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Abstract 
 
Heterogeneous multi-core processors aim at overall performance improvement of 
computations for applications in the field of biomedical signal processing, image 
processing, audio signal processing, video processing, etc. It employs different cores 
with varying capabilities to achieve high-performance computation. This paper 
proposes hybrid CPU and FPGA (HCF) architecture forming a simple heterogeneous, 
hard and soft-core custom processor for computing with high-performance and 
efficiency. The most time-consuming blocks in the applications relating to biomedical 
signal processing, audio signal processing are profiled. Profiling techniques is 
employed in this study to estimate the performance of software applications to bring 
interoperability between hybrid cores, with GProf as the profiler tool. Applications are 
profiled before emulation to decide the maximum time taken for the execution of the 
respective tasks and are pushed to FPGA. By observations, 2X speedup in total 
execution time is achieved for an LMS adaptive filter implementation employed in 
biomedical applications and audio signal filtering applications.  
 
Keywords: Hybrid CPU-FPGA architecture (HCF), FPGA– Field programmable 
gate array, Interoperability, Biomedical Signals, Profiling. 
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1 Introduction 
The Self reconfiguration of processors architecture to upgrade their static 

nature to support the performance achievement to run any applications on them are 
imperative for today’s market. Traditional processor’s architecture and specifications 
are fixed in nature, therefore to cater the need for making the architecture of 
processors adaptive, this study introduces hybrid processors which consists of fixed 
CPU architecture and Field programmable gate array, as configurable processor. It 
promises a cost-efficient solution to maintain the same hardware platform and upgrade 
the software application emerging in the field of biomedical signal processing, audio 
signal processing, etc to run on them. The scenario of Upgrading software applications 
has many flavours few of which include expansion in the memory size required for 
expandable code size, increase the processing speed by data width expansion, new 
features updating by new versions released in the market, accommodate external 
peripherals. 

The introduction of a hybrid multi-core processor aims at the overall 
performance improvement of computations by interoperability between different core 
processors. It uses different cores of different capabilities to achieve high performance 
in various applications. With the same motive this study proposes the design of hybrid 
flexible core multi-core processor embedding CPU core (Static Core) and flexible 
FPGA core[1], allowing high- performance computation for various software 
applications shown in figure1. 

The static or non-reconfigurable structures of CPU include non-expandable  
bus structures, stringent memory sizes, fixed in-output ports. FPGA chips hit the 
market for testing programs as a major hardware platform, since the design and 
architecture of the board is built of logic blocks known as Lookup-Tables, but with the 
advent of technology FPGAs embed the structure of flexible processors. Flexibility of 
HCF processor gives optimal computing performance from any application running on 
the platform[2].  

 

 
Figure 1. Block Diagram of Hybrid CPU(Fixed core) and FPGA(Custom Core) architecture 

 

2 Related Works 
In Jason et. al.[3] the research discusses an efficient methodology to 

determine the computationally intensive portions in software applications. This 
process helps embedded platforms composed of hardware and software components 
who execute concurrently with efficiency to execute a specific task or application. The 
paper discusses a tool to aid embedded designers to choose computationally intensive 
tasks to be ported to hardware platform and acceleration. From this process a easy and 
most efficient tool to examine the performance of software is examined as, GNU 
gprof achieving 66.2% improvement in performance.    
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Lesley Shannon et.al, discusses a platform to take advantage of the platform 
which has fixed and flexible core, which is flexible to take a reasonable cost. Since 
interconnection of two different platforms was a major question, this paper gives a 
solution to make use of zynq series FPAG boards for the purpose of flexible 
partitioning. Giving best performance with least efforts. The clock cycle performance 
is efficiently calculated from the Xilinx vivado tool useful to evaluate the operating 
frequency of the software applications. From this research work more accurate 
methodology to get best hardware-software profiling is known.  

In [6] process of profiling is done in Xilinx Vivado and Matlab, with the aid 
of profiling libraries to support xps_timer of the core. The software application which 
is going to be profiled is enabled by activating the software intrusive profiling process 
built in the software. Paralleling the timers is activated for the aid of profiler libraries. 
Both the timer interrupt and the profiler interrupt must be enabled to interrupt the 
software application which is non-maskable interrupt handling capability. Further, the 
software application code is modified to enable interrupts. In the processor, interrupts 
must be enabled to allow the interrupts from the profiler to interrupt the processor 
interrupts from the profiling timer to reach the processor. 

Collectively deriving the methodology followed in the above research papers, 
this paper executes software application by profiling is performed by closely 
monitoring the processor's hardware and software support for executing an individual 
task. For instance, the tasks which need parallelism or pipelining to be incorporated 
into their structure are identified with ease. Further partitioning the functionality into 
hardware can result in a significant overall speed-up of execution. 

 
3 Related Works 

The algorithm designed for the hybrid processor states that “In applications 
that have many subtasks to perform, profiling process identifies the tasks that 
consume more time for execution and connects those subtasks externally to custom 
accelerators to reduce the time of execution”. 

 
Pseudo Code 
Input: Application to be profiled 
{ 
Extraction: Application 
Function1 
Function2 
Function3 …… 
Input to profiler = (All functions) 
Time = execution time for all functions; Call = No of times functions are called; 
Call/Time = execution time for each function; Sort the date = { time, call, call/time} 
Select the function containing maximum time% U call% 
Location = Customized core; 
} 

The algorithm developed; represented in pseudo code states that in a given set 
of instructions to develop an application, profiling identifies a function having the 
highest number of calls and time-consuming blocks is considered as the most 
expensive high-performance unit. It is wrapped as an IP and ported to the FPGA 
portion or custom cores of HFC.  

To illustrate the algorithm, an adaptive LMS FIR filter[7] used for filtering 
adaptive signals present in biomedical signals are designed in MATLAB Simulink 
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shown in figure 2, which is an efficient filter for adaptive noise cancellation. The 
HDL coder of Simulink helps to convert the design to RTL (Register transfer 
logic)[8]. According to the algorithm, the task is to find the most time-consuming 
block and get it ported to FPGA using Xilinx Vivado 2014.4. 

 

 
 

Figure 2. LMS adaptive FIR filter design 

 
Profiling process mainly aids in identifying the most time consuming 

functional block of the code and it is assigned as sub-task to the flexible core for high 
performance by reducing the time for execution shown in figure 3.  

 

 
Figure 3. Custom accelerators on FPGA logic fabric. 

 
This flowchart of the algorithm in figure 4 shows that in a given set of 

functions to develop an application, the profiling process identifies a sub-block that 
consumes maximum time, maximum Time/calls and packs it as a custom accelerator. 
This custom accelerator is made to employ FPGA as the customized core platform for 
its implementation shown in figure3(cP1, cP2), while the main control is given from 
the general-purpose processor which is ARM Cortex A9 processor. 

Figure.4 depicts the estimation of performance for software applications by 
GProf a well-known profiler to calculate the time of execution for exclusive tasks in 
the program, no of functional calls for the tasks and time/call for the functions to take 
decision to design the tasks as custom cores and shift to FPGA. In this work, the 
application chosen is the biomedical signal, audio filtering popularly used in many 
DSP applications[9]. By the process of the experimentation, it is found that the most 
time-consuming block found in the biomedical signals and audio filtering block is 
“adaptive LMS FIR filter” which is used for noise cancellation purposes identified by 
the profiling technique.  
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Figure 

To showcase with an actual example, a software rout
filter for data filtering, is implemented in software on a 
processor). Noise filtering is one o
functionality can be the right target to shift from software processing to hardware 
accelerator. The fixed processor chosen for the implementation is 
processor with NEON unit. To accommodate the FIR filter which is a unique 
hardware unit, FPGA logic fabric which can permits a high
platform for the custom accelerator
improved shown in figure 5
operations using the processing cycles vacated by the accelerated function.

Advanced Optimization by Profiling of Acoustics Software Applications f
Interoperability in HCF 

Figure 4. Flowchart for profiling on HCF architecture. 

To showcase with an actual example, a software routine for running an FIR 
for data filtering, is implemented in software on a GPU(General purpose 

Noise filtering is one of the major time consuming task
functionality can be the right target to shift from software processing to hardware 
accelerator. The fixed processor chosen for the implementation is the ARM Cortex A9 

N unit. To accommodate the FIR filter which is a unique 
hardware unit, FPGA logic fabric which can permits a high-speed device is used as a 
platform for the custom accelerator [10]. The speed of execution can be tremendously 

shown in figure 5. The general propose processor can be utilized for other 
operations using the processing cycles vacated by the accelerated function.
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ine for running an FIR 
GPU(General purpose 

f the major time consuming task. This task or 
functionality can be the right target to shift from software processing to hardware 

ARM Cortex A9 
N unit. To accommodate the FIR filter which is a unique 

speed device is used as a 
. The speed of execution can be tremendously 

general propose processor can be utilized for other 
operations using the processing cycles vacated by the accelerated function. 

3.1 Profiling for Dataflow Optimization on Hybrid CPU-FPGA Design
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Figure 5. Off-loading computes intensive tasks to the hardware accelerator. 
 

The execution flow of various functions is shown in figure 6 , with the count of clock 
cycles to execute a function highlighted.  

 
 

Figure 6. Time of execution of functions in terms of clock cycles. 
 

From the graph, various functions or tasks executed in the general-purpose 
processor along with the clock cycles required to execute each function are clearly 
shown in figure 7. From this, the function which needs a hardware platform for 
execution is easily identified. The functions and their execution time are sorted in the 
descending order to find the tasks which interrupt the processor in terms of 
input/output functions calls, or memory calls or interrupts to processors [11]. 

 
Figure 7. Graphical representation of tasks executed in the CPU with the clock cycles required to execute 

each function. 
 



 
 
 
 

Advanced Optimization by Profiling of Acoustics Software Applications for 
Interoperability in HCF Systems 468 

 
 

 
3.2 An Application Developed for Dataflow Optimization using Profiling 
for HCF Architecture 

In the test process, the software application developed is an Audio filter 
employing an adaptive LMS FIR filter and a numerically controlled oscillator. To 
measure a time-varying signal the algorithm employs a gradient descent for estimation 
purposes. Error minimization by gradient descent method is followed. The gradient 
mentioned above is the delta operator which is applied to identify the divergence of a 
function, which calculates the error of the nth coefficient. The LMS algorithm is not 
adopted for pipelining since it has recursive loops for the filters to update formula 

 

Figure 8. Block diagram of LMS adaptive FIR filter. 
 

The functionality of the adaptive LMS filter is shown in figure.8. Input signal, 
x(n) is fed to the adaptive filter and d(n) being the desired signal after filtering.  

In the audio filtering process, two signals are given as inputs, s(n) as primary 
input signal, corrupted with tonal noise and x(n) refers to reference input signal, the 
signal does comparative analysis with the threshold level of the intended signal, which 
helps to decide the coefficient values. The process is to obtain a minimal noise factor 
with uncorrupted original signal. Reference signals in the design process refer to a 
similar signal which preferably has the property noise signal similar to the time, phase 
and amplitude. 
 

 
Figure 9. Simulink block diagram of adaptive LMS filter 

 

The development is carried out in Simulink is shown in figure.9. The noise 
signal selected for experiment purpose is noise affecting the biomedical signal. The 
corrupted signal is fed as input to FIR filter to adaptively suppress noise to regain 
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original information from input signal.  The below equation shows the equation for 
noise elimination. 
 
p1(n) =i(n) +w(n)–y(n)                                                                                             (1) 
 

     p1(n) in equation (1) depicts a noise-free signal. If the signal i(n) is  not correlated with 
x(n) and x1(n), and if  x1(n) is correlated with x(n). p(n) is obtained by squaring on 
both sides shown in equation (2). To realize x 1 (n)is uncorrelated with i(n) and y(n) 

 

p1
2(n)=i2(n)+(x1(n)-y(n))2+2i(n)(x1(n)-y(n))                                                  (2) 

 

E[p1
2(n)]=E[i2(n)]+E[(x1(n)-y(n))2]+2E[i(n)(x1(n) - y(n))]= E[i2(n)]+E[(x1(n) 

y(n))2                                                                                                                            (3) 

 
Power of the signal is shown by the equation E[s2(n)], therefore filter aims to 
minimize the power of error signal E[p2] shown in (3). Therefore, minimum output 
power is given in equation (4) 

E[p2(n)]=E[i2(n)]+min[(x1(n)-y(n))2]                                                                         (4) 
 
Both the factors, E[p2(n)] and E[(x1(n)-y(n))2] are simultaneously. The difference between 
e1(n) and s(n) must be sufficiently reduced in equation (5).  
 
(p1 (n)-i (n)) =(x1(n)-y(n))                                                  (5) 
 
Therefore, as a first step initially E[e12 (n)] is minimized which leads to minimization of 
E[(x1(n)-y (n))2] the output power, reduces over-all noise, increasing the output power. 
The equations (6) through (7) show the process of filtering: 
 
y(n)=Σ(qi(n)  ×  x(n-i));                                                   (6) 
 

p1(n) = d(n)– y(n);                                                  (7) 

qi(n+1) = qi(n)+2up1(n)x(n-i)                                                                                   (8) 

 
The signals x(n) to x(n-M+1) are the discrete input signals elements. The 

estimation error gives the filter weight function on par with the principle of the 
LMS filter algorithm. ‘u’ represents the scaling factor to decide the step size.  
When the factor ‘u’ satisfies the condition 0<u<2, then the algorithm converges to 

ΣE[ |u (n-k)2|].K=0.The filter coefficients are generated in real-time based on the 
error to reduce the error signal or even nullify. Filter coefficients are always tunable, 
are capable of changing adaptively independency with the environment in which the 
filter is operated upon, and can, therefore, track any potential changes in this 
environment.   
 
3.3 IP for NCO 

The purpose to develop the numerically controlled oscillator of digital nature 
is to develop a look-up table to store the complex or real value sinusoidal sample 
functional values, along with this a digital integrator is employed to generate phase 
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argument whose values are mapped to the lookup table to show the plot of the desired 
output waveform. The simplest architecture of, Numerically Controlled Oscillator is 
by the construction of ROM which can generate a sine wave in the form of its samples 
in the lookup table. NCO produces signals which are sinusoidal with a given 
frequency setting word (FSW) to determine the phase step, which sets the frequency 
of sine wave. The figure.10 clearly shows the process of conversion based on the 
frequency setting word, the samples are sent in a step manner. The numerically 
controlled oscillator displays the phase to a sine waveform employing the look-up 
table, and finally DAC is followed by a low pass filter. The frequency of the signals is 
displayed in output N bit system shown in (9) 

 
Fout = k * fclk/ 2Nor                                    (9) 
 

 
Figure 10. Block diagram of Numerical Controlled Oscillator 

 
3.4 Audio codec IP 

Audio Codec is with a prepackaged I2S bus controller which facilitates the 
audio signals both as input and output signal. To the input audio signal, a tonal noise 
signal components are both added to the NCO. LMS filter removes the tonal noise 
present in the audio signal, producing a noise-free audio signal at the output.  
 

 

FPGA-based profiling[12] helps to make the process simplified to access the 
system buses of the FPGA fabric for developing profiling tools to check the programs 
which run on these processors. Hence it is a simplified technique to achieve 
significantly accurate and faster profiling results that are provided by the software-
based profilers. 

 
4 Results and Discussion 

The entire design is developed in Math Lab. The Matlab HDL Coder is used to 
transform into Register transfer logic from the existing Simulink block-based model 
and finally, they are packaged to import into Vivado IP Catalog.  
 
Pre-testing and post-testing by Profiling 

The reports indicate the time/call parameter of the LMS function is the highest 
time consuming of all other tasks shown in Table 1. Hence, this block is decided to 
custom accelerator which has to be taken to FPGA for hardware realization.  

 

3.5 Profiling Process to Determine the more Time-Consuming Block of 

Audio Filtering 
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Table 1.  Profiling report of Simulink audio filter 

 
Function List 

Name Time Calls Time/call 

Simulation( 
Bio medical 
noise filter) 

311.61 1 311.61 

LMS filter 41.97 441001 0.00064 

Datatype 
conversion 

16.39 441001 0.000037 

Add 14.21 441001 0.00032 

 
The LMS block alone is shifted to FPGA in HCF[13-16] architecture showing 

the high speed of execution thereafter taking results from table1 shown in figure 11.  
 
 

 

Figure 11. Vivado Implementation of Numerical controlled oscillator. 

 

The waveforms in figure.12 show that the signals are thoroughly filtered after 
profiling 
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Figure 12. Noise filtering of an audio signal with NCO 
 

Table 2. Profiling Results 

 
 
 
 
 
 
 
 
 
 

Table 3. Device Utilization Summary 

 
 
 
 
 
 
 
 

Table2 shows that the LMS block consumes 41.97ns of the total execution 
time. Only 0.3% of the total available flip flops, 0.9% of the total available LUTs, 
0.5% of the available DSP slices and 0% of the BRAM are utilized 
Table 3 gives the device utilization summary. 

 
 

5 Conclusion 
This The study concludes that by Profiling the software applications, the LMS 

algorithm block is found to be the most time consuming block and shifting to FPGA 
takes only 0.25% of the execution time on HCF architecture achieving hardware-
software co-design. Profiling FIR filter function, Table2 shows that the LMS block 

Functions 
Time of execution 
in Fixed core(ns) 

Time of execution in 
custom core(ns) 

LMS 41.97 18.66 

Data-type conversion 16.39 not ported 

Add 14.21 not ported 

Adaptive LMS filter Utilized 

Flip Flops 324 

LUTs 523 

DSP Slices 1 

Block RRAM 0 

Noise Signal 

Noisy Audio Signal 

Filtered Audio Signal 
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consumes 41.97ns of the total execution time for calculating the adaptive coefficients. 
Selectively, the block is imported to FPGA i.e. custom core, to reduce execution time 
and save area. Hence the study concluded that if applications contain multiple 
functions, the time consuming blocks are shifted to FPGA for overall high 
performance of the applications running on processors. 
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