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 ABSTRACT: In this paper, we propose the design of globally asynchronous locally synchronous (GALS) micro-
programmed parallel finite impulse response (FIR) filter using pipelined GALS Baugh Wooley Multiplier. The primary 
objective is to demonstrate low power implementation of micro-programmed parallel GALS FIR filter for digital signal 
processing applications. Full synchronous micro-programmed parallel FIR filter and GALS micro-programmed FIR 
filter are implemented using same FPGA and almost amelogic cells for fair benchmarking. The four tap synchronous 
and GALS micro-programmed parallel FIR filter is coded in VHDL and implemented in vertex 5 FPGA device. GALS 
micro-programmed parallel FIR filter is more power efficient as compared to synchronous filter.  
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I. INTRODUCTION 
 
Low power operation is desirable in all the digital signal processing systems. Most of the digital signal processing 
systems is fully synchronous but a trend, as detailed in the International Technology Roadmap for Semiconductors 
(ITRS) [1], for an increasing use of asynchronous logic from the present 15 % to 49 % in 2024.In some of these SoC’s, 
asynchronous signaling scheme [2], [3] were used for synchronization between the different fully synchronous  

modules that is opposed to fully asynchronous systems where asynchronous signaling scheme are used for both 
between modules (inter-modules) and within modules (intra-module). This hybrid inter-module asynchronous cum 
intra-module synchronous, termed Globally-Asynchronous-Locally-Synchronous (GALS) may be advantageously 
exploited to simplify some challenging design issues [4]. For the asynchronous-to-synchronous data transfer [2], [5] or 
vice-versa, the GALS approaches may be generally categorized by its clocking schemes, pausible clocking and the 
data-driven clocking. FIR filter is the fundamental digital signal processing (DSP) operation for many DSP systems. It 
finds applications in audio, image and video processing, wireless communication, noise removal etc. In most of the 
applications digital filters are used to implement frequency-selective operations. Therefore, specifications are required 
in the frequency-domain in terms of the desired magnitude and phase response of the filter. FIR with constant 
coefficients is a linear time invariant digital filter. The output of an FIR of order or length (N), to an input time-series 
x[n], is given by a finite version of the convolution sum given in (1) and (2), 

              [푛]=[푛]∗ℎ[푛]                             (1)                         

  푦 [푛] =∑ x[k]h[n− k]                        (2)  
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where h[n] is called as filter coefficients or impulse response and y[n] is the output signal. For linear time invariant 
system, it can be expressed in Z domain as given in (3)  

푦 (푧) = 푥 (푧) ℎ(푧)                                       (3) 

Where h(z) is the FIR filter transfer function defined in Z domain by (4)  

ℎ(푧) = ∑ h[k] z                                 (4) 

Direct form implementation of linear time invariant FIR filter using delay element, adder and multiplier is shown in fig 
1. 

 

Fig. 1 Direct form FIR filter 

The difference equation for 4-tap FIR filter (N = 4) is given in (5) 
 
 푦[푛] = ∑ x[k]h[n− k]  
 
푦[푛] =푥[0] ℎ[푛] +푥[1] ℎ[푛−1] +푥[2] ℎ[푛−2] +푥[ 3] ℎ[푛−3]                                            (5)  
 
Direct form FIR filters are also known as tapped delay line or transversal filters. The size of the FIR filter is determined 
by the number of coefficients h[n]. N-tap FIR filter consist of N delay elements, N multipliers and N-1 adders or 
accumulators. Generally a linear phase response in the pass band is desirable for many applications especially in 
communication. It is shown in [6] that linear phase is achieved if the impulse response is symmetric or anti-symmetric 
and hence it is preferable to use anti-causal framework [7] given in (6) obtained from (4)  
ℎ (푧) = ∑ h[k]( )/

( )/ z                (6)  
 
Due to advances in technology, many researchers are trying to design FIR filter architecture which can offer one or 
more of the following design advantages such as high speed, low power consumption and less area. DSP functions are 
generally implemented in general purpose DSP processors where built in multiply accumulate (MAC) engines are used 
to perform mathematical operations. Application specific integrated circuits (ASICs) can also be used where high 
performance is needed or design volume is high enough to justify the non-recurring engineering (NRE) cost [8]. 
However, field programmable logic (FPGA) offers the better of the two technologies in addition to the re-
configurability feature of the hardware platform. An important factor in a DSP processor is the limitation on hardware 
resources such as MAC engines. This is not an issue with FPGAs since these devices offer sufficient capacity to fit 
plenty of MAC processors into a single device. The performance of the parallel FIR is determined by multiplier. 
Modified Booth (MB) encoding reduces to half the number of partial products resulting in reduced area, critical delay 
and power consumption. However, a dedicated encoding circuit is required and the partial products generation is more 
complex [9]. Baugh Wooley 2’s complement multiplier offers better sign bit management, uniform VLSI structure and 
no complex encoding circuits that result in compact circuit. The biggest advantage of compact and uniform structure is 
implementation of pipelining that easily divides the partial product generation stages and increases speed of operation 
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[9]. In this paper, we proposed FPGA implementation of GALS micro-programmed parallel 4-tap FIR filter and its 
comparison with fully synchronous parallel micro-programmed 4-tap FIR filter using GALS & synchronous Baugh 
Wooley multiplier respectively given in [10]. The primary objective of the design is to demonstrate low power 
implementation of GALS FIR Filter. The paper is organized as follows section I introduces GALS and FIR Filter, 
section II describes Baugh Wooley multiplier and section III describes microprogrammed FIR filter architecture. 
Section IV provides in detail design of synchronous and GALSmicroprogrammed parallel FIR filter. Results are 
discussed in section V and finally concluded in section VI.  
 

II. BAUGH WOOLEY MULTIPLIER 
 
The Baugh Wooley multiplication algorithm [11] is developed to designed regular 2’s complement multipliers. It 
effectively handles sign bit during the computation of partial products. Let a and b be the two n-bit signed numbers can 
be represented as,  

A= −a 2 +∑ a 2                          (7)  

B= −b 2 +∑ b 2                          (8)  

The result of multiplication of a and b is represented as  

P=AxB 

P = (−a 2 +∑ a 2 ) x (−b 2  +			∑ b 2 )  

P = a b 2 +∑ a 2 ∑ b 2  −a 2 ∑ b 2  − b 2 ∑ a 2                                                          
(9) 

The last two terms in equation (9) are n-1 bits each that are extended from position 2n-1 to 22n-3. We pad zeros to 
remaining bits to obtain 2n bit number in order to extent binary weight from 20 to 22n-1. Rather than subtracting the last 
two terms, we can obtain 2’s complement of the last two terms and add all terms to obtain final product. Let z be one of 
the last two terms, it can be represented in equation (10) with zero padding. 

푧 = −0푥22n-1+0푥22n-2+ 2n-1 ∑ 2 z +0푥 ∑ 2                                                     (10) 

Table 1 Bit values for Z 
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Table 2 Bit patterns 

 

After obtaining 2’s complement of z, the new bit value for –z is shown in table I.Let z1 and z2 be last two terms in 
equation (3) then addition of –z1 + (-z2) results in following bit patterns at most significant bits and bit position n shown 
in table II. Hence the product p in equation (9) can be given as 

  

Let us assume if a and b are 8-bit numbers then product p is given as 

 

Fig. 2 shows the implementation structure of 4-bit Baugh Wooley multiplier and fig. 3 shows the corresponding 
internal structure of cells. 

 

Fig. 2 Structure 4-bit Baugh Wooley multiplier 
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Fig. 3 Internal structure of cells 

 
III. MICRO-PROGRAMMED FIR FILTER ARCHITECTURE 

 
The micro-programmed FIR filter architecture consist of data path unit and control unit [12]. The function of data path 
unit is to perform multiplication and addition operation on the applied input signal and impulse response. Control unit 
generates various control signals for data path. Fig. 4 shows the block diagram of micro-programmed FIR filter. 

 

Fig. 4 Microprogrammed FIR filter architecture 

The architecture of the data path unit can be classified as sequential and parallel depending upon the method adopted 
for computing output signal. The architecture of data path completely depends on the nature of application. Typically it 
consists of multipliers, adders, data registers and multiplexers. Data registers acts as a memory to hold input signal and 
filter coefficients for computing. Multiplexer are used to route the appropriate data to multipliers in accordance with 
(2). Two approaches can be adopted for designing control unit, hardwired and micro-programmed. Micro-programmed 
control unit stores the microinstructions inside the memory that can be fetched using address decoding logic. These 
microinstructions generate the control signals for data path unit. The main advantage of the micro-programmed control 
unit is its flexibility to modify the micro-program in the memory [12]. Micro-programmed control unit consist of 
address decoding logic and memory. Fig. 5 shows the simplified block diagram of micro-programmed control unit. 

 

Fig. 5 Block diagram of micro-programmed control unit 
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The control signals from micro-programmed control unit are fed to data path unit that performs necessary operations 
such as load data registers with input signal and filter coefficients, perform multiplication on appropriate data, addition 
and latch output signal. The microinstruction also has a bit to indicate address decoding logic to stop or continue 
generating memory address signal. 
  

IV. IMPLEMENTATION OF MICRO-PROGRAMMED PARALLEL FIR FILTER 
 
The 16 x 16 bit Baugh Wooley multiplier with 18 pipelined stages implemented using fully synchronous logic and 
globally asynchronous locally synchronous using clock divider and decoder module given in [10] is used in the 
implementation of micro-programmed parallel FIR filter. GALS parallel 4-tap FIR filter that consist GALS 16-bit 
pipelined Baugh Wooley multipliers, carry look ahead adder and GALS micro-programmed control unit is 
implemented. For fair benchmarking synchronous parallel 4-tap FIR filter that consist synchronous 16-bit pipelined 
Baugh Wooley multipliers, carry look ahead adder and synchronous micro-programmed control unit is also 
implemented using same FPGA and almost same logic cells.  
 
A. Synchronous Micro-programmed FIR Filter  
 
Fig. 6 illustrates the block diagram of synchronous microprogrammed4-tap FIR filter. It consists of synchronous 
pipelined Baugh Wooley multiplier, carry look ahead adder, synchronous micro-programmed control unit and data 
registers to hold input signal and filter coefficients. All the registers, multipliers and control unit are clocked 
simultaneously by global clock signal. Pipelined Baugh Wooley 16-bit multiplier requires 18 pipelined stages therefore 
it takes 18 clock cycles to generate output. Four (4) clock cycles are required to load data into both registers 
simultaneously. Finally two (2) clock cycles at the adder stages are required to achieve pipeline at each stage of FIR 
filter. Thus 24 clock cycles are required to generate final output of the filter. Since all the pipelined registers are 
clocked simultaneously at higher clock rate, considerable amount of power is dissipated in the circuit. 
 

 

Fig. 6 Synchronous microprogrammed 4-tap FIR filter 
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B. GALS Micro-programmed FIR Filter  
Fig. 7 illustrates the block diagram of GALS micro-programmed 4-tap FIR filter. It consists of GALS pipelined Baugh 
Wooley multiplier, carry look ahead adder, GALS micro programmed control unit and data registers to hold input 
signal and filter coefficients. All the registers, multipliers and control unit are not clocked simultaneously by global 
clock signal. GALS micro programmed control unit receives a global clock signal that generates enable signals for all 
the pipelined stages and memory. On reception of the enable signal, memory generates various control signals to load 
data into the registers. Enable signals to the multiplier and pipelined stages at adder facilitate to perform operation in 
(2) to generate output. Since the global clock signal is applied only to the control unit termed as locally synchronous, 
while each subblocks of the FIR filter are not synchronized termed as globally asynchronous. The enable signals 
generated by the control unit are at much lower rate as compared to global clock rate, therefore the switching power 
dissipation reduces without affecting the speed of operation in GALS FIR filter. 

 

Fig. 7 GALS micro-programmed 4-tap FIR filter 

Table 3 Results 

 

 
V. RESULTS & DISCUSSION 

 
Virtex-5 FPGAs offer the best solution for addressing the needs of high-performance logic designers, high-performance 
DSP designers, and high-performance embedded systems designers with unprecedented logic, DSP, hard/soft 
microprocessor, and connectivity capabilities [13]. Built on a 65-nm state-of-the-art copper process technology, Virtex-
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5 FPGAs are a programmable alternative to custom ASIC technology [13]. The 16 x 16 bit fully synchronous and 
GALS pipelined MAC unit is coded in VHDL and implemented in virtex 5 FPGA (xc5vlx20t-2ff323) device. The 
obtained results are also confirmed on other FPGA devices such as Spartan 5 

vertex 6, and Spartan 6.The output of the each block of FIR filter verified using Xilinx ISE web pack 13.1 simulation 
and synthesis tool. Table III summarizes the result obtained after simulation and implementation of synchronous and 
GALS FIR filter. Results clearly indicate that fully synchronous FIR Filter dissipates 5.26 times more power as 
compared to GALS FIR filter. But at the cost of increased area GALS FIR Filter requires 1.046 times more number of 
slices LUT as compared to fully synchronous FIR filter.  
 

VI. CONCLUSION 
 
The fully synchronous and GALS pipelined micro programmed FIR filter coded in VHDL and implemented in vertex 5 
FPGA (xc5vlx20t-2ff323) device. The primary objective is to demonstrate low power implementation of micro 
programmed parallel GALS FIR filter for digital signal processing applications. Fully synchronous micro-programmed 
parallel FIR filter and GALS micro-programmed FIR filter are implemented using same FPGA and almost same logic 
cells for fair benchmarking. Results clearly indicate that fully synchronous FIR filter dissipates 5.26 times more power 
as compared to GALS FIR filter. But at the cost of increased area GALS FIR filter requires 1.046 times more number 
of slices LUT as compared to fully synchronous FIR filter. GALS micro-programmed FIR filter can be used as basic 
building block in GALS implementation of digital signal processor.  
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