,
moderate overload, and server overload; (b) QoS telemetry
messages (blue line in Figure 6), i.e., the host issues explicit
QoS status queries through the CXL Component Command
Interface (CCI), whereas the memory expander (rDIMM) re-
turns the average load of the last profiling epoch.

4 An CSFQ-Inspired Transport

This section describes our core transport protocol and shows
how we address the above challenges (§2.4).

4.1 Why Core-Stateless Fair Queueing

Core-Stateless Fair Queueing (CSFQ) [75], a seminal work
in computer networks, introduced a fair queueing algorithm
for the Internet several decades ago. It achieves max-min
fair bandwidth allocation among competing flows without
maintaining per-flow states. The algorithm divides the rate
control logic between the networking edge and core, where
(1) edges calculate the flow arrival rate and label the rates
into packets; (2) the core estimates the fair rate iteratively and
probabilistically drops packets to achieve the fair share rate.
CSFQ is (a) scalable, where core routers only maintain a few
aggregated variables (e.g., arrival rate, accepted rate, and fair
share rate) with fixed computing complexity; (b) edge-driven,
requiring minimal in-network support; (c) lightweight on the
data plane, the traffic manipulation primitives (e.g., statistic
bookkeeping, labeling, and packet dropping) are compute-
efficient, making it promising to address our problem.

However, naively applying CSFQ and its successor
HCSFQ [84] is still not feasible for three reasons. First, these
approaches take packet drops as a congestion signal, but CXL
fabric is a lossless network. Second, core switches require
the packet-dropping primitive for traffic regulation, which is
not supported on CXL switches. Third, CSFQ needs accu-
rate flow rate and link bandwidth availability estimations, but
CXL switching lacks such capabilities. Therefore, akin to
CSFQ and HCSFQ, we first apply the fluid model to the CXL
switching, derive the theoretical guarantees when achieving
the max-min fairness (§4.2), and redesign the transport algo-
rithm (§4.3). To handle the implicit transmission issue, Mem-
Channel applies the time-based rate control that translates
the end-to-end bandwidth usage and availability to the avail-
able running time. To avoid in-network data-plane operations,
we push rate calculation to the edge, reserve a designated
remote memory region for bookkeeping cross-host statistics,
and translate in-network packet dropping to endhost admis-
sion control. We then follow the fluid model to determine
the per-mchannel access speed and fair share rate and use a
delay-based approach to probe the link bandwidth capacity.

4.2 Applying Fluid Model to CXL Switching

We apply the fluid model to formalize switched CXL memory
pooling systems. The system is viewed as a directed acyclic
graph G(V,E), where V represents system components (e.g.,
the ones in Figure 6), and E represents the traffic flows be-
tween components. We assume the flows are continuous mem-
ory streams from a host core to a remote CXL DIMM. We
consider a single layer of switching in the following discus-
sion, but our analysis applies to multiple layers. A flow starts
from a memory channel, goes through a bridge and a switch,
and reaches the CXL DIMM. Therefore, graph G(V,E) is
a complete multipartite graph, where the vertex set is parti-
tioned into four disjoint subsets {V¢, Vi, Vs, Vg } for channels,
host adapters, switches, and endpoint adapters, respectively.
Each CXL hardware component has a maximum link trans-
mission capacity C,. Let o, be the fair share rate a node v
allocated to its successors. We know the application access de-
mand D, for channel v, € V¢ via our mechanism (§ 4.3). For
the edge between a channel and a host adapter, the aggregated
demand is the channel’s demand, e.g., Dy, = D.; vy, € V. The
demand for other edges can be calculated recursively.

Dy, = Z

euyEP;VpEPyy

min(o,,Dy,) (1)

P = (€ch,ens,€se); €ch, ens, ese € E describes a flow path. P,,, =
{pleww € p} is all the flows going through edge e,,,. There-
fore, under contention, where the aggregated memory demand
D, =Y, ceDuw > C,, one can achieve the max-min fair
bandwidth allocation among competing flows when o, is
the unique solution to the following equation.

C,= Y, min(ay,Dy) )

ew€E
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Algorithm 1 Transport Algorithm.

1: procedure MCHANNEL_SCHED(mchannel c)

2 n =read_perf_counters() > CXL memory access count
3 c.demand = estimate_rate(c.demand, n, c¢.Ty); >Eq. 3
4 c.rate = estimate_rate(c.rate, n, c¢.Tg); >Eq. 3
5: for On_Path_Device dev in c.path do

6 o = estimate_ou(dev);

7 c.00 = min(Q, ¢.Q);

8 ¢.Tg = estimate_Tr(c.demand, c.o, Tyy); > Eq.5

9: sleep(c.Tw — c.Tg) > Yield to other mchannels

10: procedure ESTIMATE_0/(On_Path_Device dev)

11: if cur_time > start_time + K then

12: F,D=0,0; > local rate F', local demand D
13: for mchannel ¢ in dev.mchannels do

14: F +=c.rate;

15: D =max(D, c.demand);

16: dev.F,dev.D = agg_rate(F, D); > via shared memory
17: if localhost is dev.host then

18: dev.o.= min(dev.o x 92 dev.D); >Eq. 4
19: start_time = cur_time;

20: return dev.q;

21: procedure ADJUST_CAPACITY(On_Path_Device dev)

22: if dev.F < dev.C and dev.l > 6 then

23: dev.C =dev.C x (1— ‘é?ll— %;5) > Multiplicative Decrease
24: else if dev.l < 6 then

25: dev.C =dev.C+ A x (8 —dev.l) x K > Additive Increase

26: dev.C = max(dev.C, dev.max_capacity)

Without contention (e.g., D, < C)), all demands can be satis-
fied by setting o, to the max, i.e., &, = max,, cg Dy,. There
are two key differences when applying the fluid model in
our case compared with CSFQ. First, memory access rates
remain the same along the flow path. As a result, we com-
pute memory access demand instead of using flow arrival
rates for edges and vertices. Second, we use the link transmis-
sion capacity at each node rather than the default maximum
bandwidth specified in the hardware documentation. This is
because the number of FLITs a CXL port of an adapter or
switch can handle and transmit is not static but depends on
the queuing conditions and internal execution status.

4.3 The Transport Algorithm

Access Rate and Demand Estimation. We measure the num-
ber of remote cacheline accesses n during a scheduling win-
dow Ty by reading performance counters (§3.3). The mea-

sured CXL memory access rate for mchannel c is ré = %,

where S denotes the cacheline size. /. reflects the amount of
CXL bandwidth consumed by mchannel ¢ over Ty . Similarly,
the measured memory demand is D’C = %, where T} is the
application’s running time within Ty . D), indicates the mem-
ory bandwidth that mchannel ¢ would generate if it were not
throttled by the transport algorithm. Measuring application
demand in this manner is possible because the application
runs at full speed without interruptions or slowdowns during
TR, as our algorithm ensures that CXL components are not

oversubscribed. Following the definition of CSFQ, we then
estimate the memory access rate as the following equation,
where K is a constant for adjusting the sampling window.

rzlew — (1 _e—Tw/K)ré_f_e—Tw/Krgld (3)

We estimate the access demand D, by substituting r/. with
D... Hence, hosts update r, and D, of each channel at the
beginning of the scheduling function (ALG1 L2-4). Since
CXL fabric is lossless, the aggregated memory access rate
can be calculated directly, rather than using Eq. 3 as in CSFQ.
Fair Share Rate Estimation. MemChannel then calculates
the fair share rate o on the host and issues the right amount
of load/store instructions to avoid congestion. However, us-
ing Eq. 2 to compute o directly requires a host to know the
aggregated memory demands on edges (D,,) across all on-
path hardware it traverses. Unlike Ethernet, where the arrival
rate (i.e., demand) can be directly measured at the switch
port, here it must be obtained through recursive calculations
(Eq. 1). Specifically, the memory demand of a CXL endpoint
adapter depends on incoming memory streams from all corre-
sponding upstream CXL switch ports, which in turn depend
on incoming streams from upstream host adapters. This recur-
sive dependency can easily lead to an accumulation of error
margins. Furthermore, both demands and fair share rates must
be shared across hosts, making the algorithm difficult to scale.
Instead, we estimate the fair share rate based on the aggre-
gated remote memory access rate F, on the host for hardware
node v, defined as the number of load/store commands trans-
mitted through v. This approach is straightforward to compute
and can be calibrated using hardware bandwidth telemetry.
We next describe how MemChannel performs fair-share
rate estimation (Algorithm! L10-20). We define the aggre-
gated memory access rate as F, =Y., cr fuv, Where fy, is the
flow on edge e, and f.;, = r, for Vv, € V¢, Vv, € Vy. Since
the access rate is the same within a flow p, the aggregated
rate F, is expressed as Y., , <, vpep, I'c» Where P, denotes all
flows passing through node v. Under congestion (Eq. 2), we
estimate o iteratively using the current congestion condition
% If the estimated fair share rate exceeds the largest local de-
rﬁand max.cy, De, there is no congestion within the local host,
and thus o is set to the maximum demand, i.e., maxe,,cg Dyy-

Olpery = min(ocold&7 max D) @
E, "e.epypep,

At the end of the sampling window K, hosts calculate the
fair share rates of all hardware components used by their
mchannels. The aggregated memory access rate F, is the
only variable shared across hosts to compute the fair share
rates for shared CXL hardware (e.g., switches and expanders).
To disseminate this information, each host writes the local
sum of the memory access rates for each hardware component
to a small, dedicated shared memory address. The aggregated
rate F, can then be obtained by summing these local rates.
The mchannel fair share rate o, is the minimum value along
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path p (i.e., 0,c = min,, ¢p Oly), which is then translated into
the running time to control application execution.
Time-based Rate Control. MemChannel controls the FLIT
transmission rate by adjusting the application thread running
time Tg within each scheduling window Ty (§3.3). After
running for T, the application thread yields to another and re-
mains in the waiting queue until the next scheduling window
begins. A short scheduling window Tyy enables fine-grained
control over application execution but incurs high context-
switching overhead due to frequent timer-expiration inter-
rupts. Conversely, a larger Ty reduces scheduling overhead
but causes tail latency increases because requests are less
tightly coordinated. We choose Ty = 100us in our prototype,
which strikes a balance between these two trade-offs.

Similar to TCP, a flow cannot transmit bytes when there
is no free space in the congestion window. By temporarily
stalling application execution, we can regulate the memory ac-
cess rate to prevent congestion. To avoid temporal contention,
application threads and their mchannels run asynchronously,
even though they may have the same scheduling window.
MemChannel estimates the CXL memory access size B dur-
ing one scheduling window as D Tg. To ensure fair sharing
of CXL memory, the max-min fair remote memory size B f,;,
that an application can access during Ty is min(a., D.) X Tyy.
The goal of our transport is to achieve max-min fair resource
allocation without wasting CXL memory bandwidth. There-
fore, we set B = By,;,. Rearranging gives a fair running time
during one scheduling window:

T — min(o,D.) Ty 5)
D

New Congestion Signals. In Ethernet, congestion can be
readily inferred from explicit signals like packet loss. How-
ever, such signals are largely unavailable in the CXL fab-
ric. Instead, the CXL 3.2 specification [4] mandates that
memory expanders include a 2-bit device-internal load in-
dication in memory responses (S2M), which encodes four
levels of congestion typically derived from the expander’s in-
ternal queue occupancy. In addition, the specification strongly
recommends that memory devices expose a QoS telemetry
mechanism that periodically reports (1) egress-port backpres-
sure, indicating that one or more upstream queues between
the expander and the host are saturated, and (2) temporary
throughput reductions during DRAM refresh operations.

Congestion at the adapter can be queried at the host since
the device is attached locally. For CXL DIMMs, we lever-
age the device-load field to capture both the device’s inter-
nal queueing pressure and temporary throughput reductions,
while disabling the egress-port backpressure signal. The back-
pressure information is conveyed through telemetry messages
and is treated as a congestion signal for CXL switches, since
switches expose no explicit congestion notifications.
Transmission Capacity Estimation. Due to the internal com-
plexity of CXL hardware components, the transmission ca-

pacity is difficult to measure and may change dynamically.
Inspired by the delay-based congestion control [24, 30, 65],
we maintain load factors / based on the congestion signals.

lnevv:(l_g)Xlold+gXL (6)

L represents the percentage of responses marked as having
moderate or severe overload in the device load field. For
telemetry cases, the backpressure average percentage in the
QoS response is directly used as L. g is a configurable param-
eter. Using them, we then divide the operation region into the
following categories and apply different scaling strategies:

e Congestion Avoidance, occurring when fair share rate is
increasing and !/ is relatively large. This means that some
remote memory accesses have experienced high delays. We
perform a multiplicative decrease and scale the reducing
factor based on the load factor [ (ALG1 L22-23).

e Congestion Free, where [ < 8. This indicates that the
rDIMM is able to deliver predefined bandwidth. Depend-
ing on how much idleness the channel has observed, our
algorithm will add A x (8 — h.l) x K (ALG1 L24-25).

4.4 Algorithm Extensions

Weight Support. MemChannel can be extended to support
mchannels with different weights w., meaning that all con-
gestion channels will receive a fair share rate of w.0,.. The
only modification required is to update Eq. 5 accordingly.

_ min(wc0, D) Ty
= D,

HCSFQ Support. Our algorithm achieves the fair share
among mchannels, equivalent to a single-layer HCSFQ. How-
ever, in practice, an application may use multiple mchannels
(two-layer HCSFQ), and a tenant may run multiple applica-
tions (three-layer HCSFQ). Supporting HCSFQ is straightfor-
ward in MemChannel. In §4.3, we know (a) the transmission
capacity of the hardware, which corresponds to the root node
of the tree, and (b) memory access demand and access rate of
the mchannel, which correspond to the leaf nodes of the tree.
The aggregated demand/rate of the parent node is the sum of
its children’s (i.e., D, =Y D,). By applying Eq. 4 recursively
from the root to the leaves, we can determine the fair share
rate, o, for each layer. We then translate the o of the last layer
into the mchannel running time using Eq. 5. Note that the
tree is used for all hardware components (adapters, switches,
and DIMMs) as shown in our system model (§3.4).

4.5 Bound Analysis

Tx (N

We present the following theorem to show that our algorithm
provides performance bounds for applications. Consider a
memory channel with a fixed fair share rate o, and weight w,
during a sampling window K. In the ideal case, the memory
channel should not issue load/store traffic exceeding w oK.
We can prove that no matter how the application tries to
game the system, our mechanism ensures that the bytes of
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load/store traffic from a memory channel are no more than:
weaK(1+ 2%‘”), where Tyy is the scheduling window.
Proof. Consider any interval K = [t',¢"), and let h = L%j In
an interval, there will be A full scheduling windows, at most
one scheduling window before #’, and at most one schedul-
ing window after #”. Thus, the maximum number of bytes
transmitted during K is Zf’iol B;. Based on Eq. 7, we have:

B; < Bpuir = min(wcacyDc)TW <wetc Ty 3

Therefore, we can derive the bound as follows:

h+1 K
B; < (h + 2)WC(XCTW < | —+42|wco. Ty
=~ Tw

i=
Tw

This bound indicates that the application can issue at most
2%‘” fractional more requests in the short run, ensuring that
our algorithm achieves a max-min fair bandwidth allocation.

)

5 Evaluation

5.1 Experimental Methodology

Testbeds and Workloads. We use the same experimental
setup as §2.3. Our evaluations use a diverse set of memory-
intensive workloads as prior studies [53,79,82,91]. (a). In-
memory databases. We run a hashtable-based in-memory
key-value store, MICA [49], configured with 8-byte keys and
100-byte values, and we focus on its in-memory components:
circular logs, lossy concurrent hash indexes, and bulk chain-
ing. We also evaluate a B-tree-based database, Silo [77], de-
signed for low-latency transaction processing, with a 1KB
value size. The client traffic is generated via YCSB [33]. (b).
Graph analytics. We deploy the GAP [27] benchmark suite,
including several graph kernels: Breadth-First Search (BFS),
Single-Source Shortest Paths (SSSP), PageRank (PR), Con-
nected Components (CC), and Betweeness Centrality (BC),
which use a Kronecker graph and a uniform random graph.
(c). High-performance computing (HPC). We also use SPEC
CPU 2017 [13] and PARSEC [28], including scientific and
numerical applications that stress memory access.

Performance Metrics. We report application throughput,
latency, and performance slowdown. MemChannel obtains
per-mchannel bandwidth using performance counters (§ 3.3)
and aggregates them to derive both application-level and host-
level memory bandwidth. We measure CXL memory access
latency via CHA queues, i.e., dividing occupancy by the num-
ber of CXL requests, following the Colloid’s approach [79].

5.2 Application Performance over MemChannel

We first examine how much performance MemChannel deliv-
ers to applications when accessing the switched CXL mem-
ory pool. In this experiment, we use MICA and Silo and
report the throughput and latency. With one x8 CXL port, as
shown in Figure 7-a/c, applications show nearly no through-
put degradation, and MemChannel can provide 19.6 GB/s
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Figure 7: Throughput and latency of MICA and Silo over one
x 8 adapter to the memory pool, comparing between w/ and w/o
MemChannel scenarios. We use 32 threads in this experiment.
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Figure 8: Throughput and latency of MICA and Silo over two
x 8 adapters to the memory pool, comparing between w/ and w/o
MemChannel scenarios. We use 64 threads in this experiment.
bandwidth to the remote memory pool. However, MemChan-
nel reduces the in-fabric congestion and yields latency sav-
ings. For example, as shown in Figure 7-b/d, MemChannel
reduces the average CXL memory access latency of Silo
by 28.6%/38.0%/38.4%/38.3%/28.8%, and tail latency by
8.7%128.0%/27.7%/29.3%/5.8% across five workloads com-
pared with the cases when disabling MemChannel. MICA
shows similar results. We then use two CXL adapters and
run 64 threads. The average throughput over five applications
reaches 225.3 MOPS under mchannel (Figure 8), achieving
41.0GB/s CXL bandwidth to the remote memory pool. In
terms of latency, similarly, MemChannel mitigates the fabric
contention and achieves 23.9% and 19.6% lower average and
tail latencies compared to the cases without MemChannel.

5.3 Intra-Host Performance Isolation

We create intra-host contention by sharing the host adapter
between an application and competing background traffic.
We use Bwaves and Roms from CPU SPEC as our applica-
tions. As shown in Figure 9-a/b, applications running without
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Figure 9: Application slowdown, CXL bandwidth, and latency
when varying contending traffic under host adapter contention.
MemChannel experience 7.0x and 8.8 x slowdowns as the
contending traffic load increases to 100% for bwaves and
roms, respectively. In contrast, applications running under
MemChannel only see a 2.5x slowdown. This improvement
occurs because MemChannel provides performance isolation
among co-located channels through its transport algorithm
(§ 4.3). To better understand this effect, we further measure
the CXL access bandwidth of the applications and the total
bandwidth, as shown in Figure 9-c/d. MemChannel allocates
more bandwidth to applications based on max-min fairness.
Under heavy contention (e.g., when the contending traffic
load is > 80%), MemChannel achieves an average of 96.1%
bandwidth utilization across two applications, while reducing
average latency by 51.6% and 35.1% and tail latency by 25.8%
and 26.3% for Bwaves and Roms, as shown in Figure 9-e/f.

5.4 Inter-Host Performance Isolation

We then set up in-fabric congestion as §2.3 and evaluate how
MemChannel mitigates the issue. We use two graph applica-
tions, i.e., Betweeness Centrality (BC) and PageRank (PR),
in this experiment. As shown in Figure 10-a/c, applications
running without MemChannel experience 7.2x and 4.2 %
slowdowns as the contending traffic load increases to 100%
for BC and PR, respectively. In contrast, applications running
under MemChannel only see 3.1x and 2.1 x slowdown, re-
spectively. The performance improvement comes from the
fact that MemChannel allocates bandwidth across competing
applications based on their performance requirements. Again,
we measure the application CXL access bandwidth and the
total bandwidth, as shown in Figure 10-b/d. MemChannel
allocates bandwidth in a max-min fairness manner at the CXL
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Figure 10: Application slowdown and CXL bandwidth when
varying contending traffic under in-fabric congestion.
switching point. Under heavy contention (e.g., more than
80% traffic load), MemChannel achieves an average of 97.2%
bandwidth utilization across two applications.

5.5 Fairness

We achieve a fair bandwidth share by calculating the
mchannel rate, and MemChannel enforces it via the rate
control algorithm. To measure effectiveness, we co-locate
pairs of SPEC CPU, MICA, and Silo applications, gradually
increasing the number of threads for both applications to in-
duce contention in the CXL fabric, and report the resulting
memory bandwidth for each. As shown in Figure 11, under
light contention (e.g., one thread), MemChannel matches the
baseline by allocating bandwidth according to application
demand. Under heavy contention (e.g., 15 threads), compared
with the case without MemChannel, MemChannel signifi-
cantly reduces the bandwidth gap between two applications:
from 8.9GB/s to 1.3GB/s for Bwaves+Silo, from 11.5GB/s to
1.8GB/s for Bwaves+MICA, and from 3.1GB/s to 0.1GB/s for
MICA+Silo. Our transport controls the application’s remote
access bandwidth, ensuring a fair share of hardware resources.
We compare our runtime with TPP [61] under different
background traffic generated by the same SPEC application
as above (Figure 12). We run five types of YCSB workloads
over MICA, with the local-to-remote memory capacity ratio
set to eight. Without background traffic, TPP slightly outper-
forms our system by 1.2 x in terms of throughput and reduces
latency by 16% across all five workloads. This is because
sufficient remote memory bandwidth is available to support
page demotion and promotion. However, under moderate con-
tention, our runtime matches the performance of TPP. Under
heavy contention, our runtime achieves a 1.5x throughput
improvement and reduces latency by 43%. This is due to the
performance isolation capability provided by MemChannel.

5.6 System Overheads

MemChannel incurs marginal overheads to the application.
Fair-share rate calculation and assignment are performed only

USENIX Association

23rd USENIX Symposium on Networked Systems Design and Implementation 979



n
S

Bwaves w/ MC
Silow/ MC ==

n
o

Bwaves w/o MC ==
Silo w/o MC ===

Bwaves w/o MC
MICA w/o MC ===

Bwaves w/ MC _ 16 [ MICAW/OMC e MICA W/ MC
MICA w/ MC == @ 14 | Silo wio MC ===

o

3

o

&

Bandwidth (GB/s)
=
T
I
I
1
Bandwidth (GB/s)

o

IWWW il b I

o

Il

Bandwidth (

Ll LI

o

1 5 7 1 13 15 5
Per-application Thread Number (#)

(a) Bwaves+SILO.

7

Per-application Thread Number (#)

(b) Bwaves+MICA.

1 15 1 3 5 7 1 1 15
Per-application Thread Number (#)

(c) MICA+Silo.

Figure 11: Compare the CXL memory bandwidth when running two applications with and without MemChannel support on a host.
We gradually increase the thread number for both applications to create contention the memory fabric.
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Figure 12: Latency and throughput for MICA running in MemChannel and TPP under five YCSB workloads. Y-1 axis is latency, and
Y-2 axis is throughput. WS application is used to generate background traffic.

once per scheduling window for all on-path devices, based on
shared aggregated application demands and rates. Each core
needs to read only one single performance counter via rdpmc.
The primary overhead introduced by MemChannel comes
from POSIX timer timeout interruptions, used to suspend
application execution. Based on our testing, this overhead
amounts to 1.7% when the scheduling window is set to 100
us, enabling fine-grained control of CXL memory access.

5.7 Discussion

CXL ecosystems are under significant development. We be-
lieve that MemChannel can still be applied, but requires sev-
eral changes. First, MemChannel currently advocates the
device-internal load to indicate the traffic condition of each
remote DIMM and uses end-to-end delay to estimate the fab-
ric bandwidth capacity. With in-fabric explicit congestion
notification, our transport can be further improved. Second,
MemChannel is evaluated at rack scale rather than at clus-
ter scale. It will be interesting to explore how MemChannel
operates in a scale-out CXL fabric with PBR. Third, the re-
cent CXL specification introduces the CXL bundled port to
support devices with higher bandwidth requirements. Since
it enables logical aggregation of multiple CXL ports, Mem-
Channel should account for the intra-bundle traffic condition
and develop a new device-load estimation technique.

6 Related Work

CXL Memory System. Researchers have explored how to
build CXL-based remote memory systems extensively [34,46,
47,50,55,61,76,82,91]. For example, Pond [46] analyzes the
memory stranding issue within Azure and proposes a CXL-
based small pooled system architecture. Melody [50] develops
a framework to characterize CXL memory performance.

Load-Store Interconnect and Programmable Networks.
Load-store fabrics [3, 19,20, 38] have gained great interest
recently to build scale-up networks for resource disaggrega-

tion [36,40,41,57,62-64, 83, 85, 88], but are mostly used
in an exclusive deployment. As it moves to multi-tenant
cases, similar transport techniques like MemChannel would
be needed. We believe our past exploration on programmable
networks [32,35,72,73,81,86,89,90] and in-network com-
puting [37,54,56,58-60,67-70] can shed great light on.
Congestion Control in Host Networks. Researchers have
built models to understand congestion happening within a
single host [23, 25,31, 80]. HostCC [23] locates and iden-
tifies both host-internal and network fabric congestion, sig-
nificantly reducing host queueing and packet loss while im-
proving throughput and tail latency. Midhul Vuppalapati ez al.
develop a domain-by-domain credit-based flow control model
to capture the subtle interplay that leads to latency inflation
and host resource underutilization [80]. MemChannel coor-
dinates tenants in a load—store memory pooling setting and
enables fair sharing of memory bandwidth.

7 Conclusion

This paper presents MemChannel, a transport layer for
switched CXL memory pooling. MemChannel introduces
the mchannel abstraction for end-to-end fabric bandwidth
management among competing memory streams and enables
application-specific traffic control. Key to MemChannel is a
Sender-Driven Fabric-Informed transport protocol—inspired
by Core-Stateless Fair Queueing (CSFQ)—that admits just
enough CXL requests to each mchannel based on the esti-
mated Core <> DIMM 0t bandwidth availability. Our eval-
uations demonstrate that MemChannel achieves high utiliza-
tion, performance isolation, scalability, and multi-tenancy.
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Figure 13: Channel bandwidth when adding four channels com-
pared between with and without MemChannel cases.

A Appendix
A.1 MemChannel Adaptiveness

We further examine how the channel bandwidth adjusts when
adding more mchannels at runtime. We first run a synthetic
workload with and without MemChannel. Then, at 2.5s, 7.5s,
12.5s, and 17.5s, we gradually add one more synthetic work-
load and measure the average channel bandwidth every half
second. When a mchannel is added to the system, MemChan-
nel updates the fair share rate and regulates the remote mem-
ory access rate (Figure 13), causing a bandwidth drop at 3s,
8s, 13s, and 18s. Subsequently, the transport algorithm recal-
culates the hardware processing capacity based on congestion
signals, increasing the average bandwidth.
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