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Abstract:  Field Programmable Gate Arrays (FPGAs) are widely adopted in designing high performance 

and low power embedded systems. However, the power estimation at the system level remains a difficult 

problem, especially in the case of multiple IP cores. The system-level power estimation models for 

cascaded and non-cascaded architectures are available in literature. However, the available models are 

only experimented on conventional designs of moderate and high complexity level circuits that does not 

incorporate any low power technique. The battery-operated mobile systems need low power designs in 

order to reduce the battery life. Therefore, this paper presents some power reduction techniques at RTL 

level and an integrated frameworks that combine IP-level modeling, system-level scalability, and runtime 

power optimization techniques. The results provide guidance towards accurate and scalable FPGA power 

estimation approaches for complex heterogeneous systems targeted to low power designs. 
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Introduction 

Field Programmable Gate Arrays (FPGAs) are the choice of designers for the development of high-

performance systems. With the advent of Artificial Intelligence, nowadays FPGAs also find their 

applications in edge computing, autonomous driving cars, and telecommunications. However, FPGAs 

suffers from high power consumption. Commercial power analysis and estimation tools are available but 

due their long design cycles lots of time has been wasted. Therefore, there is a need of early power 

estimation frameworks. The system-level power estimation models for cascaded and non-cascaded 

architectures are available in literature. However, N. Singh et. al. modified estimation identity, which takes 

into account the effect of intermediate IP cores in cascaded architectures. However, this modified identity 

has not been tested for the designs incorporated with power reduction techniques using the IP modeling 

approach at system level [1]. Similarly, the conventional IP-summation models proposed by D. Elleouet 

et. al. can achieve acceptable accuracy for non-cascaded systems but incur large estimation errors for 

cascaded systems as a result of the propagation of switching activity between IP cores [6]. 

 

Literature Review 

The literature survey shown in table 1, combines research related to power reduction techniques, power 

estimation methodology and frameworks. It has been observed from the literature survey that there is no 

integrated framework available for power estimation that combine IP-level modeling, system-level 

scalability, and runtime power optimization techniques. 
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Theme / 

Category 
Core Sub-Technique Citations Core Contribution / Methodology 

Related to 

Power Reduction 

Techniques 

(Actuators) 

Clock Gating 

Architectures 

Huda et al. [11] 

Shinde et al. [12] 

Wang et al. [16] 

Focuses on inserting clock enables and 

routing-level clock buffers specifically 

modified for FPGA fabrics (e.g., Virtex-

5) to freeze idle logic blocks. 

Fine-Grained RTL & HLS 

Gating 

Li et al. [20], [21] 

Riahi et al. [24] 

Introduces toggle-rate monitoring and 

centralized/fine-grained clock gating 

generation directly during High-Level 

Synthesis loops. 

Memory & Architectural 

Optimization 

Tessier et al. [15] 

Kumar et al. [13] 

Verma et al. [18] 

Explores algorithms for low-power RAM 

mapping within embedded BRAM 

blocks and thermal-aware image ALU 

configurations. 

Related to 

Power 

Estimation 

Methodology 

(Analytical 

Models) 

High-Level IP Macro-

Modeling 

Liu et al. [5] 

Elleouet et al. [6] 

Durrani et al. [8] 

Gupta et al. [27] 

Builds high-level black-box and gray-box 

functional equations to characterize 

Intellectual Property (IP) blocks without 

requiring full physical implementation. 

Switching Activity & 

Software Estimation 

Nasser et al. [9] 

Lee et al. [17] 

Lebreton et al. [23] 

Gebotys et al. [24] 

Tracks statistical switching activity 

propagation across logic networks; 

includes SystemC Transaction-Level 

Modeling (TLM) for DVFS and 

embedded DSP software activity traces. 

Related to 

Accuracy, ML, & 

Validation 

Frameworks 

Machine Learning & 

GNN Forecasting 

Poovannan et al. [2] 

Lin et al. [3] 

Utilizes modern pre-synthesis ML 

regressions and Graph Neural Networks 

(PowerGear) on HLS intermediate 

graphs to bypass tedious CAD 

implementation times. 

Hardware Measurement 

& Custom Tools 

Lee et al. [4] 

Verma et al. [10] 

Davis et al. [22] 

Anderson et al. [25] 

Delivers high-accuracy online, per-

module runtime power tracking 

(KAPow) and cycle-accurate hardware 

measurements to calibrate analytical 

tools. 

Commercial Flow 

Baseline References 

Lorandel et al. [7] 

Chalbi et al. [14] 

Vivado Guide [19] 

Evaluates end-to-end framework 

accuracy using gold-standard vendor 

tools (Xilinx Vivado Power Analyzer / 

UG907) as a base accuracy validation 

vector. 

 

Table 1. Research related to Power Estimation Frameworks and Power Reduction Techniques for FPGAs. 

 

Power Reduction Techniques at Register Transfer Level   

The designers at RTL level have very limited opportunities to reduce the power consumption as shown in 

figure 1. As power is highly dependent on switching activity, reducing it during the designing process 
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would greatly impact on power consumption. In clock gating, the switching activity can be reduced by 

disabling the clock to the unused blocks.  Choosing the right FSM encoding reduce toggling and inserting 

pipelining registers help in reducing glitching. Choosing optimized BRAM blocks over LUTS also reduce 

switching activity. At system level, unused IPs can be disabled in order to reduce the power. 

 

 
Figure 1. RTL Power Reduction Techniques for FPGAs. 

 

Proposed Methodology 

 
Figure 2. Proposed Low Power Estimation Framework at System Level for FPGAs 
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The framework of power estimation at system level for low power designs is shown in figure 2. The system 

level designing requires different IPs (standard or user defined) connected together and customized in 

order to create a specific system. Each IP is configured with power reduction technique. The system is 

synthesized and the power is estimated using VIVADO power analysis tool. Later on, each IP is also 

customized for different input/output vector length and parameterized equations are created using the 

synthesis data in MATLAB environment. The curve fitting and nonlinear regression technique is generally 

utilized for obtaining the relationship between dependent and independent variables. Further, the power 

has been estimated using the approaches given in the literature and compared against the commercial 

tool for validation purpose.  

 

Conclusion 

This work presented a low power estimation framework for FPGAs with a focus on system-level 

architectures consisting of multiple IP cores. The study revealed that classical summation of individual IP's 

power consumption can be used in standard power estimation practices for non-cascaded and cascaded 

systems where IP blocks are independent. This proposed framework can used to evaluate these IP based 

non-cascaded and cascaded systems. 
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