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Abstract

This paper presents ANCHOR, a novel CXL-based memory hierar-
chy that achieves both persistence and resilience without recompi-
lation or core modifications. For performant whole-system persis-
tence (WSP), ANCHOR introduces a dual-path store architecture
in which every committed store is sent to both the L1 cache and a
CXL-attached memory-semantic SSD. To reduce the SSD write traf-
fic, ANCHOR employs an STT-RAM write-combining buffer that
coalesces stores before they reach the SSD. In particular, the SSD-
resident committed store data serves as a ground-truth anchor for
error repair, where ANCHOR repurposes cache and DRAM ECCs
as detection codes and repairs detected errors using the correspond-
ing SSD-resident clean copy. This approach effectively upgrades
cache-side end-to-end reliability from intrinsic 1-bit correction to
3-bit correction, while also extending DRAM repair coverage be-
yond the limits of standard ChipKill—all at no additional ECC cost.
Evaluation across 42 benchmarks shows that ANCHOR incurs only
a 4.36% average run-time overhead while ensuring both WSP and
system-wide resilience.
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1 Introduction

Emerging non-volatile memory (NVM) technologies—such as PCM
[89, 136, 144, 154], ReRAM [4, 25], and STT-RAM [27, 69, 83, 93,
127]—offer data persistence, high cell density, DRAM-comparable
latency, and byte-addressability. When deployed on the memory
bus as storage-class memory (SCM) or persistent memory, these
technologies enable high-performance persistence via regular stores,
instead of going through the slow, software-heavy block-based
storage stack (e.g., file systems and I/O flushing on HDDs or SSDs).
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Products such as Intel Optane DC Persistent Memory [73] exem-
plify this class of SCM, effectively bridging the gap between volatile
memory and storage. The capabilities of SCM have spurred research
into whole-system persistence (WSP) [79, 170, 174, 182]—that trans-
parently persists all program data, including the OS and libraries,
across power failure without requiring source code changes.

To realize WSP on SCM, LightWSP [182] and cWSP [174] leverage
a non-temporal data pathl [74, 137, 145, 174, 182], separated from
the regular cache-based path, to bypass the entire cache hierarchy
and write all data directly to persistent memory. To ensure correct
power failure recovery, they rely on compilers to partition the entire
software stack, including all applications, OS, and libraries, into a
series of recoverable code regions and enforce so-called region-level
persistence, where each region boundary serves as a recovery point.
Despite not requiring source code changes, these approaches fail
to achieve fully transparent WSP due to the mandatory recompila-
tion of the code. To achieve full transparency, PPA [170] removes
compiler dependence by implementing WSP purely in hardware;
however, this comes at the cost of intrusive core microarchitectural
changes that are difficult to integrate into commodity processors.
Thus, existing WSP mechanisms are technically sound but remain
neither lightweight nor practical for real-world deployment.

Even worse, all prior WSP schemes are tightly coupled to SCM
DIMMs attached via conventional DDR-style interfaces. On the
device side, SCM cell arrays and peripheral circuitry impose power,
latency, and endurance constraints that limit per-DIMM capac-
ity [18, 173]. On the interface side, SCM is constrained by the same
finite set of DDR memory channels and DIMM slots as DRAM,
bounding per-socket SCM capacity by channel and slot counts. Fur-
thermore, SCM devices remain relatively expensive per bit, and
the limited per-DIMM capacity forces systems to provision more
(costly) DIMMs to build a large persistent memory pool. Hence,
scaling the persistent memory pool with SCM inherently requires
spending additional DDR resources and is ultimately capped by
DDR-interface limitations [172, 173]. As a result, SCM-based WSP
inherits restricted capacity growth, limited scalability, and high cost,
making SCM a poor foundation for building large, cost-effective
persistent memory pools.

Meanwhile, NAND flash emerges as a more scalable and cost-
efficient substrate for persistence [34, 55, 58, 115, 116, 177]. It un-
derlies modern SSDs and scales over high-bandwidth I/O fabrics
(e.g., PCle), unlike SCM that competes with DRAM for DDR chan-
nels or DIMM slots. Thanks to simple cells, multi-level storage
(MLC [20]/TLC [120]/QLC [98]), and 3D die-stacking [14, 61, 110],
NAND delivers much higher capacity and lower cost per bit than
SCM, allowing enterprise SSDs to scale to tens of terabytes per
device with low standby power. Thus, NAND-based SSDs decouple

! An existing data path in Intel x86 processors that bypasses caches and connects the
store buffer directly to memory.
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persistent-capacity scaling from DDR channel/slot constraints, ren-
dering large persistent memory pools both cost-efficient and practi-
cal without impacting the capacity or bandwidth of the main mem-
ory (DRAM). However, these benefits are exposed only through
a coarse-grained, block-based storage stack, adding microsecond-
scale latency and substantial software overhead. In this traditional
form, NAND-based SSDs excel as block devices but cannot serve as
a fine-grained, load/store-level persistence substrate like SCM.

Fortunately, Compute eXpress Link (CXL) [35, 146] provides a
practical way to overcome this mismatch between NAND’s de-
vice properties and its coarse-grained interface. CXL.mem pro-
vides cacheline-granular, load/store access by mapping external
devices directly into the processor’s physical address space, al-
lowing NAND-backed devices to function as memory-like persis-
tence backends rather than block storage. This eliminates most
storage-stack overhead while exposing the internal parallelism and
bandwidth of enterprise SSDs. Modern memory-semantic SSDs,
such as Samsung’s CXL SSD [1], build on this model and integrate
CXL.mem with device-side DRAM caching and flash management
optimized for fine-grained random access, thereby masking flash
latency and absorbing bursty read/write traffic. These devices thus
deliver effective latency and throughput approaching SCM-based
persistent memory, while retaining NAND flash’s capacity and
cost advantages [173]. Together, NAND flash’s density advantage,
CXL’s fine-grained load/store access, and the device-side caching
and write coalescing of memory-semantic SSDs enable a new class
of cost-effective, high-capacity, and high-performance persistent
systems that, like prior SCM-based designs, provide persistence
directly through regular stores.

Beyond persistence, such CXL-based persistent systems also
have the potential to enhance system reliability. Traditional mem-
ory hierarchies rely on modest ECC schemes, e.g., single-error cor-
rection and double-error detection (SECDED) [62, 88, 135] in caches
and ChipKill-class protection in DRAM [21, 37, 56, 57, 121, 176].
While SECDED corrects only single-bit errors, ChipKill extends
protection to the failure of an entire DRAM chip. However, both
remain limited by their native local correction capability, leaving
more complex error patterns uncorrectable. This is increasingly
problematic as multi-bit upsets—that can manifest as multi-chip
error patterns—and more complex memory faults become more
prevalent in both caches and DRAM [23, 52, 87, 112, 165, 166]. No-
tably, we found out that by persisting all committed store data in
the SSD via a separate persistent path, a CXL-based WSP design can
leverage the SSD-resident replica as a ground-truth anchor for error
repair. In this design, the volatile memory hierarchy can repurpose
existing ECC for error detection—for example, SECDED can pro-
vide deterministic detection of up to 3-bit errors when its check
bits are used solely for detection [17]—and then repair corrupted
data by refetching the clean replica from the SSD. The insight is
that such strong error resilience can be made for free atop the WSP
design, reducing the need for stronger on-chip ECC schemes, e.g.,
double-error correction and triple-error detection (DECTED) ECC.

Based on the insight, this paper proposes ANCHOR, a novel
CXL-based memory hierarchy that can achieve both whole-system
persistence (WSP) and resilience without recompilation or core
modifications. For lightweight yet performant WSP, ANCHOR em-
ploys the dual-path store architecture: each committed store takes a
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volatile path through caches to DRAM as usual, while the data being
stored is also forwarded to a CXL-attached memory-semantic SSD
via the separate persistent path. Because stores retire in program
order and the persistent path taps this committed-store stream with-
out introducing additional reordering, the updates written into the
SSD respect the same ordering constraints as the underlying mem-
ory model, which serves as a basis for ANCHOR’s correct power
failure recovery. For strong error resilience, caches and DRAM
prioritize detection; upon detecting corrupted data, the system dis-
cards it and reloads its clean replica from the SSD that offers strong
data protection (e.g., LDPC/BCH codes) [84, 91, 153, 155, 180]. In
effect, ANCHOR endows the CXL-based WSP with substantially
stronger error resilience than conventional SECDED ECC—enabling
3-bit error correction while using the ECC solely for detection—by
exploiting persistent replicas at no additional cost.

To mitigate write pressure to the SSD, ANCHOR introduces
a write combining buffer (WCB) on the persistent path. The WCB
coalesces multiple stores to the same address into a single persistent
update, preserving per-address program-order semantics, while
filtering out intermediate overwrites and significantly reducing
SSD write amplification. ANCHOR implements the WCB using a
small STT-RAM array that offers non-volatility, low latency, high
endurance, and improved resilience. Upon power failure, ANCHOR
performs a just-in-time (JIT) checkpoint of the register file and
any remaining store in the store buffer—whereas the STT-RAM
WCB retains its buffered stores. It turns out that most committed
stores have already reached either the SSD or the WCB, and thus
the amount of data to be JIT checkpointed is small, which helps
ANCHOR keep recovery latency low. After power is restored, the
processor reconstructs a consistent memory state by draining the
WCB (if needed) and restoring data from the SSD back into DRAM,
without relying on any crash-consistency mechanisms, e.g., rollback
recovery based on undo, redo, or ido loggings [68, 100, 156].

The evaluation using 42 applications from SPEC CPU2006/2017,
SPLASH3, STAMP, NPB, and WHISPER shows that ANCHOR in-
curs only a 4.36% run-time overhead on average. That is, ANCHOR
provides a practical and scalable direction for next-generation CXL-
based systems to achieve both persistence and resilience at minimal
cost. Overall, the contributions of ANCHOR are as follows:

o Itis the first CXL-based WSP—that does not require compiler
instrumentation or core pipeline modifications.

o It is the first WSP that improves resilience by repurposing
existing ECC for detection without costly stronger ECC.

o It devises an STT-RAM WCB that merges data being stored
(up to 91.23% merge rate), reducing write amplification a lot.

o It delivers lightweight persistence and strong resilience, pro-
viding a deployable path toward WSP in CXL systems.

2 Background and Motivation
2.1 CXL and Memory-Semantic SSDs

Compute eXpress Link (CXL) is an emerging interconnect standard
that unifies memory and device communication across CPUs, accel-
erators, and storage-class devices. CXL defines three sub-protocols:
CXL.io, CXL.cache, and CXL.mem. Among them, CXL.mem pro-
vides a low-latency, byte-addressable interface that allows external
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devices to participate directly in the processor’s physical address
space while preserving ordering and coherence semantics.

Unlike traditional PCle-attached storage accessed through the
block-based I/O stack, CXL.mem devices can appear as extensions
of system memory and be accessed via regular load and store in-
structions. This capability makes CXL particularly attractive for
high-performance persistence: a CXL-attached storage device can
expose its memory regions—that are reachable without file systems,
syscalls, or explicit I/O flushing. Building on this interface, recent
memory-semantic SSDs, such as Samsung’s CXL-based SSD [173],
combine high-capacity NAND flash with on-device DRAM and a
memory-like CXL.mem front-end. Internally, the controller uses
the DRAM as a cache and staging area in front of NAND and—
as usual—employs a flash translation layer (FTL) to manage wear
leveling, garbage collection, and address mapping. Externally, the
device exposes a CXL.mem-mapped region that the host can read
and write directly as if it were persistent memory.

This organization is well-suited for whole-system persistence.
NAND flash offers terabyte-scale capacity at low cost per bit, while
the DRAM-backed controller absorbs bursty, fine-grained writes
and converts them into flash-friendly transactions, delivering effec-
tive latency and throughput close to that of DRAM. When attached
via CXL.mem, such memory-semantic SSDs act as high-capacity
persistent backends that are directly reachable through regular
load and store instructions. This allows ANCHOR to realize WSP
without the drawbacks of SCM-based approaches (Section 1), while
also exploiting SSD-resident committed data as a global correction
anchor for strong error correction.

2.2 ECC Limitations and Opportunity

Soft errors, caused by radiation, noise, or device wearout, are a
major reliability concern in modern memory systems. Commercial
processors therefore deploy ECC in both caches and DRAM, most
commonly single-error correction, double-error detection (SECDED)
and ChipKill-class schemes [21, 37, 56, 57, 121, 176]. As technology
scales and memory capacity grows, error patterns become more
complex: prior work reports an increased likelihood of multi-bit
soft-error events in large SRAM arrays [23, 87, 112, 166]. Likewise,
field studies of production servers report not only single-bit but
also multi-bit and multi-symbol DRAM failures that exceed the cor-
rection capability of conventional DRAM ECC schemes, including
ChipKill-class schemes [23, 52, 85, 87, 112, 121, 143, 165, 166].

A natural reaction is to strengthen on-chip ECC, e.g., moving
beyond SECDED/ChipKill toward multi-bit or multi-symbol cor-
rection and stronger detection guarantees. Unfortunately, stronger
ECC requires increasingly complex encoder/decoder logic (syn-
drome computation, error localization, and in-place correction),
which increases design and verification complexity and potentially
lengthens the critical path, raising both latency and energy con-
sumption [6, 121, 176]. Consistent with this concern, our evaluation
of SPEC CPU 2006/2017 highlights that even a single additional cycle
on cache accesses can noticeably degrade end-to-end performance
(up to 12.47%). A large body of work therefore seeks to reduce ECC
overhead via optimized codes, selective protection, or adaptive
mechanisms [5, 6, 9, 39, 40, 47, 48, 80, 90, 157, 166, 175]; however, it
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turns out that these approaches still require each volatile layer (i.e.,
caches and DRAM) to independently perform on-the-fly correction.

In contrast, SSD controllers already implement much stronger
LDPC [51] or BCH [15] codes over multi-kilobyte flash pages (e.g.,
4-16 KB), often correcting dozens to hundreds of bit errors per
page [84, 91, 153, 155, 180]. This asymmetry suggests a cross-layer
opportunity: if the system continuously duplicates committed stores
onto a memory-semantic SSD, it can maintain an ECC-protected ref-
erence copy of committed state and use it as a ground-truth anchor
for repair. Our key insight is that both caches and DRAM no longer
need to implement strong, low-latency correction on every access,
and they can instead prioritize detection (i.e., repurposing existing
SECDED/ChipKill solely for detection) and repair detected corrup-
tions by refetching the corresponding data from the SSD. Based on
this insight, ANCHOR can improve existing error resilience on top
of its WSP at no additional cost. Recall that SECDED ECC can detect
up to 3 bits if its check bits are dedicated entirely to detection [17];
similarly, when ChipKill code is used solely for detection, it can
detect multi-chip failure [80, 128].

3 ANCHOR’s Approach

The goal of ANCHOR is to provide both whole-system persistence
(WSP) and enhanced error resilience while keeping the architecture
minimally intrusive and commercially practical. To achieve this,
ANCHOR combines a CXL memory-semantic SSD with its dual-
path persistence architecture that anchors committed store data
in the SSD. This SSD-resident anchor not only ensures persistence
but also enables stronger error resilience through lightweight error
detection in the volatile memory hierarchy and SSD-anchored re-
pair. To preserve practicality, ANCHOR (1) avoids modifications to
the core pipeline, (2) requires neither compiler instrumentation nor
ISA extensions, and (3) leaves the existing cache/DRAM hierarchy
unchanged. Assuming a fail-stop model, a register file, caches, and
DRAM lose their states on power failure, whereas the CXL-attached
memory-semantic SSD retains the contents of its CXL.mem region.
We also assume that soft errors may occur in caches, DRAM, and on-
device buffers, with the SSD controller’s LDPC/BCH ECC providing
standard data protection.

3.1 System Model

ANCHOR targets a conventional multicore system in which each
core connects to a cache hierarchy backed by off-chip DRAM.
DRAM remains the sole main memory: all processor loads are served
from the cache/DRAM hierarchy, and the operating system and
applications view memory as a standard volatile address space. In
addition, the system includes a CXL-attached memory-semantic
SSD—featuring NAND flash, an on-device DRAM cache, and strong
controller-level ECC—to expose a byte-addressable CXL.mem re-
gion. The SSD firmware guarantees that any completed CXL.mem
write is rendered persistent across power failure (including data
buffered in DRAM cache). Consequently, ANCHOR can treat the
entire CXL.mem region as a persistent domain.

Also, ANCHOR adopts the conventional data-race-free (DRF)
assumption; programmers use locks, atomics, and fences to estab-
lish the required happens-before relationships between threads,
and program with data races is considered out of scope. ANCHOR
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Figure 1: High-level view of ANCHOR; each committed store
is sent along two paths: a regular path and a persistent path
(blue line); blue boxes signify non-volatile parts.

extends these same synchronization points to persist ordering, i.e.,
stores ordered by fences or synchronization are likewise ordered
on the persistent path. Specifically, a fence does not complete until
all older stores have reached persistent domain (Section 4.4).

3.2 Dual-Path Store Architecture

Figure 1 illustrates ANCHOR’s dual-path design. On the regular
data path, each committed store flows through the existing cache
hierarchy toward DRAM exactly as in a conventional system. Thus,
DRAM remains the main memory for program execution, and the
cache/DRAM subsystem operates unchanged.

Meanwhile, ANCHOR adds a separate persistent path (blue line
in the figure) that taps into the store buffer. When a store com-
mits, the store buffer forwards its address and data to a small,
non-volatile write combining buffer (WCB) on the persistent path.
The WCB merges multiple stores that target the same address, pre-
serving program-order semantics while filtering out intermediate
overwrites, and then streams coalesced writes over CXL.mem into
the memory-semantic SSD.

Importantly, the SSD is never placed on the read path: processors
do not load from the SSD during normal execution. This memory
hierarchy fundamentally differs from NVM-main-memory designs
where NVM serves as main memory with DRAM used as the last-
level cache (LLC); in those systems, the persistent copy may still be
in flight along the persistent path when a LLC load miss consults
NVM, leading to subtle stale-load issues [77, 79, 122, 182]. In con-
trast, ANCHOR lets all normal loads go to DRAM as usual, i.e., the
SSD is consulted only for error correction and recovery, eliminating
stale-load issues by construction.

3.3 Persistence and Recovery

From a persistence standpoint, ANCHOR maintains a continuously
updated persistent domain that includes the CXL-attached memory-
semantic SSD and the non-volatile WCB. As stores commit, they
first enter the store buffer and are then forwarded into the WCB;
upon reaching the WCB, their data enters the persistent domain and
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can eventually be drained to the SSD. At any time, most committed
stores thus reside either in the SSD or the WCB. Only a small tail
of recently committed stores may still be buffered in the (volatile)
store buffer, i.e, have not yet entered the persistent domain.

In the event of an unexpected power outage, volatile structures
such as caches and DRAM lose their contents—whereas both the
SSD and the WCB remain intact. To this end, ANCHOR performs
a just-in-time (JIT) checkpoint just before the outage to save the
register file and any committed stores remaining in the store buffer
(i.e., those that have not yet reached the WCB) into a small metadata
area on the SSD (more details are deferred to Section 4.6). Because
the vast majority of committed stores have already drained to the
SSD or are buffered in the WCB, the amount of state requiring a
checkpoint on the critical path is minimal, keeping both hardware
complexity and recovery latency low.

After power is restored, ANCHOR reconstructs memory from
the persistent domain. At a high level, recovery finalizes any pend-
ing stores buffered in the WCB, replays the store buffer’s commit-
ted entries recorded during the JIT checkpoint, and restores the
SSD-resident data in the CXL.mem region back into DRAM. Note
that neither software-based logging/crash-recovery protocol nor
compiler instrumentation is required for the recovery process. Con-
ceptually, ANCHOR’s recovery reconstructs a prefix of the original
program status: all committed stores in that prefix have been made
persistent in the persistent domain and are reflected into DRAM
before execution resumes (see more in Section 4.6).

3.4 Persistence-Driven Error Resilience

Beyond persistence, ANCHOR rethinks reliability by leveraging
the SSD-resident committed state as a ground-truth anchor for error
repair. Traditional designs equip each volatile layer (e.g., caches
and DRAM) with full on-the-fly correction, incurring non-trivial
encode/decode overhead and possibly increasing access latency and
energy, yet limiting protection to the local correction capability of
each level. In contrast, SSD controllers already protect data with
much stronger LDPC/BCH codes over multi-kilobyte pages.

ANCHOR exploits this reliability asymmetry with a cross-layer
approach that shifts the burden of correction out of the volatile
memory hierarchy. Caches and DRAM instead prioritize detection
by reusing existing ECC check bits. For caches, operating stan-
dard SECDED in a detect-only mode yields triple-error detection
(TED), i.e., it deterministically detects up to 3-bit errors within a
codeword [17]. For DRAM, ANCHOR does not rely on a specific
ChipKill instantiation or claim a universal bit-level detection bound.
Rather, the key point is that ChipKill-class protection can offer
a detection space broader than its native local-correction subset.
For intuition, some ChipKill-style organizations (often based on
symbol-level protection such as Reed-Solomon [80, 121]) treat the
data contributed by one DRAM device per transfer as one symbol;
this is 4 bits for x4 devices and 8 bits for x8 devices. Under such
an organization, detecting two faulty symbols/devices corresponds
roughly to detecting two such symbols per transfer. We use this
only as an intuitive example rather than a universal bound across
all ChipKill implementations.
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Compared to a conventional design whose DRAM reliability
is strictly bounded by ChipKill’s native local-correction capabil-
ity, ANCHOR expands the effective repairable error space to the
broader set of errors that can be detected by the deployed DRAM
protection; once such errors are detected, ANCHOR can correct
them just by refetching the clean data from the SSD-backed commit-
ted image. In the meantime, the WCB is handled separately using
lightweight ECC, sufficient to prevent corruption in its entries from
propagating into the persistent image on the SSD (see more in
Section 4.7).

4 Implementation Details

This section presents the detailed design of ANCHOR, including
the key mechanisms that enable whole-system persistence, power
failure recovery, and soft error resilience.

4.1 Hardware Organization

ANCHOR targets a conventional multicore system in which each
core connects to a cache hierarchy backed by off-chip DRAM,; refer
to Figure 1. As usual, DRAM remains the only main memory, and
the OS and applications continue to view memory as a normal
volatile address space.

For ANCHOR to realize whole-system persistence, the system
necessitates a CXL-attached memory-semantic SSD that exposes
a byte-addressable CXL.mem region. At boot time, firmware re-
serves a contiguous physical address range and maps it to the SSD’s
CXL.mem region. ANCHOR also adds a per-core non-volatile write
combining buffer (WCB) on the persistent path. Each core’s WCB
coalesces stores targeting the same (cacheline) address before send-
ing them to the SSD, thereby reducing write amplification. Together,
the WCB and the SSD-side CXL.mem region form ANCHOR’s per-
sistent domain.

The SSD internally consists of a NAND flash array, a controller
with strong LDPC/BCHECC, and an on-device DRAM cache. The re-
served CXL.mem region is used exclusively as a hardware-maintained
persistent target for committed memory updates. That is, the SSD
never serves regular loads, and it remains invisible to applica-
tions. File-system storage (if any) may reside on a separate NVMe
namespace—or another device—and is orthogonal to our design.

4.2 Dual-Path Store Microarchitecture

4.2.1 Regular Path. The regular path of ANCHOR is unchanged
from a conventional system. That is, stores propagate through the
cache hierarchy and update DRAM under the existing coherence
and write-back policies, while loads are served from caches/DRAM
except during error repair or recovery.

4.2.2  Persistent Path. The persistent path begins at the store buffer,
which forwards committed stores to the WCB in the same order
they retire. ANCHOR treats the store buffer as the single ordering
point, i.e., the WCB observes the same per-core commit order as
the regular memory path and does not introduce any additional
reordering beyond the underlying memory model. A store leaves
the store buffer only after it receives an acknowledgement from
the WCB.

While stores are 8 B (word) granularity in the core, the CXL.mem
interface operates at a cacheline granularity of 64 B. To this end,
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ANCHOR uses a 64 B-granular WCB by default, i.e., the WCB
aggregates 8 B stores—forwarded by the store buffer—into full 64 B
entries that match the CXL.mem interface. This allows the per-
sistent path to naturally issue 64 B aligned writes without extra
padding or read—modify—write traffic on the CXL link. Also, Sec-
tion 5.4 evaluates an 8 B-granular variant.

4.3 Write Combining Buffer

4.3.1 Organization and Metadata. ANCHOR organizes each WCB
as a set-associative structure whose entry accommodates a full 64 B
chunk of data being stored. This organization allows the WCB to
merge multiple 8 B stores to the same cacheline granularity before
issuing a single 64 B write to the CXL.mem interface, increasing
the coalescing rate and reducing downstream SSD write traffic.

The WCB is implemented in STT-RAM rather than SRAM or
eDRAM for three reasons. First, STT-RAM is non-volatile, so WCB
contents survive power failure and do not need to be included in
the just-in-time checkpoint; recovery can simply drain any WCB
entries to the SSD in place. Second, since STT-RAM stores infor-
mation magnetically rather than as charge, its cells are substan-
tially less susceptible to radiation-induced soft errors than conven-
tional SRAM/DRAM arrays [141, 151, 162], which is attractive for
a structure that lies directly on the persistent path and therefore
must remain reliable to preserve both persistence and resilience
guarantees. Third, compared with write-limited NVMs such as
PCM and ReRAM, STT-RAM offers much higher write endurance—
approximately 1012-101> writes per cell, versus about 108 for PCM
and 10!! for ReRAM [27, 118, 134, 150]—so the small per-core WCB
does not pose lifetime concerns even under heavy write traffic.

Note that the use of STT-RAM for a small, heavily utilized buffer
is also consistent with prior work that employs STT-RAM in on-
chip memory structures, especially last-level caches, to leverage its
non-volatility, high density, low leakage power, and CMOS com-
patibility [22, 27, 94, 152]. The implication is that the integration
of the proposed WCB is technologically feasible without hassle. To
support both efficient merging and crash-consistent recovery, each
WCB entry contains the following fields:

o Tag (physical line address). Identifies which 64 B physical
line the entry belongs to, enabling associative lookup and
allowing multiple lines to be tracked concurrently in the
set-associative structure.

e Valid bit. Distinguishes allocated entries from empty slots
in each set, so that the WCB can probe only live entries on a
lookup and select a true victim on replacement.

e 64 B data field. Caches the combined data for the 64 B line.
As 8 B stores arrive, their values are merged into this field so
that the persistent path can eventually emit a single, fully-
formed 64 B write without fetching the data from the SSD.

e Per-word write-valid mask. Tracks which 8 B words within
the 64 B line have been updated by in-flight stores. This mask
allows the WCB to safely flush partially-updated lines: on
eviction, only the marked words overwrite the correspond-
ing SSD contents, avoiding read—-modify—-write traffic while
preserving the untouched words.

o Lightweight ECC bits. Protect the 64 B data field stored in
the non-volatile WCB itself. We use SECDED per 8 B word.
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The controller checks (and, if needed, corrects) WCB con-
tents before draining them to the SSD and before using them
during recovery, preventing silent corruption in buffered the
in-flight stores.

4.3.2 Insert and Merge Logic. Upon receiving a store from the store
buffer, the WCB computes the 64 B-aligned line address and indexes
the WCB sets to search for a matching tag. If a matching entry is
found, the following actions are performed in a row:

e The store’s data are merged into the entry’s data field, re-
specting the word mask.

o The corresponding bits in the per-word write mask are set.

o The entry’s valid bit is set.

If no matching entry exists, the controller first looks for an empty
way in the indexed set, in which case one of the two actions occurs:

o If there is at least one invalid entry, the store is inserted into
that entry, initializing the tag, data, and write mask, with
marking the entry valid.

o If all ways in the set are valid, the WCB selects a victim way
using LRU; if the victim is valid, it is marked for drain (see
below); once reclaimed, its entry is overwritten with the new
tag, data, and write mask.

ANCHOR uses LRU replacement rather than FIFO as it achieves
a higher merge rate; lines that have been accessed recently are more
likely to receive additional stores, and keeping them in the WCB
increases the likelihood of coalescing multiple stores into a single
SSD write. We compare LRU against a simpler time-based evic-
tion policy that evicts entries once they have resided in the WCB
longer than a fixed timeout— sweeping timeouts from 1,000 to 5,000
cycles in 1,000-cycle increments. It turns out that the time-based
policy yields a 26.69% lower merge rate than ANCHOR.

4.3.3  Drain Policy and Eviction. An entry in the WCB becomes
drainable when it is valid (i.e., it holds a merged 64 B line)—and not
already in flight to the SSD. A drainable entry can be safely sent
via the CXL.mem path, and its slot can be reclaimed once the SSD
acknowledges that the write has entered its persistent domain.

When a WCB set is full, any store that maps to that set must
wait for an entry to be reclaimed, which can backpressure the store
buffer and eventually stall the core pipeline. To mitigate this, the
WCB controller proactively drains entries before a set becomes
completely full. Each set tracks its number of valid entries; when
this occupancy exceeds three quarters of the associativity (chosen
empirically as a good trade-off between backpressure and merge
rate), the controller begins flushing drainable entries from that set;
among all drainable entries, the controller selects the LRU entries
as drain victims. The draining process continues until the number
of valid entries falls back below the three-quarter threshold.

Such proactive flushing reduces the chance of full-set stalls but
cannot eliminate them because flushing is not instantaneous. A
victim must be sent over CXL.mem and acknowledged by the SSD
as having entered its persistent domain before its entry can be
reclaimed. As a result, even though flushing begins in a set upon
exceeding the three-quarter threshold, those stores targeting the
same set may arrive fast enough to fill all its available ways (i.e., the
remaining quarter) before any earlier flush completes; each way in
the set is either occupied by the in-fight stores or tied up by the
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flushing, leaving no available room for later stores, in which case
they must wait, possibly exerting backpressure on the store buffer
and, in turn, stalling the core pipeline.

4.4 Persist Ordering and Fence Handling

ANCHOR does not rely on compiler instrumentation or introduce
new ISA primitives for persist ordering. Instead, it reuses existing
synchronization operations and extends their ordering guarantees
to the persistent path. Specifically, if two stores are ordered by via
fences or stronger synchronization under a given memory consis-
tency model, then ANCHOR preserves that ordering for persistence
as well. In ANCHOR, a store becomes persistent once it reaches the
WCB, so synchronization-induced happens-before relations natu-
rally extend to the WCB—which serves as the persistence point.

To enforce this guarantee, when a core executes a memory fence
(e.g., mfence or equivalent), the fence is allowed to retire only after
all older stores have been inserted into the WCB from the store
buffer. Thus, a fence does not complete until all those stores pre-
ceding the fence have entered the persistent domain, i.e., reaching
WCB. Those stores need not reach the SSD before the fence com-
pletes, because our recovery (see more in Section 4.6) always drains
valid WCB contents to the SSD before reconstructing memory from
the SSD-backed image. This ensures that stores before the fence are
preserved as part of the recoverable persistent state before any sub-
sequent memory operation is allowed to proceed. Thus, ANCHOR
avoids adding substantial extra fence overhead in that fence com-
pletion only requires older stores to reach the WCB, rather than
propagate further to the SSD—whose latency is much higher than
the local store-buffer-to-WCB path. For stores that are not ordered
by additional synchronization primitives, ANCHOR imposes no
extra persistence-ordering constraints beyond the the underlying
memory consistency, e.g., program-order insertion into the WCB
under Intel Total Store Ordering (TSO) [77].

4.5 CXL.mem Interface and SSD Layout

4.5.1 Address Mapping. ANCHOR reserves a contiguous physical
address range on the memory-semantic SSD as the CXL.mem region.
This region is partitioned into (1) a large persistent memory region—
sized to be at least as large as DRAM main memory to accommodate
stores from the persistent path—and (2) a small metadata region
which stores JIT checkpoints.

Note that ANCHOR does not maintain a DRAM-SSD mirror;
instead, it maps architectural memory into a separate persistent
address space on the SSD. Each DRAM physical page P is assigned a
corresponding persistent page P’ in the SSD region through a static,
offset-based mapping known to both the WCB and the recovery
controller. For a 64 B data at DRAM physical address A, the WCB
computes the persistent address A’ by adding the DRAM-to-SSD
offset; the page offset and data offset within P are preserved. That is,
stores drained through the WCB update the SSD region according
to architecturally visible physical addresses; however, it would be
a mistake to take this to mean that ANCHOR attempts to shadow
cache contents or maintain a strict DRAM mirror. Finally, the un-
derlying SSD controller’s FTL maps persistent addresses to NAND
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pages and handles wear leveling and garbage collection. Neverthe-
less, ANCHOR treats the CXL.mem region as a flat byte-addressable
space and does not rely on any FTL-specific behavior.

4.5.2 CXL.mem Write Engine. The CXL.mem write engine is a
small DMA-like unit that consumes 64 B updates from the WCB
and issues them as CXL.mem write transactions. Each transaction
carries the persistent address A” together with the ECC-checked
64 B payload. When the controller selects an entry of WCB to drain,
the CXL.mem write engine (1) checks the ECC and, if necessary,
corrects the 64 B data, and (2) forms and issues a 64 B CXL.mem
write to the SSD address. Once the SSD acknowledges that the write
has entered its persistent domain, the WCB entry is invalidated and
becomes available for reuse.

4.6 Power Failure Recovery Protocol

Recovery assumes the fail-stop model described in Section 3; pro-
cessor cores, caches, store buffers, and DRAM (main memory) all
lose their state on power failure, whereas the WCB remains intact.
On the SSD side equipped with memory-semantic storage support
such in Samsung CMM-H, we assume that acknowledged CXL.mem
writes have entered an SSD-side persistent domain protected by
battery-backed power-loss protection (PLP), which includes device-
internal buffering such as the internal DRAM cache [172, 173].
Under this assumption, any CXL.mem write acknowledged by the
SSD is guaranteed to survive power failure—within the SSD-side
persistent domain.

At any failure point, ANCHOR’s recoverable state consists of
three parts: (1) stores already acknowledged by the SSD, (2) stores
buffered in the non-volatile WCB, and (3) any remaining committed
stores that may still reside in the volatile store buffer. The first two
parts already belong to the persistent domain, while the third part
is captured by a just-in-time checkpoint.

4.6.1 JIT Checkpoint. Upon a power-fail signal, ANCHOR per-
forms a just-in-time checkpoint that saves (1) the architectural
state for each core—including the program counter (PC) and ar-
chitectural registers—and (2) those committed stores that remain
in the store buffer but have not yet been accepted by the WCB.
Again, this checkpoint is written into the SSD’s metadata region. It
is important to mention that the amount of data captured by the
just-in-time checkpoint is quite small in the common case. That is
because ANCHOR moves committed stores into the non-volatile
WCB as early as possible.

4.6.2 Recovery Sequence. After power is restored, the system boots
into a small recovery firmware that runs before the OS. The recovery
sequence proceeds as follows:

(1) Quiesce devices and locate checkpoint. The recovery
firmware first quiesces external devices (e.g., blocks DMA) so
that no device-side activity can overwrite recovered memory
state. It then reads the JIT checkpoint from a small reserved
metadata region on the SSD.

(2) Finalize the persistent image. The firmware first drains
the WCB entries to the SSD’s persistent memory region us-
ing the write masks. It then replays the committed stores
saved in the JIT checkpoint, corresponding to the short tail
of committed stores that had not yet reached the WCB at
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power failure time. Together, these two steps reconstruct the
persistent state of the latest recoverable committed prefix.

(3) Rebuild the memory image. The firmware reconstructs
DRAM from the SSD’s persistent memory region by streaming
data from the SSD into DRAM, optionally skipping regions
known to be unused (e.g., free physical pages).

(4) Restore architectural state. The firmware restores the
checkpointed architectural state, including the PC, into the
cores.

(5) Resume execution. Control is transferred to the OS’ resume
entry point—rather than the cold-boot path—so that boot-
time memory initialization does not overwrite the recovered
DRAM (main memory).

Note that this recovery procedure requires no software logs or
application modifications. Existing hibernation/resume support can
be reused when available; otherwise, a small boot hook is sufficient
to bypass cold-boot memory initialization during recovery. From
the programmer’s perspective, execution resumes from the latest
recoverable committed prefix.

4.7 Soft Error Resilience Mechanisms

4.7.1 Lightweight Protection for Caches and DRAM. In ANCHOR,
caches and DRAM use existing SECDED/ChipKill check bits in
detect-only mode (optionally complemented by CRC on data paths)
without performing on-the-fly correction. When corrupted data is
detected in a cacheline or in DRAM, the faulty data is invalidated,
and the system repairs it by reloading the corresponding clean data
from the SSD-backed committed image.

To ensure correct repair, ANCHOR first drains the WCB before
reloading data from the SSD, ensuring that it reflects the most
up-to-date state. This approach avoids performing repair directly
from the WCB, which would otherwise require additional data-read
paths from the caches and DRAM, complicating the design. Instead,
the system reloads the clean committed value from the SSD and
reinstalls the corrected copy into the volatile hierarchy.

As aresult, ANCHOR expands the effective repairable error space
to the broader class of faults by operating the deployed cache and
DRAM ECCs in the detection-only mode. This design keeps the
volatile hierarchy lightweight on the critical path with the data
path performance maintained. Specifically, caches and DRAM are
only responsible for fault detection, whereas correction is achieved
by restoring the latest committed value from the SSD.

4.7.2  WCB Protection. Although the WCB is small (32 kB per core),
it sits directly on the persistent path and temporarily buffers re-
cently committed stores before they reach the SSD. Any silent
corruption in the WCB could therefore propagate into the SSD-
resident committed state if left unprotected. The potential sources
of the faults include both transient soft errors and other bit flips
caused by retention failure.

To protect against these faults, ANCHOR implements the WCB
in STT-RAM that is more resilient to soft errors (Section 4.3) and
possesses higher write endurance compared to other non-volatile
technologies. Given the WCB’s small capacity and the improved
resilience of STT-RAM, a modest per-entry code is sufficient in
practice; each 64 B WCB entry is protected with SECDED over its
data field. On every read or drain, ANCHOR checks SECDED and, if
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necessary, repairs any correctable errors before writing data to the
SSD. Rare uncorrectable multi-bit errors in the WCB are treated as
fatal faults outside our target model. In the common case, ANCHOR
ensures that only correct data is committed to the SSD.

4.7.3  SSD as the Global Correction Anchor. The memory-semantic
SSD employs strong LDPC/BCH codes over multi-kilobyte flash
pages, enabling robust protection of the SSD-resident committed
image. ANCHOR treats this committed image as a global correction
anchor; after an entry is drained from the WCB into the SSD’s
persistent region, subsequent repairs are simplified by refetching
the trustworthy value from the SSD. Together, these mechanisms
establish a simple trust chain. That is, caches and DRAM detect
faults, the WCB protects in-flight persistent updates, and the SSD
serves as the final correction anchor for all committed data. This
allows ANCHOR to repair detected volatile-memory faults without
requiring full local correction throughout the volatile hierarchy.

4.8 Software and OS Support

ANCHOR is designed to be transparent to applications and requires
only minimal OS and firmware support below:

e Address-space configuration. At boot time, firmware con-
figures the CXL.mem region, reserves a contiguous physical
address range for the SSD-backed persistent region and meta-
data, and informs the OS of the DRAM and persistent layout.

e Page mapping. The OS ensures that each DRAM physical
page has a corresponding location in the SSD persistent re-
gion, but this mapping is static and does not require changes
to page-fault handling or the virtual memory subsystem.

e Recovery integration. A small recovery firmware or kernel
module implements the recovery described earlier (Section
4.6); this runs before the normal OS boot sequence and is
invoked only after power failure.

The upshot is that no changes are required to application bina-
ries, compilers, or user-level APIs. From the software perspective,
ANCHOR preserves the familiar abstraction of DRAM-based main
memory while requiring only minimal OS and firmware support.

5 Evaluation
5.1 Methodology

We conduct all experiments using gem5 [13], configured to model
an 8-core Intel Skylake-X-like processor (one hardware thread per
core) with two memory controllers (MCs). We parameterize the
memory-semantic SSD using the median read/write latencies and
bandwidth reported in prior CMM-H characterization [173]. To
explicitly model device-internal cache behavior, we further model
the SSD’s internal DRAM cache as a 4 GB, 8-way LRU, write-back
cache with 4 KB cachelines [173]; each DRAM-cache miss incurs a
20 us backend service latency [95]. Our default WCB configuration
is a 32 KB, 4-way set-associative buffer (128 sets) with 64 B lines,
and its access latency is derived from DESTINY [119]. The detailed
system configuration is summarized in Table 1.

This section evaluates ANCHOR using both single-threaded

(SPEC CPU 2006 and 2017 [16, 66]) and multi-threaded (SPLASH3 [140],

NPB-CPP [109], STAMP [117], and WHISPER [92, 122]) bench-
marks. All SPLASH3, NPB, STAMP, and WHISPER benchmarks are
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Table 1: System configuration.

[¢S} Ubuntu 18.04 with Linux kernel 5.4.46
8-core, 4-width 000, 2 GHz
ROB/IQ/SQ/LQ: 224/97/56/72

Processor

L1 I-cache 32KB/core, 8-way, 64 B block, 3 cycles
L1 D-cache 64 KB/core, 8-way, 64 B block, 4 cycles
16 MB shared, 16-way, 64 B block,
L2 cache

inclusive, 44 cycles
DRAM 4GB, DDR4-2400 8X8
Memory controller 2 MCs, 2 channels/MC
Persist path (CXL.mem) 24 GB/s [173]
32KB, 4-way, LRU,
hit/miss latency: 1.947/1.314 ns [119],
write latency: 4.678 ns [119]
read/write latency: 57.6 ns / 16 ns (DRAM-cache hits)
read/write bandwidth: 4 GB/s / 2 GB/s [173]
4GB, 8-way LRU, 4 KB cacheline, write-back
20 ps backend service latency on
DRAM-cache misses [95]

Write combining buffer (WCB)

Semantic SSD timing/bandwidth

The SSD’s internal DRAM cache

Backend NAND

run in gem5’s full-system mode with Linux kernel 5.4.46. For SPEC
CPU2006/2017, we fast-forward 10 billion instructions and then
simulate the subsequent 5 billion instructions. On the other hand,
for SPLASH3, NPB, STAMP, and WHISPER, we simulate the entire
program execution.

Our baseline is a conventional system with the same configura-
tion, providing full ECC protection for all caches and DRAM but
lacking persistence support (baseline). We do not add any extra ECC
latency to baseline as the Skylake-X cache and DRAM latencies are
already measured with ECC enabled. Separately, we evaluate two
conservative strengthened-ECC baselines (SECC) that approximate
stronger ECC—such as double-error correction and triple-error de-
tection (DECTED)—by modeling an additional 1-cycle latency on
memory accesses. Specifically, baseline-sECC-All adds +1 cycle to
all cache levels and DRAM, whereas baseline-sECC-L2M adds +1
cycle only to L2 and DRAM. Unless otherwise specified, all reported
results are normalized to baseline.

5.2 Performance Evaluation

Figure 2 reports normalized run time across benchmarks from SPEC
CPU 2006, SPEC CPU 2017, STAMP, NPB, SPLASH3, and WHISPER.
Averaged over all 42 benchmarks, baseline-sECC-All increases run
time by 9.75% relative to baseline, whereas baseline-sECC-L2M and
ANCHOR incur only 0.97% and 4.36% overhead, respectively. The
takeaway is that ANCHOR not only provides whole-system per-
sistence but also strengthens soft error resilience by repurposing
existing ECC check bits for detection-only operation—that yields
deterministic detection of 3-bit errors—and offering their correc-
tion without adding extra ECC latency; nevertheless, ANCHOR
achieves about a 2Xx lower slowdown than a conventional design
that strengthens ECC by uniformly lengthening the critical path
throughout the memory hierarchy.

For most SPEC CPU2006/2017, STAMP, and WHISPER appli-
cations, ANCHOR incurs less than 5% run-time overhead. This
demonstrates that the persistent path and WCB impose minimal
performance penalty for common single-threaded and moderate-
scale multi-threaded workloads. The remaining overhead is concen-
trated in a small subset of memory-intensive parallel benchmarks
in NPB and SPLASH3, where high write intensity to large shared
data structures and frequent synchronization generate a sustained
stream of persistent updates. While the WCB still achieves high
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Figure 2: Execution time of baseline, baseline-extra, and ANCHOR.

merge rates for most workloads (Section 5.3), the sheer volume of
writes frequently fills the WCB and forces it to drain entries before
admitting new stores. This exerts backpressure on the store buffer,
introducing short core pipeline stalls that are amplified around syn-
chronization points. That is why these worst-case workloads see
higher run-time overhead. Nonetheless, ANCHOR remains com-
petitive relative to both baseline and baseline-sECC-All while simul-
taneously providing whole-system persistence and stronger soft
error resilience.

5.3 WCB Merge Behavior

This section analyzes the behavior of ANCHOR’s write-combining
buffer (WCB) along two dimensions: (1) the merge rate, i.e., how
often incoming persistent stores hit an existing WCB entry instead
of allocating a new one, and (2) the packing efficiency within each
64 B WCB entry, measured as the number of valid 8 B sub-blocks
when the entry is drained.
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Figure 3: Merge rate of WCB across benchmarks.

We define the WCB merge rate as the fraction of WCB accesses
that hit an already-allocated entry (WCB hits) rather than allo-
cating a new one. A high merge rate indicates that consecutive
persistent stores frequently target the same cacheline, allowing
ANCHOR to coalesce them in the WCB and issue a single 64B
persistence write instead of multiple smaller updates. As shown
in Figure 3, most benchmarks achieve a high merge rate—91.23%
on average—indicating sufficient temporal and/or spatial locality
for the WCB to aggregate persistent updates effectively. This high
merge rate substantially reduces the number of 64 B lines sent to the
SSD and helps explain why ANCHOR incurs only modest run-time
overhead for most workloads. Benchmarks exhibiting noticeably
lower merge rates tend to create higher pressure on Write Combin-
ing Buffer (WCB) capacity. This exerts backpressure on the store
buffer, potentially stalling the core pipeline and thus leading to
somewhat higher overhead—as observed in Ibm and libquantum in
SPEC CPU2006, is in NPB, and ocean-config in SPLASH3. However,
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this correlation is not absolute; it is also influenced by other fac-
tors such as synchronization intensity and overall memory access
patterns.
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Figure 4: Average WCB occupancy across benchmarks.

To further quantify how effectively each WCB entry is utilized,
we also measure the average number of valid 8 B sub-blocks per
64 B entry at eviction time. A 64 B entry can hold up to eight 8 B
sub-blocks; if only one sub-block is valid, the write-combining
opportunity is essentially lost, whereas multiple valid sub-blocks
indicate that several logically separate stores have been coalesced
into the same physical write. As shown in Figure 4, the average
number of valid sub-blocks per 64 B entry is 4.71 across those bench-
marks that experience evictions. In other words, each persistence
write typically amortizes about four to five 8 B stores, which sub-
stantially reduces the SSD write traffic compared to a naive design
that would flush each store individually. The SPEC CPU2017 bench-
mark xz is a special case: it achieves a 100% merge rate within our
simulation window and does not trigger any WCB evictions, so
its occupancy cannot be measured and is therefore excluded from
Figure 4 and from the overall average.

5.4 Sensitivity Analysis

This section studies the sensitivity of ANCHOR to several key
parameters of the persistent path. Unless otherwise noted, all results
are normalized to the default ANCHOR configuration and averaged
across the evaluated benchmarks. Our goal here is to understand
which design knobs materially affect performance and persistence
traffic, and which ones offer only marginal benefits beyond the
baseline design.

54.1 WCB Size. The WCB capacity determines how many distinct
cachelines can accumulate persistent updates in parallel. A larger
WCB increases the probability that temporally related stores hit
existing entries while reducing the eviction frequency of partially
populated entries. A smaller WCB, by contrast, is more likely to
evict partially populated lines, generating extra 64 B persistence
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writes. Furthermore, when a smaller WCB exhausts its free entries,
it propagates backpressure through the persistent path to the store
buffer, potentially inducing pipeline stalls.
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Figure 5: Execution time under different WCB sizes.

Figure 5 reports the performance trend—normalized to the de-
fault 32 kB design—when the WCB size varies from 4 kB to 64 kB.
On average, shrinking the WCB to 16 kB, 8 kB, and 4 kB increases
run time by 3.1%, 4.9%, and 9.0%, respectively, whereas enlarging it
to 64 kB reduces run time by 1.3%. The impact is most pronounced
for NPB and SPLASH3; a 4kB WCB slows them down by 28.4%
and 10.8%, but a 64 kB WCB turns this into a 2.9% speedup for both
suites. For WHISPER, performance is largely stable across 64-8
kB WCBs, with 32 kB performing slightly best and only the 4 kB

design showing clear degradation.
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Figure 6: Merge rate under different WCB sizes.

Figure 6 then shows the global merge rate across different WCB
sizes. As the WCB size grows from 4 kB to 64 kB, the average merge
rate increases from 81.8% to 93.1%, closely mirroring the perfor-
mance changes. That is, larger WCBs both coalesce more stores
into each 64 B persistence write and reduce the frequency of WCB-
induced backpressure. It turns out that overall, a 32 kB WCB per
core strikes a good balance; making it much smaller amplifies per-
sistent traffic and commit stalls for highly write-intensive parallel
workloads, while making it substantially larger offers only modest
additional benefit beyond the 32 kB configuration.

5.4.2 WCB Set Associativity. Beyond capacity, the WCB set asso-
ciativity determines how many distinct cachelines mapping to the
same index can accumulate persistent updates without evicting
one another. Figure 7 reports the normalized run time varying as-
sociativity from 2-way to 16-way, while fixing the WCB capacity
at 32kB and using the 4-way design as the baseline. Overall, all
configurations stay within about 5% of the 4-way design with 4-
way consistently delivering the lowest run time. Lower associativity
(2-way) introduces more conflict-induced evictions, while higher as-
sociativity (8- and 16-way) increases WCB lookup latency due to the
additional tag-comparison overhead (modeled via DESTINY [119]).
Moreover, beyond 4-way, the merging benefits largely saturate, so
further increasing associativity mainly changes set-level eviction
and drain behavior rather than improving coalescing itself. Our
evaluation shows that the 4-way design incurs fewer evictions than
the 16-way design, indicating that it relieves set pressure earlier
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and more effectively. This, in turn, reduces backpressure on the
store buffer and leads to lower run time. On the other hand, the
slowdowns are most visible in NPB and WHISPER, indicating that
additional associativity beyond 4-way does not translate into better
end-to-end performance.

[ 16-way [ 8-way

[ 4-way (default) O 2-way
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Figure 7: Execution time across WCB associativities.

Figure 8 then reports the global merge rate across different WCB
ways. The merge rate is already near-saturated around the 4-way
design; 2-way clearly loses merges due to more frequent conflict-
induced evictions of partially filled entries, while 8-way and 16-
way offer only marginal changes relative to 4-way. Thus, once
the merge rate has largely saturated, the remaining performance
differences are dominated not by additional coalescing opportu-
nities but by lookup cost and set-level drain dynamics. Overall, a
4-way set-associative WCB strikes a practical balance between im-
plementation complexity and effectiveness, avoiding (1) the conflict
penalties of low associativity without incurring the extra lookup
overhead and (2) less favorable pressure-relief behavior of very
high associativity.
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Figure 8: WCB merge rate under different associativities.

5.4.3 WCB Granularity. This section compares the default 64 B-
granularity WCB against an 8 B-entry design. The 8B entry is
picked here over 16/32 B because committed stores leave the store
buffer at 8 B granularity. In the 8 B design, each entry holds only one
8 B chunk; yet CXL.mem still transfers 64 B data, so each update
ultimately becomes a padded 64B write. As a result, many 64 B
writes carry only a single valid 8 B chunk, whereas our 64 B-line
WCB packs an average of 4.71 distinct 8 B sub-blocks per entry
(Section 5.3), substantially reducing write traffic to the SSD.

[ 8B-granularity WCB [ 64B-granularity WCB (default)
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Figure 9: Execution Time under different WCB granularities.

To give the 8 B organization the best possible chance, we sweep
its associativity from 2-way up to 256-way, including a fully as-
sociative design. We find that a 64-way 8 B-entry WCB achieves
both the highest merge rate and the best performance among all
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8B configurations; we therefore use this 64-way 8B design for
comparing against our 4-way 64 B WCB. Figure 9 shows that the
8B design delivers slightly better performance, because a 32kB
8 B-granularity WCB contains more entries and thus experiences
less capacity pressure than a 32kB 64 B-line WCB.

[ 8B-granularity WCB 1 64B-granularity WCB (default)
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Figure 10: Merge rate under different WCB granularities.

However, as shown in Figure 10, its merge rate is 33.77% lower
than that of our default 64 B design. In particular, for SPEC CPU2006,
libquantum exhibits only a 0.0025% merge rate, while Ibm, mcf, and
milc also show much lower merge rates. This result is not contra-
dictory; execution time is primarily governed by front-end WCB ca-
pacity pressure and the resulting backpressure on store retirement,
whereas the lower merge rate of the 8 B design mainly increases
back-end SSD write traffic. As a result, the 8 B configuration can
generate significantly higher write traffic to the SSD than the 64 B
design, so it is not our preferred design point despite its slightly
better performance.

Moreover, the 64-way 8 B-entry organization is significantly
more expensive to implement. At the same 32kB capacity, DES-
TINY [119] shows that it nearly doubles total WCB area, driven
primarily by a 2.9% increase in tag-array area. This enlarged tag
structure also increases energy and leakage, incurring 5.4x higher
hit dynamic energy (0.654 nJ vs. 0.121 nJ) and 1.8X higher leakage
(13.275 mW vs. 7.493 mW). Overall, our 4-way 64 B design provides
the better design point by balancing performance, SSD write pres-
sure, hardware complexity, and energy consumption.

5.4.4 CPU Microarchitectures. This section tests how ANCHOR
behaves across different CPU microarchitectures. Our default con-
figuration models a Skylake-like out-of-order core; we additionally
consider a GoldenCove-like core with a wider pipeline and larger
structures (e.g., ROB, load/store queues, register file). All memory-
system and persistent-path parameters remain unchanged. For each
microarchitecture, we normalize the run time to its own baseline
configuration without ANCHOR.
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Figure 11: Execution time under different microarchitectures.

As shown in Figure 11, ANCHOR incurs modest overhead on
both cores, but the GoldenCove-like core sees a somewhat higher
slowdown (about 8.10% versus 4.36% on Skylake). For SPEC CPU2017,
STAMP, SPLASH3, and WHISPER, the overhead stays in the low sin-
gle digits on both microarchitectures, with only small differences
between them. The gap is driven mainly by the most memory-
intensive workloads in SPEC CPU2006 and NPB, where the stronger
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Table 2: DRAM-cache hit rates under stress.

Suite Hit Rate Suite Hit Rate Suite Hit Rate
SPEC CPU 2006 79.77% SPEC CPU 2017 76.58% STAMP 73.19%
NPB 95.14% SPLASH-3 69.72% 'WHISPER 97.84%

core shortens the baseline run time with the same persistent-path
configuration that was tuned for Skylake, making the relative cost
of persistence more visible. Overall, ANCHOR remains effective
across different out-of-order core designs; once the persistent path
is provisioned, upgrading the CPU core primarily scales the base-
line performance, while the relative overhead of persistence stays
moderate even on a more aggressive microarchitecture.

5.4.5 CPU Clock Frequency. This section tests the sensitivity of
ANCHOR to CPU frequency by increasing the clock from the de-
fault 2 GHz to 3 GHz and 4 GHz with the store buffer size unchanged.
Higher clock frequencies can increase the effective cycle cost of
WCB access and therefore potentially increase persistence overhead.
On the other hand, high-frequency CPU designs often provision
deeper buffering structures, such as larger store buffers, which can
help alleviate the WCB-induced backpressure on a store buffer—
leading to less buffer overflows and the resulting pipeline stalls.
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Figure 12: Execution time under different clock frequencies.

Nevertheless, as shown in Figure 12 in which each frequency is
normalized to its corresponding baseline, even with an unchanged
store buffer size, ANCHOR shows limited sensitivity to CPU fre-
quency; the average overhead is 7.37% at 3 GHz and 8.48% at 4 GHz.

54.6 DRAM-Cache Pressure Sensitivity. To examine the sensitivity
of ANCHOR to increased DRAM-cache pressure, this study sub-
stantially reduces the SSD’s internal DRAM-cache capacity from
the default 4 GB setting so that it becomes smaller than the typical
memory footprints of the target workloads. Specifically, the cache
is reduced to 128 MB for SPEC CPU 2006/2017 workloads (memory
footprint ~ 90-800 MB), 16 MB for NPB and WHISPER (memory
footprint ~ 50 MB), 10 MB for SPLASH-3 (memory footprint ~ 10—
40 MB), and 4 MB for STAMP (memory footprint ~ 4-8 MB).
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Figure 13: Execution time under reduced DRAM-cache size.

Figure 13 shows that ANCHOR remains robust even under such
intentionally stressed cache settings, incurring only about 5% ad-
ditional performance overhead compared with the default setting,
i.e., 9.35% vs. 4.36%. Overall, this result indicates that ANCHOR
is not inherently sensitive to moderate increases in DRAM-cache
pressure by its size reduction.
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There are 3 reasons for this behavior. First, ANCHOR decouples
the core-side critical path from backend SSD persistence through
the WCB; the store buffer—off the critical path most of the time in
modern processors—releases committed stores as soon as they are
accepted by the WCB, while the SSD write proceeds asynchronously.
Moreover, WCB coalescing substantially reduces downstream SSD
traffic as shown in Figure 3. Second, DRAM-cache hit rates remain
substantial even under the stressed settings, ranging from 69.72%0
97.84% across all benchmark suites, as shown in Table 2. Although
some suite-level averages fall below 90%, these are mainly driven
by one or two outlier benchmarks with hit rates below 10%; most
benchmarks in the same suite still exceed 90%. Third, DRAM-cache
misses do not directly translate to core-visible performance loss.
Miss-induced pressure must first accumulate at the device-side PLP-
protected acceptance path, then backpropagate to WCB occupancy;
only after WCB pressure becomes sufficiently high enough to have
the store buffer clogged, the core pipeline starts stall. As a result,
even under reduced DRAM-cache capacity, the backend pressure
caused by additional DRAM-cache misses does not directly translate
to substantial performance degradation. If future systems experi-
ence substantially higher backend pressure, a larger WCB would
provide a straightforward way to absorb more transient pressure
before it propagates back to the store buffer of the core.

5.5 Error Repair Coverage

This section compares the error-repair coverage of the baseline and
ANCHOR across fault classes. The key distinction is whether a fault
is (1) locally correctable, (2) detectable but not locally correctable,
or (3) undetected. In the baseline, repairability is bounded by the
native local-correction capability of each volatile memory hierarchy
level. In ANCHOR, faults in the second class become repairable
because the corrupted volatile data can be discarded and restored
from the SSD-backed committed image.

For caches, ANCHOR reuses the existing SECDED check bits in
detect-only mode, in which case it offers deterministic detection
of up to 3-bit faults in a protected codeword—though its native
local-correction capability remains limited to single-bit faults; see
Table 3 for representative cache-side examples. In the baseline,
SECDED offers local correction for 1-bit faults and detection for
2-bit faults, but faults beyond its local-correction capability cannot
be repaired once they corrupt the cache data. In ANCHOR, the
same check bits serve as the front-end detector only, while the
SSD-backed committed image serves as the repair anchor. As a
result, the detected cache faults—covering a broader space than
when the check bits are used for both detection and correction—
become repairable via restoration rather than local ECC correction,
thereby improving the resilience. For example, assuming a uniform
distribution over bit-flip patterns within a 64-bit protected word,
ANCHOR expands the guaranteed repairable cache-side pattern
space from C(64, 1) in the baseline to C(64, 1) + C(64, 2) + C(64, 3),
achieving a 683.5X increase.

For DRAM, prior work classifies failures into modes such as
single-bit, single-word, single-column, single-row, single-bank, mul-
tiple-bank, and multiple-rank faults [149]. In the baseline, repair
is limited to the subset of these modes that the deployed ChipKill
organization can correct locally. Detectable fault modes outside
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Table 3: Repair coverage under different fault classes.

Fault class Baseline ANCHOR
Cache: 1-bit fault Local correction Repairable
Cache: 2-bit fault Detect only Repairable
Cache: 3-bit fault Unrecoverable Repairable
Cache: undetected fault Unrecoverable Unrecoverable
DRAM: locally correctable ChipKill fault modes Local correction Repairable
DRAM: detectable but locally uncorrectable fault modes Unrecoverable Repairable
DRAM: undetected fault modes Unrecoverable Unrecoverable

that envelope remain unrecoverable once they appear in DRAM.
In ANCHOR, any DRAM fault mode that remains detectable by
the front-end protection becomes repairable, because the corrupted
volatile data can be discarded and reconstructed from the SSD-
backed committed image. Thus, ANCHOR extends DRAM-side
repair coverage from locally correctable ChipKill fault modes to
the broader set of detectable DRAM fault modes.

The key implication is that ANCHOR does not improve soft
error resilience by strengthening local correction at every volatile
memory level. Instead, it changes the repair criterion itself. In the
baseline, repairability is bounded by local correction capability.
In ANCHOR, repairability is bounded by front-end detectability
together with the availability of the SSD-backed committed image.
As a result, ANCHOR converts detectable but locally uncorrectable
faults from unrecoverable to repairable.

5.6 Energy Consumption

This section estimates ANCHOR’s energy overhead based on a
component-based model that separates conventional system energy
from the additional energy introduced by the persistence path.
Baseline energy consists of processor-core energy and memory
energy, where the latter includes both the on-chip cache hierarchy
and DRAM. Processor-core and on-chip-cache energy are estimated
with McPAT [97], while DRAM energy is obtained from gemb5.
Baseline energy is therefore computed as:

Epaseline = Ecore + Ememory- (1)

For ANCHOR, we additionally include both the energy of the
WCB—which is modeled using DESTINY [119]—and that of the
memory-semantic SSD:

EANCHOR = Ecore + Ememory + Ewcs + Essp.- (2)

Each incoming persistent store performs one lookup. On a hit, the
corresponding entry is updated; on a miss, a new entry is allocated.
Accordingly, the WCB energy is computed as:

Ewcs = Mookup : Elookup + (Nhit + Ninsert) - Ewrite + Pleak * Texec- (3)

We model the memory-semantic SSD energy using a first-order
event-based formulation that accounts for internal DRAM-cache ac-
cesses, backend SSD read/write operations, and SSD standby power.
Internal DRAM-cache access energy is derived from CACTI [148],
while backend SSD read/write energy and standby power are pa-
rameterized from an enterprise SSD datasheet [142]; see Table 4 for
the parameters. Finally, the SSD energy is computed as:

Essp = EpraM Cache + Essp R/w + Pstandby - Texec- (4)

Figure 14 shows the energy breakdown of the baseline (B) and
ANCHOR (A). On average, ANCHOR increases total energy by
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Table 4: Energy parameters.

Component / Event Value

WCB lookup energy 0.121nJ/access [119]
WCB write energy 0.048 nJ/access [119]
WCB leakage power 7.493mW [119]

SSD DRAM-cache read energy
SSD DRAM-cache write energy
SSD backend read energy

SSD backend write energy

9.30 nJ/access [148]
9.34 nJ/access [148]
16.38 p1J/access [142]
114.29 pJ/access [142]

SSD standby power 3.5 W [142]
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Figure 14: Energy breakdown of the baseline and ANCHOR.
B denotes the baseline, and A denotes ANCHOR.

15.46%, mostly due to the SSD, whereas the WCB contributes negli-
gibly. Note that the result is conservative (over-estimated), since we
do not model the ECC-related energy savings enabled by ANCHOR.

5.7 Hardware Cost Analysis

ANCHOR adds a small per-core structure on the persistent path,
i.e., a STT-RAM write-combining buffer (WCB). In our default con-
figuration, the WCB is organized as a 4-way set-associative array
with 512 entries of 64 B data each (32 kB), plus per-entry metadata
including a physical-line tag, a valid bit, an 8 B-word write-valid
mask, and lightweight ECC bits for the 64 B line. This metadata
contributes roughly another 6 kB, so the WCB occupies about 38 kB
per core, which is small compared to the existing L1/L2 capacity.
We estimate the area of this structure using CACTI 7.0 [10] at 22 nm.
The WCB occupies about 0.084 mm? per core. Compared to an In-
tel Xeon Skylake server core (11.85 mm? excluding the shared L2
cache), as obtained from McPAT [97], this corresponds to roughly
0.7% per-core area overhead.

6 Related Work

Many schemes have been proposed to provide data persistence and
crash consistency. A large body of the work focuses on partial-
system persistence (PSP), where only user-defined regions of code
or data structures are made persistent (2, 7, 12, 19, 38, 50, 60, 67, 75,
77, 82, 100, 106108, 113, 114, 124, 125, 131, 132, 139, 145, 160, 161,
163, 164, 179]. These approaches expose programming interfaces
such as transactions or region annotations; while flexible, they
are error-prone and often rely on write-ahead logging (WAL) plus
flushes and fences on the commit critical path, which can stall CPUs
and limit scalability. To reduce this overhead, prior work proposes
hardware-assisted WAL that overlaps logging with subsequent
execution [53, 78, 81, 126, 147]. Battery-backed schemes such as
eADR and related designs [2, 7, 41, 60, 72, 79, 82, 123, 161] avoid
logging by flushing volatile state on power loss, but typically require
substantial energy storage or intrusive changes to cache/coherence
mechanisms, thus significantly complicating deployment.
Motivated by these limitations, many recent efforts have targeted
whole-system persistence (WSP) [3, 28-33, 43-46, 63, 64, 76, 79, 101,

823

ICS °26, July 06-09, 2026, Belfast, United Kingdom

123, 159, 167, 168, 170, 174, 181, 182], transparently persisting all
software state—including the OS and libraries. For example, Flush-
on-Fail [123] and LightPC [101] preserve volatile state through
power-failure-triggered JIT checkpointing, but both are fundamen-
tally designed so that persistent memory itself acts as main memory.
Thus, unlike ANCHOR, they cannot be easily adopted in real-world
systems where DRAM remains the main memory—much faster than
any commodity persistent memory. Capri [79] avoids programming
burden and the need to preserve large volatile states through soft-
ware/hardware co-design, but is also built around an SCM-oriented
persistent-memory substrate and incurs considerable performance
overhead due to its complex redo + undo logging mechanism.

Several PSP and WSP schemes also employ a dedicated persist
path to deliver data to persistent memory [2, 60, 77, 79, 161, 174,
182]. In many designs, the path originates at private caches (e.g.,
L1) and propagates 64 B cache lines, so each 8B store can inflate
into a 64 B transfer, increasing bandwidth demand. In contrast,
ANCHOR taps the committed-store stream at the store buffer and
forwards only 8 B updates into a compact per-core WCB, which
merges multiple stores to the same line into a single 64 B write
before flushing it over CXL. This organization preserves a narrow
on-chip path while avoiding cache-line write amplification.

Beyond crash consistency, prior work extensively studies reliabil-
ity under soft errors and silent data corruption (SDC) [54, 70, 71, 86,
102-105, 111, 133, 167, 169, 171, 178], spanning system-level charac-
terization, detection, and recovery mechanisms [8, 11, 24, 26, 36, 42,
49,59, 65,71, 96,99, 129, 130, 138, 158]. In a complementary security
setting, Soteria [183] hardens integrity-protected and encrypted
NVMs by protecting security metadata (e.g., integrity structures)
against memory faults. These efforts are orthogonal to ANCHOR;
Soteria focuses on encrypted-NVM metadata protection, whereas
ANCHOR targets WSP over CXL-attached memory-semantic SSDs
and leverages an SSD-resident anchor to enhance resilience without
core pipeline change or heavy software instrumentation.

7 Conclusion

This paper presents ANCHOR, a CXL-based memory hierarchy
that provides both whole-system persistence and soft error re-
silience without compiler instrumentation or core microarchitec-
tural changes. Through the CXL.mem interface, ANCHOR sends
all committed stores to a memory-semantic SSD, while coalescing
them with its STT-RAM-based write combining buffer to reduce the
traffic down to the SSD. More importantly, ANCHOR leverages the
SSD-resident committed state not only for persistence, but also as
a correction anchor for resilience. This allows caches and DRAM to
focus on error detection, while correction is shifted to the persistent
domain via SSD-assisted repair. Taken together, these techniques
enable both whole-system persistence and enhanced caches/DRAM
error resilience at low cost, demonstrating that persistence and
resilience can be effectively unified in future CXL-enabled systems.
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