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Abstract
With the advent of Compute Express Link (CXL), hardware-

managed memory tiering has become a reality. In this pa-

per, we investigate Samsung’s CXLMemory Module–Hybrid

(CMM-H), a CXLType 3 device integratingDRAMandNAND

flash managed by an FPGA-based controller and providing

byte-addressable memory interface via the cxl.mem protocol.
We perform a detailed evaluation of CMM-H and compare its

performance with OS-level and block-level tiering solutions.

Our results highlight the performance benefits of CMM-H

for cache-hit scenarios and identify key limitations for cache-

miss situations, offering insights into the trade-offs involved

in adopting hardware-managed memory tiering in emerging

CXL-based systems.

CCS Concepts: •Hardware; • Computer systems orga-
nization → Architectures;
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1 Introduction
Modern computer systems increasingly rely on tiered mem-

ory and storage hierarchies to balance performance, capacity,

and cost by combining a fast but expensive performance tier

such as DRAM with a slow but large capacity tier such as

non-volatile memory (NVM), flash-based SSDs, or hard disk

drives (HDD). Extensive research has investigated a wide

range of tiered storage and memory systems, including com-

binations of SSDs and HDDs [11, 14, 18, 21, 25, 33, 41, 45, 49],

DRAM and disks [17, 20, 23, 38], High-Bandwidth Memory

(HBM) and DRAM [19, 37, 40], NUMA-based memory archi-

tectures [1, 5], persistent memory (PM) and DRAM [12, 13,

30, 31, 35], local and remote (far) memory tiers [16, 22, 26, 27,

39, 46], as well as systems integrating multiple hierarchical

tiers [24, 28, 31, 43, 48].

As we enter the era of Compute Express Link (CXL) [4],

CXL-enabled devices are becoming an increasingly impor-

tant new tier in memory and storage hierarchies. CXL is

an open, industry-standard interconnect built on PCI Ex-

press (PCIe) that offers a memory-like, byte-addressable, and

cache-coherent interface, enabling the disaggregation of di-

verse memory and storage devices such as DRAM, persistent

memory (PM), and SSDs. Samsung recently unveiled the

CXL Memory Module–Hybrid (CMM-H) [8], a CXL Type

3 device that integrates DRAM and NAND flash within a

single module, featuring an internally hardware-managed

tiered memory architecture.

CMM-H presents appealing and unique features com-

pared to the existing tiered memory/storage solutions: (1)

Unlike traditional software tiering that relies heavily on OS-

[34, 36, 46] or application-level management [15], CMM-H

uses a hardware-managed, FPGA-based controller to enable

memory tiering between an internal DRAM cache and a
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(RMW) operation, first reading an entire 4 KB page from

the internal SSD before updating the smaller requested data

portion (e.g., 64 B). Consequently, even small (64 B) accesses

incur latency comparable to the 4 KB I/O operations of the

NVMe SSD, except for strided writes.

For strided writes, the NVMe SSD achieves substantially

lower latency due to its internal DRAM buffer, which quickly

caches data and asynchronously flushes it to the slower

NAND media. In contrast, CMM-H cannot mask NAND la-

tency, as the RMW operation requires it to synchronously

read the 4 KB data directly from NAND media.

Takeaway #1: CMM-H exhibits higher cache-hit latency than
CXL memory due to internal hardware-based tiered memory
management overhead; its cache-miss latency is significantly
increased (up to 200x) due to slow internal NAND flash and
costly RMW operations caused by the granularity mismatch
between the external byte-addressable interface (via cxl.mem)
and internal block-addressable NAND storage.
Bandwidth tests:We measured CMM-H bandwidth using

varying thread counts and three memory instructions (load,
store, and ntstore). Each thread sequentially accesses its

dedicated 1 GB region, i.e., working set size (WSS).

Figure 3 presents the measured throughput of CMM-H

under conditions where the device’s DRAM cache is pre-

warmed prior to each test run. We observe that through-

put initially scales linearly with increasing thread count,

reaching a peak of approximately 25 GB/s for load opera-

tions at eight threads. However, unexpectedly, throughput

declines sharply beyond eight threads, dropping by more

than 90% at 32 threads. Further investigation reveals that

the observed reduction in throughput primarily results from

cache contention and the corresponding increase in cache

miss rate. Although the total WSS remains well below the 48

GB DRAM cache capacity of the CMM-H, the device employs

a coarse-grained, 8-way associative caching architecture [51],

rather than a direct-mapped cache, likely due to its simpler

and more efficient hardware implementation. However, this

choice leads to increased contention under concurrent mem-

ory accesses. As further illustrated in Figure 4, increasing

WSS results in a higher cache miss rate, causing additional

internal traffic between the DRAM cache and NAND SSD

tiers due to cache replacement operations. Given that the

overhead associated with cache replacement in CMM-H ap-

pears significant, even a modest increase in the cache miss

rate substantially degrades the overall throughput.

Inspired by [47], we developed a simple software-based

prefetching approach that leverages a dedicated prefetcher

thread running slightly ahead of each regular worker threads

accessing the same data. By accessing the data a bit earlier,

the prefetcher thread proactively loads data into the cache,

effectively reducing cache misses for its subsequent worker

thread. As illustrated in Figure 5, this prefetching mechanism

greatly enhances the throughput of worker threads (by 6x),

particularly under memory usage of 32 GB and 40 GB, where

cache contention is notably pronounced. Our prefetching

approach, though preliminary, highlights the feasibility of de-

veloping software or hardware-based prefetching techniques

to mitigate cache miss penalties for CMM-H.

Figure 3 also shows the throughput of CMM-H under

cache-miss conditions, in which the device’s DRAM cache

was purged at the start of each test. In this case, the through-

put remains relatively low (below 700 MB/s), although it

gradually improves with increasing thread count. This obser-

vation highlights the substantial overhead associated with

cache misses in CMM-H’s tiered memory management. Han-

dling a cache miss involves multiple steps, including cache-

line lookups that trigger the miss, allocating new cache-

lines, issuing I/O requests to fetch missing data from the

underlying NAND SSD, busy-waiting until the I/O oper-

ation completes, and finally returning the requested data

to the application. The significant performance impact of

this process is further corroborated by comparing the mea-

sured peak throughput under cache-miss conditions (approx-

imately 700 MB/s) to the standalone peak bandwidth of the

internal NAND SSD, which is capable of achieving up to 7

GB/s for reads and 4 GB/s for writes.

Takeaway #2: CMM-H effectively achieves high through-
put under cache-hit conditions at moderate concurrency but
faces significant performance degradation at higher thread
counts due to cache contention and increasing miss rates. Un-
der cache-miss scenarios, throughput drops dramatically, high-
lighting substantial cost and overhead from internal cache-
management operations and the importance of prefetching.

4 Software vs. Hardware Tiering
The performance characterization presented in Section 3

shows that CMM-H performs reasonably well in cache-hit

scenarios but suffers significant performance degradation un-

der cache-miss conditions due to the high hardware overhead

involved in handling cache misses. This observation raises an

interesting question: can the hardware-based approach still

outperform software-based solutions under cache-miss con-

ditions, given the conventional understanding that software-

based methods typically incur high software overhead?

MMAP vs CMM-H:We first compare the performance of

CMM-H against Linux’s mmap, a classic OS-based tiered mem-

ory management approach. For the CMM-H experiments,

each thread accessed a dedicated 512MBmemory region allo-

cated directly on the CMM-H device. For mmap, we memory-

mapped a 512 MB file into the application’s address space. In

both setups, data was accessed via load instructions. To accu-
rately capture cache-miss performance, we explicitly evicted

the DRAM cache within the CMM-H and dropped the Linux

page cache before each measurement. We measured (sequen-

tial) read bandwidth using 4, 8, and 16 threads, all pinned to

four physical CPU cores. We compared three configurations:

CMM-H, mmap-no-prefetching, and mmap-with-prefetching.
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NVMe interfaces (Takeaway #1). In contrast, OpenCAS persists
writes directly to the cache tier.

Takeaway #4: Compared to software-based persistent caching,
CMM-H exhibits notable performance bottlenecks on cache
misses, particularly due to its fixed 4 KB data promotion gran-
ularity for large I/O operations and the additional latency
introduced by RMW operations for writes caused by interface
mismatches between cxl.mem and NVMe.

5 Insights and Conclusions
This paper studies the performance of hardware-managed

memory tiering in Samsung’s hybrid CMM-H CXL mem-

ory device. While CMM-H offers superior cost-efficiency

and a legacy byte-addressable programming interface, its

performance is inferior to DRAM-based CXL memory even

when the WSS fits in the internal DRAM cache. The man-

agement overhead of the DRAM cache within CMM-H in-

evitably lies on the critical path of data access. Moreover,

our evaluation highlights key differences between hardware-

and software-managed memory tiering. Although hardware-

managed tiering simplifies data management across mem-

ory tiers and frees users from manually optimizing tiered

memory usage, it is generally less efficient than software-

managed tiering. Without application knowledge, DRAM

cache misses in CMM-H can only be serviced in fixed-sized

blocks (4KB pages), while software tiering promotes hot data

to the performance tier in various sizes according to the size

of data requests. Additionally, servicing DRAM cache misses

is transparent to both the OS and user applications but occurs

synchronously and lies on the critical path of data access.

Together, these two factors make a high DRAM cache hit rate

essential for CMM-H to achieve performance comparable

to DRAM. Otherwise, its performance can fall below that

of conventional NVMe-based SSDs. These insights motivate

the design of applications with strong data locality relative

to the size of CMM-H’s DRAM cache, as well as the develop-

ment of software and hardware techniques to mitigate cache

miss penalties – both of which are crucial to fully unlocking

the potential of byte-addressable hybrid CXL memory.
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