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Abstract
In this paper, a technique for implementing low-power equiripple half-band FIR filter using GDI based Dual Edge Triggered Flip Flop (DETFF) is introduced. Dual edge triggered flip flops has many advantages in low power VLSI compared to SETFF. The Proposed low power FIR filter using DETFF is implemented and compared with conventional design at same simulation conditions. CAD tool based simulation and comparison between proposed design with the conventional design shows that the proposed design reduces power dissipation by 32% reducing the no. of transistors used while keeping the same data rate.
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I Introduction
In modern digital world, filters are used in maximum processing units. One of the ways for designing finite impulse response (FIR) digital filters is to truncate the infinite Fourier series of the desired frequency responses, using a window of finite length [XIV]. However, truncation of the Fourier series results in large ripples on the frequency responses, especially close to the transition edges. In order to reduce the problem many filter design techniques can be found in literature [I],[VI],[VII],[IX],[X],[XII],[XVI],[XXI].  One of them is called half-band FIR filter. Half-band (HB) filters are commonly used in wavelet analysis & RF/IF data converters [III],[XVII],[XIX],[XX],[XXII]. The ASIC implementation of FIR filter involves multipliers, adders and flip-flops. For real time operation flip-flop along with the clock distribution network accounts for 30% to 60% of the power consumed by the entire circuit [XIII]. Hence, it is very much significant that the power consumption of the flip flop and the clock distribution network should be lessened. With the rapid development in VLSI technology, the demand to advance the performance of logic circuits has lead to the expansion of different logic design techniques. Hence it is important to design a circuit which is both power efficient and has less power latency. The switching power of a CMOS circuit can be expressed as,
[image: ]                                                     (1)
So by reducing the circuit activity, capacitance, supply voltage and frequency we can reduce the power consumption. But in modern computation the frequency of operation is so high that it will increase the power consumption. In order to solve this problem one of the solution is to use dual edge triggered flip-flop (DETFF) in-stead of using traditional single edge triggered flip flops. The DETFF works on mutually the rising and the falling edge of the clock, making the system more power efficient and achieving the same data throughput as SETFF in half the clock frequency [XVI]. Compared to the conventional SETFF the clock weight of the DETFF is lesser, which results in almost half power consumption in the clock distribution network. Therefore overall power savings in a system can be achieved since the clock sharing network holds a considerable part of the total power consumed of the design. One of low power dual edge triggered static D Flip-Flop was described in our previous work which has used the technique of GDI. 
     To start with our design we used a conventional half band FIR filter using CMOS based sub-blocks, where we analyzed the frequency response and the power consumed by the design. Then we have implemented the same filter using dual edge triggered flip-flops. As we progress through the work, we see that the second design takes less power and area in comparison with the first conventional design. We also see that the latency is minimized. For the rest of the paper, the discussion is organized in the following manner. In Section II we reviewed the basics of half band filter. Section III presents the conventional methods used to design the half-band filter circuit. Section IV includes our proposed design of half-band FIR filter using GDI based. Comparison between the two methods used for the filter designing is shown in Section V. Finally section VI ends with conclusion.
II Traditional Half Band FIR Filter 
A half-band filter of order 2M is an FIR digital filter whose transfer function has the form
[image: ]                                                    (2)
Where M is odd and
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Using a real function HR for (N) length of the impulse response h(k), the transfer function can be rewritten as,
                           [image: ]                                                                                         (4)
We assume the impulse response h(k) with odd length N = 2(2n+1)+1 coefficients and with even symmetry h(k) = h(N −1−k). The impulse response of the HB FIR filter with the length N = 2(2n+1)+1 contains 2n zero coefficients as follows,
[image: ]

	                                   (5)
A conventional half band FIR filter of order 2M can be designed as per Fig. 1.
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Fig 1. Conventional half band FIR filter
To build the entire system in ASIC we are making the system binary number compatible. For that we are selecting the word length and all co-efficients as 16 bit binary no.
III ASIC Implementation of Half-Band FIR Filter
In this section we are going to describe how filter ASIC is designed. The general block diagram for n bit length FIR filter is drawn in Fig. 2.



[image: ]



                            Fig. 2 ASIC representation of half-band FIR filter
In order to implement the filter we have taken an example of 7 tap half band equiripple low pass FIR filter. The filter co-efficients are generated from FDA tool box of MATLAB. The block diagram of the filter is shown in Fig. 3
[image: ]





                                   Fig. 3 ASIC representation of 7 tap half band FIR filter
The z-2 block denotes dual delay and z-1 represents single delay. In order to implement the entire design suitable for low power high speed system we are introducing single edge triggered flip-flops (SETFF) as z-2 block and dual edge triggered flip-flops (DETFF) as z-1 block. As the input is quantized in 8 bits therefore in each SETFF and DETFF blocks there are 8 nos. of SETFFs and DETFFs respectively. The sampling frequency is set double to the clock provided in each DFF for synchronization. The filter specification is given below,


Table 1: Filter specifications
	Sampling frequency
	50 Khz

	Bit duration
	1.25 us

	Filter type
	Half band low pass equiripple FIR

	Filter order
	6

	Passband frequency
	10 Khz

	Filter coefficients
		Value (increased 100 times)
	2’s complement Binary equivalent 

	h0=50
	00110010

	h1=31
	00011111

	h3=-11
	11110101





Therefore the filter requires the following sub-blocks,
· SETFF
· DETFF
· Carry Select Adder 
· 8 bit Wallace tree multiplier
The details of the sub-blocks are described below,
Single Edge Triggered D- Flip-flop (SETFF)
[image: ]For the designing of a traditional SETFF, we’ve used a conventional CMOS based D-flip flop. A schematic diagram of conventional D-flip flop is illustrated in Fig.4. 








Fig 4. Conventional CMOS SETDFF
Conventional flip-flops work on the positive edge of the clock. When the clock goes high the input given to the flip-flop is reflected at the output, which is shown in Fig 5. When the clock goes low, the previous output is carried forward. We also see that the no. transistors used in this circuit are 17. Using 250nm technology the average power consumed is 2.36mW, for 80 Mbps data rate which is high for any VLSI design circuit.
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Fig 5. Behavioral response of SETDFF
Dual Edge Triggered D-Flip-flop (DETFF)
In our early work we’ve worked on DETFF designing, where we’ve used two methods, namely conventional and non-conventional, to design it. As we progress through the work, we see that the non conventional method takes less power and area in comparison with the conventional method. We also see that the latency is minimized. Therefore we are using the non-conventional type GDI based DETFF for this case. 
DETFF Based on GDI: Gate Diffusion Input (GDI) is a popular method for low power digital circuit design. More about GDI can be read from paper “Gate-Diffusion Input (GDI): A Power-Efficient Method for Digital Combinatorial Circuits” by Arkadiy Morgenshtein, Alexander Fish, and Israel A. Wagner [II].
Here we use a GDI multiplexer for the DETFF circuit design. A 2:1 multiplexer can be made with a simple 2 transistor based GDI cell. Structure of a GDI cell is similar to that of a CMOS inverter but there are some important differences between the two. 
•	A CMOS has one input where as a GDI cell has 3 inputs 
•	One input of the GDI is connected to the P terminal and the other is connected to the N terminal.
The GDI multiplexer is illustrated below in fig.6.
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Fig.6 Multiplexer based on GDI
Here we have connected a PMOS and a NMOS whose two terminals have two inputs d0 and d1 respectively. Using CMOS logic, the implementation of a 2:1 multiplexer requires twelve nos. of transistors, and four transistors are needed in the transmission gate logic implementation. In GDI technique, a 2:1 multiplexer can be implemented using only 2 transistors. Even to find out the rail to rail swing of output extra four transistors based buffer circuit can be introduced. The schematic diagram of a DETFF based on GDI multiplexer is illustrated in Fig.7
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Fig.7 DETFF using GDI
In the above figure, three GDI multiplexers are used. Here one GDI multiplexer acts as a positive latch and the other one as negative latch. The third GDI multiplexer multiplexes the output from both the latches and generates the required output. The output is shown below in Fig.8.
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Fig.8 Behavioral response of DETFF using GDI
 Carry Select Adder 
To perform fast addition operation at low cost, carry select adder (CSLA) is the most appropriate amongst conventional adder structures [VIII]. Carry select adders use multiple narrow adders to create fast wide adders used in many data processing processors to perform fast arithmetic operations. In this design we require two types of carry select adders (CSLA) namely 8 bit and 16 bit.
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Fig. 9 A 8 bit CSLA block diagram
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Fig. 10. A 16 bit CSLA block diagram
All the CSLA blocks are consisting of ripple carry adder and multiplexer. The GDI based multiplexers are already described in fig. 6. The ripple carry adders consist of full adders [XVIII]. A low power full adder can be designed with GDI multiplexers as shown in our previous work [IV]. This full adder scheme requires only 12 nos. of transistors and consumes very less power compared to other low power approaches. 
An 8 bit Wallace tree multiplier
The last part of the filter section is multiplier circuit. Among many multiplier circuits we have taken the Wallace-tree multiplier as it is faster and consume less power than other available multipliers. For real-time signal processing, a high speed and throughput Multipliers-Accumulator (MAC) is always a key to achieve high performance in the digital signal processing system. The main consideration of MAC design is to enhance its speeds. That high speed is achieved through this well-known Wallace tree multiplier [XI]. Here we need 4 nos. of 4x4 multipliers to develop 8bit multiplier. A 4x4 Wallace tree multiplier requires 16nos of AND gates, 3 nos. of half adder (HA) and 9 nos. of full adder (FA).  A low power half adder can be build with five nos. of transistors only [V].  The schematic of 4x4 bit Wallace tree multiplier is shown in fig. 11 and the block diagram of 8 bit multiplier using 4x4 multiplier is shown fig. 12.
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           Fig. 11 Schematic of 4x4 bit Wallace tree multiplier
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                   Fig. 12 Schematic of 8 bit multiplier using 4x4 multiplier
IV Simulation Results and Analysis
The proposed filter is simulated using EDA tool and gives the following magnitude response and impulse responses. For providing the input to the filter we have used conventional 8bit ADCs.  The proposed method consumes less power and area, reduce propagation delay and hence have less latency than the conventional design. We also see that the proposed design uses the least area as the no. of transistors used are minimum and also the power consumed is less than the other circuits. The detailed comparisons have been made in table 2.   
Table 2: Results comparison
	
	No. of Tr.
	Rise delay
	Fall delay
	Avg. time delay
	Avg. power consumption

	Proposed design 
	3638
	1.13 ns
	4.81 ns
	3.69 ns
	1.65 W

	Conventional 
	8404
	3.11ns
	6.36 ns
	5.12ns
	5.16 W
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[bookmark: fig1]                               Fig. 13.  Magnitude response of proposed filter.
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                                    Fig. 14. Impulse response of the proposed filter.
V. Conclusion  
The basic aim of this attempt is to design a low power, area efficient half band FIR filter. This proposed method improves energy saving for any application of filter. In this report we have taken an example of simple halfband lowpass FIR filter. The effectiveness of the design will hold true for other types of filter also. The most relevant application of this filter is in portable remote devices like hearing aid. Performance analysis of the proposed design implies better delay, area and power compared to conventional design.
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