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Abstract—Zoned Namespace (ZNS) SSD is an emerging storage
solution that reduces device-level garbage collection and write
amplification. However, the sequential write constraint of ZNS
SSDs poses a challenge to adopting in-storage compression, as
data placement rules prevent compressed variable-length data
from being packed into optimally sized chunks. In this paper, we
propose Braid-ZNS, a novel in-storage compression framework
that leverages the Zone Random Write Area (ZRWA) to avoid
double reads during data compression on ZNS SSDs. By exploiting
the ZRWA to enable temporary in-place updates, Braid-ZNS re-
organizes compressed blocks in a size-aware manner and prevents
cases where a single logical page is split into multiple fragments.
Our evaluation shows Braid-ZNS improved compression efficiency
by up to 47.0% and throughput by ×2.24 compared to a state-
of-the-art in-storage compression on ZNS SSDs.

I. INTRODUCTION

Zoned Namespace (ZNS) SSDs are storage solutions that

have emerged to overcome the structural inefficiencies of

conventional SSDs. It mitigates the block interface tax, the

write amplification (WA) and lifetime degradation caused by

device-level garbage collection (GC) [1]–[3]. The integration

of in-storage compression into ZNS SSDs, however, introduces

new challenges: the mismatch between variable data sizes after

compression and the strict sequential write constraint enforced

by the write pointer (WP). To overcome these limitations, we

propose Braid-ZNS, an in-storage compression framework for

ZNS SSDs that leverages the recently introduced Zone Random

Write Area (ZRWA) feature in the NVMe standard [4]–[7].

II. BACKGROUND AND MOTIVATION

In conventional SSDs, as shown in Fig. 1a, the Flash Trans-

lation Layer (FTL) can efficiently place variable-sized com-

pressed data by exploiting random writes within a block [8]–

[10]. In contrast, ZNS SSDs enforce coarse-grained address

mapping within each zone, eliminating fine-grained page-level

mapping and thus complicating compressed data placement [2].

As illustrated in Fig. 1b, when small fixed-size chunks are used,

any compressed page that exceeds chunk boundaries must be

stored separately. This leads to double reads during the proce-

dure of reading a page, retrieving metadata, and extra reading

the truncated data. This phenomenon, where more data is read

than originally requested, is referred to as read amplification,

and it directly increases read latency. Increasing the chunk

size alleviates this issue but results in internal fragmentation,

undermining the capacity gains from compression.
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Fig. 1: Compressed data placement in (a) conventional SSDs,

(b) ZNS SSDs under sequential write constraints, and (c) ZNS

SSDs enhanced with ZRWA (Braid-ZNS).

Fig. 2: Breakdown of compressed data size distribution per

16KB page. The results illustrate datasets with dense or sparse

distributions, where red points denote outliers.

As shown in Fig 2, our analysis shows that compressed chunk

sizes often vary significantly, resulting in sparse distributions or

appear mostly uniform while still containing outliers [11]–[13].

Sparse datasets incur frequent double reads under sequential

write constraints, while even a single outlier in otherwise dense

datasets can disrupt profiling and lead to repeated misplace-

ment. These findings highlight the need for a more robust

data placement strategy that can tolerate both highly variable

compressed sizes and outliers to avoid read amplification when

employing the in-storage compression for the ZNS SSDs.

III. BRAID-ZNS

We propose Braid-ZNS framework, which leverages the

Zone Random Write Area (ZRWA) to achieve optimized place-

ment of compressed data on ZNS SSDs. Braid-ZNS exploits

ZRWA’s ability to support random writes and temporary in-

place updates, allowing compressed data to be reorganized

before being flushed to NAND flash (Fig. 1c). Fig. 3 presents

an overview of the framework. Depending on the compressed-

size distribution, Braid-ZNS applies one of two schemes:
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Fig. 3: Braid-ZNS Overview and Compression Schemes

Compaction, which is applied to dense patterns to store data

without truncation, or Braid, which exploits ZRWA reordering

under sparse patterns to prevent truncation and double reads.

Upon receiving a write request from the host, the data is

compressed by the compression engine and temporarily written

into the ZRWA (�). The compression engine forwards the

post-compression size metadata to the scheme selection logic,

where the maximum and minimum values are recorded (�).

After four adjacent pages have been compressed, the scheme

selection logic estimates the average compression ratio and

its dispersion, and determines the compression scheme with

corresponding metadata (e.g., the Braid scheme in Fig. 3) (�).

Using this metadata, the compressed data are then reorganized

within the ZRWA (�). Finally, the data are flushed from the

ZRWA to physical NAND flash pages, and the write pointer

(WP) advances by one unit of the ZRWA flush granularity (�).

Implementation Details: Braid-ZNS metadata consists of the

compressed data size (CPSZ) and a compression scheme header

(CPSH) that encodes the applied compression scheme and

the ordering of compressed blocks. The metadata required by

Braid-ZNS is approximately 9 bytes (4 × 2B + 1B) per 16

KB physical page, and stored in the out-of-band (OOB) area

of each page. Since the OOB capacity is about 2 KB per

16 KB page [14], [15], the overhead introduced by Braid-

ZNS is negligible. The selection logic is implemented with a

small number of combinational components (e.g., comparators,

arithmetic units, and multiplexers) and requires roughly 1,500

logic gates in UMC’s 28 nm process. This corresponds to less

than 0.02% of the logic area in computational storage drives

(CSDs) such as SmartSSD, which integrate about 1.14M logic

cells for programmable hardware accelerators [16]–[18].

IV. EVALUATION

We emulate Braid-ZNS and other ZNS SSDs using FEMU,

which is the most widely used full-system NVMe SSD emula-

tor [19]. For evaluation, we use Base-ZNS without compression

as the baseline and compare it against Balloon-ZNS [20], the

state-of-the-art work for in-storage compression on ZNS SSDs,

as well as our proposed Braid-ZNS. In each dataset, H, M,

and L denote the compression ratio (CR) levels, high, medium,

and low, respectively, while D and S indicate whether the

size distribution of the dataset is dense or sparse. Overall,
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Fig. 4: Briad-ZNS evaluation: (a) Capacity efficiency with six

datasets. (b) FIO performance with different I/O sizes and

I/O concurrency for MS mozilla. RocksDB throughput in six

YCSB workloads using (c) MS mozilla and (d) MD webster.

the results demonstrate that Braid-ZNS improves both capac-

ity efficiency and I/O performance across diverse real-world

datasets. Compared to Balloon-ZNS, it achieves up to 47%

and 22.5% higher capacity efficiency for high- and medium-

compression-ratio datasets without data truncation (Fig. 4a).

Performance evaluations with the FIO micro-benchmark [21]

show consistent improvements for both reads and writes, with

particularly significant gains for sparse datasets and sequential

read access, achieving up to 2.24× higher throughput compared

to Balloon-ZNS (Fig. 4b). In the case of RocksDB throughputs

under six YCSB I/O workloads [22], Braid-ZNS improves on

average 18.7% compared to Balloon-ZNS in the MS mozilla

dataset. Especially, workloads that access consecutive keys

repeatedly, such as D and E, achieve an average improvement of

27.2% (Fig. 4c). In MD webster dataset, 6.0% improvements

are shown on average compared to Balloon-ZNS (Fig. 4d).

These benefits stem from eliminating page fragmentation and

double-reads caused by truncated data, allowing Braid-ZNS to

deliver efficient data placement and stable performance.
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