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Abstract 
 

In recent years, study of the hardware accelerators is on its peak because of the 

emerging computational applications and advancement in FPGA architecture. In this 

thesis, we proposed a Field Programmable Gate Array (FPGA) based hardware 

architecture to accelerate the parameter extraction process of the MOSFET model. 

Parameter extraction of PSP MOSFET model is studied as a computational intensive 

process and it has been accelerated on SoC hardware platform. With increasing 

complexity in MOSFET model, parameter extraction of MOSFET model became a 

compute-intensive task. To reduce the computational time, novel approach of MOSFET 

parameter extraction at hardware level is presented using Xilinx's Zynq 7000 SoC and 

Xilinx's Ultrascale+ MpSoC platform. Extraction of PSP MOSFET model for 65 nm 

technology nMOS devices has been carried out using Particle Swarm Optimization (PSO) 

algorithm.  

 Two different hardware architectures are proposed. One architecture is HW-SW 

co-design to accelerate the optimization process (i.e. PSO algorithm) which is 

implemented and tested on Zynq 7000 SoC board.  FPGA realization of PSO is  found to 

be performing 73.06% faster with respect to ARM based software implementation. 

Performance of the ARM soft-processor inside the Zynq 7000 SoC is further enhanced by 

Asymmetric Multi-Processor (AMP) system configuration which enables concurrent and 

independent execution of dual-core ARM. Implementation results reveal that ARM 

Cortex A9 processor performs 28.54% better in AMP dual-core configuration compared 

to single core in terms of execution time. Second architecture is aimed to accelerate 

execution time of PSP model library by its FPGA realization. Xilinx's Ultrascale MpSoC 

board is considered as a target board. Various design optimization strategy is investigated 

to build the customized HDL (Hardware Descriptive Language) wrapper of PSP model 

library (SiMKit) in High Level Synthesis (HLS) tool. The FPGA implementation of 

SiMKit library is functionally tested for various characteristics like drain current (𝐼 − 𝑉), 

gate capacitance (𝐶 − 𝑉) and transconductance (𝐺𝑚 − 𝑉) of MOSFET device. The results 

show that the FPGA framework of SiMKit performs 89.01% faster than ARM CorTex A9 
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dual core processing system. Further, 41.5% speedup is measured as compared to 

software execution of SiMKit, running on CPU with 1.7 GHz  Intel's core-i3 processor 

having 8 GB RAM.  

 With the available measurement data, 35 global and local parameters of PSP 

MOSFET model are extracted. It is demonstrated that the SoC implementation of PSO 

algorithm is able to accurately minimize the rms error below 10 % between model 

generated data and experimental data. 

 Keywords: Particle Swarm Optimization, PSP MOSFET model, SiMKit model library, 

FPGA, System on Chip, Hardware Accelerator, Zynq SoC. 
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CHAPTER-1 

1 Introduction 

 

1.1 Motivation 

The need for hardware accelerator based computer architecture is progressively increasing 

with rising computational demand for complex and big data applications in recent years. 

To achieve high efficiency in data-intensive computing, the study of heterogeneous 

hardware accelerators, have become a topic of interest. The trend towards extensive use of 

accelerators and heterogeneous SoCs are growing rapidly. According to the International 

Technology Roadmap for Semiconductors (ITRS) prediction [1], a number of hardware 

accelerators in a chip will reach 3000 by 2024. Also, the recent development of advanced 

High Level Synthesis (HLS) tools help an embedded designer to enhance the productivity 

in a larger scale with SoC architecture and able to accelerate the computational intensive 

process in a diverse field of applications [2]. 

One such compute-intensive application is the parameter extraction process in a 

semiconductor device modelling. The device model represents an actual device with the 

help of mathematical models consisting of predefined set of design parameters. These 

parameters values have to be determined as per the actual behaviour of the device. The 

process of determining the value of parameters using known data-set of measurement of 

the device is called parameter extraction. With downscaling of the MOSFET devices, 

parameter extraction of MOSFET model has become a computationally intensive task. 

MOSFET models have many device specific parameters in order to express the behaviour 

of the MOSFET. For example, PSP level 102 MOSFET model has more than 70 

parameters while BSIM level 54 is having more than 150 parameters for the consideration 

of various short-channel effects of the MOSFET. Model parameters need to be precisely 

extracted such that the model can imitate the behaviour of the MOSFET circuit accurately. 

However, difficulties in determining the values for the model parameters arise because of 
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either the approximations used to derive the device model are far from reality, or the 

accurate determination of a given parameter sometimes depends on the value of other 

parameters which is not accurately known. The expanded multi-dimensional nature of 

MOSFET models make the parameter extraction issue extremely difficult, and hence, 

needs efficient nature-inspired optimization algorithm for the best fit to the actual device 

[3]. Usually, it takes hours of computational time to optimize and estimate the parameters 

[4], [5]. The time-efficient hardware approach is required to accelerate the extraction 

process. With the recent advancement in SoC (System on Chip) and MCSoC (Multi-Core 

SoC) reconfigurable architecture along with High Level Synthesis tools, it is possible to 

accelerate such computational intensive application in a time-efficient manner. 

1.2 Definition of Problem 

The aim of this research work is to develop a hardware accelerator architecture to improve 

the performance by reducing the total computational time for parameter extraction process 

of PSP MOSFET model. The conventional approach of parameter extraction of various 

compact MOSFET models like BSIM, PSP, EKV, etc., is addressed by many researchers 

by way of various optimization techniques and algorithms.  However, the arithmetical 

complexity of the model library and optimization algorithm limits all these 

implementations at a software level. In the case of SiMKit PSP model library [6], it 

consists of complex C code involving around 35,000 lines of floating point arithmetic 

functions like multiplication-division, exponential, square root, trigonometry, etc. Recent 

development in SoC architecture is competent to handle the arithmetic complexity of 

model library at a hardware level. However, to realize SiMKit modules efficiently in 

FPGA is a challenging task, which requires a large number of logic recourses like, CLBs, 

LUTs and DSP Slices in FPGA, along with hardware optimization techniques. With a 

combination of advanced High Level Synthesis tool (Xilinx's Vivado) and advanced 

FPGA architecture (Ultrascale+ MPSoC), it is at present possible to fit this type of 

complex design into an FPGA fabric. 

To reduce the execution time of the PSP MOSFET Model parameter extraction process, 

System on Chip (SoC) architecture framework is presented. Performance of the system is 

accelerated by offloading computational-intensive modules of extraction process in FPGA 



Introduction 

3 
 

logic together with a software application running on a tightly coupled soft processor. 

Further, this thesis explains the acceleration of the PSO algorithm in the process of 

parameter extraction. 

1.3 Objective and Scope of Research 

The purpose of this work is to explore the possibilities of implementation of the compute-

intensive applications on FPGA hardware. The MOSFET Model parameter extraction is 

one such computational intensive problem. The objective of this work is to implement an 

SoC based hardware architecture to accelerate PSP MOSFET Model parameter extraction 

process using a PSO algorithm. 

The scope of the research: 

 To implement time efficient Particle Swarm Optimization algorithm in FPGA and 

analyze the performance with the standard benchmark functions. 

 To implement an SoC based HW/SW co-design architecture which is responsible 

for accelerating the process of the PSO algorithm 

 To set up the dual-core ARM PS of Zynq SoC in Asymmetric Multi Processing 

(AMP) configuration in order to maximize the performance of the programming 

system (PS). 

 To develop an SoC based hardware architecture which is responsible to accelerates 

the process of the PSP model library (SiMKit). 

 To build an HDL wrapper of PSP 102.3 SiMKit library using HLS tool and 

establish a HW/SW interface with PSO optimizer. 

 To optimize the PSP SiMKit HDL IP(Intellectual Property) wrapper with the help 

of optimization strategy in Vivado, such that generated design meet the timing 

constraints and offers efficient logic resource utilization. 

 To measure the execution time of process which is under investigation with the 

help of AXI Timer to be implemented on FPGA hardware. 

1.4 Original Contribution by the Thesis 

 

In this thesis, FPGA based hardware accelerator is proposed for parameter extraction of 

PSP MOSFET model using an evolutionary algorithm for 65nm technology nMOS device. 

Particle Swarm Optimization algorithm is applied to optimize the various global and local 
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parameters. The proposed FPGA based hardware accelerator is designed for the specific 

application data set; in that way, this implementation is referred to as data-dependent 

accelerator design. In particular, the original contributions for this thesis are summarized 

as under: 

 The efficient FPGA implementation of the PSO algorithm is presented and 

analyzed by standard benchmark functions and various swarm sizes. 

 Two different time-efficient hardware architecture is presented to accelerate the 

primary computational intensive process of PSP MOSFET model parameter 

extraction: 1) PSO algorithm process and, 2) SiMKit library process. HW/SW co-

design architecture is proposed to accelerate the PSO process on Zynq7000 SoC 

platform. ARM dual-core operation is facilitated by AMP configuration on a 

programmable system(PS) of Zynq SoC to reduce the execution time of SiMKit in 

ARM soft processor. 

 Acceleration of the SiMKit PSP library process is achieved by a successful 

realization of SiMKit functions on FPGA of Ultrascale+ MPSoC. Hardware 

optimization strategy is used to optimize the generated hardware with respect to 

timing constraints and resource utilization. 

 35 various global and local parameters of PSP are extracted using available 

measurement data. Experimental results of various proposed hardware 

architectures including ARM-based software implementation are compared and 

analyzed with measurement data for PSO MOSFET parameter extraction.  

1.5 Thesis Organization 

The thesis is organized as follows: 

1. Introduction: Describes the motivation behind the study of hardware accelerator and 

parameter extraction process, followed by problem definition along with objectives and 

scope of the thesis. It also points out the list of contributions of this dissertation thesis. 

2. Background and Literature review: Introduce the reader to get background history and 

recent development carried out in the field of three major components of the thesis: 1) 

FPGA based hardware accelerator, 2) PSO algorithm and, 3) PSP model parameter 

extraction. Research gap is identified and described based on the literature review. 
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3. Hardware Implementation of Particle Swarm Optimization Algorithm: Describes 

FPGA implementation of PSO algorithm carried out using HDL with efficient hand-

written floating point arithmetic modules and customized random number generation 

circuit. This chapter also explains the analysis of algorithm behaviour with respect to 

various swarm size and benchmark functions. 

4. PSP model parameter extraction with PSO - Acceleration of PSO: Illustrates the PSP 

MOSFET model and its parameter extraction strategy using PSO algorithm. This 

chapter describes the methodology to extract the PSP model parameter using HW/SW 

co-design approach which is responsible to accelerates the PSO process in the Zynq 

7000 SoC hardware platform. Further, to reduce the execution time of  PSP library 

function "SiMKit" in PS, dual-core AMP configuration of ARM is explained in detail. 

5. PSP Library - SiMKit Acceleration: Describes the important contribution part of the 

thesis, the methodology to accelerate PSP library "SiMKit." This chapter explains the 

significant design details of the proposed method to accelerate SMKit library function 

into FPGA for various embedded SoC architectures (Zynq 7000 SoC and Ultrascale+ 

MpSoC). It also explores the various design optimization techniques for time-efficient 

and resource-aware hardware implementation in Vivado tools. 

6. Conclusion and Future Scope: Summarizes the results of entire work presented in the 

thesis and also suggests a possible scope for further research. 
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CHAPTER-2 

2 Background and Literature Review 

 
This research work is oriented towards FPGA based hardware accelerator design 

involving nature inspired algorithm and PSP MOSEFT model parameter extraction 

process altogether. Extended review is carried out during various stage of this work. Major 

objective of this section is to offer the sufficient background information and overview of 

work reported on hardware accelerator, particle swarm optimization algorithm and PSP 

MOSEFT model parameter extraction process. Literature review of this research work are 

also divided into these three different areas as discussed hereafter.  

2.1 Hardware Accelerator  

At present, the implementation of heterogeneous accelerators mainly relies on 

heterogeneous computing units such as Application-Specific Integrated Circuit (ASIC), 

Graphics Processing Unit (GPU), and Field Programmable Gate Array (FPGA). ASIC is a 

type of integrated circuit chip designed and developed for the specific purpose, with high-

performance, low power consumption and small size. However, the ASIC design cycle is 

long, the fabrication cost is high, and the fabrication cost increases exponentially as the 

channel width decreases, which further increases the design cost of the ASIC based 

implementation. According to recent IBS data, design, prototype and verification cost for 

sub-50nm device crossed $130 million [7]. GPU computing platform are suitable for big 

data and cloud computing applications where multiple core in a network, concurrently 

performing task synchronously [8]. 

FPGA-based reconfigurable accelerators have two major benefits as follows. First, FPGA 

architecture contains a large number of reconfigurable circuits, which satisfy requirements 

of high performance and low power consumption. Second, it provides excellent 

customizability with rapid prototype system which further reduces design cost and time to 
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market. Since, ASIC and GPU based accelerators are beyond the scope of this thesis, 

literature survey includes FPGA based accelerators. 

2.1.1 Hardware Accelerator - Background Scenario  

During 2015, while VLSI industry facing difficulty to sustain Moore's Law,  

heterogeneous multi-core platform research was on its peak. Many global enterprises turn 

their attention to FPGA architecture. In June 2015, Intel acquires FPGA maker Altera and 

proposes the HARP (Hardware Accelerator Research Program) project [9], which 

combines Xeon CPUs and Stratix
®
 V FPGAs to build a academia allied platform and 

motivates new algorithms relevant to the programming system, architecture design, and 

algorithm research. In first quarter of 2016, IBM with Xilinx releases SuperVessel [10], a 

GPU-based and FPGA-based accelerator within OpenPOWER cloud platform. 

Development of computational intensive applications is enabled by the Xilinx SDAccel™ 

development environment hosted in SupperVessel. After that, IBM successively releases 

the services of Hyper Cloud, Big Data, and cloud FPGA accelerator to provide platform to  

developers for creating and testing performance demanding applications. In February 

2016, Amazon launches an FPGA computing instance on its cloud service, Amazon Web 

Service- AWS [11], which makes it easier for users to deploy FPGA accelerators to solve 

the complex issues in science, engineering, and business like  financial analysis, and 

machine learning etc. In June 2017, Baidu releases its FPGA Cloud Server  [12] based on 

previous research on FPGA acceleration, mainly oriented to applications such as 

Convolutional Neural Network (CNN), image classification and RSA decryption 

acceleration.  

In a nut-shell, current trends shows that FPGA-based accelerators are perfectly fit to 

satisfy increasing computational demands of recent application growth. Further, FPGA 

based hardware accelerators have a potential capability to enhance performance of 

computational intensive applications with use of parallelism as its inherent property with a 

comparably small design time and design cost than ASIC. 
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2.1.2 Hardware Accelerator - Literature Survey  

With advanced System on Chip (SoC) architecture, capable to combine FPGA and multi-

core processing system, we found presence of FPGA based hardware accelerators in many 

diverse filed of complex digital circuit systems. Since this research work is based on Zynq 

SoC platform, literature review is carried out by paying particular attention on Zynq SoC 

platform based hardware accelerator systems.  

The Zynq-7000 SoC [13] is a programmable heterogeneous multi-core system-on-chip, 

introduced by Xilinx Inc., consists of programmable logic devices and processing systems. 

Similarly, Zynq UltraScale+ is one of the state of the art MultiProcessing System on Chip 

(MPSoC) architecture introduced by Xilinx [14]. It integrates a 64-bit quad-core ARM® 

Cortex™-A53 soft processor based Processing System (PS) and Xilinx UltraScale 

Programmable Logic (PL) architecture in a single device. 

Zynq 7000 SoC platform is used for acceleration of computational process in the various 

engineering applications. In [15] HW-SW co-design is presented for 802.11a wireless 

transmission and reception systems for Software Defined Radio (SDR). Xilinx's ZC706 

and Zedboard is considered for HW-SW co-design. They found ZC706 more efficient in 

utilization and speed performance with respect to Zedboard. FPGA based hardware 

accelerator are more often in CNN domain. Hardware accelerator for the convolution layer 

of CNN is proposed in [16], implemented on Zynq ZC706 board. They have successfully 

implemented this with optimized number of 391 DSP48 modules. More hardware based 

design on CNN is found in [17], [18] and [19]. These publication indicates that FPGA 

based accelerator is well suited for CNN applications. 

In [20], Zynq SoC platform is found to be fast and reliable for hardware accelerator for 

HD video compression process known as motion estimation. Boyer Moore algorithm is 

implemented as a hardware accelerator in Zynq 7000 SoC for on-line pattern search in 

TCP packets for Deep Packet Inspection (DPI) network monitoring application in  [21]. 

Three different FPGA co-processor design is presented for Long Short Term Memory 

(LSTM) architecture of Recurrent Neural Network (RNN) by [22]. HW-SW co-design is 
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presented in [23] for acceleration of the Histogram of Oriented Gradients (HOG) 

algorithm on Zynq 7000SoC. 

HW-SW co-design for the popular estimation method Kalman filter is presented by [24] 

on Zynq-7000 SoC. In [25], High Level Synthesis (HLS) based hardware accelerator is 

proposed for ElectroMyoGraphy (EMG) signal processing pattern recognition methods. 

Using Zynq XC7Z020 platform, they found 5.5 time speedup over software only 

implementation. Authors in [26], propose two post-processing hardware modules to 

improve the randomness of linear Pseudo Random Number Generator (PRNG) using Zynq 

Zybo board (XC7Z010) is used for FPGA development. They further extend their study to 

ASIC implementation on UMC-65nm LL technology with Cadence tool V14. 

In [27], authors proposed efficient solution of the DC grid real-time emulator providing 

accurate and detailed results for Hardware-in-Loop (HIL) testing. The design and 

implementation of the DC grid are carried out on a hybrid Xilinx Ultrascale+ MPSoC 

FPGA platform. Further, Xilinx Ultrascale+ MPSoC FPGA platform is used in 4K video 

stream processing in [28] using Xilinx Vivado HLS, and SDSoC tool. ZC706 Zynq board 

is used for hardware implementation of real-time High Efficiency Video Coding (HEVC) 

decoders to process 4K video in [29]. 

The above literature review is summarised based on hardware platform used and its 

application area as follows. 

Table 2-1: Summary of literature with respect to application area and hardware platform 

Sr.No Application Area 
HW Platform 

used 
Key Contribution Ref. 

1 
Wireless 

transmission 

ZC706, 

Zedboard 

HW-SW co-design for 802.11a physical layer 

protocol for Rx-Tx 
[15] 

2 CNN ZC706 Proposed resource-aware fixed point 

architecture with only 391 DSP48 modules 
[16] 

3 Video compression 
Zynq 7000 

SoC 

Motion estimation for 4K HD video 

compression process is accelerated in FPGA 
[20] 

4 Network Protocol 
Zynq 7000 

SoC 

Boyer Moore algorithm is implemented as a 

hardware accelerator 
[21] 
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5 
Recurrent Neural 

Network (RNN) 

Zynq 7000 

SoC 

Three different FPGA co-processor design is 

presented for LSTM architecture 
[22] 

6 Image Processing 
Zynq 7000 

SoC 

acceleration of the histogram of oriented 

gradients (HOG) 
[23] 

7 Signal Processing Zedboard Implementation of kalman filter in HLS [24] 

8 
Signal Processing 

in medical science 
Zedboard HLS based hardware accelerator for signal 

processing 
[25] 

9 Signal Processing 
Zybo Zynq-

7000 

FPGA as well as ASIC design of post-

processing hardware module PRNG 
[26]  

10 CNN Zedboard Implemented  CNN model LeNet-5  [17]  

11 Deep CNN ZC706 Derivation of parallel fast finite impulse 

response algorithm (FFA) is designed 
[18] 

12 CNN Zedboard Pipelined hardware architecture is presented [19] 

13 Power electronics 
UltraScale+ 

MPSoC 

Implementation of the DC grid real-time 

emulator 
[27] 

14 
4Kvideo 

processing 

UltraScale+ 

MPSoC 
4K video stream processing [28] 

15 
4Kvideo 

processing 

 Xilinx Zynq 

7045 

Hardware implementation of real-time High 

Efficiency Video Coding (HEVC) decoders 
[29] 

2.2 Evolutionary Algorithm 

Evolutionary Algorithms (EA) are inspired by principle of evolution - survival of fittest. 

With mimicking behavioural of natural phenomena, they are useful to optimize many 

multi-model science and engineering optimization problems. There are several such nature 

inspired algorithm became popular since last decade like Genetic Algorithm (GA), Particle 

Swarm Optimization (PSO) [30], Ant Colony Optimization (ACO) [31], Artificial Bee 

Colony Optimization (ABC) [32], Cuckoo Search Algorithm (CSA) [33], etc. This work is 

focused on PSO algorithm and its hardware acceleration implementation. Hence, we 

restrict literature survey to PSO algorithm.  

2.2.1 Particle Swarm Optimization Algorithm - Background 

Particle swarm optimization algorithm is developed by Kennedy and Eberhart in 1995  

[30]. It is one of the popular evolutionary algorithms. PSO gained more attraction by 

researcher due to its simplicity of implementation and ability to converge faster towards 

solutions  [34]. Series of its variants are proposed subsequently. In [35] and [36] authors 
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have well described the various variants of PSO. A comprehensive review on recent 

developments, limitations and modifications is presented in [37]. In June 2013, standard 

PSO implementations have been benchmarked for 28 various test functions, for future 

PSO improvement by IEEE Congress on Evolutionary Computation(CEC-2013) [38]. 

PSO is involved in many software based implementation approach. The following section 

of literature survey is limited to those reported work which is based on hardware 

implementation of PSO. 

2.2.2 Particle Swarm Optimization Algorithm - Literature Survey 

Implementation of PSO algorithm in software domain for various applications is 

widespread. Hardware implementation of PSO algorithm is addressed by some of the 

following authors. 

Parallel PSO is implemented in Microblaze soft processor in [39]. The  Microblaze and 

PSO are synthesized in a Xilinx Virtex 6 FPGA. The coprocessor is designed in VHDL. 

They found average 80 times increase in speed for well known benchmark functions. 

Similar investigation of parallel PSO implemented with VHDL and tested on Vertex V 

FPGA is reported in [40]. 

HW/SW co design is developed by [41] using NIOS II co-processor with swarm sizes of 

8, 16 and 32. Software modules is developed in NIOS II CPU and fitness evaluation 

modules which contains complex arithmetic is implemented into FPGA hardware. 

HW/SW partitioning issue is addressed by [42]  and proposed a Conformity Particle 

Swarm Optimization with Fireworks Explosion Operation (CPSOFEO) to avoid PSO get 

trapped into local optimum for large-scale multi-model optimization problem. Software 

solution to the similar problem is shown to be resolved by spring oscillator model for PSO 

in [43]. 

In [44], implementation of full Hardware Parallel Particle Swarm Optimization (HPPSO) 

and  partial HPPSO is developed in hardware description language using a VHDL code 

generator tool named vHPS0gen, developed in MATLAB. Both variants of HPPSO 

algorithm are implemented using Microblaze soft processor running with 50 MHz clock 
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frequency and program memory of 64 Kbytes. Double precision arithmetic PSO is 

implemented by [45] in MATLAB and performance is compared with Vertex V FPGA 

realization running with 50 MHz clock frequency with swarm size of 4. They observed 78 

fold speed up compared to MATLAB implementation. In [46], authors prototype PSO in 

C with MATLAB and converted in to HDL by AccelDSP synthesis tool. They notice 6.3 

fold faster results in FPGA as compared to MATLAB implementation. 

In [47], authors present the multi swarm parallel PSO implemented in Freescale 

C9S12DP256 microcontroller and Spartan-3E FPGA. Freescale MC9S12DP256 runs at a 

maximum clock frequency of 25MHz. For FPGA realization Spartan 3E XC3S500E and 

Virtex II XC2VP30 is considered. 

Another engineering application of PSO in power electronics domain is presented in [48], 

where PSO based hardware implementation of the Maximum Power Point Tracker             

(MPPT) control algorithm is developed in Xilinx Virtex5 FPGA. In [49], authors 

optimized the Type-2 Membership Function (T2-MF) of Fussy Inference System (FIS) 

used to regulate DC Motor speed with PSO and GA algorithm using Xilinx System 

Generator environment on Spartan 3A FPGA. 

FPGA implementation of real time object tracking for video sequence is carried out by 

[50]. PSO is used for optimization of fitness function Structural SIMilarity index (SSIM)  

implemented in FPGA. Auto Regressive Moving Average (ARMA) model for MRI image 

is optimized by PSO in Vertex 5 FPGA in [51]. PSO is applied to Bayesian network (BN) 

learning computational process, developed on a Xilinx XC4VSX35 FPGA and compared 

to a software implementation running on a GNU/Linux [52]. The FPGA-based solution 

achieves 2.6 times speedup compared to the software implementation. 

Remarkably, transistor level design of PSO is also approached by [53] on CMOS TSMC 

180 nm technology node. 

The above literature review is summarised as under based on hardware platform and its 

key contributions: 
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Table 2-2 Summary of literature where PSO is implemented in various hardware platform. 

Sr.No 

HW 

Platform 

used 

Year Key Contribution Reference 

1 
Xilinx 

Spartan 3 
2012 

The AT2-FIS is a design in VHDL for FPGA, for the 

Fuzzi verification stage 
[49] 

2 SPARTAN-3 2018 Parallelism using the Finite State Machine to update 

the particle positions and velocities 
[54] 

3 

Spartan 3E  

and Vertex II 
2009 Multi swarm parallel PSO is implemented. [47] 

4 
Xilinx 

Spartan-6 
2013 Object tracking system targeting video sequence 

based on SSIM is presented. 
[50] 

5 
Xilinx 

Vertex II 
2009 Pipelined architecture for hardware PSO 

implementation is presented 
[55] 

6 
Xilinx 

Vertex IV  
2013 WILDCARD-4 platform is used. Results  achieved 

2.6 time faster run in FPGA than GNU/Linux 
[52] 

7 
Xilinx 

VirtexV 
2010 FPPSO and HPPSO architectures with floating point 

arithmetic in VHDL is presented 
[44] 

8 
Xilinx 

VirtexV 
2017 

MPPT to handle the multimodal P-V  curve under 

partial shading conditions 
[48] 

9 
Xilinx 

Vertex V 
2009 IEE 754 Double precision arithmetic PSO was 

implemented in VHDL 
[45] 

10 
Xilinx  

Virtex  6 
2014 Parallel PSO was implemented in Microblaze soft 

processor 
[39] 

11 
Vertex V  

FPGA 
2014 Neural Network optimize an ARMA model used for 

Medical MRI image 
[51] 

12 
Cyclone II 

FPGA 
2011 

HW/SW co design was developed. 

10 times faster speedup is achieved in FPGA than 

NIOS II 

[41] 

13 -- 2011 Prototyped PSO in C using MATLAB and converted 

C to HDL by AccelDSP tool 
[56] 

14 
Xilinx FPGA 

 Kintex-7 
2018 

Proposes a variant of the PSO for real-time 

optimization, to find the optimal number of messages 

and the transmission period in the message-chain 

structure. 

[57] 

15 CMOS 180 nm 2017 Transistor level design is presented [53] 
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2.3 Parameter Extraction of MOSFET Model 

There are mainly two ways to extract the model parameter values of any MOSFET model 

from the device characteristics measurement data [3]: (1) the linear regression (analytical) 

method, and (2) the nonlinear optimization (numerical) method.  

Linear Method: In this method, the device model equations are approximated by linear 

functions which represents the device characteristic in a limited region of the device 

operation. Linear regression (linear least-squares) method is then applied to those linear 

functions. Thus, in this method, the model parameters are determined from the 

measurement of device regional characteristic in which the parameter is dominant. The 

extracted parameter is then used to extract further parameters. The analytical approach is 

less suitable for the device models with complex equations. 

Optimization Method: In this approach, the model parameters are extracted by curve 

fitting the model equations to a set of measured device data in all the regions of device 

operation using nonlinear optimization techniques. Gradient based methods of 

optimization technique are widely used for the device model parameter extraction. The 

most popular gradient-based methods are least square method, Newton-Raphson iteration 

method, and Levenberg-Marquardt method. However, gradient-based methods also is 

difficult to deal with the models which have hundreds of parameters. Further, these 

method extraction results depending on the initial solutions, low convergence due to 

derivation of functions, complexity of computing on model equations, and low source 

code reusability among different device models. For those reasons, EA are used for device 

model parameter extractions. 

Detailed literature survey of analytical methods are not given here since the emphasis is on 

second approach, optimization method. Interested readers wishing to study these method 

in detail may find the related publications in [58],  [59], [60], [5], [61]. 

Many commercial Technology Computer Aided Design (TCAD) tools such as Keysight 

IC-CAP [62], Silvaco's UTMOST [63], Synopsys AURORA [64], etc., are being used for 

model parameter extraction. Most of these tools use nonlinear optimization methods to 
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extract the parameters of the device from measured data of set of devices of various 

geometries. All these tools require high-end systems. It is reported in manual of above 

mentioned TCAD tools (e. g. ICCAP) that the task of parameter extraction takes 

approximately 1 hour of setup time, and 10-20 minutes hold time per characteristics of 

MOS device [62]. 

2.3.1 Model Parameter Extraction Using Optimization Algorithm -Survey 

The traditional parameter extraction of various compact MOSFET models by way of 

various optimization techniques and algorithms is addressed by many researchers. The 

effect of optimization algorithm on parameter extraction is discussed in [65]. 

In [66], authors presented an efficient hierarchical EKV2.6 model parameter extraction 

method with curve-fitting done using Levenberg-Marquardt (LM) optimisation technique 

in MATLAB. The paper presents a MATLAB implementation of the EKV model. They 

have extracted 17 parameters. Comparison between the results of the implemented 

EKV2.6 model and the BSIM3v3 model for a 0.18µm technology node is demonstrated. 

LM algorithm is used for parameter extraction of EKV-MOSFET model in [67] [68]. 

Genetic Algorithm is applied to extract the BSIM 3V3 model parameters for 10µm 

MOSFET in [69]. GA is also applied for BSIM3 model parameter extraction of 0.25µm 

PMOS device in  [70]. They use PGAPack generic algorithm software for model- GA 

interface. Modified Genetic Algorithm (MGA) is presented for extraction of MOSFET 

BSIM3V3 model parameters for both 0.35µm and 0.7µm MOSFETs in [71]. Hybrid 

Genetic algorithm is applied to optimize BSIMPD MOSFET model parameters in  [72]. 

2.3.2 PSO and MOSFET Model Parameter Extraction - Literature Survey  

Parameter extraction of PSP MOSFET model has been addressed in [73] using LM 

algorithm for optimization of a 65nm CMOS device. R. A. Thakker, et.al. in [74] and [4] 

have proposed PSO to optimize the PSP model parameters on the similar 65nm CMOS 

device. They proposed modified Hierarchical PSO (HPSO) and PSO with Memory Loss 

(ML) operation for further improvement in the matching. PSO is successfully used as an 
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optimization algorithm for the task parameter extraction of MOS MODEL11 Level 1100 

(MM11) in [75]. In [76], effect of hot-carrier stress on PSP and BSIM4 MOSFET model 

parameters for 65nm technology MOSFET device is studied. 

Recently, [77] presents PSO based global parameters extraction technique to assess 

relative performance of DC model which are widely used to predict I-V characteristics of 

Organic FETSs (OFETs). MATLAB simulator was developed and optimization of the 

different variables of the models were carried out by using PSO technique. Set of OFETs 

was selected ranging from L=10-140 μm. 

In [78], parallel hybrid evolutionary algorithm Chaos-GA-PSO, is presented for SPICE 

MOSFET BSIM4 model parameter extraction. In [79], authors develop parameter 

extraction method based on PSO, to extract small signal model parameter of a GaAs 

MESFET from two bias measured S-parameter data. PSO is shown capable to optimize 

the BSIM SOI 3.1 model parameters in [80]. Matching error of Id-Vd characteristic is  

reported below 5%. 

2.4 Research Gap 

Our literature search is focused on FPGA based hardware accelerator, Parameter 

extraction of PSP MOSFET model, and PSO algorithm. From the literature review 

following facts are open: 

 From the hardware accelerator literature survey, we found that hardware 

accelerators are capable to enhance performance of the system in terms of 

execution time in diverse field of engineering applications. 

 Survey of PSO and its application area reveals that PSO is one of the popular 

evolutionary algorithm which is successfully applied in the model parameter 

extraction problem in the past. Many researcher implemented PSO in hardware and 

tested it with standard benchmark functions.  
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 MOSFET model parameter extraction is most important procedure in the VLSI 

which resulting the accuracy of the simulators. PSP model is one of the popular 

compact MOSFET model widely used in recent times. Use of evolutionary 

algorithm to estimate parameter of device model is a popular methodology. 

There is significant prior work in each of these three areas. Indeed, there are examples of 

prior work in each pair among the three is published. We found many diverse field of 

applications where PSO is utilized as optimizer. Further, many researcher have attempted 

to realize PSO in hardware platform to accelerate the optimization process. Use of PSO 

and other optimization algorithm are also common in parameter extraction process of 

MOS device. MOSFET model parameter extraction process is a complex multi 

dimensional optimization task. It consumes significant amount of computational time in 

hours, as reported in some literatures [4], [5].  

This thesis combines three below mentioned diverse yet potential field of engineering 

science into a common platform to perform a specified task with a unique approach.  

1. Application of Optimization Algorithm  

2. MOSFET Parameter Extraction  

3. SoC Hardware  

To the best of our knowledge, this is the first attempt of hardware approach to accelerate 

parameter extraction process. It show that there is an opportunity to integrate and study the 

combination of all these three areas. This thesis explores the novel area of application for 

modern SoC architectures (Zynq SoC and Ultrascale MPSoC) and reveals its hardware 

acceleration capability as well.  

 



Hardware Implementation of Particle Swarm Optimization Algorithm 

18 
 

CHAPTER-3 

3 Hardware Implementation of Particle Swarm 

Optimization Algorithm 

 

3.1 Introduction 

Particle swarm optimization algorithm is one of the popular evolutionary algorithm 

inspired by the natural phenomena - bird flocking in search of food, fish schooling, etc. 

Faster convergence without need of good initial guess and very few algorithm parameters 

are the key advantages of PSO. However, it suffers from the shortfall of low speed 

performance due to prolonged iteration based evolutionary mechanism and tendency to 

stuck in local minima of problem. Many variants of PSO algorithms are reported in 

literature to overcome this issue. Some of these variants are PSO with ML operation [4], 

Spring Model [43], modified-PSO [81], PSO with fireworks explosion operation [42] etc. 

Being a stochastic algorithm, it moves to the desired solution by iterative process. This 

creates computational burdens to processing unit and emerges PSO as a computational 

intensive process. 

In this chapter, we present a FPGA based implementation of PSO algorithm to enhance 

the performance in terms of convergence speed. The proposed PSO implementation is 

investigated with standard benchmark functions and compared with other similar reported 

work. 

3.2 PSO Algorithm 

PSO is first introduced by Kennedy and Eberhart in 1995 [30]. It is a population based 

optimization method consists of swarm which is a group of "particle" where each particle 

is representing probable solution for a assigned problem. Each particle moves within n-

dimensional search space with current position as (x1, x2 ,x3, ...., xn) and velocity as (v1, 
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v2, v3, ....,vn). Particles are initialized with a random velocity and position, after that it 

searches for an optimum solution by updating its position after every Δt, which is 1 as t 

represents iteration number. Particle holding the best solution among all other particles is 

referred as globally best particle (XGbest). Particles' own best solutions among its own 

trajectory is called personal best particle (Xpbest). Velocity (v(t)) and a new position of 

particles are calculated with equations (1) and (2). These equations represent working of 

PSO algorithm. It illustrates how the velocity and positions are updated. With this updated 

information, particle moves to next position within the search space towards the best 

solutions.  

 

))((2*2))((1*1)(*)( txXrptxXrptvwttv Gbestpbest 
 (1) 

 

)()()( ttvtxttx   
(2) 

Where, p1 represents cognitive coefficient and p2 represents social coefficient, r1 and r2 

represent random numbers between 0 and 1, and w is known as inertia weight. 

The first component of velocity update as underlined in eq.(1) is called  “inertia” . It 

represents the behavior of the particle to continue in the same direction in which it is 

traveling [41]. Higher value of inertia weight (w) makes swarm for bigger exploration of 

search space and smaller value of inertia weight (w) limits particle into smaller search 

space. [82]. Value of w between 0 to 1 is commonly used in literature. The second 

component as underlined in eq.(1) is referred as “cognitive component” or “self-memory”. 

It symbolizes particle's inclination towards the best position achieved by particle itself, 

which is denoted by 
PbestX . The third component of the velocity update equation is 

referred as “social component”. It represents preference towards the best position achieved 

by swam, denoted by 
GbestX . Larger value of cognitive coefficient indicates particle having 

a large confidence on self experience. Higher value of social coefficient makes particle to 

highly rely upon the movement of swarm. For unimodal optimization function, p1 is 

preferred lesser than p2 [45]. Working flow of PSO is shown in Fig. 1, which describes 

the major implementation steps of the basic PSO algorithm. 
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Figure 3-1: Flow-chart of basic PSO algorithm. 
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As shown in Fig. 3.1, PSO parameters  such as inertia weight (w), cognitive coefficient 

(p1), social coefficient (p2) are initialized at the beginning. Once PSO parameters are set, 

initial swarm is formed by assigning random positions and velocity to each particles'. 

Fitness value of every particle is calculated by evaluating fitness function for each particle. 

Globally best (
GbestX ) and personally best (

PbestX ) position of each particle is identified 

continuously updated during movement of swarm. Velocity and position of each particles' 

are also updated as per equations (1) and (2). If the outcome of the evaluation function 

satisfies the termination criteria then algorithm stops. Termination criteria includes 

maximum number of iterations, maximum or minimum value of evaluation functions, etc. 

Until termination criteria is satisfied, PSO continues its iterative process.  

Entire algorithm operation can be divided into three components: initialization, evaluation 

and swarm up-gradation. Hardware implementation of PSO is corresponding to these 

building blocks. We have studied the effect of diverse swarm size to evaluate the 

performance of the PSO algorithm. Following section contains illustration of hardware 

design in detail. 
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3.3 Hardware Implementation of PSO Algorithm 

Proposed implementation is an exhaustive hardware realization of PSO developed with 

VHDL in Xilinx ISE14.1 [83] on Vertex V FPGA. IEEE 754 double precision floating 

point format is used to implement various arithmetic modules. All the double precision 

floating point modules are developed exclusively in VHDL. To optimize resource 

utilization, built-in arithmetic IP core is not utilized. As a result of efficient arithmetic 

design, the proposed architecture is able to gain more speed efficient outcomes than prior 

implementation reported in literature and referred in this work. Five popular benchmark 

functions: Sphere, Rosenbrock, Rastrigin, Zakharov and Ackley are considered and tested 

for three different swarm size (N) of 5, 10 and 20. 

3.3.1 Benchmark functions 

Sphere, Rastrigin, Rosenbrock and Ackley are commonly used benchmark functions to 

test PSO [38]. Below is the description of these functions. The dimension, initialization 

range, search space, and goal to be obtained for each function are given in Table 3.1. 

Table 3-1 : List of benchmark function used with its parameter details. 

Function : goal (1e-6) Type 

Global 

optimal 

Solution 

Dimens

ion (n) 

Initializati

on range 

Search 

space 

f1, Sphere: minimize 





n

ixf
1i

2x)(1  unimodal origin 2 (-2,2) (-10,10)
 

f2, Rosenbrock: minimize 

])1()(100[)(2
1n
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222
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  iii xxxxf
 unimodal [1,1,...1]

n 
2 (15,30)

 
(-100,100)

 

f3, Rastrigin: minimize 

])2cos(10[10)(3
n
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multi-

modal 
origin 2 (2.56,5.12)

 
(-10,10)
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f4, Zakharov : minimize 

unimodal origin 2 (-3,3) (-5.0, 10.0) 

𝑓5 𝑥  =  20 + exp 1 − 20 exp 
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f5, Ackley : minimize 

multi-

modal 
origin 2 (15,32) (-32,32) 
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Double precision IEEE 754 floating point arithmetic module is used to realize these test 

functions. Two parallel floating point multiplier modules and one adder module are 

designed in VHDL for sphere. Three parallel multipliers and two parallel adders are used 

for rosenbrock. Complexity of hardware is increased as the dimension of the test function 

increases. In this implementation, dimension (N) of 2 is considered. Trigonometry 

functions are implemented with CORDIC (Coordinate Rotation Digital Computer) 

algorithm. CORDIC algorithm uses add and shift operation to rotate the constant angle in 

the coordinate plane through a constant angle until the angle reduces to zero [84]. 

Zakharov; an unimodal [41] and Ackley; a multimodal functions are also considered to test 

PSO in this work. All test functions except Ackley function are implemented on Vertex V 

FPGA using hand written HDL code in Xilinx ISE. Ackley function is implemented on 

Artix 7 FPGA with HLS tool in Xilinx Vivado. Many authors have applied PSO to 

optimize these benchmark function in past with different hardware platform. Comparison 

with respect to convergence time reported in literature is shown in Table 3.2. 

Table 3-2 : Comparative analysis of earlier reported work for standard benchmark 

functions converge by PSO. 

Ref. 

No. 

Implementation 

scheme 

Convergence time 

key observation 

Sphere Rosenbrock Rastrigin 

[39] 

Microblaze 71.74 ms 138.69 ms 161.95 ms No.of particles = 10 

Dimentions = 2 

IEEE 754 single precision 

floating point 
Coprocessor 0.9 ms 1.03 ms 2.08 ms 

[44] 

Full HPPSO 2.936 ms 15ms 4.234 µs 
No. of particles = 10, 

Dimentions = 6, 

IEEE 754 single precision 

floating point  

C1, c2 = 2; w = [0.9, 0.1] 

Initial velocity = 0.5 

Avg fitness achieved: 

Sphere: 1E-10 

Rodenbrock: 0.1773 

Rastrigin : 0.7960 

 

Partial HPPSO 15.5 ms 144ms 69.5 µs 

PC Intel 62.5 ms 252ms 101.5 µs 

FPGA 

Microblaze 
100.5 ms 208.2 ms 335 ms 

[47] 

Freescale 

MCC9S12DP2 

microcontroller 

100.6 sec 254.6 sec -- 

No. of particles = 30, 

Dimentions = 30, 

IEEE 754 single precision 

floating point 

C1, c2 = 2.05; w = 0.729 

 
SPARTAN-3E 0.28 sec 0.39 sec -- 

[45] 

MATLAB 60.1 ms 52.8 ms 64.2 ms 

No.of particles = 4 

Dimentions = 2 

IEEE 754 double precision 

floating point 

inertia w = [0.9,0.1] 

Two LFSR used for RNG 
Xilinx Virtex V 0.47 ms 0.55 ms 0.82 ms 
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3.3.2 FPGA Architecture of PSO 

Implementation of PSO in FPGA needs precise arithmetic unit to compute floating point 

data. Efficient floating point arithmetic design is vital component affecting the accuracy of 

the algorithm. Standard IEEE 754 double precision floating point format is used to 

implement arithmetic modules. Benchmark functions like Rosenbrock and Rastrigin will 

limit its solution resolution up to 1e-3 when implemented by fixed point arithmetic [85]. 

Trigonometry function module is also essential for Rastrigin function. Hardware 

architecture of basic PSO algorithm is shown in Fig. 3.2. 

Initialization of swarm is randomly made within the search space. Parameter value such as 

inertia weight, cognitive-social component, and swarm size are constant value and hence, 

kept constant while coding. Each arithmetic module is declared as a component in VHDL. 

Distributed RAM is utilized to store swarm current position, best particle and best swarm 

position. 

[41] 

   
Zakharov No. of particles (N) = 8,16,32 

Dimentions = 2, 

C1, c2 = [0,2]; w = 0.25 
NIOS -II, (N=8) -- 228.3 ms 438.5 ms 

NIOS -II, (N=16) -- 316.2 ms 874.5 ms 

NIOS -II ( N=32) -- 331.3 ms 1138.1 ms 

 

Figure 3-2 : Basic PSO hardware architecture. 
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The architecture is composed of four major hardware modules as given in Figure 3.2: (A) 

Initialization, (B) Fitness evaluation, (C) Finding individual best particle, and (D) Position 

update. Each particle is assigned random initial position within the search space defined 

with [ max,max, xtox ] by initialization module. Initial velocity is assigned accordingly, here 

1/10 of initial position is considered. Fitness evaluation module finds the fitness value in 

accordance with particle’s current position. Subsequently fitness of particle’s current 

position is compared with its own best position and globally best position stored in RAM 

memory.  

Initialization module: Initialization of swarm is done inside the search space or sometimes 

within initialization space not encircling solution to test the optimization capability of the 

algorithm. Particles are randomly allocated its position and velocity. It requires Random 

Number Generation (RNG) circuit. 

Evaluation module: In this hardware block, fitness functions are implemented. Input to 

fitness function is provided by every particle in parallel. It generates output as fitness 

function response of particles and propagate to next hardware block. 

Finding Individual Best Particle Module: The outcome of evaluation module is the fitness 

value of each particle and it is compared with previously achieved fitness value by the 

same particle. Distributed RAM is utilized to store the particle’s position and velocity 

information. If the fitness value of the particle is better than previous best (XPbest); the 

previous best of the particle is updated. Similarly, each particle’s XPbest position is 

compared with globally best position (XGbest) and it is updated. Hardware to compare two 

numbers consists of floating point subtraction logic which gives output based on 

subtraction of two values. 

Position update module : Particle’s next movement is calculated by position update module. 

Eqs. (1) and (2) are implemented to determine particles next position and velocity. Five 

floating point multipliers and five floating point arithmetic blocks are implemented along 

with resource sharing. FSM (Finite State Machine) design style is used to synchronize all 

the hardware modules. 

3.3.3 IEEE 754 Floating Point Number System 

The IEEE 754 is a floating point standard established by IEEE in 1985. It contains two 

representation of floating-point numbers: 1) 32 bit single precision format and 2) 64 bit 
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double precision format. Although 2's complement representation are very common for 

negative numbers, the IEEE floating-point representation do not use 2's complement for 

either the fraction or the exponent. IEEE 754 designers developed a format that is easy to 

sort and hence, adopted a signed- magnitude system for fraction part and biased notation 

for the exponent. 

The IEEE double precision format uses 64 bits for representing a floating-point number as 

illustrated in Fig. 3.3. The first bit is the sign bit for the fractional part. The next 11 bits 

are used for the exponent, and the remaining 52 bits are used for the fractional part.  

 

Figure 3-3 : IEEE 754 double precision floating point format. 

The IEEE 754 floating point format has three subfields: sign, fraction, and exponent. The 

fraction part of the number is represented using a signed-magnitude representation in the 

IEEE floating-point formats (i.e., there is a explicit sign bit (S) for the fraction). The sign 

is 0 for positive numbers and 1 for negative numbers. In a binary normalized scientific 

notation, the leading bit before the binary point is always 1 and hence, the designers of the 

IEEE format decided to make it implied, representing only the bit after the binary point. In 

general, the number is of the form shown in Eq. (3). 

 
ES FN 2*)1(*)1(   (3) 

Where, S is the sign bit, F is the fractional part, and E is the exponent. The base of the 

exponent is 2. The base is implied (i.e., it is not stored anywhere in the representation). 

The magnitude of the number is (1+F) because of the omitted leading 1. The terms 

mantissa means the magnitude of the fraction and is 1+F in the IEEE format. But, often 

the terms, mantissa and fraction are used interchangeably. The exponent in the IEEE 

floating -point formats uses biased notation. A biased representation is one in which every 

number is represented by the number plus a certain bias. In the IEEE double precision 

format, the bias is 1023. Hence, if the exponent is +1, it will be represented by 

+1+1023=1024. If the exponent is -2, it will be represented by -2+1023=1021. Thus, 

S Exponent ( 11 bit) Mantissa (52 bit)

05263
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exponent less than 1023 indicate actual negative exponents and exponent greater than 

1023 indicate actual positive exponent. The bias is 127 in the single precision format. 

3.3.4 Random number generation 

Random number generator (RNG) is the most important block in any optimization 

algorithm design. The effectiveness and ability to search in diversified manner is depends 

on how fairly random numbers are generated. Hence, design of random number generator 

is given prime importance. Linear Feedback Shift Register (LFSR) is often used to 

generate uniform random number generator in FPGA based design [86] [87]. 

LFSR random number generation is simple to implement yet it is effective RNG 

technique. Linear feedback shift register (LFSR) method is used to generate 32 bit pseudo 

random numbers [87]. The general form of LFSR is a shift register with two or more flip-

flops outputs XOR'ed together and fed back into the first flip-flops. The name linear come 

from the fact that excusive OR is equivalent to modulo -2 addition, and addition is a linear 

operation. By proper choice of the outputs that are fed back through the exclusive OR 

gate, it is possible to generate 2
n-1

 random numbers using an n-bit shift register. All 

possible pattern can be generated except for all 0's.  

In order to limit the random numbers between 1 and 0, sign bit is always kept '0' and  

exponent of 11 bits IEEE 754 numbers is set to 1022d (011111110b). Remaining 52 bits, 

mantissa is linearly shifted back using exclusive-or operation as shown in Fig. 3.4. 

Figure 3-4 : LFSR based Random Number Generator.  

3.4 Implementation Results   

Proposed PSO algorithm has been developed in VHDL and implemented on Vertex V 

FPGA. Five benchmark functions: sphere, rastrigin, rosenbrock, zakharov and ackley 
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have been tested. Test functions are evaluated with three different swarm sizes 5, 10 and 

20. Table 3.3 shows algorithm parameter values for different test functions.  

Table 3-3 : Parameter values for test functions. 

Parameter 
Parameter Values 

Sphere Rosenbrock Rastrigin Zakharov Ackley 

Swarm size N=5,10,20 N=5,10,20 N=5,10,20 N=5,10,20 N=5,10,20 

Dimensions 2 2 2 2 2 

Maximum number of iterations 6000 6000 6000 6000 6000 

Inertia weight (w) 0.73 0.73 0.73 0.73 0.73 

Acceleration coefficients (p1, p2) 1.49 1.49 1.49 1.49 1.49 

Initial velocity (1.5,3.0) 1.5 1.3 1.3 1.3 

Swarm search space [-10,10] [-100,100] [-10,10] [-5,10] [-32,32] 

Fitness goal 1E-6 1E-6 1E-6 1E-6 1E-6 

It is a common practice to initialize swarm within the search space encircling solutions. 

Although sometimes swarm is purposefully initialized within a space not encircling 

solutions to analyze the optimization capability of the algorithm. In this thesis, 

initialization is done within the search space encircling solution. Table 3.4 describes the 

hardware utilization of proposed PSO algorithm. 

Table 3-4 : Hardware resource utilization report. 

Benchmark 

Function 

Swarm Size 

N 
No. of Slices 

Slice   

Flip-flops 

4 Input 

LUTs 

Converge 

Time 

Max. Freq in 

MHz 

Sphere 
5 12293 1082 17954 38µs 6.263 

10 17145 2842 32585 234 µs 5.111 

20 24836 3716 47570 338 µs 3.315 

Rastrigin 

5 1716 888 22699 40 µs 8.067 

10 2821 1534 25355 53 µs 7.858 

20 6414 3054 38924 107 µs 6.347 

Rosenbrock 
5 36933 6021 70250 395 µs 3.982 

10 76252 13146 144707 971 µs 2.983 

Zakharov 

5 19293 2083 36954 275 µs 3.374 

10 26394 3737 50542 334 µs 2.806 

20 38236 5244 62354 374 µs 2.724 

Ackley* 

[ HLS design on 

Artix 7] 

5 DSP48-107 13649 42664 225 µs 10.0 

10 DSP48-128 13832 43203 318 µs 10.0 

20 DSP48-143 14325 43894 414 µs 10.0 
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Table 3.4 shows hardware utilization report. It indicates that hardware utilization is 

linearly proportionate to swarm size. In addition, maximum operating frequency is 

affected by the swarm size as additional hardware logic limits the operating frequency. 

Rosenbrock test function consumes highest hardware because of 64 bit double precision 

floating point arithmetic. Therefore, for the swarm size 20, design exceeds hardware 

utilization limit of Vertex V FPGA. Ackley function is developed in Vivado HLS tool and 

tested on Xilinx's Artix 7 FPGA as it involves additional arithmetic functions such as 

exponential and square root which requires additional DSP slices resources. It is observed 

in this study that implementation with smaller swarm converges faster. However, this 

conclusion may not be applicable to other multi-model problem as PSO may behave in a 

different way for different target applications. Fig. 3.5 shows implemented design of PSO 

on Vertex V FPGA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Resource sharing is considered as a priority objective to reduce the hardware for multiply 

and add operations, which demands maximum hardware LUTs. Implementing 32 bit 

CORDIC algorithm for Rastrigin test functions requires loop operation, recourse sharing 

of the trigonometric module directly affect the hardware utilization of the design and the 

same can be observed from Table 3.4. 

 

 

 

Figure 3-5 : PSO implementation layout on Vertex V FPGA. 
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In order to further study the performance of PSO algorithm, benchmark functions are 

simulated with three different swarm sizes 5, 10 and 20. Figs. 3.6 demonstrate the error 

plot of various test functions for different swarm size, respectively. The PSO algorithm is 

observed to take higher converge time as increase in the swarm size from 5 to 20. It has 

been seen from the synthesis results that PSO converges faster for Rastrigin test function 

compared to other benchmark functions considered in this experiments. 

Table 3.5 shows comparison of implemented result established from error plots with the 

results reported in literature [39], [41], [44], [45], [47]. Proposed FPGA based PSO 

implementation performs better in terms of converge time compared to similar reported 

work and similar benchmark functions. The reasons for better performance are: 1) The 

hardware platform (Vertex V) used in this work is advanced compared to architectures 

used in earlier reported work as mentioned in Table 3.5. However, for the problem of 

parameter extraction where PSO is used as an optimizer, we switch to the more advanced 

hardware platform i.e. Zynq SoC which is discussed in coming chapters. 2) Particle update 

module is implemented using parallel processing scheme which reduces computation time. 

  

Figure 3-6 :  Error plot of various benchmark functions : a) Sphere, b) Rosenbrock,               

c) Rastrigin, d) Zakharov and e) Ackley. 
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Table 3-5 : Comparison of converges time for various swarm size and improvement with 

earlier reported work.   

Test Function Swarm Size 
Converge 

time(µs) 

Best Converge 

time reported in 

literature(µs) 

Improvement 

compared to 

reported work 

 

Sphere 

5 38 470 [44] 12.36 

10 234 900 [39] 3.84 

20 338 280ms [47] 828 

Rosenbrock 
5 395 550 [44] 13.9 

10 971 1030 [39] 78.6 

Rastrigin 

5 40 820 [44] 20 

10 53 2080 [39] 39 

20 107 -- -- 

Zakharov 

5 275 4385 [41] 15.9 

10 334 8745 [41] 26.18 

20 374 11831 [41] 31.63 

Ackley 

5 320 - - 

10 346 - - 

20 414 - - 

3) Floating point arithmetic and trigonometry functions are customised using hand written 

HDL code instead of pre-defined IP core, which results in reduced hardware utilization as 

well faster response. As a result, proposed architecture performs on average 281, 46, 30 

and 24 times faster for Sphere, Rastrigin, Rosenbrock and Zakharov test functions, 

respectively. This improvement has become possible due to parallel and pipelined 

structure of particles' computation module and efficient floating point HDL coding 

techniques used for implementation of PSO algorithm. 

3.5 Summary 

This chapter presents comprehensive FPGA implementation of PSO algorithm. Compact 

and efficient floating point arithmetic module is developed which leads to faster 

performance as compared to other prior reported work for Sphere, Rastrigin, Rosenbrock, 

Zakharov and Ackley functions, respectively. Hardware resources become the challenging 

issue when double precision floating point arithmetic is designed. Resource sharing of 

arithmetic module cut down the hardware utilization of the design. Swarm size plays an 

imperative role in convergence time and its effect differs from function to function. 

Here, PSO is implemented with VHDL in Xilinx ISE 14.1 tool. PSO is tested using 

standard benchmark functions[40]. However, our objective is to explore PSO for 
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parameter extraction of PSP MOSFET model. In the forthcoming chapters, Zynq SoC and 

Ultrascale MPSoC platform is used to develop HW-SW co-design where PSO is 

implemented in these advanced FPGA boards. High level synthesis (HLS) based design 

style is used to implement PSO architecture presented in this chapter.  Hence, we need to 

migrate from Xilinx ISE to Xilinx Vivado  design platform. In the following chapters, we 

present detailed implementation of PSP MOSFET parameter extraction carried out using 

PSO in advanced Vivado platform. 
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CHAPTER-4 

4 PSP Model Parameter Extraction With PSO 

 

In the previous chapter, we have discussed the particle swarm optimization algorithm and 

its application areas. We also presented the FPGA based implementation of PSO in order 

to escalate optimization process. In this chapter, we will study about applying PSO to 

parameter extraction process of PSP MOSFET model. Parameter extraction of device 

model is a multi-model optimization problem. Non-linear methods of optimization are 

useful and used to extract model parameters. However, the difficulty of solving model 

equations is exponentially increased with the increase of number of model parameters. In 

this scenario, an evolutionary algorithm such as PSO is used to efficiently optimize model 

parameter extraction process irrespective of the number of unknown parameters.  

We have first discussed the PSP MOSFET model in detail followed by its parameter 

extraction method with PSO. We present a HW/SW co-design model to perform the 

extraction task with Zynq 7000 SoC board. Further, the dual-core AMP configuration for 

SiMKit library execution is presented to accelerate execution time. 

4.1 PSP MOSFET Model 

The PSP is an advanced surface potential based MOSFET model initially developed by 

Gildenblat and Philips-NXP [88]. During 2011-14, the model has been further developed 

by NXP and Delft University of Technology. Since 2015, PSP is jointly developed by 

NXP and CEA research organization. Basically, PSP is a combination of various features 

of Surface Potential (SP) model and MM11 model. It is built considering all relevant 

physical effects such as mobility reduction, velocity saturation, DIBL (Drain Induced 

Barrier Lowering), etc. PSP MOSFET model provides an accurate description of currents, 

charges, and their first order and higher order derivatives (i.e., transconductance, 
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conductance and capacitances) for below submicron CMOS technology node. The higher 

order derivatives are mainly crucial for analog and RF circuit design.  

PSP Model is wrapped into a library called "SiMKit." SiMKit is a simulator-independent 

compact transistor model library distributed by PSP developers in C format. The source 

code and documentation of the PSP library are available online at [89] [90]. In this work 

PSP 102.3 version is used. 

4.1.1 PSP Model Parameters 

PSP version 102.3 has around 90 parameters to capture the behavior of the MOSFET 

device [91]. They are mainly classified as a) Geometry independent parameters, b) 

Geometry-dependent (local) parameters and c) Interpolation parameters. Geometry 

independent parameters are those parameters such as oxide thickness (tox), substrate 

doping density (NA) etc., whose value does not depend on device geometry (W/L). 

Geometry-dependent (local) parameter's value depends on device width (W) and length 

(L) such as velocity saturation vsat, THESAT,  etc. Local parameters can be determined 

by purely electrical measurements. As a consequence, a local parameter set gives a 

complete description of the electrical properties of a device of a particular geometry. 

Interpolation parameters are used to find local parameters value for given device width(W) 

and length (L) using interpolation formula. Taking consideration of various measured 

(𝐼−𝑉) characteristics of the NMOS device, 35 local and global parameters of the PSP 

model are extracted in this work. Brief information regarding these parameter is listed in 

Table 4.1. 

Table 4-1 : List of PSP parameters extracted with brief details. 

 
Parameter Unit 

Range  

(min:max) 

Default  

value 

Parameter 

Description 

1 VFB V -1.1:-0.1 -1 Flat-band voltage 

2 NEFF m
-3

 1E20:1E26 5.00E+23 Substrate doping 

3 NP m
-3

 1E20:1E26 1.00E+26 Gate poly-silicon doping 

4 DPHIB V -1E-2:1E-2 1.00E-08 Offset of φB 

5 VNSUB V -100:100 0 

Effective doping bias 6 DNSUB V
-1

 0.0:1.0 0 

7 NSLP V 0.001:100 0.05 

8 CT - 0.0:1.0 0 Interface states factor 

9 NOV m
-3

 1E20:1E26 5.00E+25 Effective doping of overlap region 
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10 TOXOV m 1E-9:3E-9 1.45E-09 Overlap oxide thickness 

11 BETN m
2
/V/s 0.0:7.5 0.3 

Mobility Parameters 

12 MUE m/V 0.0:2.0 0.5 

13 THEMU - 0.0:3.0 1.5 

14 FETA - 0.0:10.0 1 

15 CS - 0.0:10.0 1.00E-08 

16 XCOR V
-1

 0.0:1.0 1.00E-08 

17 CF V
-1

 0.0:1.0 0 
DIBL Parameters 

18 CFB V
-1

 0.0:1.0 0 

19 THESAT V
-1

 0.0:10.0 0.1 

Velocity Saturation Parameters 20 THESATB V
-1

 -0.5:1.0 0 

21 THESATG V
-1

 -0.5:10.0 0 

22 ALP2 V
-1

 0.0:1.0 0 

Channel Length Modulation 

(CLM) Parameters 

23 ALP1 V 0.0:1.0 0 

24 ALP - 0.0:1.0 0.01 

25 VP V
-1

 1.0E-10:1.0 0.05 

26 AX - 2:20 12 Saturation Voltage Parameter 

27 IGOV A 0:500 0 

Gate Current Parameters 

28 GC2 - 0:10 0.375 

29 GC3 - -2.0:2.0 0.063 

30 GCO - -10.0:10.0 0 

31 IGINV A 0.0:1.0e6 0 

32 COX F 1E-16:1E-10 10E-14 Charge Model Parameters 

33 RS Ω 0:100 30 

Series resistance parameters 34 RSG V
-1

 -0.5:10.0 0 

35 RSB V
-1

 -0.5:1.0 0 

 

4.1.2 PSP Model Parameter Extraction Strategy 

Parameter extraction of MOSFET model is global optimization problem. For example, 

drain current (𝐼𝑑 ) for nMOS trinsistor is described as  

 𝐼𝑑 = 𝑓(Vds , Vgs , Vbs , P1, P2, P3,…… . . Pn) (4.1) 

where,V is the voltage, and d, s, g, and b subscripts stand for the drain, source, gate and 

bulk terminals of the device, respectively. P1, P2, .. Pn denote the parameters of the device. 

Task of parameter extraction is to determine a parameters P1,P2,...Pn such that for a given 

characteristics, i.e Id vs Vds, for a fixed value of Vds , Vgs , and  Vbs , value of Id predicted by 

model in Eq. 4.1 match closely with the actual measurement data.  As different sets of 

parameters influence the current-voltage (𝐼 − 𝑉) characteristics of MOSFET in different 

regions, it is difficult to extract all of the desired parameters in one optimization step. 

Therefore, the parameters must be extracted in successive steps. To extract local 

parameters and global parameters, measurement of devices with different widths 

𝑊(175𝑛𝑚 𝑡𝑜 10𝜇𝑚) and different lengths 𝐿(70𝑛𝑚 𝑡𝑜 1𝜇𝑚) is used. Parameter extraction 

is carried out in 6 consecutive steps as follows. Starting with a long channel device of 
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W=10μm and L=1μm, steps 1 to 6 are performed. Next, the parameters for the short 

channel device with W=10μm and L=70nm are extracted, keeping the long channel 

extracted parameters at the values obtained previously. 

Step 1: Flat band voltage (VFB) and doping-related parameters (NP, NOV, NEFF, etc.) are 

extracted from either Cg−Vg characteristics or Ig-Vg characteristics. 

Step 2: Mobility (MUE), series resistance (RS), and body bias dependent parameters 

(VNSUB, etc.) are extracted from Id-Vg data. 

Step 3: DIBL (Drain Induced Barrier Lowering) and below-threshold CLM (Channel 

Length Modulation) parameters are extracted from the sub-threshold region of Id-

Vg measured data. 

Step 4: CLM and velocity saturation parameters (THESAT etc.) are extracted from Id-Vd 

measured data. 

Step 5: Refinement of the parameters extracted in step 3 is carried out over a shorter range 

of 10-30% range for the relevant parameters. 

Step 6: Gate leakage parameters are extracted from Ig-Vg measured data. 

Table 4.2 shows a details of the parameter to be extracted and the experimental conditions 

of measurement characteristics used to extract these parameters. Various experimental 

measurement bias setup for different characteristics are described. 

Table 4-2 : List of parameters to be extracted related to measurement characteristics and 

experimental setup. 

 

Characteristics Experimental measurement setup Parameter extracted 

Cg-Vg 

Vbs = 0 V 

Vds = 0 V 

Vgs= -1.5 V to 1.5 Vwith 25 mV steps 

VFB,NEFF, NP, DPHIB 

Id-Vg 

Vbs = [0,-0.45,-0.9 V] 

Vds = [0.05,-0.45,-0.9 V] 

Vgs = 0 to 0.9 V with 25 mV steps 

BETN,VNSUB, DNSUB,NSLP 

CS,XCOR MUE,THEMU 

FETA,RS RSG,CT 

Gm-Vgs 

Vbs = [0,0.45,0.9 V] 

Vds = 0.05 V 

Vgs = 0 to 0.9 V with 25 mV steps 

CFB ,CF ALP2 

Id-Vd 

Vbs = [0,-0.45,-0.9 V] 

Vds = 0 to 0.9 V with steps of 25 mV 

Vgs = [0.4,0.65,0.9 V] 

THESAT, ALP1 THESATB , 

ALP, 

THESATG,VP, AX 

Ig-Vg 

Vbs = 0 V 

Vds = [0.05,-0.45, -0.9 V] 

Vgs = 0 to 0.9 V with 25 mV steps 

NOV,IGOV GC2,GC3 

TOXOV,GCO, IGINV 
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4.2 Parameter Extraction Using Optimization Algorithm 

Device parameter extraction process is a method of finding an optimized set of model 

parameters to match the model generated output with a measured set of data for various 

device characteristics. Fig.4.1 shows the block diagram of the parameter extraction 

process using optimization algorithm. 

Device parameter extraction process is a method of finding an optimized set of model 

parameters to match the model generated output with a measured set of data for various 

device characteristics. Fig.4.1 shows the block diagram of the parameter extraction 

process. The extraction process is explained below: 

1. Measurement is taken on a given devices for various characteristics (I-V, C-V) with 

multiple bias conditions. In this work, measurement of the 65nm CMOS device is 

used which is earlier reported in [4].  

2. Parameter extraction strategy is recognized and defined in the model structure. Which 

consist of a hierarchical map of parameters to be extracted in a stepwise procedure. 

3. Simulation interface is to be established with the model library. For the PSP model, 

SiMKit facilitates the C library which is executable by C compilers. 

Figure 4-1 : Model parameter extraction process by the optimization algorithm.   
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4. The optimization algorithm parameters are set with termination criteria. In our case, 

PSO parameters such as c1, c2, w, dimensions, seeds, etc. are set. Termination criteria 

are explained in section 4.3.1. 

5. The optimizer, with every iteration, try to find the best combination of parameters 

values such that error between measured characteristics and a model-simulated 

response is minimized. Error is measured in term of mean square error (MSE) for 

each measured samples (test points) of characteristic data. After iterative process, 

algorithm release best set of extracted parameters for which model provides best 

matching output for various characteristics like drain current (𝐼 − 𝑉), gate capacitance 

(𝐶 − 𝑉) and transconductance (𝐺𝑚 − 𝑉) of MOSFET device. 

4.3 Hardware acceleration of PSO in the parameter extraction process 

PSO performs optimization in an iterative manner. PSO based parameter extraction 

process involves a huge number of iterations. For example, in step1, VFB, NEFF, COX, 

and DPHIB are to be extracted from Cg-Vg characteristics. Min - Max range of these 

parameters are shown in Table 4.1. If we consider swarm of 40 particles (P) in PSO, each 

particle carries 4 dimensions parameter vector P[VFB, NEFF, COX, DPHIB]. For Cg-Vg 

measurement which has 92 test points in our case, PSO will examine all particles by 

applying these set of parameter values to SiMKit library for every test-points. Eq. 4 shows 

a number of times model library is called per iteration. 

 𝑛𝑜. 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑆𝑖𝑀𝐾𝑖𝑡 𝑐𝑎𝑙𝑙𝑒𝑑 𝑝𝑒𝑟 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =   𝑁 ∗ 𝐾   (4.2) 

Where N represents a number of particles and K is the number of test points in given 

characteristics. This number reaches 1,840,000 times for 500 iterations in step1. Hence, a 

large amount of computational time is needed to execute this process. In [5], the total 

extraction time reaches up to 112 minutes on dual-core CPU running on 2.2 GHz whereas 

in [6], authors report parameter extraction time of Organic-TFT (OTFT) as 198 minutes on 

Intel i5-3320M processor at 2.6 GHz. The process of PSO can be made faster by means of 

reconfigurable hardware architecture. 

We propose a HW/SW co-design approach to enhance the performance of PSO in the 

parameter extraction process based on Zynq 7000 SoC. Zynq 7000 SoC has an ARM 

Cortex A9 processor called Programmable System (PS) and an FPGA fabric called 

Programmable Logic (PL) which is tightly coupled with PS. Two techniques are 
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presented: In first, PSO processing time is accelerated by implementing PSO in PL (FPGA 

fabric), while model library-SiMKit is run by PS (ARM Cortex A9 processor). In the 

second method, PSO implementation remains unchanged, while SiMKit processing time is 

reduced by using ARM Cortex dual-core architecture. The proposed architecture is 

implemented on the Zedboard™ ZC7020 board [92]. Both techniques are discussed in 

detail hereafter. 

4.3.1 HW/SW co-design approach for PSO-acceleration 

  

Xilinx Zynq 7000 SoC is the powerful combination of ARM Cortex A9 embedded 

processor and Artix-7 FPGA within a single chip. This hardware platform is suitable to 

integrate parameter extraction application as it is possible to compile SiMKit model 

library and run by ARM Cortex A9 processing system (PS) unit meanwhile PSO 

computing can be performed by tightly coupled programmable logic (PL) Artix-7 FPGA. 

Figure 4.2 describes the process flow involved in both HW and SW. 

Measured data files and parameter files are stored in the SD memory unit. The details 

about measurement data files and parameter files information is provided in Appendix I. 

ARM APU reads these data files and accordingly, initiates the extraction process stepwise. 

In the beginning, PSO algorithm parameters are assigned with appropriate values. PSO 

particles are initialized randomly within the search space in PL block. Particles' fitness is 

 

Figure 4-2 : Process flow of Zynq SoC based PSO acceleration. 
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measured by substituting a set of parameter values held by each particle into the SiMKit 

model library and comparing the model generated response with experimentally measured 

values. ARM processing system (PS) is providing fitness values of each particle to PSO 

algorithm in PL-FPGA. On the basis of fitness values, particles' personal best position 

(Xbest) and globally best particle (Xgbest) are identified and updated. This process 

continues and repeated over a specified number of iterations until the termination criteria 

are satisfied. In this work, termination criteria is set as per three conditions: 1) a number of 

iteration is reached to the maximum value of 500, 2) improvement in solutions not 

observed continuously for 100 iterations, and 3) solution reaches the specified minimum 

Mean-Square Error (MSE) (i.e.1e-6).  

 To calculate matching error, MSE error formula is used as shown in Eq. (3).  

 

 

𝑀𝑆𝐸 𝑒𝑟𝑟𝑜𝑟,𝑓𝑒 =  
1

𝐾
  

𝑦𝑖
𝑒𝑥𝑝 − 𝑦𝑖

𝑚𝑜𝑑𝑒𝑙

𝑦𝑖
𝑒𝑥𝑝  

2𝐾

𝑖=0

 (3) 

where 𝐾 represents a total number of measured points in a given characteristic. 𝑦𝑖𝑒𝑥𝑝 and 

𝑦𝑖𝑚𝑜𝑑𝑒𝑙 represent measured value and model generated values at the given test point, 

respectively. 

The hardware architecture of the above design flow is shown in Fig.4.3. It is implemented 

on the Zynq 7000 SoC platform. Actual Vivado block design diagram is shown in 

Appendix II. Fig. 4.3 illustrates its simplified diagram. The FPGA implementation of PSO 

 

Figure 4-3 : HW-SW Co-design architecture using Zynq 7000 SoC. 
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is previously discussed in Chapter 3. However, FPGA implementation of PSO in this work 

is Vivado HLS based block design which includes various hardware IP blocks as 

described below.  

1. Zynq PS system: Zynq 7000 programmable system (PS) consists of dual-core 

ARM Cortex A9 soft processor APU (Application Processor Unit) run at maximum 666 

MHz clock. It also features 256KB on-chip SRAM along with 512 KB L2 cache memory 

interface. It has many I/O peripheral support including SPI, I2C, CAN, SD, USB, and 

ENET as shown in Fig. 4.4. High-speed AXI-interconnect connects it with FPGA fabric - 

PL (Programmable Logic) system. Readers may find more detailed information in the 

 

Figure 4-5 : RTL Block -  PSO_INITIALIZE. 

 

Figure 4-4 : Zynq 7000 PS architecture [13]. 



PSP Model Parameter Extraction With PSO 

41 
 

Zynq book [93]. In this design, single core of ARM, APU is used, which runs SiMKit 

library files and is responsible for giving model simulated results and calculates mean 

square error (MSE) between measurement data and model response. 

2. Pso initialize: This hardware block initializes each particles' position and velocity 

through random number generations. Corresponding RTL block is shown in Fig. 4.5. It's 

interface port consists of particles information like position (particle_x), velocity 

(particle_v), personal best position (particle_xb), particle's fitness (particle_e) etc. These 

ports are connected to BRAM and Zynq PS through AXI Interconnect. This arrangement 

makes particles' information visible to other hardware blocks as well as Zynq PS. 

Proficiency of optimization algorithm relies upon how well the swarm is initialized. 

Random Number Generator plays an important role in PSO initialization. Mersenne 

Twister Random number generation scheme, which is reported efficient in [94] [95] is 

used and implemented in this block. This block also defines the initial velocity of each 

particle which decides the exploration speed of the algorithm. 

PSO has several algorithm parameters which are to be set at the beginning. Swarm size is 

kept as 40 particles, and maximum no. of iterations is kept as 500. PSO inertia weight (w) 

and acceleration coefficients (p1, p2) used in equation (1) are set to 0.7298 and 1.49618, 

respectively. These values are commonly used and reported by the majority of the 

literature [34] [4]. 

 

Figure 4-6 : PSO_update and PSO_algorithm interface with Zynq PS. 
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3. PSO algorithm (Particles' Position and Velocity Update): Task of this block is to 

perform fundamental PSO operation and locate the next position of particles. It uses 

standard PSO algorithm equations (1), (2) and (3) to move every particle. This block also 

bounds the particle within the search space if a particle moves out of the max limit, as 

shown in the equation (3). ARM Cortex A9 processor, which is located in the PS part run 

the model library and calculate the mean square error between measured data and model-

generated data. Hence, it provides the fitness value of every particle.  

 ))((2*2))((1*1)(*)( txxrptxxrptvwttv Gbestbest 
 

(1) 

 
)()()(_ ttvtxttbufferx     (2) 

 𝑥( )()()( ttvtxtt     if    𝑥_𝑏𝑢𝑓𝑓𝑒𝑟 𝑡 + ∆𝑡 ∈ [𝑥𝑚𝑖𝑛 ,𝑥𝑚𝑎𝑥 ]  

𝑥( min)( xtt                           if    𝑥_𝑏𝑢𝑓𝑓𝑒𝑟 𝑡 + ∆𝑡 < 𝑥𝑚𝑖𝑛      

𝑥( max)( xtt                          if    𝑥𝑏𝑢𝑓𝑓𝑒𝑟  𝑡+∆𝑡 ≥ 𝑥𝑚𝑎𝑥  

  

(3) 

4. PSO update: This block identifies each particle own best position with reference to 

its trajectory, referred to "Xbest" and the best particle "XGbest" among all particles. Swarm is 

obliged to follow these pilot particles in the next iteration. Particles information such as 

position, velocity, Xbest, globally best (XGbest) best, etc. is stored in Block RAM available 

inside the FPGA which is also visible to ARM Cortex A9 PS. Block connections are as 

shown in Fig.4.6. 

5. AXI interconnect: AXI (Advanced eXtensible Interface) is based on Advanced 

Microcontroller Bus Architecture (AMBA). AXI protocol is used as a means of 

communication between FPGA IP cores and Zynq PS system. One of the important 

features of AXI4 protocol is burst-based transactions which allow stream data transfer in a 

single strobe. Several AXI masters can be connected to several AXI slaves through an 

AXI interconnect block.  

6. Block RAM: Block RAM is the fastest accessible memory to FPGA. Zynq7000 

comes with 560 Kb of BRAM organized in 140 units. 102Kb of 25.5 units are used in this 

design. This memory stores particles' information which is also accessible to Zynq PS as 

well as other blocks of PSO. As shown in Fig. 4.7, BRAM is connected to Zynq PS with 

AXI BRAM controller block. True dual-port BRAM is configured which allows memory 

port to connect to two hardware block concurrently. PORTB is connected to 

PSO_initialize block. 
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4.3.2 Results and Discussion 

Proposed HW/SW co-design is focused on accelerating PSO operation. As PSO is an 

evolutionary algorithm, the performance of the algorithm is tested by taking ten 

independent runs (trials) of the extraction process. In each run, the same parameter 

extraction strategy is considered to extract parameters in successive steps. Results are 

compared and validated with SW implementation - in which both PSO and SiMKit library 

computation process is run inside ARM Cortex A9 soft processor.  

1. Parameter Extraction Accuracy Measurement  

Extraction accuracy is measured in terms of mean square error between measurement 

taken and model generated response. Extraction accuracy depends upon: a) MOSFET 

device, b) Accuracy of the model, c) Non-idealities in MOSFET and d) Types of 

measurement data (weather absolute current or transconductance, first order derivatives or 

second order derivatives). It is observed that fitting error increases in case of derivative 

data. Extraction rms error below 10% is generally acceptable. In this work, maximum 

RMS error of 9.3 % was found for 𝐼𝑑 -𝑉𝑔data, and a minimum error of 4.1% was obtained 

for 𝐼𝑑 -𝑉𝑑  data. For both, short channel (L=70nm) and long channel (L= 1µm) NMOS 

devices, RMS error with standard deviation is shown in Table 4.3. Parameter extraction 

accuracy in terms of RMS error is seen comparable with earlier reported work as it can be 

seen from the Table 4.3. 

 

 

 

 

Figure 4-7 : RTL Block of BRAM and BRAM controller. 
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Table 4-3 : Mean Square Error report (S = Short Channel Device, L = Long Channel Device, 𝜺𝒎𝒔𝒆
𝒎𝒂𝒙= max. 

error, 𝜺𝒎𝒔𝒆
𝒎𝒊𝒏   = min. error, 𝜺𝒎𝒔𝒆 = Avg. error, 𝜹𝜺= std. deviation. 

Characteristic Device 
SW Implementation HW-SW Implementation 

Similar 

reported 

work in [4] 

휀𝑚𝑠𝑒
𝑚𝑎𝑥

 휀𝑚𝑠𝑒
𝑚𝑖𝑛  휀𝑚𝑠𝑒  𝛿휀  휀𝑚𝑠𝑒

𝑚𝑎𝑥  휀𝑚𝑠𝑒
𝑚𝑖𝑛  휀𝑚𝑠𝑒  𝛿휀  휀𝑚𝑠𝑒  

𝐼𝑑 -𝑉𝑑    
(𝑉𝑔𝑠=0.4; 0.65; 0.9V; 

𝑉𝑏𝑠= 0,-0.45; -0.9V) 

S 0.052 0.037 0.043 0.005 0.055 0.030 0.041 0.007 0.0315 

L 0.160 0.040 0.080 0.040 0.077 0.032 0.055 0.015 
 

𝐼𝑑 -𝑉𝑔  

(𝑉𝑑𝑠  = 0.05V 

𝑉𝑏𝑠 =0,-0.45,-0:9) 

S 0.116 0.062 0.081 0.019 0.088 0.059 0.076 0.008 0.0816 

L 0.130 0.089 0.108 0.016 0.099 0.060 0.079 0.012 
 

𝐼𝑑 -𝑉𝑔  

(𝑉𝑑𝑠  = 0.9V; 

𝑉𝑏𝑠 =0;-0.45;-0.9) 

S 0.101 0.065 0.079 0.011 0.097 0.066 0.078 0.010 0.0583 

L 0.142 0.045 0.084 0.030 0.096 0.041 0.069 0.019 
 

𝐼𝑑 -𝑉𝑔  

(𝑉𝑑𝑠  = 0.45V; 𝑉𝑏𝑠  = 

0;-0.45;-0:9) 

S 0.174 0.094 0.136 0.027 0.158 0.135 0.147 0.007 0.0731 

𝐼𝑔 − 𝑉𝑔(𝑉𝑑𝑠 =

0.05,−0.45,−0.9𝑣,

𝑉𝑏𝑠 = 0𝑣)  

L 0.027 0.012 0.018 0.005 0.036 0.012 0.022 0.009 
0.0771 

2. Hardware Acceleration Measurement  

Proposed implementation is carried out on Zedboard™ XC7Z020 clg484-1 FPGA 

developed with Xilinx Vivado tool. One of the dual-core ARM Cortex A9 CPU executes 

PSP MOSFET model library SiMKiT. Performance is measured in terms of the execution 

time of the optimization process. Hardware acceleration is achieved when the PSO process 

is offloaded in FPGA. As mentioned earlier, two different implementations have been 

tested: SW implementation - in which PSO is running on ARM Cortex soft processor, and 

HW-SW implementation - in which optimizer task (PSO algorithm) is accelerated on 

FPGA hardware. Comparison with respect to software implementation and hardware 

realization is shown in Table 4.4. Approximately 73.06% reduction in optimization 

process is measured while implementing PSO in FPGA PL hardware as compared to the 

PSO running in ARM Cortex 9 PS. However, overall impact of the optimization process 

time on total execution time is very minor due to large computational load by SiMKit PSP 

model library process. This issue is partially addressed by dual-core AMP  configuration 

of ARM PS where SiMKit execution process is split between both ARM A9 CPU. Total 

computational time for similar work carried out in [4] is also shown. However, work 

reported in [4] is a software implementation carried out on 2.2GHz AMD processor CPU 

with 16GB RAM which is far advanced than ARM Cortex with 600MHz clock. 
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Table 4-4 : PSO process acceleration report on Zynq 7000 SoC. 

 

 

 

 

 

 

 

 

 

Table 4.5 represents the FPGA utilization of PSO implementation. FPGA utilization is 

directly proportional to swarm size. Block RAM provides faster access to particles 

information to FPGA hardware as well as Zynq PS which is the key advantage of SoC 

architecture. Note that, static power consumption is having the highest power than all 

other dynamic logic modules which is the shortfall of FPGA architecture. 

Table 4-5 : FPGA Utilization Post Implementation (XC7Z020 clg484-1FPGA). 

 

 

 

 

 

 

 

 

4.4 Hardware Acceleration Through Dual-core PS Architecture 

Zynq 7000 SoC is a multi-core heterogeneous embedded platform which includes dual-

core ARM Cortex A9 APU. This dual-core can be run simultaneously using either 

 
PSO 

Implementation 

Scheme 

Short 

Channel 

L=70nm, 

W=10µm 

Long 

Channel 

L=1um, 

W=10µm 

Total 

Reduction in 

Execution 

time(% ) 

Avg. Iteration 
ARM Cortex (PS) 2482.2 2381.1 4863.3  

FPGA (PL) 2315.0 2659.6 4974.6  

Avg. Total 

Time (Sec) 

ARM Cortex (PS) 3473.5 4333.6 7807.2 2.21% 

(per iteration) 
FPGA (PL) 3485.5 4324.0 7809.6 

CPU with 2.2GHz 

AMD processor 

reported in [4] 

--  --  6180 -- 

PSO 

Execution 

Time (Sec) 

ARM Cortex (PS) 3.8802 4.1167 7.9964 73.06% 

FPGA (PL) 1.0439 1.1110 2.1542 

Resource Utilization Power Analysis (W) 

Resource Utilization Available 
Utilization 

(%) 

Dynamic 

(98%) 

Clocks 0.065 

FF 19511 106400 18.34 Signals 0.098 

LUT 19607 53200 36.86 Logic 0.064 

Memory 

LUT 
1066 17400 6.13 BRAM 0.037 

BRAM 25.50 140 18.21 DSP 0.039 

DSP48 61 220 27.73  1.832 

BUFG 1 32 3.13 Device Static (2%) 0.168 
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Symmetric Multi Processing (SMP) or Asymmetric Multi Processing configuration, which 

further accelerate the performance of the application. In this work, the Asymmetric Multi 

Processing (AMP)  configuration is carried out which is discussed in the following 

section. 

4.4.1  SMP and AMP Configuration For Zynq SoC Platform Perspective 

Multi-core embedded system has the potential to excel applications by multitasking 

approach through embedded OS. There are two configuration options in Zynq based SoC: 

1) SMP configuration and 2) AMP configuration. In SMP, homogeneous OS is run by 

both the cores. AMP can be either homogeneous where each core runs the same type and 

version of OS or heterogeneous where each core runs different OS or a different version of 

the same OS. In SMP, a single OS instance is run across all cores which divides and 

coordinates the processing tasks between them. As with AMP, the shared memory space is 

used for communication between cores, as well as for the coordination of task execution. 

This scenario is as shown in Fig. 4.8. 

AMP provides a similar execution environment to that of single-processor systems from 

application point of view. Hence, developers has to manually manage the context 

switching by shared memory between CPU cores and application. This architecture allows 

developers to manage each core independently. Note that in this thesis, "CPU" and 

"CORE" word are used identical from ARM processor perspective. 

Figure 4-8 : AMP Vs. SMP configuration. 
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4.4.2 Dual-core AMP design for parameter extraction of the PSP model using PSO 

  

 

 

 

 

 

 

 

 

 

Figure 4-9 : Process flow of  parameter extraction with dual-core PS configuration. 

Computational time of SiMKit library is further minimized by running both cores of ARM 

Cortex A9 processor in AMP configuration. As shown in Figure 4.9, PL-FPGA part is 

same as previous design except for Zynq PS, which is modified as per the dual-core 

configuration. Both CPU Core runs SiMKit library files concurrently. Therefore, both core 

receives particles updated position. The number of test points are equally divided into two 

half: 1) Core-0 analyzes model response for first half test-points by applying an updated 

set of particles, 2) Core-1 analyzes model response for next half test-points. For example, 

Id-Vd characteristics shown in Fig. 4.10 has 22 measured test-points for various Vgs and 

Vbs. There are 9 different Vbs, and Vgs bias values considered. Hence a total of 198 test-

points are to be analyzed by the SiMKit library. These test-points are divided into a group 

of 99 test points examine by each core. The above proposed approach can be easily 

implemented on any multi-core architecture like quad-core ARM A52. Developer needs to 

split test points equally to available multiple cores. As analysis of test points do not 

depends on each other, it can be processed concurrently by multi -core processors. 
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4.4.3 The hardware architecture of ARM  dual-core AMP configuration 

ARM Cortex A9 is basically is a single core processor developed by ARM™  in 2008 

[96]. A developer releases its MPCore variants with Snoop Control Unit (SCU) for 1 to 4 

core CPU. The job of SCU is to connect multiple cores to the memory system through 

AXI interconnect. It acts as a bridge to initiate L2 memory access for various processors. 

It acts as a bridge to initiate L2 memory access for various processors. Data-sharing from 

L1 data cache in Cortex A9 processors are more efficient in SMP mode configuration. 

 

Figure 4-11 : Dual-core hardware architecture in AMP configuration.  
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Figure 4-10 : Computational distributions of test-points in ARM dual core. 
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1. PS dual core AMP configuration 

Fig. 4.11 shows dual-core hardware architecture design configured in AMP mode to 

perform multi-tasking of model library SiMKit. Following stepwise procedures are 

explained in order to configure Zynq PS in AMP mode.  

• Load the starting address of CPU0 and CPU1 executable linker file (.elf) file in L2 

DDR memory and setup AMP mode extra compiler flags. 

• Configure FSBL (First Step Boot Loader) containing PL configurable .bit file as 

well as cpu1 and cpu0 .elf files. The FSBL always runs on CPU0 and is the first 

software application that is run after power-on reset of the PS. The FSBL is 

responsible for programming the PL and copies both application executable and 

linkable format (ELF) files to DDR memory. CPU0 controls the CPU1 wakeup-

sleep and InterProsses communications (IPC). Set Event (SEV) IPC command is 

used to wake up CPU1 from halt mode. 

• Semaphore stored in OCM is used to signal the CPU0 and CPU1 for execution 

control. 

Once Zynq PS is configured for AMP, the user has to take care of shared memory access. 

In this case, Particles' information such as position, velocity, best position, best matching 

error, etc. is stored in L2 DDR memory which is accessible to both CPU of Cortex A9. 

Also, the synchronization of tasks is also necessary. These issues are handled by 

semaphore. Semaphore is a flag that controls the execution of both CPUs. There are four 

semaphore functions used as mentioned in Table 4.6. 

Table 4-6 : Semaphore functions for synchronising CPU core. 

CPU0 

int semaphore_cpu0_init() 
{ 
    SEMAPHORE_VALUE = 0; 
 return 0; 
} 

/* Only CPU0 should be 
responsible for initializing 

the semaphore.*/ 

 

int semaphore_cpu1_signal() 
{ 
 SEMAPHORE_VALUE = 0; 
 return 0; 
} 

CPU1 release the semaphore to 
CPU0 

int semaphore_cpu0_wait() 
{ 
 while (SEMAPHORE_VALUE == 1) 
{}; 

CPU0 wait for the semaphore 
until it is released by CPU1 
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Task switching and handling are performed by four semaphore functions as mentioned 

earlier. This process is demonstrated in Fig. 4.12. CPU0 takes control of execution by 

reset semaphore. Once CPU1 is wake up with sev() command, CPU0 loads parameter 

information. CPU1 is waiting for a signal from CPU0 to start SiMKit simulation process. 

The moment CPU0 issues semaphore to CPU1, both cores analyze each particles fitness 

by applying it to SiMKit function for a different set of test-points. CPU0 waits for the 

semaphore signal from CPU1, which indicates task completed by CPU1. Once semaphore 

signal is received from CPU1, CPU0 collectively calculates the MSE for a particular 

iteration. This process is put on LOOP until termination criteria are satisfied. 

 

 

 return 0; 
} 

CPU1 

int semaphore_cpu0_signal() 
{ 
 SEMAPHORE_VALUE = 1; 
 return 0; 
} 

CPU0 release the semaphore to 
CPU1 

int semaphore_cpu1_wait() 
{ 
 while (SEMAPHORE_VALUE == 0) 
{}; 
 return 0; 
} 

CPU1 wait for the semaphore 
until it is released by CPU0 

 

Figure 4-12 : Task handing through semaphore in dual-core AMP. 

 

CPU0 CPU1

semaphore_cpu0_init()

semaphore_cpu0_signal()

semaphore_cpu0_wait()
semaphore_cpu1_signal()

semaphore_cpu1_wait()

CALL_SiMKit (1 to Tp/2) CALL_SiMKit (Tp/2 to Tp)

Loop:

sev();

repeat loop;
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2. PS -PL hardware / software partitioning 

Zynq 7000 SoC architecture combines a dual-core ARM Cortex A9 processor PS with 

traditional Xilinx's 7 series  FPGA fabric [93]. This architecture has advantage that the 

functional parts of the system can very easily be ported from software designed for 

execution on the ARM PS, to hardware for implementation on the PL FPGA. Arranging 

the realisation of different system elements to achieve better performance or 

implementation is referred to  as hardware/software partitioning. 

Fig. 4.13 shows realization of hardware / software partitioning in the process of parameter 

extraction using PSO algorithm. Process of PSO is accelerated on FPGA PL fabric. PSO 

process consist of Initialization of swarm, PSO basic operation, swarm position updating  

based on global best and personal best particles' position. All these process are realized on 

PL hardware in various modules.AXI interface is used for data transfer between hardware 

modules and with PS system. PS is configured in a AMP configuration. ARM PS is 

handles the file i/o operation which contains measurement data file in text format and 

parameter files.  

 

 

  

 

 

 

 

 

 

SiMKit library execution task is run by ARM dual core A9 processor in PS. SiMKit 

library function is run by both ARM cores. AXI interface is used as a communication 

channel between PL-PS and between internal components in PL. To calculate the clock 

accurate time for execution process, 64 bit AXI timer block is realised in FPGA. AMP 

 

Figure 4-13: Hardware/software partitioning in Zynq 7000 SoC.  
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configuration of dual-core ARM processor is developed in Xilinx SDK environment, 

which also provides platform to develop C based application to be run in ARM processor. 

In the case of our experiment, SiMKit model library is imported compiled in SDK 

platform. Hardware debugging is carried out in SDK, which gives real time performance 

analysis of PS as well as PL on a chip. SDK also creates bootable image file (BOOT.bin) 

file which consist of first time boot-loader, responsible to load FPGA bit steam, store 

executable linker file (.elf) in L2 -DDR memory and trigger ARM CPU to start execution. 

It also handles the UART communication between CPU and FPGA board.  

4.4.4 Results and Discussion 

1. PS performance analysis 

Proposed dual-core architecture of Zynq PS in AMP configuration results into reduction in 

SiMKit library execution time as compared to previous single core architecture. CPU 

performance measures are as shown in Table 4.7. It clearly shows 100% CPU utilization 

of both cores. L1 data cache miss rate is below 0.13% occurs in AMP configuration. CPU 

read-write stall cycles per instruction are captured 0.02. This is an architectural downside 

of AMP configuration, as standalone OS is run by both cores, L1 data cache coherency is 

difficult to manage. Although for a limited task controls, AMP is more suitable than SMP. 

Table 4-7 : ARM dual core PS performance analysis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 shows various performance parameters in a time scale as captured during 

performance debugging. It illustrates three different graphs displayed by SDK in the PS 

Performance measure CPU0 CPU1 

CPU utilization(%) 99.96 100.00 

CPU instruction per cycle (IPC) 0.82 0.55 

L1 data cache miss rate(%) 0.12 0.13 

L1 data cache Access 2891.30M 1896.64M 

CPU write stall cycles per instruction 0.02 0.02 

CPU read stall cycles per instruction 0.02 0.02 
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performance panel: CPU utilization, CPU instructions per cycle and L1 data cache miss 

rate. First, CPU utilization reveals that both CPU run concurrently with 100% average 

utilization. The most informative analysis is achieved when multiple graphs are considered 

together — for example, the Instruction Per Cycle (IPC) and the L1 data cache access 

graphs. IPC is a well-known metric to illustrate how software interacts with its peripheral, 

particularly the memory hierarchy. This fact becomes evident in Fig. 4.14 as the value of 

IPC follows the L1 data cache accesses very closely. Also, during the memory-intensive 

matrix multipliers, the lowest values of IPC correspond with the highest values of L1 data 

cache miss rates. A high L1 miss rate corresponds with high values in CPU write or read 

stall cycles per instruction means; much of the data is coming from L2 DDR 

memory.rrespond with the highest values of L1 data cache miss rates. A high L1 miss rate 

corresponds with high values in CPU write or read stall cycles per instruction means; 

much of the data is coming from L2 DDR memory. 

2. Extraction Accuracy and Acceleration Measurement 

Table 4.8 illustrates the mean square error (MSE) of various characteristics with 

measurement data. This is the experimental results of 10 independent runs. Mean RMS 

error is below 10% for all the characteristics which is acceptable. This results almost 

 

Figure 4-14 : Performance analysis of ARM Cortex A9 dual core PS configuration. 
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follows the earlier single core implementation results, which validate the performance of 

the dual-core implementation. 

Table 4-8 : Mean square error results (SiMKit dual core execution). 

Characteristic Device 
Dual core Implementation 

𝜺𝒓𝒎𝒔
𝒎𝒂𝒙 𝜺𝒓𝒎𝒔

𝒎𝒊𝒏 𝜺𝒓𝒎𝒔 𝜹𝜺 

𝐼𝑑 -𝑉𝑑   ( 𝑉𝑔𝑠= 0.4, 0.65, 0.9 V, 

𝑉𝑏𝑠  =  0, -0.45,  -0.9 V ) 

S 0.138 0.064 0.090 0.007 

L 0.120 0.043 0.099 0.006 

𝐼𝑑 -𝑉𝑔  

( 𝑉𝑑𝑠  = 0.05 V, 𝑉𝑏𝑠 = 0, -0.45,- 0.9 V) 

S 0.124 0.078 0.102 0.025 

L 0.212 0.155 0.172 0.009 

𝐼𝑑 -𝑉𝑔  

(𝑉𝑑𝑠  = 0.9 V, 𝑉𝑏𝑠 = 0, -0.45, -0.9 V) 

S 0.090 0.068 0.089 0.006 

L 0.162 0.084 0.126 0.023 

𝐼𝑑 -𝑉𝑔  

(𝑉𝑑𝑠  = 0.45 V, 𝑉𝑏𝑠  =  0, -0.45, -0.9 V) 
S 0.115 0.093 0.110 0.013 

𝐼𝑔 − 𝑉𝑔  

(𝑉𝑑𝑠 = 0.05,−0.45, −0.9 𝑉, 𝑉𝑏𝑠 = 0 𝑉)  
L 0.064 0.031 0.046 0.004 

 

Table 4.9 reports SiMKit library execution time in dual-core processing configuration. It 

can be seen from the data that SiMKit execution time is dominant over total process time. 

Hence, it is given priority in reducing computational time. This is partially achieved by 

splitting the computational burden in two processor core as seen from table 4.9. SiMKit 

execution time is reduced to 28.56%. Ideally, all test-points are equally distributed 

amongst both the core for processing, and it is expected nearly 50% reduction in total 

execution time. However, in a real scenario, it is difficult to achieve this as both cores run 

a similar library with different particle information set which required highly reliable L1 

cache data coherency. Each CPU core has to stall itself until partner core finished 

processing every test-points for each particle, limiting overall execution time. One can aim 

to study and test ARM Cortex in SMP configuration w. r. t. this particular problem and 

test the performance. 

Table 4-9 : SiMKit execution time report in dual core configuration. 

 

 

 

 

 

First 100 iteration 

execution time 

SiMKit 

Library 

Execution 

Short 

Channel 

L=70nm, 

W=10µm 

Long 

Channel 

L=1um, 

W=10µm 

Total 

Reduction 

in 

execution 

time(%) 

Avg. Total Time 

(Sec) 

Single core 1086.17 1870.40 2956.37  

Dual core 787.96 1326.91 2114.91 28.46% 

SiMKit Execution 

Time (Sec) 

Single core 1082.28 1866.28 2948.28  

Dual core 784.03 1322.79 2106.82 28.54% 
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The extraction process is carried out in successive steps as discussed earlier, stepwise 

execution time comparison with respect to a single core processor is shown in Fig. 4.15. 

List of a total 35 local and global parameters which are extracted in this work is shown in 

Table 4.10 with its extracted value. A comparative graph of Id-Vg  (linear and log scale), 

Id -Vd , and Ig -Vg  characteristics with measurement data and the model generated results 

obtained by the SoC implementation are shown in Figs. 4.16 and 4.17. A good matching 

between measurement data and model response in various regions for both L=1μm and 

L=70nm channel length devices can be observed. 

Table 4-10 : Parameter list with extracted values. 

 Parameter Default  

value 

Extracted  

value 

 Parameter Default  

value 

Extracted  

value 

1 VFB -1 -1.08E+00 19 THESAT 0.1 2.16E-02 

2 NEFF 5.00E+23 5.00E+23 20 THESATB 0 1.45E-01 

3 NP 1.00E+26 8.98E+25 21 THESATG 0 1.04E+00 

4 DPHIB 1.00E-08 -9.45E-03 22 ALP2 0 1.36E-01 

5 VNSUB 0 3.41E+01 23 ALP1 0 1.80E-03 

6 DNSUB 0 9.28E-01 24 ALP 0.01 7.18E-03 

7 NSLP 0.05 3.97E+01 25 VP 0.05 4.51E-02 

8 CT 0 8.44E-02 26 AX 12 9.49E+00 

9 NOV 5.00E+25 6.11E+25 27 IGOV 0 3.03E+00 

10 TOXOV 1.45E-09 1.38E-09 28 GC2 0.375 4.92E-01 

11 BETN 0.3 5.04E-01 29 GC3 0.063 6.52E-01 

12 MUE 0.5 7.53E-01 30 GCO 0 9.91E+00 

13 THEMU 1.5 1.44E+00 31 IGINV 0 7.91E+03 

14 FETA 1 1.31E+00 32 COX 10E-14 2.37E-13 

15 CS 1.00E-08 1.22E+00 33 RS 30 55 

16 XCOR 1.00E-08 1.17E-01 34 RSG 0 0 

17 CF 0 5.22E-03 35 RSB 0 0 

18 CFB 0 8.29E-02     

 

Figure 4-15 : Step-wise execution time comparison concerning dual-core AMP. 
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Figure 4-16 : Measured and model generated characteristics of short channel (L=70nm)  (a) Id-Vg b) 

Logarithmic plot of Id-Vg (c) Id-Vg and (d) Id-Vds. 
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Figure 4-17 : Measured and Model generated characteristics of  long channel (L=1um) NMOS device : (a) Id-Vg  

(b) logarithmic plot of Id-Vg extraction of gate current parameters, (c) Id-Vd and (d) Ig-Vg. 
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4.5 Summary 

In this chapter, we presented a HW/SW co-design for parameter extraction process of PSP 

MOSFET model based on PSO. Zynq 7000 SoC is used as a target platform. Two 

implementation schemes are presented and tested with respect to computational time and 

accuracy: 1) Process of PSO is accelerated with FPGA realization of PSO  and, 2) 

Computational time of SiMKit model library is improved by dual core architecture of 

ARM Cortex A9. Due to implementation of parallel structure of PSO in FPGA, average 

76% reduction in execution time of PSO is reported as compared to software 

implementation in ARM Cortex. However, this improvement has little impact on total 

execution time as SiMKit library execution consumes most of the process time. To 

overcome this issue, dual-core AMP configuration is presented in which SiMKit library 

execution is performed by two ARM Cortex A9 processor simultaneously. A total number 

of test-points in measurement data is split into two groups and processed by a separate 

ARM core. Hence, the computation burden to the ARM core is reduced by half. As a 

consequence, average 28.54% reduction in total SiMKit execution time is reported as 

compared to the single core implementation. Both implementations perform similarly with 

respect to mean square error between actual measurement data and model response.  

The parameter extraction using PSO or any other nature mimicking optimization 

algorithm can easily be applied for any technology node as well as novel device structures 

reported in literature provided that the physical model is available. For example, this 

methodology is applied for model parameter extraction of various devices like 65nm 

nMOSFET in [73], [74], 4µm GaAs MESFET in [78], 20µm in SOI MOSFET in [80], and 

10µm Organic FET (OFET) in [77].  

Performance of PSP model library SiMKit is restricted by the maximum clock - 666MHz 

and sequential software execution on processor system (PS). Still, there is a scope to 

accelerate the SiMKit process. In the next chapter, we discuss how to synthesize and 

implement the SiMKit library into FPGA fabric on Zynq MPSoC platform to further 

reduce the computational time of the SiMKit library in the process of parameter 

extraction. 
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CHAPTER-5 

5 PSP Library - SiMKit Acceleration 
 

In the previous chapter, acceleration of PSO function in the process of parameter 

extraction is explained using HW/SW co-design approach. Further, to enhance the 

execution time of the SiMKit function run by the processing system of Zynq, AMP 

configuration is presented, which enables dual-core operation of the processing system. In 

this chapter, we present an High Level Synthesis (HLS) based approach to deploy the 

SiMKit model library into an FPGA and enhance its performance at the maximum level.  

SiMKit PSP model library is a complex C code involving around 35,000 lines of floating 

point arithmetic functions like multiplication, division, exponential, square root, 

trigonometry, etc. To realize SiMKit modules efficiently in FPGA is a challenging task. 

Advanced Electronics Design Automation (EDA) tool is a preferable approach to deal 

with this objective. Such a tool - Vivado HLS [97] is used to make an efficient  HDL 

wrapper for SiMKit library. Proposed accelerator model is tested on two target FPGAs: 

ZC706 Zynq7000 SoC and ZCU104 Ultrascale+ MpSoC. Upcoming sections describe the 

basic structure of SiMKit, introduction about HLS, detailed design methodology followed 

by proposed SiMKIt acceleration architecture and results. 

5.1 The Basic Structure of The SiMKit 

The SiMKit is a C library for semiconductor device model implementations developed by 

NXP [6]. The SiMKit facilitates the circuit designer to simulate the operation of a circuit 

containing NXP™ device using any of the supported circuit simulators. At present, circuit 

simulators like Spectre-APS (Cadence circuit simulator), ADS-GoldenGate (Keysight 

circuit simulator), AFS(Mentor), etc. are supporting SiMKit. These simulator suppliers 

provide "adapter," which is responsible for establishing the communication between the 

device models and a specific simulator. Because of this module structure, device 

implementations remain the same independent of simulators used as shown in Fig. 5.1(a). 
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Structure of SiMKit is organized hierarchically as shown in Fig. 5.1(b). For each level in 

the hierarchy, there are "descriptors" which is a group of information variables and 

functions that are relevant to that specific level. At the top level, there is model library 

descriptor containing information about the library itself — for example, the version of 

the library and the version of the interface, etc. At the next level, the device descriptor is a 

static description of the device-specific data and functions. The device descriptor mainly 

contains the descriptions of the parameters for the mathematical expressions of a device. 

The next level is the model data descriptor which is a generic description of a model 

containing methods to access the model data. The instance data descriptor is a generic 

description of an instance. It provides methods to access instance parameter values (e.g., 

geometrical parameters), topology information, and methods to perform evaluations of the 

device model equations. 

5.2 SiMKit Hardware Architecture Acceleration Model 

SiMKit implementation in FPGA requires a higher amount of FPGA resources. As 

ZC7020 is lagging behind in resources to accommodate the design, we switch to two 

higher capacity targeting FPGA boards: 1) ZC706 - which is the same Zynq700 SoC 

platform which is used in previous chapter but comes with additional resources like 

DSP48Es, BRAM, etc. 2) ZCU104 - which is one of the advanced MpSoC board based on 

16 nm FinFET process technology and supplied with quad-core A53 ARM APU. The 

FPGA implementation of SiMKit library is carried out on both FPGA boards. However, a 

similar design methodology is applied in both implementations. Fig. 5.2 shows a proposed 

design to accelerate SiMKit in FPGA. 

 

Figure 5-1 : a) SiMKit library interface to circuit simulators, b) Basic library structure [6]. 
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As discussed earlier, total parameter extraction time is contributed by two major 

processes: 1) PSO optimization process and, 2) Model library (SiMKit) execution process. 

Acceleration of PSO optimization process is performed on the Zynq 7000 SoC ZC7020 

platform by HW/SW co-design approach as discussed in Ch. 4. Hardware acceleration 

model for SiMKit execution process is shown in Fig. 5.2, in which process of model 

library SiMKit is accelerated through FPGA realization of its function. The proposed 

architecture is performed on Ultrascale +MpSoC ZCU104 and ZC706 board. As seen in 

Fig. 5.2, PSO process is executed by the ARM A53 processor system. Axi_lite interface is 

established as means of communication between PS-PL. The FPGA implementation of 

SiMKit requires a sensible effort of design optimization at each implementation stage. The 

following section explains the detail description of design optimization technique used in 

this work. Before that, we briefly explain the HLS tool and its design methodology. 

5.3 HLS Design Methodology 

Fast and rapid growth in FPGAs and multi-core SoC platform seeks advanced level EDA 

tools for better productivity. There are nearly thirty different tools are developed in recent 

years [98]. Vivado High level synthesis (HLS) is state-of-the-art C to FPGA synthesis 

 

Figure 5-2 : SiMKit acceleration model in Ultrascale+ MpSoC. 
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tools introduced formerly by AutoELS and later developed by Xilinx. It offers 

productivity boost for the semiconductor industries by offering an automatic synthesis of 

high-level (such as C or SystemC) to low-level RTL, specification for efficient 

implementation in FPGA. Below are some significant advantages of HLS tools: 

1. Easy to handle a higher level of abstraction: The study in NEC [99] shows that a 

1M-gate design typically requires about 300K lines of RTL code, which is difficult to 

handle by a human designer. However, the code density can be easily reduced by seven to 

ten times when moved to high-level specification in C, C++, or SystemC. 

2. Design productivity enhancement by behavior IP reuse: Unlike RTL IP which has 

technology dependent microarchitecture and fixed interface, HLS can make behavior IP 

which can work for different implementation technology and heterogeneous system. 

3. Formal verification and re-coding are easy: HLS provides wider simulation 

coverage for C-RTL design, which helps to verify FPGA design in a pre/post 

implementation level. Design iterations can be done quickly and inexpensively without 

substantial manufacturing costs. 

4. Time to market: FPGA platform is often chosen for tightly time to market concern. 

Modern HLS tool assist designers for a significant reduction in design time and helps to 

achieve higher Quality of Results (QoRs) with a basic trade-off between performance, 

power and cost as compared to handwritten RTL. 

However, HLS tools are facing some shortfalls like lack of bit level accuracy, cycle level 

timing, and concurrency which are critical for hardware design. Further, C/C++ has 

complex language structure like, pointers, dynamic memory allocation, recursion, etc. 

which are difficult to synthesis in hardware. To overcome this shortfalls, modern HLS 

come with expanded language support and extra compiler directives [100] [101] [102]. In-

depth explanation and study about Vivado HLS and its development are reported in [2], 

[103]. 

5.4 Vivado HLS Based SiMKit Implementation Design 

Fig. 5.3 describes the Xilinx Vivado design flow which integrates three different 

environment tools: HLS, Vivado, and SDK. HLS tool assists the designer to transform C 
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based specification code to RTL implementation which can be synthesized in FPGA. 

Vivado performs the actual implementation process of RTL modules into an FPGA fabric 

with PS and other IP integration. SDK tool facilitates designer to develop and debug a 

software application run by PS microprocessor system. Detail description and procedure is 

described as follows. 

5.4.1 Development of  C to HDL Wrapper in HLS 

HLS performs design synthesis in the following three phases [104]. 

1. Scheduling: In this phase, the tool determines which operations occur during each clock 

cycle based on, (1) Clock period, (2) Estimated time it takes to complete the operation 

as defined by the target device and, (3) User-specified optimization directives. If the 

clock period is longer or a faster FPGA is targeted, more operations are completed 

within a single clock cycle, and all operations might complete in one clock cycle. 

Conversely, if the clock period is shorter or a slower FPGA is targeted, high-level 

synthesis automatically schedules the operations over more clock cycles. 

2. Binding: Tool identifies hardware resource to implement each scheduled operation 

according to target FPGA. 

3. Control logic extraction: In this phase, the control logic is formulated to create a finite 

state machine (FSM) which is responsible for organizing sequences of operations in the 

RTL design. 

 

Figure 5-3 : Vivado complete design flow [111]. 
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HLS provides optimization directives "pragma," that helps the designer to enhance the 

performance of the RTL as per the nature of the design. For example, RESOURCE 

directives are used to specify specific hardware resource to be utilized to realize specific 

functions/logic. Table 5.1 shows list of generally used HLS directives with a brief 

description. Interested readers may find a complete list and description in HLS user guide 

[104]. 

Table 5-1 : List of HLS optimization directives applied to generate HDL wrapper. 

Name of directives Description 

PIPELINE Reduces the latency by allowing the concurrent execution of operations 

within a loop or function. 

ALLOCATION Specify a limit for the number of operations, cores or functions used. This 

can force the sharing or hardware resources and may increase latency. 

LATENCY Defines a minimum and maximum latency constraint to be applied to 

hardware resources. 

DATAFLOW Allows functions and loops to execute concurrently through pipelining. 

INLINE Inline a function, removing all function hierarchy. 

INTERFACE Specifies the RTL ports to be created from the function description. 

RESOURCE Specifies particular hardware resource to be utilized to realize function. 

Fig. 5.4 shows the effect of various directives on the outcome of the generated RTL for 

ZCU104. Directives ALLOCATION limit the hardware resources allocation for specific 

instances. As shown in Fig. 5.4(a), ALLOCATION directives restrict the tool to use 

DSP48E resources to realize double precision multiplier. Usually, a C-based specification 

 

Figure 5-4 : Hardware utilization after applying various HLS directives: a) ALLOCATION, b) 

INLINE and EXPRESSION_BALANCE, c) Without any directives d) INLINE.  
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is written with a sequence of operations. This can result in a lengthy chain of operations in 

RTL eventually increase the design latency. By using EXPRESSION_BALANCE 

directives, HLS will rearrange the operations, through associative and commutative 

properties, to create a balanced tree which can shorten the chain, potentially reducing 

latency but at the cost of extra hardware as seen from Fig. 5.4 (b). The choice of these 

directives purely depends on the nature of design and targeting FPGA. Although these 

directives are partially applied to the specific portion of code. After synthesis is complete, 

Vivado HLS provides infrastructure for behavioural verification of RTL by C/RTL co-

simulation. Some of the supported simulators are: Vivado simulator, Modelsim, VCS, 

NCSim, and Riviera. Once RTL functional verification is done, HLS package the final 

output files as IP in standard IP format (Vivado IP, System Generator for DSP, and 

synthesised checkpoint .dcp). This package can be exported to Vivado. 

5.4.2 Implementation of SiMKit IP in Vivado 

Fig. 5.5 shows Vivado implementation design of SiMKit IP in block-design, interfaced 

with Zynq Ultracale+ PS. Xilinx Vivado provides a platform to assemble RTL sources / 

IP, implement on FPGA and validate implemented design [105]. Vivado performs RTL 

implementation in FPGA with a series of following phases. 

Logic Optimization: The first step after synthesis is to read the netlist from the synthesized 

design and apply design constraints. Since this is the first view of the assembled design 

(RTL and IP blocks), the design can usually be further optimized. Logic optimization 

performs logic trimming, removing cells with no loads, propagating constant inputs, and 

 

Figure 5-5 : SiMKit IP integration with Ultrascale+ PS. 
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block RAM power optimization. It also optionally performs other optimizations such as 

remap which combines LUTs in series into fewer LUTs to reduce path depth. 

Translate and MAP:  Translate converts the RTL primitives to a targeted Xilinx FPGA 

primitives. For example, VHDL description 'and' gate is converted to LUT2 in Xilinx 

FPGA. MAP does 'packing' of the real place-able elements on the Xilinx FPGA in a slice, 

which contains multiple LUTs, FFs, wide multiplexer elements, and carry chains. 

Place the Design: The Vivado Design Suite placer engine positions cells from the netlist 

onto specific sites in the target Xilinx device. This process determines which logic block 

within FPGA should implement each of the design logic cells. 

Route the Design: Once the locations for all the logic blocks in a circuit have been 

identified, a router assigns the nets of the circuit to the routing segments on the FPGA and 

determine which programmable switches should be turned on to connect the logic blocks 

as required by the circuit. 

Physical Optimization: Physical optimization is an optional step of the flow. It performs 

timing-driven optimization on the negative-slack paths of a design. Optimizations involve 

replication, retiming, hold fixing, and placement improvement. 

Table 5-2 : Vivado design optimization category. 

Category Effect / Purpose 

Performance Improve design performance 

Area Reduce LUT count 

Power Add full power optimization 

Flow Modify flow steps 

Congestion Reduce congestion and related problems 

The Vivado includes helpful features like IP integration, RTL design rule check, timing 

analysis and several design strategy to assist RTL development. A run strategy is a defined 

approach with pre-configured sets of synthesis settings for resolving the synthesis or 

implementation challenges of the design. Vivado has five fundamental design 

optimization category to implement RTL, as described in Table 5.2. A designer can 

choose any of their implementation strategies as per complexity and final product goal of 

the implementation. Table 5.3 lists some of the implementation strategy options applied 
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and tested in this design to customize the hardware implementation in Vivado. Readers 

can find a complete guide to use various strategy in [106].  

Table 5-3 : List of optimization strategy applied. 

Category Strategy name Purpose / Description 

Performance 

Performance_RefinePlacement 

Increase placer effort in the post-placement 

optimization phase, and disable timing relaxation in 

the router. 

Performance_NetDelay_low 

To compensate for optimistic delay estimation, add 

extra delay cost to long distance and high fanout 

connections 

Area Area_Explore 

Uses multiple optimization algorithms to get 

potentially fewer LUTs. 

Flow Flow_RuntimeOptimized 

Each implementation step trades design performance 

for the better run time. Physical optimization 

(phys_opt_design) is disabled. 

Congestion 
Congestion_SSI_SpreadLogic_ 

High 

Spread logic throughout the device to avoid creating 

congested regions, 

intended for SSI devices (high setting is the highest 

degree of spreading). 

5.4.3 Developing Software Application in SDK 

SDK provides a platform for the development of software application run on the PS 

system. ZCU104 MPSoC board has ARM A53 quad-core processor with Cortex R5 RPU 

[107]. Similarly, ZC706 SoC board is supplied with dual-core ARM Cortex A9 processor 

[108]. Both processors can be programmed with the Xilinx SDK tool. SDK also provides a 

platform to manage PS-PL communication through predefined board support packages 

(BSPs). A designer is given a choice for software debug also, which is the key advantages 

of SDK tool for troubleshooting of complex application. SiMKit is exported to SDK as a 

design wrapper together with its hardware specification files (.hdf, .bmm, etc.). Each 

FPGA hardware block is considered as a memory mapped I/O device from PS perspective. 

Hence, design wrapper consists of a design driver for each PL hardware block. SDK 

generates executable linker file (.elf) which can be loaded to L2 DDR memory along with 

bitstream file (.bit). SDK supports stand alone OS or peta-Linux to manage the PS 

operation [109]. In this design, stand-alone OS is used, which is responsible for two 

functions: 1) File I/O operations - read/write of parameter files and measurement data 

files, and 2) PSO optimizer function.  
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Process time of parameter extraction is mainly contributed by two processes: 1) PSO 

optimization process and 2) SiMKit library operation. Proposed implementation builds 

PSO optimization process in PS using standalone software application in SDK. PS 

software application is responsible for initiating FPGA hardware, and to establish a 

communication interface with BRAM, AXI_TIMER, and SiMKit hardware block. PS 

application also handles the UART communication with PC and SD memory. SDK creates 

a bootable image file(.boot) which can be run directly on board standalone.  

5.5 Experimental Results and Discussion 

1. Hardware implementation analysis 

The proposed architecture is tested on two different FPGA boards: 1) Xilinx Zynq SoC 

ZC706 and 2) Xilinx Ultrascale+ MPSoC ZCU104. With default implementation settings, 

the complexity and lengthiness of the SiMKit HDL wrapper restrict Vivado tool to 

implement the design on FPGA. It took twelve to fourteen hours of CPU time to place and 

route the SiMKit wrapper into FPGA. At the end of the process, we observed that the 

Vivado tool came with nearly 40000 un-routed nodes which stopped the tool from 

generating a bitstream. In order to resolve this issue, different implementation strategies 

are applied. As the goal of this architecture is to enhance the performance in terms of 

execution time, we have tested various performance optimization directives such as 

'Performance_explore' as well as 'congestion spread logic' implementation strategy which 

can successfully place and route the SiMKit IP in FPGA. 'Area optimised High' strategy 

directives are also tested, but it performs similarly to 'congestion spread logic' directives. 

Figs. 5.6 and 5.7 show the effect of these implementation strategies on the outcome. It is 

clearly seen from the generated layout that 'performance_explore'  tries to place the design 

in a compressed manner to reduce path delay compared to 'spread_logic_high' which 

spread the logic cells into entire FPGA slices to overcome congestion problem but with 

added extra path slack delay. However, both strategies give similar performance for power 

consumption as seen in Table 5.2. 
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Figure 5-6 : Layout for ZC706 generated using strategy : a) congestion_spread_logic and,  

         b) Performance explore. 

(a) (b)

 

Figure 5-7 : Layout for ZCU104 generated using the various strategy: 

          a)   Congestion_spread_logic and,  b) Performance _explore. 

(a) (b)
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Table 5.4 shows the hardware resource utilization of both targeted FPGAs. As the same 

hardware IP wrapper of SiMKit is utilised along with the same synthesis strategy is 

applied to both implementation, resource utilization are almost similar. ZC706 is found to 

consume a little bit of higher flip-flop in exchange for LUTs. This is basically because of 

the different structure of both FPGAs. 

Table 5-4 : Hardware resource utilization report. 

Resources Utilization 

  ZC706 ZCU104 

  
Available Utilization 

Utilization 

(%) 
Available Utilization 

Utilization 

(%) 

LUT  218600 43545 19.92  230400 45137 19.59 

FF  437200 30151 6.90  460800 23764 5.16 

BRAM  545 11 2.02  312 11 3.53 

DSP  900 233 25.89   1728 229 13.25 

LUTRAM  70400 1111 1.58  101760 1108 1.09 

BUFG  32 1 3.13  544 2 0.37 

 

Table 5.5 shows the power analysis report. ZCU 104 consumes 78% more power than 

ZC706. Three main reasons are: 1) ZCU104 has more unutilised logic resources; hence, 

device static power is increased compared to ZC706. 2) The PS in ZCU104  runs at 

1.5GHz clock and PL at 300MHz, while PS in ZC706 runs at lower clock frequency of 

1.2GHz and PL clock is 100MHz,  3) ZCU104 PS contains quad-core ARM A56 APU as 

well as dual-core ARM RPU which consumes 70% more power than ZC706 PS. 

Table 5-5 : Power analysis results. 

Power Analysis (In Watt) 

  
  ZC706 ZCU104 

Dynamic 2.444 (92%) 4.047 (85%) 

  Clocks  0.085  (3%) 0.102  (3%) 

  Signals 0.426  (17%) 0.666  (16%) 

  Logic 0.262  (11%) 0.420  (10% ) 

  BRAM 0.016  (1%) 0.019  (1%) 

  DSP 0.088  (4%) 0.163  (4%) 

  PS 1.567  (64%) 2.676  (66%) 

Device Static 0.223 (8%) 0.701  (15%) 

  PL    0.601  (86%) 

   PS   0.100  (14%) 

Total on-chip- Power 2.668  4.747  
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2. Timing constraints analysis 

Timing constraints are necessary for efficient synthesis and implementation processes. 

The tool estimates the timing constraints in four measures: 1) Worst Negative Slack 

(WNS), 2) Total Negative Slack (TNS), 3) Worst Hold Slack (WHS), and 4) Total Hold 

Slack (THS). WNS is the most negative of any single slack of the paths that failed to meet 

any of the constraints. TNS is the sum of the negative slack for all paths that failed to meet  

any of the timing constraints. TNS limits the maximum frequency of operation. High TNS 

puts stress on router algorithm which further affects WNS and WHS. WHS must be a 

positive value to meet timing constraint. Table 5.6 shows the timing constraints report for 

both implementations. Both the FPGA implementation gives positive values of WNS and 

WHS that indicate all the timing constraints are met. The WNS and WHS data reveals that 

ZC706 design is having a higher margin for setup and hold cycle as compared to ZCU104. 

This is because of the same design IP wrapper is run with higher PL frequency (300MHz) 

in ZCU104 opposite to 100MHz PL frequency in ZC706. 

 

Table 5-6 : Timing constraint report for various run strategy.  

Run Strategy 

ZC706 ZCU104 

WNS TNS WHS THS 

Total 

Powe

r 

WNS TNS WHS 
TH

S 

Total 

Powe

r 

Congestion Spread 

Logic- High 4.556 0.00 0.053 0.00 2.661 1.477 0.00 0.014 0.00 4.214 

Performance explore 4.780 0.00 0.064 0.00 2.571 1.640 0.00 0.002 0.00 4.719 

Flow Area Optimise-

high 
3.669 0.00 0.070 0.00 2.668 1.524 0.00 0.011 0.00 4.216 

3. Extraction Accuracy and Acceleration Measurement 

Table 5.7 shows mean square error report for various MOSFET characteristics. Both 

hardware platform is capable of keeping the mean square error of measured data versus 

model response below 10%. The result shown is the average of 10 independent runs. 

These error results are allied with similar earlier reported work [4]. Figure 5.10 list the 

various parameters extracted in ZC104 hardware platform. 
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Table 5-7 : Mean square error report (SiMKit FPGA implementation). 

Characteristic Device 
Avg. RMS error (휀𝑚𝑠𝑒 ) (%) 

ZCU104 ZC706 

𝐼𝑑 -𝑉𝑑   (𝑉𝑔𝑠=0.4; 0.65; 0.9V; 𝑉𝑏𝑠= 0,-0.45; -0.9V) 
S 4.29 3.75 

L 7.95 6.53 

𝐼𝑑 -𝑉𝑔  (𝑉𝑑𝑠  = 0.05V 𝑉𝑏𝑠 =0,-0.45,-0:9) 
S 8.13 8.45 

L 9.30 8.12 

𝐼𝑑 -𝑉𝑔  (𝑉𝑑𝑠  = 0.9V; 𝑉𝑏𝑠 =0;-0.45;-0.9) 
S 7.89 6.43 

L 8.45 6.78 

𝐼𝑑 -𝑉𝑔  (𝑉𝑑𝑠  = 0.45V; 𝑉𝑏𝑠  = 0;-0.45;-0:9) S 9.49 7.69 

𝐼𝑔 − 𝑉𝑔 (𝑉𝑑𝑠 = 0.05,−0.45,−0.9𝑣, 𝑉𝑏𝑠 = 0𝑣)  L 1.80 2.14 

Figs. 5.8 and 5.9 shows comparison of various characteristics of MOSFET. A comparative 

graph of Id -Vg  (linear and log scale), Id -Vd , and Ig -Vg  characteristics with measurement 

data and the model generated response obtained by the Ultrascale + SoC implementation 

are shown. A good matching between measurement data and model response in various 

regions for both L=1μm and L=70nm channel length devices can be observed. PSO is a 

heuristic algorithm, therefore the outcome of the extractions process are different in every 

run and in every step. It is observed that PSO sometimes stuck at local minima and 

algorithm is stops with no further improvement. As a consequence, MSE error is also 

unpredictable at the beginning. Hence average of 10 independent run is taken. 
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Figure 5-9 : Comparison of measured data and model generated response: (a) Id-Vgs b) 

Logarithmic plot of Id-Vgs, (c) Id-Vgs and (d) Id-Vds characteristics. 
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Figure 5-8 : Comparison of measured data and model generated response :(a) Id-Vg (b) Logarithmic plot 

of Id-Vg after extraction of gate current parameters, (c) Id-Vd and (d) Ig-Vg characteristics. 
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Figure 5-10 : List of parameters extracted using Ultrascale+ (ZCU104) board. 

 Parameter Default  

value 

Extracted  

value 

 Parameter Default  

value 

Extracted  

value 

1 VFB -1 -1.08E+00 19 THESAT 0.1 6.38E-01 

2 NEFF 5.00E+23 5.94E+23 20 THESATB 0 6.51E-02 

3 NP 1.00E+26 1.41E+26 21 THESATG 0 7.67E+00 

4 DPHIB 1.00E-08 -9.56E-03 22 ALP2 0 2.05E-01 

5 VNSUB 0 9.13E+01 23 ALP1 0 1.80E-03 

6 DNSUB 0 9.16E-01 24 ALP 0.01 3.98E-03 

7 NSLP 0.05 3.38E+01 25 VP 0.05 7.68E-01 

8 CT 0 8.16E-02 26 AX 12 7.38E+00 

9 NOV 5.00E+25 7.79E+26 27 IGOV 0 4.96E+02 

10 TOXOV 1.45E-09 1.62E-09 28 GC2 0.375 8.85E-01 

11 BETN 0.3 4.59E-01 29 GC3 0.063 -5.48E-01 

12 MUE 0.5 3.03E-01 30 GCO 0 -1.34E+00 

13 THEMU 1.5 1.15E+00 31 IGINV 0 5.45E+03 

14 FETA 1 4.36E+00 32 COX 10E-14 2.33E-13 

15 CS 1.00E-08 1.04E+00 33 RS 30 1.14 

16 XCOR 1.00E-08 0.13E-01 34 RSG 0 0 

17 CF 0 2.04E-04 35 RSB 0 0 

18 CFB 0 10.48E-02     

The aim of the proposed architecture is to accelerate the execution process of the SiMKit 

library. Table 5.8 shows the proof of concept where SiMKit execution time is reduced to 

41.5% compared to the software implementation on general purpose CPU. ZCU104 

performs better than ZC706 in terms of execution time, as ZC706 PL is driven by 

100MHz clock compared to ZCU104 running on 300MHz clock. AXI_TIMER block 

implemented in PL fabric is used to measure an elapsed time for the SiMKit execution 

process. AXI_TIMER block has a two 32 bit timer registers to count the period. It is 

supplied with the axi_clk-PL clock. The process of SiMKit is tested with CPU as well, 

running with 1.7 GHz clock and Intel™ core i3 processor with 8GB RAM. The CPU time 

is measured with a standard C-time library. CPU measured time is scaled down by 4000 

times as elapsed time is taken for 40,0000 SiMKit function calls which takes average 

16.943 seconds to finish. For the first 100 function call of the SiMKit library, the results 

are as shown in Table 5.8. Total parameter execution time is difficult to estimate as it 

depends on a number of iterations PSO takes to optimize the parameters which are entirely 

an uncertain numbers. Hence, the average of 10 runs is considered as a total time of 

execution. Acceleration is measured in term of SiMKit library execution time. 
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Table 5-8 : SiMKit execution time FPGA implementation report. 

 SiMKiT Implementation 

 ZCU104 

FPGA 

ZC706 

FPGA 

Single core 

ARM PS 

Dual core  

ARM PS 

CPU with Intel 

core i3  

First 100 function 

call execution 

time (mili Sec.) 
2.473

 6.658
 

33.315
 

22.506
 

4.2328
 

 

Reduction in  

execution time in 

ZCU104 FPGA 
-- 62.85 % 92.57 % 89.01 % 41.57 %  

 

5.6 Summary 

In this chapter, FPGA implementation of SiMKit library is discussed in order to accelerate 

its execution time in the parameter extraction process. Total parameter extraction time is 

mainly contributed by PSO optimization time and SiMKit library execution time. PSO 

optimization time acceleration is discussed in the previous chapter. FPGA realization of 

SiMKit library is proposed and tested on two Xilinx SoC boards: 1) Zynq 7000 SoC 

ZC706 and 2) Ultrascale+ MPSoC ZCU104. HDL wrapper of SiMKit is developed using 

Xilinx HLS tool. Vivado design optimization strategy is applied to optimize the hardware 

resource and improve the timing constraints. Proposed implementations are examined by 

its measurement accuracy and time elapsed for SiMKit execution and power consumption. 

Experimental results show that both FPGA implementations give below 10 % mean square 

error. SiMKit process time is improved by 41.5% as compared to software implementation 

on CPU and 89.01% compared to dual core ARM PS implementation. Even though 

identical HDL wrapper is implemented in both FPGA, ZC706 is seen performing well 

with 100MHz clock compared to ZCU104 running on 300MHz clock. ZC706 gives better 

results in terms of power consumption. 

Since, this work aims to accelerate the parameter extraction process, proposed FPGA 

SiMKit acceleration model appears as an excellent approach to reduce execution time. In 

the forthcoming chapter, we summarise the entire thesis work carried out in the direction 

of parameter extraction process acceleration along with future scopes. 
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CHAPTER-6 

6 Conclusion and Future Scope 

 

6.1 Conclusion 

The purpose of this work is to investigate the implementation of hardware accelerator 

based on SoC architecture to accelerate computational intensive application. The 

MOSFET model parameter extraction using PSO algorithm is one such compute-intensive 

problem. In this work, 35 local and global parameters of PSP MOSFET model are 

extracted using PSO algorithm for the 65nm MOSFET device. To accelerate the parameter 

extraction process, Xilinx's Zynq 7000 SoC and Ultrascale + MPSoC is used as a target 

hardware platform. To the best of authors' knowledge, this is the first attempt where the 

MOSFET Model parameter extraction problem is addressed at the hardware level. The 

parameter extraction process of the PSP model is carried out in an iterative manner. The 

total parameter extraction process time is contributed by two processes: 1) PSP Model 

library- SiMKit execution time and, 2) PSO optimization process time. This thesis 

highlights the acceleration of both the process in FPGA hardware. At the initial level, 

FPGA implementation of PSO algorithm is examined for standard benchmark functions: 

Sphere, Rosenbrock and Rastigin with swarm size of 5, 10 and 20 respectively. 

Implementation results show that PSO performs 281, 46 and 30 times faster than reported 

time in earlier similar work for Sphere, Rosenbrock and Rastigin benchmark functions 

respectively. This improvement is achieved because of the handwritten floating point 

arithmetic HDL modules and parallel particle processing structure. 

Later, HW/SW co-design is proposed for parameter extraction of PSP MOSFET model 

using realization of PSO algorithm on the Zynq 7000 SoC platform, in which the PSO 

process is accelerated by FPGA implementation on PL-hardware. PSP model library 

"SiMKit" is run by ARM A9 processor inside PS. This implementation gives 73.06% 
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improvement in PSO execution time compared to ARM-based software implementation of 

PSO. In order to further reduce the execution time of SiMKit library, dual-core AMP 

configuration for ARM A9 processor system is presented, which results in 28.54% better 

performance in SiMKit execution time compared to single core processor. However, the 

experimental results reveal that the contribution of execution SiMKit library in total 

execution time is around 98%. Hence, the function of SiMKit is required to be accelerated 

on FPGA hardware in order to gain a reasonable amount of acceleration.  

SiMKit is a complex c library consist of more than 35000 lines of dense floating point 

arithmetic sequential components. Proficient optimization strategy is required for efficient 

realization of SiMKit library. Xilinx HLS tool is explored to convert HDL wrapper of 

SiMKit. Effect of various optimization directives and strategy is shown and compared in 

the final implementation layout. Xilinx ZC706 and ZCU104 are used as a target board for 

SiMKit FPGA implementation. For efficient implementation of SiMKit in FPGA, Vivado 

tool is used to optimize hardware recourses, organize place and route task of complex 

SimKit IP and to establish AXI interface between ARM A53 PS to PL. Identical design 

optimization strategy is used to implement SiMKIt in both FPGA boards. ZCU104 is 

supplied with 3 times higher operating frequency than ZC706, which leads to 62.85%  

times better performance in terms of execution time compared to ZC706. However, 

ZCU104 consumes 77.9% more on-chip-power than ZC706. In addition, the execution 

time of proposed hardware implementation of SiMKit is compared with software 

implementation on general purpose CPU with Intel core i3 processor and 8Gb RAM, 

which shows 41.5% acceleration in execution time. With reference to dual-core ARM PS 

implementation, FPGA implementation of SiMKit is found 89.01 % better time efficient. 

Both, SoC implementation perform similarly with respect to mean square error between 

measurement data and model response generated values which is below 10%. Good 

matching is seen for various current-voltage characteristics of the nMOS device.  
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6.2 Future Scope 

The following possible future work is suggested. 

 The proposed methodology of parameter extraction of the PSP model could be 

further improved by exploring various variants of PSO algorithm itself or by 

applying the different evolutionary algorithms. 

 Considering the potential of advanced Vivado tools, authors still see the space to 

explore many other design optimization techniques to implement SiMKit more 

efficiently and in an optimized way on hardware. 

 It would be interesting to apply the proposed methodology to other compact 

models as well as different devices such as Organic FET (OFET), Tunnel FET, 

Multiple Gate Field Effect Transistor (MuGFET), etc., for parameter extraction 

problem. However, this requires a physical device and its measurement as 

prescribed by the model developer along with model library code and its extraction 

strategy. 
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Paper Published 

[1]   A. Rathod and R. A. Thakker, "FPGA realization of Particle Swarm Optimization 

algorithm using floating point arithmetic," 2014 International Conference on High 

Performance Computing and Applications (ICHPCA), Bhubaneswar, 2014, pp. 1-6. 

[2]   Amit Rathod, Rajesh Thakker, “Parameter extraction of PSP MOSFET Model using 

Particle Swarm Optimization” International journal of Computer Aided Engineering and 

Technology (IJCAET). Inderscience Journal. 2018 (Article In-Press). 

[3]  Rathod A., Thakker R. (2019) Parameter Extraction of PSP MOSFET Model Using 

Particle Swarm Optimization - SoC Approach. In: VLSI Design and Test. VDAT 2018. 

Communications in Computer and Information Science, vol 892, pp. 483-494, Springer, 

Singapore. 

Paper submitted and under review 

 

[1]  Amit Rathod, Rajesh Thakker, " Soc Implementation of PSP MOSFET Parameter 

Extraction Using Particle Swarm Optimization," in VLSI Design Conference 2020. 

Research Proposal 

Research proposal titled "FPGA Implementation of PSO Algorithm for Parameter 

Extraction of CMOS circuit" has submitted to Gujarat Council of Science and Technology 

(GUJCOST), India and awarded a financial grant for purchasing an FPGA board with 

grant no: GUJCOST/MRP/2015-16/1091. 
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Appendix - A 

List of measurement files and parameters files arranged in its execution sequence. 

Sequence 

of 

execution 

Input parameter 

file 
Measured data file 

Output parameter 

file 
Output Data file 

1 1u_ip_para_1b cgvg_1_w10 1u_op_para_1b 1u_data_file_1b 

2 1u_ip_para_1 idvg_1_vd0.05 1u_op_para_1 1u_data_file_1 

3 1u_ip_para_2 idgmvg_1_vd0.05 1u_op_para_2 1u_data_file_2 

4 1u_ip_para_1c cgvg_1_w10 1u_op_para_1c 1u_data_file_1c 

5 1u_ip_para_3 idvg_1_vd0.45_9 1u_op_para_3 1u_data_file_3 

6 1u_ip_para_4 idvd_1_vba 1u_op_para_4 1u_data_file_4 

7 1u_ip_para_5 idvd_1_vba 1u_op_para_5 1u_data_file_5 

8 1u_ip_para_6 idvg_1_vd0.45_9 1u_op_para_6 1u_data_file_6 

9 1u_ip_para_6a igvg_1_vb0_logTp 1u_op_para_6a 1u_data_file_6a 

10 1u_ip_para_6ab igvg_1_vb0_logT 1u_op_para_6ab 1u_data_file_6ab 

11 1u_ip_para_6b idvg_1_vd0.05 1u_op_para_6b 1u_data_file_6b 

12 1u_ip_para_6c idvg_1_vd0.9 1u_op_para_6c 1u_data_file_6c 

13 1u_ip_para_6d idvd_1_vba 1u_op_para_6d 1u_data_file_6d 

         

14 0.13_ip_para_1 idvg_0.13_vd0.05 0.13_op_para_1 0.13_data_file_1 

15 0.13_ip_para_2 idvg_0.13_vd0.05 0.13_op_para_2 0.13_data_file_2 

16 0.13_ip_para_3 idvg_0.13_vd0.45_9 0.13_op_para_3 0.13_data_file_3 

17 0.13_ip_para_4 idvd_0.13_vba 0.13_op_para_4 0.13_data_file_4 

18 0.13_ip_para_5 idvd_0.13_vba 0.13_op_para_5 0.13_data_file_5 

19 0.13_ip_para_6 idvg_0.13_vd0.45_9 0.13_op_para_6 0.13_data_file_6 

20 0.13_ip_para_6a igvg_0.13_vb0_logT 0.13_op_para_6a 0.13_data_file_6a 

21 0.13_ip_para_7 idvd_0.13_vba 0.13_op_para_7 0.13_data_file_7 

22 0.13_ip_para_8 idvg_0.13_vd0.05 0.13_op_para_8 0.13_data_file_8 

23 0.13_ip_para_9 idvg_0.13_vd0.45 0.13_op_para_9 0.13_data_file_9 

24 0.13_ip_para_9a idvg_0.13_vd0.9 0.13_op_para_9a 0.13_data_file_9a 

         

25 1u_ip_para_6d idvd_1_vba 1u_op_para_6d 1u_data_file_6d 

26 1u_ip_para_2a idgmvg_1_vd0.05 1u_op_para_2a 1u_data_file_2a 

27 1u_ip_para_3a idvg_1_vd0.45_9 1u_op_para_3a 1u_data_file_3a 

28 1u_ip_para_4a idvd_1_vba 1u_op_para_4a 1u_data_file_4a 

29 1u_ip_para_2b idvg_1_vd0.05 1u_op_para_2b 1u_data_file_2b 

30 1u_ip_para_3b idvg_1_vd0.45 1u_op_para_3b 1u_data_file_3b 

31 1u_ip_para_4b idvg_1_vd0.9 1u_op_para_4b 1u_data_file_4b 

32 1u_ip_para_5b idvd_1_vba 1u_op_para_5b 1u_data_file_5b 
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