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Abstract—This brief proposes OnSort, a parallel comparison-
free sorting architecture with O(n) time complexity, utilizing
the SRAM structure to support large-scale datasets efficiently.
The performance of existing comparison-free sorters is limited
by uneven value distribution and variable element numbers.
To address these issues, we introduce a parallel prefetching
strategy to accelerate the indexing process and a sparse-aware
mechanism to narrow the indexing search range. Furthermore,
OnSort implements streaming execution through a pipelined
design, thereby optimizing the previously overlooked latency of
the counting phase. Experimental results show that, under the
configuration of sorting 65,536 16-bit data elements, OnSort
achieves a 1.97× speedup and a 22.6× throughput-to-area ratio
compared to the existing design. The source code is available at
https://github.com/gmx-hub/OnSort.

Index Terms—Comparison-free sort, large-scale sorting,
hardware acceleration, energy-efficient design, streaming
execution.

I. INTRODUCTION

SORTING, as one of the most fundamental operations
in the field of computer science, is widely used in

various applications such as database management [1], com-
puter graphics [2], image processing [3], and scientific
computing [4]. Despite years of optimization, traditional
software-based sorting algorithms [5], [6], [7] still face
performance bottlenecks, especially when handling large
datasets and low-latency requirements. Hardware acceleration
technologies have emerged as a promising approach to over-
coming these limitations.
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Hardware sorting architectures can be classified into
comparison-based and comparison-free methods. For the for-
mer, bitonic sorting architectures and their variants [8], [9], [10]
achieve high performance through parallel streaming execution.
However, the performance gains come at the cost of area,
as their implementation relies on many comparators and on-
chip storage, making them unsuitable for large-scale datasets.
Merge tree-based architectures [11], [12], [13] offer better area
efficiency by using smaller bitonic networks to merge pre-
sorted data bundles, but this leads to performance degradation
on large-scale datasets.

For comparison-free methods, [14] proposed a radix sort
acceleration architecture integrated into GPUs. However, it
suffers from poor scalability and requires a large amount
of memory. Reference [15] introduces a comparison-free
sorting algorithm with time complexity of O(n), ingeniously
transforming the sorting task into a classification operation.
Reference [16] improves the algorithm in [15] by introducing
a bidirectional sorting structure, which enables parallel sorting
of the high-index and low-index parts to enhance performance.
Although [15] and [16] achieve O(n) time complexity, they
still have many limitations. First, these architectures lack
practical applicability for large-scale datasets due to the area
overhead caused by the large number of counting and indexing
registers. Second, their performance is suboptimal due to the
lack of full streaming support and limited parallelism. Finally,
uneven numerical distribution and variable element numbers
lead to inefficient performance. For instance, the actual sorting
cycles of [15] and [16] range from 2N to 3N and from 1.5N
to 2N + (N/2) − 2, depending on the value distribution.

This brief proposes OnSort, a sorting architecture for large-
scale datasets that combines the advantages of comparison-free
sorters [15], [16] while overcoming their limitations. The main
contributions can be described as follows:

• We propose OnSort, a parallel hardware sorting archi-
tecture with O(n) time complexity, utilizing the SRAM
structure to support large-scale datasets efficiently.

• We introduce a parallel prefetching strategy to accelerate
the indexing process and a sparse-aware mechanism
to narrow the indexing search range, making the
performance largely independent of the value distribution.

• We further propose a high-performance version that
supports streaming execution through a pipelined design,
with the actual sorting cycles approximating N.
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Algorithm 1: Counting Phase of Comparison-Free Sort
Input: Unsorted Array (UA): list
Output: Count Array (CA): list

1 begin
2 Initialize CA to zero;
3 for i ∈ [0, N) do
4 CA[UA[i]] = CA[UA[i]] + 1;
5 end
6 end

Algorithm 2: Indexing Phase of Comparison-Free Sort
Input: Count Array (CA): list
Output: Sorted Array (SA): list

1 begin
2 i, oidx = 0;
3 while i < 2K do
4 if CA[i] > 0 then
5 SA[oidx] = i;
6 oidx = oidx + 1;
7 CA[i] = CA[i] -1;
8 end
9 else if CA[i] == 0 then

10 i = i + 1;
11 end
12 end
13 end

II. COMPARISON-FREE SORTING ALGORITHM

A. Comparison-Free Sort

Assume the input is an unsorted array (UA) of N elements,
where each element is K-bit wide with values ranging from 0
to 2K − 1, and at most L duplicate elements. The comparison-
free sort is divided into 2 phases: counting and indexing.

1) Counting: In this stage, a count array (CA) is obtained
with 2K elements, each with a width of log2(L)+1 to represent
the occurrence count of its corresponding input element. Each
element in the UA is used as an address to query the CA, and
the queried count is incremented by 1. The counting phase is
illustrated in Algorithm 1.

2) Indexing: In this stage, the sorted array (SA) is produced
in descending or ascending order according to the config-
uration. For simplicity, we take the ascending order as an
example. CA is indexed in the range from 0 to 2K − 1. If the
indexed count is nonzero, the address is recorded in the SA
and that count is decremented by 1. If the indexed count is
zero, indicating that this address does not exist in the UA, it
is skipped. The indexing phase is illustrated in Algorithm 2.

B. Performance Analysis

Assuming the comparison-free algorithm is configured to
sort a maximum of N elements, where N = 2K , and that one
indexing process in the Algorithm 2 takes one clock cycle.
There are two scenarios in the algorithm that can lead to
inefficient performance.

Fig. 1. The architecture and parameters of resource-efficient design.

1) Uneven distribution of sorted values. The performance
of the comparison-free algorithm depends on the data distri-
bution. The best case occurs when no duplicate values exist
among the N elements. Each count in CA is non-zero, and all
indices are valid, allowing the indexing phase to be completed
in N cycles. The worst case is that all N elements have the
same value. Only one count in CA is non-zero, while the rest
are zero, leading to many invalid indices. We define the regions
in CA where the count is 0 as sparse regions. Specifically, in
Algorithm 2, lines 4-10 iterate N times, and lines 12-14 iterate
N −1 times to handle the indexing of sparse regions, resulting
in the indexing phase consuming 2N − 1 cycles. Considering
the counting and indexing phases, the sorting cycles range
from 2N to 3N − 1. In general, sparse regions in CA result in
performance degradation.

2) The variability in the number of elements. Variability
refers to the difference in the number of elements sorted
in each sorting task. In hardware design, it is necessary to
support the maximum number of elements an application
might encounter, denoted as N. In practice, the number of
elements in a sorting task ranges from 1 to N. The sorting
cycles of a comparison-free algorithm do not scale linearly
with the number of elements. For example, if the input consists
of N distinct elements, the indexing phase requires N cycles.
However, if the input contains only two elements, the indexing
phase still requires N cycles due to invalid indices. Therefore,
variability in the sorting task leads to suboptimal performance.

III. ACCELERATION STRUCTURE IMPLEMENTATION

This section presents the hardware architecture of OnSort.
We propose a resource-efficient design to address performance
inefficiency and support larger-scale datasets. Furthermore, we
introduce a high-throughput version that enables streaming
execution to enhance performance. The details are provided in
the following subsections.

A. Resource-Efficient (RE) Design

The resource-efficient (RE) architecture of OnSort is shown
in Fig. 1. The components of OnSort are described as follows.
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Fig. 2. An example illustrating the operation of counting phase.

1) Control Finite State Machine (FSM): It controls the
switching of the counting and indexing phases.

2) Count Mem (CNTM): CNTM is designed with an
SRAM-based structure to support large-scale datasets, as
SRAM features a moderate area and power growth rate. It
consists of B banks, each of which is a dual-port SRAM. The
depth of each bank is 2K/B, with a width of log2(L) + 1. In
the counting phase, input elements are used as addresses to
read data from the memory, which is then incremented by one
and written back. In the indexing phase, CNTM is accessed in
parallel with a degree of B to enhance performance, followed
by a post-read clearing operation.

3) Spatial Bmap Unit (SBU): The SBU is designed to
support a sparse-aware mechanism. The SBU is implemented
as a bitmap with a bit width of S. The entire value range 2K

is divided into several segments. Each bit records whether the
corresponding data segment is a sparse region. A bit value of
0 indicates that all counts in the corresponding data segment
are 0, and its indexing can be skipped.

4) Address Generate Unit (AGU): The AGU is responsible
for generating addresses for SBU and CNTM.

5) Prefetch Read Unit (PRU): PRU is designed to accel-
erate the indexing process through parallel prefetching. The
prefetch control unit accesses CNTM with a parallelism
of B. The retrieved data is processed by a nonzero value
detector to eliminate bubbles, and nonzero values along with
their addresses are stored in the first-in-first-out (FIFO). This
process continues until the FIFO is full, effectively removing
invalid indices caused by the sparse region. Meanwhile, sorted
data is output from the FIFO with a parallelism degree of P.

B. Workflow of Sorting Process

Here is an example illustrating how the comparison-free
sorting algorithm is implemented in OnSort. Assuming the
hardware configuration: N = 1024, K = 10, B = 4, P = 2,
S = 256. As shown in Fig. 2, in the counting phase, AGU
generates the addresses for CNTM and SBU based on the
input element (1023). SBU [3] is set to 1, indicating that
CNTM [255:192] is not a sparse region. CNTM [255, 3] is
incremented by 1, recording that 1023 has appeared once. In
this way, the input array [1, 1021, 3, 1021, 3, 67, 1023, 0, 64,
1023] is stored in CNTM.

Once all input elements are counted, the indexing phase
is switched via the Control FSM. As shown in Fig. 3, PRU

Fig. 3. An example illustrating the operation of indexing phase.

Fig. 4. The pipeline design of OnSort. TX-C and TX-I represent the counting
and indexing phases of different sorting tasks, respectively.

iteratively queries the SBU and CNTM in the indexing phase.
The indexing addresses for SBU and PRU range from 3 to 0
and 255 to 0, respectively. We employ a sparse-aware mecha-
nism to identify sparse regions and skip their indexing, thereby
narrowing the indexing range. In the first step, PRU checks
SBU. If an SBU entry is enabled, the corresponding addresses
are indexed from CNTM in the second step. Conversely, the
indexing of the CNTM will be skipped. For example, CNTM
[255:192] is retrieved because SBU [3] is enabled, while the
indexing of CNTM [191:128] is skipped because SBU [2] is
disabled. This approach allows for coarse-grained avoidance of
accessing invalid regions. Each access to CNTM is performed
with a parallelism of B. A non-zero detection circuit filters
out meaningful values from the retrieved data, which are then
stored in the FIFO along with their corresponding addresses.
For example, invalid values in CNTM [255] are removed, and
the sparse region CNTM [192:254] is rapidly indexed with
a parallelism of 4. Meanwhile, the addresses and bankid are
output count times with a parallelism of 2.

C. High Throughput Design (HT)

As demonstrated in Algorithm 1 and Algorithm 2, data
dependencies exist between the counting and indexing phases,
which pose challenges for streaming execution and lead
to suboptimal performance. We propose a high-throughput
version by duplicating modules such as CNTM and SBU
to eliminate data dependencies. The FSM controls switching
hardware resources through multiplexers according to the
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Fig. 5. The ablation study of OnSort: speedups of variants against the naive.

TABLE I
THE COMPARISON OF AREA, POWER AND MAXIMUM FREQUENCY

task phase. This approach enables a pipeline design for the
counting and indexing stages across multiple tasks, as shown
in Fig. 4. The counting latency of one task can be hidden
by the indexing phase of the previous task. This optimization
becomes more impactful when handling many tasks, as it helps
amortize the overhead of the epilogue and prologue. However,
this improvement comes with the trade-off of area overhead.

IV. EXPERIMENT AND RESULTS

A. Evaluation Settings

Hardware Implementation. We design a cycle-accurate
simulator to evaluate the performance of OnSort and verify
its correctness through a Verilog RTL implementation. The
simulator’s performance aligns perfectly with the RTL imple-
mentation. We use the Synopsys Design Compiler to estimate
the chip area and total power consumption under the TSMC
28nm process.

Datasets. A diverse set of datasets is employed to evaluate
OnSort under various conditions. These datasets include four
types of data distributions: DN_{gs, rdm, dist, all1}, where
N represents the maximum number of elements supported
by the hardware, and gs and rdm refer to Gaussian and
random distributions, respectively. DN_dist and DN_all1 rep-
resent datasets where all element values are distinct and all
element values are the same, respectively. Additionally, we
introduced variability to simulate real-world applications, such
as DN_div2 and DN_div4, representing datasets containing
N/2 and N/4 elements. The final dataset is a combination of
these data distributions and variability.

TABLE II
THE COMPARISON OF PERFORMANCE

B. Ablation Studies

To demonstrate that the components of the proposed
architecture enhance performance in various scenarios, we
conducted ablation studies. The accelerator is configured with
parameters N = 65536, B = 8, S = 256, and K = 16.
Our naive version is a resource-efficient architecture without
parallel prefetching, sparse-aware mechanism, and parallel
output capabilities. We evaluate four variants of OnSort to
decouple the contribution proposed in this brief. (1) PR:
includes parallel prefetching strategy without sparse-aware
mechanism and parallel output capabilities. (2) NP: includes
parallel prefetching strategy and sparse-aware mechanism
without parallel output capabilities. (3) RE: a fully functional
resource-efficient architecture with P set to 2. (4) HT: the
high-throughput architecture.

Fig. 5 presents the speedup comparison of different vari-
ants across multiple datasets. The PR variant achieves an
average speedup of 1.81× over the baseline. These optimiza-
tions stem from accelerating the indexing phase via parallel
prefetching, which allows skipping fine-grained sparse regions.
Additionally, on the DN_all1 and DN_div4_dist datasets,
NP outperforms PR by 1.13× and 1.28×, respectively. This
is because these datasets contain large sparse regions, and
the sparse-aware mechanism effectively narrows the indexing
range. The parallel output capability of FIFO amplifies the
performance gains from our parallelized prefetch mechanism,
resulting in a 1.26× speedup for RE compared to NP. Notably,
the NP and RE versions only accelerate the indexing phase
without optimizing the counting phase. By interleaving count-
ing latency with the preceding indexing phase via inter-task
pipelining, HT further improves performance by 1.62× over
RE. HT ultimately achieves 4.02× speedup compared to the
baseline.

C. Performance Comparison

To demonstrate the superiority of our architecture, we
compare the performance of OnSort with the architecture
presented in [10], [15], and [16]. Our architecture is config-
ured with parameters B = 8, S = 256, P = 2, and L =
1024. Reference [15] is a comparison-free sorter with O(n)

time complexity, and [16] introduces bidirectional structure
to improve this architecture. Reference [10] is the state-of-
the-art design, constructed with a bitonic sorter and numerous
bidirectional insertion sorting units (BISU), achieving higher
energy efficiency and area efficiency. For the experiments
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involving large-scale datasets that are unavailable in this brief,
we reproduce and synthesize [15] and [16] under the same
setting and estimate the results for [10] based on the reported
data. These sorters are implemented using a large number of
registers or comparators. References [15] and [16] require at
least 3N and 2N registers, respectively, while [10] requires
N/2 BISUs, each containing several registers and compara-
tors. As a result, these sorters exhibit poor area and power
performance on large-scale datasets, as shown in Table I. In
contrast, our SRAM-based design features moderate area and
power growth rates. Compared to [10] and [16], RE achieves
up to 95% and 87% area reduction and up to 97% and 87%
power reduction, respectively.

We compare OnSort with the state-of-the-art design across
four datasets in Table II. Reference [10] achieves a sorting
cycle of 1.5N, while [15] and [16] range from 2N to 3N and
1.5N to 2N + (N/2)−2, depending on value distribution. This
dependency arises from redundant indexing caused by sparse
regions in CA, preventing optimal sorting cycles in practice.
To address this, OnSort’s sparse-aware mechanism checks sig-
nals marking sparse regions, skipping coarse-grained invalid
indexing. Parallel prefetching accelerates indexing, while
nonzero detection eliminates redundant fine-grained indexing
by preventing bubbles. With these optimizations, RE and
HT achieve sorting cycles of approximately 1.5N and N on
the DN_rdm dataset, delivering the shortest sorting time. To
evaluate sorting time and area, we present the throughput-area
ratio in Table II, and the maximum frequency (Fmax) during
evaluation is shown in Table I. Since the frequency for the
corresponding configuration is not provided in [10], we set
it to the highest among the designs (which may exceed the
actual frequency). The average throughput-area ratios of RE
and HT are 16.6× and 13.6× higher than [16], respectively.

We further compare the sorting cycles of [15] and [16]
across datasets with different distributions and element num-
bers, as shown in Table III. As previously analyzed, [15]
and [16] exhibit significant performance variations across
different data distributions, whereas our design is largely
independent of data distribution, achieving a sorting cycle
approximating N. Moreover, [15] and [16] do not exhibit
linear optimization in sorting cycles for DN_div2_rdm and
DN_div4_rdm. This is because they still index the entire
search space despite the significant redundancy within it. In
contrast, the sparse-aware mechanism narrows the indexing
range, while parallel prefetching accelerates the remaining
indexing process. As a result, RE achieves 1.94× and 2.44×
speedups for DN_div2_rdm and DN_div4_rdm, respectively,
compared to [16]. In addition, previous designs overlooked
the optimization of the counting phase, while HT hides this
phase’s latency through streaming execution, achieving the
fewest sorting cycles across all listed datasets.

V. CONCLUSION

In this brief, we propose OnSort, an SRAM-based,
comparator-free sorting architecture with O(n) time complex-
ity for large-scale datasets. We introduce a parallel prefetching

TABLE III
THE COMPARISON OF SORTING CYCLES (IN THOUSANDS)

strategy to accelerate the indexing process and a sparse-
aware mechanism to narrow the indexing search range.
Additionally, we enable full streaming execution through a
pipeline design. Experimental results demonstrate that our
architecture achieves high performance with minimal area
overhead.
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