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Abstract—Coarse-Grained Reconfigurable Arrays (CGRAs) are
a promising solution for achieving high energy efficiency and
reconfigurability across various application domains. However,
their practical performance is frequently impeded by centralized
memory architectures. Conventional CGRA architectures restrict
direct memory access to specific tile locations, forcing exten-
sive data routing that competes with computation resources. To
mitigate this routing overhead, this work introduces a cluster-
based distributed memory architecture. By partitioning the array
into clusters that share localized memory units and utilizing a
lightweight coherence mechanism, the proposed design enhances
data accessibility. Evaluation demonstrates that this distributed
memory architecture for CGRAs yields an average speedup of
1.34× compared to traditional global-memory baseline CGRAs.

Index Terms—CGRAs, Memory Architecture, Reconfigurable
Computing

I. INTRODUCTION

Coarse-Grained Reconfigurable Arrays (CGRAs) offer a

compelling balance between high flexibility and high energy

efficiency [1], making them increasingly popular for accelerat-

ing applications in domains like high-performance computing

(HPC) [2] and machine learning (ML) [3]–[5]. Architecturally,

typical CGRAs are composed of an array of computing tiles

linked via reconfigurable on-chip networks. To accelerate ker-

nels, the compiler transforms loop kernels into Data Flow

Graphs (DFGs) [6]–[8] and maps them onto the Modulo Rout-

ing Resource Graph (MRRG) [9] of the CGRA. The primary

objective of this mapping is to minimize the initial interval (II)

— the number of cycles between the start of successive loop

iterations — thereby maximizing the overall throughput.

Despite the computational prowess of CGRAs, the efficacy

of conventional CGRAs is frequently compromised by data

provisioning constraints inherent in centralized memory de-

signs. Contemporary CGRA architectures typically couple the

tile array with a monolithic global memory, employing one of

two restrictive memory access methods. The tile-based method
[10], [11] confines memory interfaces to specific boundary tiles,

necessitating multi-hop data relaying to reach inner computing

tiles. This excessive data routing consumes valuable intercon-

nect resources and significantly degrades performance. Alterna-

tively, the HW/SW arbitration-based method [12]–[14] either

uses a hardware arbiter to select one tile per row or column

to access the memory each cycle, or relies on the compiler to
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statically schedule non-conflicting memory accesses. While this

method attempts to broaden access, but introduces serialization

latencies when multiple tiles within a row or column contend

for limited bandwidth. In scenarios of high contention, these

memory access conflicts force memory request deferrals and

complex rerouting. Consequently, both memory access methods

fail to deliver the parallel, low-latency data access required

by many workloads, necessitating a paradigm shift toward

distributed memory hierarchies to resolve these fundamental

bottlenecks.

II. PROPOSED METHODOLOGY

Fig. 1 gives an overview of our proposed novel CGRA

architecture. The fundamental innovation of the design lies

in its memory subsystem organization, which departs from

monolithic shared memory in favor of a distributed, cluster-

based approach. As shown in Fig. 1(a), tiles are grouped

into clusters of four tiles, with each cluster sharing a local

memory unit. A memory coherence controller maintains the

coherence across these distributed memory units. Each tile

contains function units that support LLVM [15] IR operations,

control memory, a 6× 12 crossbar, eight register sets, and four

bypass buffers (Fig. 1(c)). The tiles are interconnected in a

mesh-style topology [16].

A. Cluster-Based Distributed Memory Architecture

To mitigate the interconnect congestion inherent in central-

ized memory architectures, we restructure the tile array into

independent clusters, each equipped with a dedicated, multi-

banked local memory unit. The number of banks in each local

memory unit matches the cluster size to enable simultaneous

memory access from all tiles within the cluster. Within a cluster,

tiles are tightly coupled to this local memory, enabling simul-

taneous parallel memory access without contending for global

routing resources. This design choice effectively localizes the

majority of memory traffic, drastically reducing the demand on

the inter-tile routing resources. Our evaluation explores cluster

sizes of {1, 2, 4, 6} for a 6× 6 CGRA. Other cluster sizes can

also be supported based on user configurations.

B. Lightweight Memory Coherence Controller

Since a variable may be needed by tiles in multiple clusters,

our proposed architecture permits variable replication across

multiple memory units. To maintain data integrity amidst this
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Fig. 1. Proposed Architecture Overview. (a) The 6× 6 CGRA is partitioned
into clusters (i.e., cluster size of 4), where tiles within each cluster share a
local memory unit managed by a coherence controller. (b) The memory unit
integrates a multi-bank data memory, a hardware arbiter for local access, and
a coherence module to track data modifications. (c) Tile micro-architecture
features standard function units and control memory.

replication, we introduce a centralized hardware controller that

enforces a MESI-like coherence protocol [17]. This controller

manages a global state table tracking the residency and status

(modified, exclusive, shared, and invalid of all active

variables. The coherence maintenance is executed through a

streamlined hardware pipeline. Upon receiving a write noti-

fication from the coherence module in a cluster’s memory

unit, the controller immediately updates the global state to

reflect the modification and broadcasts invalidation signals to

all other clusters holding copies of that variable. Subsequently,

it generates synchronization requests to update the stale copies

with the new value. This hardware-automated synchronization,

operating in tandem with compiler-enforced access schedules,

ensures that the distributed memory view remains consistent

across the entire array with minimal latency overhead.

Crucially, to prevent the coherence mechanism from be-

coming a performance bottleneck, we optimized the controller

logic into a deterministic two-cycle pipeline. The first cycle

handles state lookup and invalidation broadcasting, while the

second cycle resolves data synchronization. This low-latency

design ensures that memory consistency is maintained without

degrading the operating frequency of the compute tiles.

III. EXPERIMENTAL RESULTS

We evaluate the proposed architecture using an integrated

framework comprising an LLVM-based compiler and a cycle-

accurate simulator. To obtain precise physical metrics, we

implemented the design in RTL [8], [11] and synthesized a 6×6
prototype using the TSMC 22nm ULL library with Synopsys

Design Compiler and CACTI 7.0 [18] (for SRAM macros). The

evaluation employs a diverse benchmark suite collected from

[8], [19]–[22], including linear algebra kernels and complex

applications from diverse domains. Performance is compared

against a baseline conventional 6x6 mesh CGRA configured

with a 64 KB global SRAM (a minimum size sufficient to

execute all benchmarks), utilizing an identical mapper without

cluster constraints to ensure fairness.

We begin by aligning the total memory capacity of a pro-

posed 6× 6 CGRA (cluster size 4) with the baseline’s 64 KB.

TABLE I
BENCHMARKS AND EVALUATION RESULTS

Domains Kernels/
Applications

EDFG
Characteristicsa Bestb Perf/Area

Linear
Algebra

gemm 33, 4, 3, 21168 1.56× /1.20×
2mm 52, 6, 5, 35280 1.42× /1.20×

trVecAccumc 18, 1, 1, 2048 1.40× /1.20×
gemver 168, 28, 5, 6144 1.39× /1.06×

reduce-sum 73, 8, 2, 4352 1.30× /1.20×
Signal Process fft 96, 24, 6, 20480 1.26× /1.20×

Communication viterbi 97, 8, 4, 940 1.49× /1.20×
Graph floyd 20, 4, 1, 7056 1.21× /1.20×

Optimization levmarq 52, 4, 2, 84 1.40× /1.20×
ML gcn 106, 19, 11, 55720 1.25× /1.20×

a. Characteristics contain {#OpNds, #VarNds, #Vars, Total Size of Vars in bytes}.
b. Best refers to the cluster size from {1, 2, 4, 6} that yields the highest speedup

for that kernel. All Speedup and Area values are normalized to the baseline
CGRA’s speedup and area (with SRAM).

c. trVecAccum transforms a triangular matrix.

Fig. 2. Performance evaluation. Normalized speedup of the proposed cluster-
based architecture with varying cluster sizes ({1, 2, 4, 6}) compared to the
conventional baseline. The ”Cluster Size = 4, Aligned Total 64KB SRAM” bar
indicates the performance of an initial configuration constrained to match the
baseline’s total memory capacity.

However, this configuration is insufficient for the gcn kernel.

Consequently, to enable a comprehensive evaluation across the

full benchmark suite, we adopt a 16KB memory unit per cluster

(the minimum size dictated by the most demanding kernel gcn).

Fig. 2 presents the performance results across 6 × 6 CGRAs

with cluster sizes of {1, 2, 4, 6}. The proposed architecture con-

sistently outperforms the baseline, achieving average speedups

of {1.33×, 1.32×, 1.34×, 1.37×}, respectively, with an overall

average of 1.34×. These gains stem from the architecture’s

ability to localize memory traffic, effectively alleviating global

routing pressure. Regarding physical implementation, the area

of the synthesized 6×6 prototype CGRA with cluster size of 4

is 0.38mm2 with SRAM macros, operating at 800MHz@22nm.

The memory controller accounts for a negligible 0.50% of

the total area. As shown in Table I, our performance per

area consistently surpasses the baseline, yielding an average

improvement of 16%.

IV. CONCLUSION

This work addresses the critical memory bottleneck in con-

ventional CGRAs caused by centralized storage and rigid ac-

cess topologies. We propose a cluster-based distributed memory

architecture that partitions the computing array into local clus-

ters, each served by a dedicated memory unit and managed by a

lightweight coherence controller. By localizing memory traffic

and enabling parallel access, this design effectively mitigates

global routing congestion. Experimental results demonstrate

that the proposed architecture achieves an average speedup

of 1.34× and a 16% improvement in performance-per-area

compared to a traditional baseline, confirming its efficacy in

delivering efficient data provisioning for diverse workloads.
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