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Abstract

FIR filter is an important part of the digital filter. The system of FIR filer is stable and easy to implement. In this paper, it is using window functions to design a standard FIR filter and an improved FIR filter. The main feature of implementation is using the software of C2RTL—eXCite to design a hardware accelerator for data filtering in FPGA. The paper also does simulation for this hardware and software co-designed FIR filter and gives experiment results about hardware resources and performance differences compared to the standard and improved FIR filter.

Keyword: FIR filter, C2RTL, hardware accelerators, hardware and software co-design
1. Introduction

In digital signal processing, digital filter occupies an extremely important role, with high accuracy, reliability, flexibility and so on. According to the time domain impulse response, digital filters can be divided into an infinite impulse response filter (IIR) and finite impulse response filter (FIR). FIR filter can meet arbitrary amplitude-frequency characteristics, strict linear phase, and real-time stable signal processing requirements in modern signal processing area. It also allows multiple band-pass (or stop band) filter. However, compared with the IIR filter, meeting the same case of stop band attenuation needs the higher order.

FIR filter can be achieved in two ways such as software and hardware. Software method is simple, because it can change filter parameters to adjust the filter performance. However, the real-time performance of software method is poor. On the contrary, hardware implementation has better real-time performance and high reliability. But the development cycle is long and more complex. This article focuses on a FIR filter design method using both hardware and software method, combining the advantages of software and hardware implementation. It not only has good real-time performance, high reliability, but also has short development cycle, flexibility and simple design.

Collaborative design of the FIR filter based hardware and software achieves a hardware accelerator for the part of data filtering in FIR filter. It uses C2RTL software to realize the automatic conversion from C to HDL. Compared with the traditional implementation using hardware description languages​​, the automatic conversion from C to HDL has the following advantages: (1) Using C / C + + or other high-level language to design FPGA / ASIC can make the design significantly easier. (2) The automatic conversion from C to the hardware description language is faster than the manual design, as 5 to 10 times. (3) If it needs to do some changes about the design, it can directly modify the high language level, simple and easy, reducing the FPGA / ASIC design cycle. (4) It can take advantage of a large number of currently existing algorithms library. The existing C2RTL software is as follow: eXCite, Altera C2H, Xinlinx AutoESL and Impulse.

2. FIR Filter Design

The operation of a linear digital filter is based on a multiply-accumulate process. The basic structure of FIR digital filter is composed of several delay units. The output of each delay unit accumulates with a weight. Then, we can get the filter output. The impulse response of FIR filter is finite length, M-order FIR filter can be expressed as:
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The system function is
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Designing a FIR digital filter is to find constant coefficients of the impulse response which meet the requirements. There are some methods, such as window function, frequency sampling and equiripple best approximation.

In this paper, we will design a FIR filter. The requirements are as follow: 2 KHz sampling frequency, pass-band 0-0.4KHZ, inhibition of band 0.5-1KHZ, pass-band ripple 3dB, and inhibition of band ripple 48dB.
2.1 Standard FIR filter

Using window function to design a standard FIR filter which meets the requirements. Commonly used window functions are rectangular window, Hanning window, Hamming window, Blackman window and Kaiser window. In order to ensure the success of hardware design, firstly, using MATLAB software to get the correlation coefficients of FIR filter we want. In MATLAB, you can use some functions to design FIR filter, like b = fir1 (N, Wn, ftype, taper). N represents filter order; Wn represents the cutoff frequency(normalized frequency) of filter; ftype represents filter type, such as 'high' representing high pass, 'stop' representing band-stop, etc; taper represents the type of window function, Hamming window by default. The output of function fir1 is the filter coefficient. 

In this paper, using Kaiser window estimates the order, cutoff frequency and type of filter. Using MATLAB function [N, Wn, beta, ftype] = kaiserord (f, a, dev, Fs) to achieve the object, where ‘f’ is the corresponding digital frequency [f1, f2], f1 representing pass-band cutoff frequency, f2 representing stop-band start frequency. In the function, ‘a’ represents frequency vector of each frequency band specified by ‘f’ (generally expressed by 0, 1). And ‘dev’ is to represent the maximum output error between the output of frequency response and the ideal amplitude. Fs is the sampling frequency.
Through the function we introduced above, we can get the basic information about the required FIR filter. The order of FIR filter is 26. The cutoff frequency of FIR filter is 450HZ. The coefficients of FIR filter is: -7, -17, 3, 24, 5, -32, -18, 40, 43, -46, -94, 50, 320, 459, 320, 50, -94, -46, 43, 40, -18, -32, 5, 24, 3, -17, -7.
Figure 1 shows the magnitude and phase characteristic of the FIR filter.
Then, we use the coefficient to implement FIR filter in Microsoft VC++ 6.0.
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Figure 1: Magnitude and phase characteristic of the FIR filter
In order to ensure the c code right, we use MATLAB to check the result of c code. Give a signal, composed of four frequency, 300HZ, 400HZ, 500HZ, 600HZ, sampling and filtering for this signal. Figure 2 lists the output of FIR filter with C code. 
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Figure 2: Out of FIR filter implemented with C code

Using MATLAB implements the same process, we can get the result as follow (Figure 3):  
The results show the C code is correct to achieve the following steps.
2.2 Improved FIR filter

In the literature [1], it develops a new algorithm for fixed-coefficient or programmable-coefficient digital filters. The main idea is replacing multiplier with shifters and adders to design multiplierless digital filters.
A widely-used method for replacing a multiplier with shifters and adders is based on the canonic signed 
digit(CSD) expression of the multiplicand. However, it brings more implement cost, because it saves some intermediate results in carrying out the multiplication. In the process of using shifters and adders to implement multiplier, there must exist the minimum number of shift-add operations(MNSAO) and a corresponding expression to carry out the multiplication with a given multiplicand. Therefore, the author presents a method for designing multiplierless digital filter by applying MNSAO expression to implement the coefficient multiplication. 
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Figure 3: Out of FIR filter implemented with Matlab code

One of the advantages of the method is that it does not prescribe the number of adders for each coefficient before the search of quantized coefficients to optimize the filter subject to a given realization cost. Instead it determines during the search which coefficient most badly needs an adder currently to better approximate an optimal filter of infinite wordlength. This avoids the drawback of the conventional search methods that often allocate too many or too few signed power-of-two(SPT) terms to a coefficient than required.

In the C program, the difference between standard FIR filter and improved FIR filter is that it replaces constant coefficient multiplication with addition and shift algorithm. In the process, constant coefficient need to be converted to the expression composed by 
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. For this expression, it is easy to achieve with shifters and adders. The other parts of design are same as standard FIR filter.
For the FIR filter designed above, the coefficients could be changed to 
[image: image9.wmf]2

k

 mode as follows:

Table 1: Exchange coefficients into 2k mode
	Coefficients
	numerical value
	2k mode

	b0
	-7
	-23+20

	b1
	-17
	-24-20

	b2
	3
	21+20

	b3
	25
	24+23+20

	b4
	5
	22+20

	b5
	-33
	-25-20

	b6
	-19
	-24+22-20

	b7
	41
	25+23+20

	b8
	44
	25+24-22

	b9
	-47
	-25-24+20

	b10
	-96
	-27+25

	b11
	51
	25+24+21+20

	b12
	328
	28+26+23

	b13
	471
	29-25-23-20


3. C2RTL Design

Successful implementation with software shows that coefficients obtained by MATLAB are correct. Then, hardware implementation of a FIR filter can be continued.

The design process of C2RTL is as follows: 1. The system / algorithm design, using MATLAB, C / C + + or other high-level programming language. 2. The hardware design (RTL Design), achieving automatic conversion from high-level programming languages such as C to VHDL / Verilog and other hardware description language. 3. Hardware verification, using a variety of debugging tools for simulation.

We use software eXCite to complete the design of hardware accelerators. The design is in four steps, starting from the initial C code, followed by dividing hardware and software, hardware and software co-debugging, hardware integration and hardware waveform simulation. The software environment need to use includes Visual Studio for software to compile and run, eXCite for hardware synthesis (C2RTL), Modelsim for hardware simulation. 

The concept of software and hardware division is to implement some statement or functions in the original C code by specific hardware, in order to improve overall execution performance. To choose the part implemented by hardware need to follow two principles: 1. Choose the function called much more. To convert this function to hardware language will improve processing speed degree greatly. 2. Choose the function having specific data computing functions, such as the FFT butterfly calculation unit. Through the implementation of software, we know that design of FIR filter is composed of three part: input, data filtering, and display. The complexity of the implementation process and calculation is mainly caused by data filtering. Hence, data filtering part will be achieved by hardware.

After the division of hardware and software, software and hardware required to write sw.c and hw.c respectively. It also needs to write interfaces files chan.h to achieve the two-part communication. Corresponding to the design of FIR filters in this paper are required (in the standard FIR filter as an example), the file chan.h defines 4 interfaces. To add start and completed signal to interface 1, 2, which is necessary for communication of software and hardware, defined as a message form. Interface 3, 4, define the parameters of data filtering as memory form. Generally, a control signal is defined as the message format, and transferring data uses memory form. Message in chan.h defined as read or write is decided by behave that software is reading or writing from hardware.

The chan.h file is as follow:
  //yx generate_io

  //yx channel_transform 1 message blocking write

  unsigned char start_i;

  //yx generate_io

  //yx channel_transform 2 message blocking read

  unsigned char done_o;

  //yx generate_io

  //yx channel_transform 3 memory nonblocking

  short in[27];
  //yx generate_io

  //yx channel_transform 5 memory nonblocking

  int out;
After the division of hardware and software, we will do collaborative debugging in the Dos environment in order to verify the result of transferring data right or not between sw.c and hw.c, while it will generate file databin.txt as test vectors of hardware simulation.

After collaborative debugging of hardware and software, use eXCite to do hardware synthesis, including six steps: 1. Read the hardware code hw.c. 2. Select the target hardware platform, this paper choosing Altera Cyclone2. 3. Analyze C language. 4. Set constraints, including clock cycle, shape of clock along, while adding the required channel. The channel added should correspond to the description of chan.h. 5. Compile and generate the initial state machine. 6. Synthesize and generate the final state machine, while viewing the evaluation of hardware performance.

After hardware synthesis completed, use Modelsim to do simulation for synthesized hardware language. Through this step, get result of emulation of hardware code, including clock cycle, run time, the number of clock cycles and error. Analyzing results, we can get final experimental result of the FIR filter we designed, whether the design will meet requirements of performance based on collaborative design of hardware and software.

4. EXPERIMENTAL RESULTS

We use C++ to implement original C code, sw.c and hw.c in the environment Visual Studio 2008.Then, based on eXCite and Modelsim, we do simulation for standard and improved FIR filter we designed above.

During automatic conversion from high-level programming languages C++ to Verilog in environment of eXCite, it needs to choose target hardware platform. Here, we choose FPGA chip: Altera Cyclone2 and speed grade 6.

After generating final state machine, we can get the evaluation of hardware performance in eXCite.

Through Modelsim simulation, we can get the result of hardware code simulation, such as clock cycle, running time, the number of clock cycle, errors, to determine whether the design is right. Also, we can verify the result through simulation waveform.
Table 2 shows the performances of each design method:

Table 2: Exchange coefficients into 2k mode
	Method
	Standard FIR
	Improved FIR

	requested clock
	50M
	50M

	estimated delay
	15.340ns(65M)
	24.562ns(40M)

	DP area
	85
	147

	clock cycle
	108114
	30194

	errors
	0
	0


Figure 4 and 5shows the simulation waveform.
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Figure 4: Simulation results of Standard design with Modelsim
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Figure 5: Simulation results of Improved design with Modelsim
Comparison of the simulation results and the synthesis results of standard FIR filter and improved FIR filter, the following conclusions are collected:

(1) Standard design run faster than improved design. The reason is that high order FIR filter is used, which need more adders.
(2) Standard design cost less area than improved design.

(3) Standard design need more clock cycles than improved design.

(4) As a hardware accelerator, Standard design cost more time than improved design.

Results show that multiplication causes more cost than addition and shift implemented by hardware such as FPGA. 
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