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HARDWARE–SOFTWARE PLATFORM ARCHITECTURE FOR CLOUD COMPUTING 

ACCELERATION USING FPGA 

 

The increasing computational load in cloud infrastructures driven by large-scale data analytics 

and machine-learning tasks requires efficient hardware acceleration solutions. This paper presents a 

hybrid hardware–software architecture integrating FPGA-based accelerators into a cloud platform for 

data-intensive and inference-driven applications. The proposed approach combines reconfigurable 

hardware logic with containerized software environments, achieving 3–5× improvement in performance 

and up to a 40% reduction in energy consumption compared to CPU-based systems. Experimental 

evaluation shows that the FPGA-enabled architecture provides scalable, low-latency execution suitable 

for high-throughput workloads in modern data centers.  

Keywords: FPGA, cloud computing, hardware acceleration, reconfigurable computing, 

hardware–software co-design, machine learning. 

 

Problem statement. Cloud computing has become the de facto paradigm for elastic and cost-

effective data processing. However, emerging workloads—deep neural network inference, stream 

analytics, and high-throughput cryptography—exhibit limited scalability on conventional CPU 

architectures [1-3]. Field-Programmable Gate Arrays (FPGAs) offer massive fine-grained parallelism 

and reconfigurability, enabling domain-specific pipelines with high energy efficiency. Major cloud 

vendors already expose FPGA instances; yet, the seamless integration of FPGA accelerators into a 

generic, containerized cloud stack remains non-trivial due to orchestration, virtualization, and security 

overheads. 

This paper proposes a comprehensive hardware–software platform architecture for integrating 

FPGA accelerators into Kubernetes-based clouds. We address bitstream management, runtime 

scheduling, and RDMA-backed data movement to close the gap between application containers and 

reconfigurable logic. We provide an experimental evaluation over matrix multiplication, CNN inference 

(ResNet-50, batch=16), and AES-256 encryption showing 3–5× speed-ups and 35–45% power savings 

[4].  

Related Work. Research on cloud-scale hardware acceleration has progressed along three axes: 

(i) FPGA virtualization fabrics enabling partial reconfiguration and multi-tenant sharing; (ii) 

heterogeneous platforms coupling CPUs, GPUs, and FPGAs under a unified runtime; (iii) higher-level 

programming models (OpenCL/HLS/Vitis) reducing development effort while preserving performance 

portability. Microsoft Catapult and AWS F1 demonstrate production viability, while academic work 

explores dynamic partial reconfiguration and runtime schedulers that minimize latency spikes. Despite 

these advances, challenges persist in standardizing APIs for container orchestration and ensuring strong 

isolation for security-sensitive workloads [5].  

Hardware–Software Co-Design. The platform follows a co-design approach in which hardware 

kernels and software services are co-optimized. A control plane manages bitstreams, admission control, 

and QoS policies; a data plane enables high-throughput communication over PCIe Gen4 with optional 

RDMA; monitoring hooks export telemetry (power, temperature, and utilization) to a 

Prometheus/Grafana stack for closed-loop control. Scheduling uses a weighted round-robin policy 

parameterized by task priority, latency estimate, and transfer cost [6].  

Scheduling score formula: Si = Wi/(Li+Ti), where Wi is priority, Li is expected latency, and Ti is 

transferring overhead [7].  

Proposed Architecture. The architecture comprises three layers. The virtualization layer 

manages a pool of pre-compiled bitstreams mapped to kernels (matrix multiplication, AES, CNN 

inference). The communication layer employs RDMA to bypass the host CPU during memory transfers, 

reducing overhead. The management layer exposes REST/gRPC APIs for container-to-accelerator 

binding, with admission control based on resource availability and QoS. Partial reconfiguration 

multiplexes up to four kernels per FPGA while maintaining utilization under 80% [8].  

Methodology and Experimental Setup. We evaluate a hybrid cluster comprising CPU-only and 

FPGA-accelerated nodes under identical data and software conditions [9].  
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Table 1 – Experimental environment (CPU vs FPGA nodes). 

Parameter CPU Node FPGA Node 

Processor Intel Xeon Silver 4214 (12 cores, 2.2 

GHz) 

Xilinx Alveo U250 

Memory 128 GB DDR4 64 GB HBM2 

Interconnect 10 GbE + PCIe Gen4 ×16 10 GbE + PCIe Gen4 ×16 

OS Ubuntu 20.04 LTS Ubuntu 20.04 + XRT 

Software Docker, Kubernetes, TensorFlow 2.12 Vitis 2023.1, Vivado 2023.1 

 

Workloads include dense 1024×1024 matrix multiplication, ResNet-50 inference (batch=16), and 

AES-256 encryption. Metrics: throughput (GOPS), latency (ms), power (W), efficiency (GOPS/W) [10].  

Results and Performance Evaluation. 

Table 2 – Performance comparison (GOPS) and speed-up.  

Task CPU (GOPS) FPGA (GOPS) Speed-up (×) 

Matrix Multiply 280 910 3.25 

CNN Inference 150 610 4.07 

AES Encryption 200 990 4.95 

 

As shown in Fig. 1, FPGA-accelerated configurations outperform CPU baselines across all 

workloads; the aggregate speed-up is summarized in Fig. 2. [11]. Energy-related metrics are depicted in 

Fig. 3 and Fig. 4, illustrating lower power draw and higher GOPS/W for FPGA nodes versus CPU nodes 

[12].  Resource saturation for the bitstream used in our experiments is reported in Fig. 5 [13].  

Quantitative comparisons are reported in Table 2 (throughput and speed-up) and Table 3 (power and 

efficiency gains) [14].  

 

 
Figure 1 – Performance comparison: CPU vs FPGA (higher is better). 

 

 
Figure 2 – Speed-up of FPGA over CPU across workloads. 
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Figure 3 – Power consumption under representative workloads. 

 

 
Figure 4 – Energy efficiency (GOPS/W) for CPU and FPGA. 

 

 
Figure 5 – FPGA resource utilization for the proposed design. 

 

Table 3 – Power and energy efficiency. 

Task CPU Power (W) FPGA Power (W) Efficiency Gain (GOPS/W) 

Matrix Multiply 120 70 5.57× 

CNN Inference 140 85 6.70× 

AES Encryption 130 75 8.58× 
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Discussion. Results confirm that FPGA acceleration significantly improves throughput and 

energy efficiency versus CPU-only baselines, with the largest gains observed in highly parallelizable 

kernels (encryption) and pipeline-friendly workloads (matrix multiplication). RDMA-based data 

movement eliminates host CPU overhead during transfers, contributing to latency reductions. 

Remaining challenges include long compile times for bitstreams and multi-tenant security isolation. 

Adopting standardized APIs for orchestration (e.g., Kubernetes device plugins) and trusted partial 

reconfiguration can mitigate these issues [15].  

Conclusion and Future Work. We presented a hardware–software platform architecture for 

integrating FPGA accelerators into containerized cloud systems. Our evaluation over representative 

workloads demonstrates 3–5× performance improvement and up to 40% energy savings. Future work 

involves AI-driven scheduling, fine-grained QoS across multi-FPGA clusters, and in-line security 

monitoring IPs to strengthen tenant isolation [16].  
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АРХІТЕКТУРА АПАРАТНО-ПРОГРАМНОЇ ПЛАТФОРМИ ДЛЯ ПРИСКОРЕННЯ 

ХМАРНИХ ОБЧИСЛЕНЬ З ВИКОРИСТАННЯМ FPGA 

 

Зростаюче обчислювальне навантаження в хмарних інфраструктурах, спричинене 

великомасштабними завданнями аналізу даних та машинного навчання, вимагає ефективних 

рішень для апаратного прискорення. У цій статті представлено гібридну апаратно-програмну 

архітектуру, що інтегрує прискорювачі на базі FPGA в хмарну платформу для додатків, що 

інтенсивно використовують дані та базуються на висновках. Запропонований підхід поєднує 

реконфігуровану апаратну логіку з контейнерними програмними середовищами, що забезпечує 

3–5-кратне підвищення продуктивності та до 40% зниження енергоспоживання порівняно з 

системами на базі CPU. Експериментальна оцінка показує, що архітектура на базі FPGA 

забезпечує масштабоване виконання з низькою затримкою, яке підходить для робочих 

навантажень з високою пропускною здатністю в сучасних центрах обробки даних.  

Ключові слова: FPGA, хмарні обчислення, апаратне прискорення, реконфігуровані 

обчислення, спільне проектування апаратного та програмного забезпечення, машинне навчання. 

 

 

 
 

Дата першого надходження                        Дата прийняття статті                                  Дата 

        статті до видання                                             до друку                                    оприлюднення 

           05.09.2025 р                                                03.10.2025 р.                                   25.12.2025 р. 

 

24 

https://doi.org/10.1145/2145694.2145704
https://doi.org/10.1007/s42452-020-3003-x
https://doi.org/10.1016/j.future.2025.107777

