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Abstract—Hilbert Huang Transform (HHT) is an empirical time-
frequency analysis method firstly proposed by N. E. Huang in 
1998. This method is suitable for nonlinear and non-stationary 
signal processing and thus employed for bioelectrical signal 
processing and analysis in recent years. However, the large 
computation cost of HHT restricts its applications for real-time 
signal processing. This paper presents a hardware accelerated 
HHT system based on Field Programmable Gate Array (FPGA), 
which employs hardware and software co-design techniques to 
effectively improve the processing speed. 
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I.  INTRODUCTION 
Most of biomedical signals, such as ECG and EMG, are 

nonlinear and non-stationary signals. Traditional methods, e.g. 
Fourier Integral Transform, Fast Fourier Transform (FFT) and 
Wavelet Transform have a strong priori assumption that the 
signals being processed should be linear and stationary.  

Hilbert-Huang Transform (HHT) [1] provides a possible 
solution to those nonlinear and non-stationary signals. Different 
from all other data analysis methods, HHT is totally adaptive 
which is ideally suited for nonlinear and non-stationary signals. 
The algorithm is composed of two main parts – Empirical 
Mode Decomposition (EMD) and Hilbert Spectral Analysis 
(HSA). The first part will decompose the signal into Intrinsic 
Mode Functions (IMF) which will meet the requirement of the 
Hilbert Transform and then can be further analyzed to get the 
instantaneous frequencies (IF) of the original signal. The 
second part, Hilbert Spectral Analysis, will generate 
Instantaneous Frequency. HHT has been widely used in 
Biomedical Engineering recently, for instance signal de-noising 
[2], removal of baseline wander in ECG [3], ECG detection [4], 
analysis of Heart Rate Variability (HRV) [5], Blood Pressure 
Estimation [6] and so on.  

But EMD is an empirical algorithm which didn’t have a 
fixed function. It mainly uses sifting steps to decompose IMFs. 
When one IMF is decomposed from original signal by EMD 
sifting, the original signal will subtract the IMF and treat the 
difference of them as original signal to decompose other IMFs. 
So the IMFs are decomposed one by one, and because of the 
dependency of each IMF it’s hard to treat EMD sifting with 
parallel processing. So a novel hardware and software co-
design method for implement EMD sifting is proposed in this 

paper. This method facilitates real-time processing of EMD 
sifting. 

II. HILBERT HUANG TRANSFORM 
The main component of HHT is EMD, which is an 

empirical method. Different from the other digital signal 
processing algorithms, EMD is more adaptive. But the iteration 
in EMD sifting consumes more processing time which is not 
suitable for real-time application. This section presents the 
concepts of IMF and the detail sifting steps of EMD.  

A. Intrinsic Mode Function  
Because Hilbert Transform has limitation for signals, most 

of the nonlinear and non-stationary signals did not have a 
meaningful Instantaneous Frequency. N. E. Huang proposed 
some restrictions to the signals which can have meaningful IF. 
The restrictive conditions called Intrinsic Mode Function 
(IMF). An IMF must satisfy the following two conditions [1]: 

1. In the whole data set, the number of extreme and the 
number of zero crossings must either equal or differ by 
one. 

2. At any data point, the mean value of the envelope defined 
by the local maxima and envelop defined by the local 
minima is zero. 

B. Empirical Mode Decomposition 
Contrast to traditional method such as FFT, FIR filter 

whose basis functions are fixed. The iterations to decompose 
IMF and the number of total IMFs are based on the complexity 
of the original signals. Uncertain number of iterations leads to 
uncertain computation, while results of other algorithms like 
FFT are based on the function itself. 

As discussed in part A, an IMF has a meaningful IF after 
HSA analysis. However, most of the signals are not IMF. To 
solve this problem, N. E. Huang proposed the Empirical Mode 
Decomposition (EMD). This method can decompose the 
nonlinear and non-stationary signals into finite IMFs, so we can 
have the Instantaneous Frequencies from those IMFs using 
Hilbert Transform. And add the IFs transformed from IMFs 
together we can have the IFs of the original signal. To 
implement this method, a sifting process has been designed. 
Each step is listed following: 

Firstly, we extract the maxima and minima data points from 
the original signal ‘x (t)’.  Then, interpolate all the maxima and 
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Figure 2. Flow Chart of EMD Sifting 

minima data points separately with cubic spline to get the upper 
and lower envelopes, followed by the calculation of the mean 
of the upper and lower envelopes (m). After finding the ‘m’, 
the difference between the original signal and the mean can be 
calculated: 

                             ( )h x t m= −                               (1) 

If ‘h’ is not an IMF, we set it as the original signal to repeat 
the above steps until getting an IMF. If ‘h’ is IMF, it will be 
saved as an IMF (imf) and the residua should be found as: “r= 
x (t)-imf”. Then the residua will be treated as the original signal 
‘x (t)’ and the above steps will be repeated to get other IMFs. 
This process will be stopped when the residua ‘r’ or ‘imf’ 
satisfy stop criteria. Finally the original signal can be expressed 
with the sum of all the IMFs and residua: 
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C. Hilbert Transform 
For signal x (t), the definition of Hilbert Transform is: 
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Where, ‘P’ is Cauchy principal value here. And for each IMF 
after EMD sifting, we do the Hilbert transform for them and 
calculate the corresponding analytic signal. After further 
processing we can express ‘x (t)’ in a three-dimensional figure 
which is time-frequency- energy distribution. 

III. SYSTEM ARCHITECTURE 
Figure 1 shows the architecture of hardware evaluation 

system. The system clock is 100M Hz. The peripherals are 
described as follows: SDRAM, SRAM, Flash Memory, On 
Chip Memory, UART, Timer, Performance Counter and 
General-Purpose I/O. The Nios II sends instruction to 
peripherals and switch data with system interconnect fabric 
which is implemented with Avalon Bus. The ECG signal 
‘sig100a’ is from MIT-BIH arrhythmia data base, which is 
floating point data. The fixed point ECG data is generated by 
MATLAB from “sig100a”, and sent to FPGA through UART, 
finally saved in SDRAM. Our evaluation is divided into two 
parts: one is software processing only (SW) which only uses 
Nios II to processing data with EMD sifting and the other part 
is hardware and software co-processing (HW) which uses 
hardware accelerator to replace the subroutine “cubic spline” to 
cooperate with Nios II. Figure 1 shows hardware platform for 
software and hardware accelerated implementation, the darker 
part is hardware accelerator for “cubic spline”. 
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Figure 1.System Design Architecture 
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IV. SOFTWARE IMPLEMENTION 
This section will focus on software implementation of 

EMD. The time consumption of every subroutine of EMD will 
be discussed. The programming language is ANSI C which 
facilitates implementation in Nios II.  

A. Strcuture of The program 
Figure 2 shows the flow chart of software, there are two 

main loops in our program. One is decomposing the original 
signals to IMFs while the other one determining whether the 
original signal has been completely decomposed. The programs 
consist of four main subroutines:  

The first one is “Extr” which extracts extreme and zero 
crossing points from original signals; The second one is “B_D” 
which is responsible for computing the boundary conditions for 
interpolation mainly with mirror symmetry [7]; The third one is 
“Cubic Spline” which interpolates data to extreme points to get 
upper and lower envelope; The forth one is “Stop Sifting” 
which determines the IMFs according to the definition and stop 
criteria [7]. 

B. Software Profiling results 
To illustrate the time consuming percentage of every 

subroutine in software implementation, the ECG signal 
‘sig100a’ from MIT-BIH arrhythmia data base is processed by 
the ANSI C program. The program is implemented with 
floating point calculation system to process 2048 data points of 
ECG signals in a personal computer. Table I shows the 
profiling results: 

TABLE I.  PROFILING RESULTS OF EMD SOFTWARE  
IMPLEMENTATION 

Subroutine Percentage  Time(ms) Hit Count 

Extr 39.2 1123.517 2258 

B_D 0.3 7.412 2247 

Cubic Spline 46.6 1337.603 4494 

Stop Sifting 8.2 234.872 2236 

 

 Programs take 2867.499 milliseconds to decompose 2048 
data points to 12 IMFs with 2236 times iterations totally. It is 
obvious form table I that the subroutine “Extr” and “Cubic 
Spline” take most percentage of the processing time, one is 
39.2% while the other one is 46.6%. For the EMD, because of 
every IMF has deeper dependency, it’s hard to implement 
EMD sifting with parallel structure. But we can implement the 
most time consuming subroutine, the part which is not possible 
to implement with parallel structure will be implemented with 
software while the most time consuming part will be designed 
with hardware. This hardware and software co-design method 
facilitates the EMD decomposition with real-time processing.   

V. HARDWARE ACCELERATION 
This section shows how to achieve hardware acceleration 

and results of hardware and software co-design implementation. 

The platform is Altera DE2-70 board which includes a Cyclone 
II EP2C70F896C6N FPGA with a Nios II soft-core inside. 

A. Fixed Point Calculation System 
This section shows how the bit-width of the fixed point 

calculation system is designed in allusion to EMD sifting and 
the architecture of Nios II soft core. A software implementation 
of EMD with floating point calculation system was shown in 
preceding section, and it is hard to do real-time EMD sifting in 
NIOS II system. So hard-ware acceleration for EMD is 
necessary. Nios II is 32-bit general-purpose processor core. 
Although custom instructions are supported to accelerate 
floating-point operations in Nios II system, it costs hardware 
resources especially floating-point division requiring more 
resources than other instructions. What is more important is 
that floating-point custom instructions are just some adjuvant 
hardware logics for Nios II soft core, they are hard to generate 
hardware accelerator for EMD algorithm with floating-point 
calculation. So fix-point calculation is necessary for the 
algorithm. 

Fixed-point arithmetic is divided into two main parts and 
with one bit representing the sign. In fixed-point representation 
the integer part and fractional part are separated by an implicit 
point. And to determine the bit width of fixed-point calculation 
system, the precision and range problem has to be considered 
according to EMD algorithm. In the preceding section, it is 
shown that EMD is an empirical method. The sifting times for 
EMD to decompose an IMF depends on the signal itself. And 
during the iteration, the original signal has to substrate the 
mean of upper and lower envelope. The more iteration times 
the more means has to be substrate.  That means the signal will 
turn to very small value. And the cubic spline interpolation will 
cost plenty of computation which including cubic 
multiplication and division, so the precision is very important. 
At the same time, during EMD sifting, the sampling interval is 
normalized to be ‘1’ which facilitates the implementation of the 
algorithm, but a wider dynamic range is required for the integer 
part. After evaluation the calculation precision costs 10-7 at 
least, and the dynamic range is set to 512. 

The part needs bigger dynamic range will use S15.16 which 
have 15 bits for integer while 16 bits for fraction and one bit 
for sign, and the other part need deeper precision will use S8.24 
fixed point system. Both of them are 32 bits fixed number 
which facilitates the implementation in Nios II core. 

The EMD sifting software has been implemented into Nios 
II system with both floating point and fixed point calculation 
system. Actually, because the EMD is quite sensitive to the 
accuracy of “cubic spline” calculation, two groups of IMFs 
which are decomposed from floating point and fixed point 
system are not exactly the same. But this paper mainly focuses 
on the evaluation of the hardware and software co-design 
method, and we will pay more attention on the effects of 
hardware acceleration. To test the performance of fixed point 
calculation system, we take 512 points ECG signal, and 
compare average executing time of every subroutine. Table II 
shows the detail results, and it is obvious that the fixed point 
calculation system is around three times faster than floating 
point calculation system. 
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TABLE II.  COMPARISON OF FLOATING POINT AND FIX POINT 
CALCULATION 

 Subroutine Time (ms) Time (clocks) 

Fixed 
Point 

Extr 15.68 1567502  

Cubic Spline 48.31 4830807  

BD 0.133 13133  

Stop Sifting 8.53 853000  

Floating  
Point 

Extr 29.43  2942524  

Cubic Spline 131.22  13122433  

BD 0.1031 10327  

Stop Sifting 24.29  2429110  

 

B. Implementation Results 

TABLE III.  HARDWARE RESOURCES USAGE 

 Total Logic Elements Total Registers 

SW 6205 3877 

HW 27969 15376 

TABLE IV.  COMPARISON OF SOFTWARE ONLY AND HARDWARE 
ACCELERATION IMPLEMENTATION 

 Subroutine Time (ms) Time (clocks) 

Hardware 
Accelerated 

Extr 31.52 3152164 

Cubic Spline 9.432 343284 

BD 2.181 218118 

Stop Sifting 20.7 2070002 

Software 
Only 

Extr 26.7 2674542 

Cubic Spline 88.343 8834293 

BD 2.139 213878 

Stop Sifting 20.8 2080011 

 
  Table III describes the hardware usage of two evaluation 

system. It is obvious that for the total logic elements of 
hardware, accelerator is around 3.5 times of the system 
architecture and around 3 times more registers, but from Table 
IV it worth for the hardware costing.  

Table IV shows the average executing time results of every 
subroutine for ten times iteration of EMD sifting. We can see 
from Table IV, after acceleration, the subroutine “cubic spline” 
is around ten times faster than software only processing. Before 
acceleration, the subroutine “cubic spline” costs 68% of the 
total executing time in contrast after acceleration cost only 18% 
of the total executing time. The whole executing time is two 
times faster after acceleration.  

The hardware accelerator of “cubic spline” is automatic 
generated by Nios II C2H Complier which can transfer ANSI C 
codes to FPGA hardware directly. But the compiler is not a 
replacement for traditional HDL-based hardware designs. In 
addition, it is not supported to define user logic with complex 
timing requirements. So the hardware accelerator for “cubic 
spline” is not an effective hardware logic function, but it is 
good to illustrate the HW and SW co-design method for real-
time EMD-sifting. And in the future works, we will implement 
the subroutines with HDL-based hardware, the cost for logic 
elements will lower and the speed will faster. 

VI. CONCLUSION 
A HW and SW co-design method for real-time EMD sifting 

has been presented.  The hardware accelerator corporate with 
Nios II processor has been implemented in FPGA based on the 
software implementation of EMD. The evaluation result shows 
this method is effective to real-time EMD sifting, and in our 
future work, we will implement the hardware accelerator with 
HDL-based hardware and high-end FPGA, that will achieve 
real-time processing. 
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