
 Pipelining 

Pipelining is a technique which allows two or more operations to overlap during execution. In 
pipelining, a task is broken down into a number of distinct subtasks which are then  overlapped  during 
execution. It is used widely in digital signal processors to increase speed. A pipeline is akin to  a typical 
production line in a factory, such as a car or television assembly plant. As in the production line, the 
task is broken into small, independent subtasks called pipe stages. The pipe stages are connected in 
series to form a pipe and the stages are executed sequentially. As we have seen in the  last example, an 
instruction can be broken down into three steps. Each step in the instruction can be regarded as a stage 
in a pipeline and so can be overlapped. By overlapping the instructions, a new instruction is started at 
the start of each clock cycle as shown in Figure 6(a). 

 

Figure 6(b) gives the timing diagram for a three-stage pipeline, drawn to highlight the instruction steps. 
Typically, each step in the pipeline takes one machine cycle. 
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Thus during a given cycle up to three different instructions may be active at the same time, but the 
completion stage of each will be different. The key to an instruction pipeline is that the three parts of 
the instruction (that is, fetch, decode and execute) are independent and so the execution of multiple 
instructions can be overlapped. In Figure 6(b), it is seen that, at the ith cycle, the processor could be 
simultaneously fetching the ith instruction, decoding the (i-1)th instruction and at the same time executing 
the (i -2)th instruction, which are then overlapped during execution.  It  is used extensively  in digital 
signal processors to increase speed. 

 

 
Figure 7. Non-pipelined MAC configuration. Products are clocked into  the accumulator  every 400 
ns. 

Solution: 

1. The coefficients and the data arrays are stored in memory as shown in Figure 7. In the non- 
pipelined mode, the coefficients and data are accessed sequentially and applied to the 
multiplier. The products are summed in the accumulator. Successive multiplication- 
accumulation (MAC) will be performed once every 400 ns (200 + 100 + 100), giving a 
throughput of 2.5 x 106 operations per second. 

2. The arithmetic operations involved can be broken up into three distinct steps: memory read, 
multiply, and accumulate. To improve speed these steps can be overlapped. A speed 
improvement of 2:1 can be achieved by inserting pipeline registers between the memory and 
multiplier and between the multiplier and accumulator as shown in Figure 8 
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Figure 8. Pipelined MAC configuration. 
 
 

The pipeline registers serve as temporary storage for coefficient and data sample pairs. The product 
register also serves as a temporary store for the product. 

The timing diagram for the pipeline configuration is shown in Figure 9. As is evident in the timing 
diagram, the MAC is performed once every 200 ns. The limiting factor is the basic transport delay 
through the slowest element, in this case the memory. Pipeline overheads have been ignored. 
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Figure 9. Timing diagram for a pipelined MAC unit. When the pipeline is full, a MAC operation is 
performed every clock cycle (200 ns). 

DSP algorithms are often repetitive but they are highly structured. This made them well suitable for 
multilevel pipelining. For example, FFT requires the continuous calculation of butterflies. Although 
each butterfly requires different data and coefficients, the basic butterfly arithmetic operations are 
identical. Thus arithmetic units such as FFT processors can be tailored to take advantage of this. 
Pipelining ensures a steady flow of instructions to the CPU, and in general leads to a significant increase 
in system throughput. 

However, on occasions pipelining may cause problems. For example, in some digital signal processors, 
pipelining may cause an unwanted instruction to be executed, especially near branch instructions, and 
the designer should be aware of this possibility. 

 Hardware multiplier—accumulator 
 

The basic numerical operations in DSP are multiplications and additions. Multiplication, in software, is 
notoriously time consuming. Additions are even more time consuming if  floating point  arithmetic is 
used. To make real-time DSP possible a fast, dedicated hardware multiplier-accumulator (MAC) using 
fixed or floating point arithmetic is mandatory. Fixed or floating hardware MAC: is now standard in all 
digital signal processors. In a fixed point processor, the hardware multiplier typically accepts two 16-
bit 2’s complement fractional numbers  and computes a 32-bit product in a single  cycle (25 ns typically) 
The average MAC instruction time can be significantly reduced through the  use of special repeat 
instructions. 

A typical DSP hardware MAC configuration is depicted in Figure 10. In this configuration the multiplier 
has a pair of input registers that hold the inputs of the multiplier, and a 32-bit product register which 
holds the result of a multiplication. The output of the P (product) register is connected to a double-
precision accumulator, where the products are accumulated. 
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Figure 10. A typical MAC configuration in DSPs. 
 

The principle is very much the same for hardware floating-point multiplier - accumulators, except   that 
the inputs and products are normalized floating- point numbers. Floating-point MACs allow fast 
computation of DSP results with minimal errors. The DSP algorithms such as FIR and IIR filtering 
suffer from the effects of finite word-length (coefficient quantization and arithmetic errors). Floating 
point offers a wide dynamic range and reduced arithmetic errors, although for many applications the 
dynamic range provided by the fixed-point representation is adequate. 

 General-purpose digital signal processors 
 

General-purpose digital signal processors are basically high speed microprocessors with hardware 
architectures and instruction sets optimized for DSP operations. These processors use parallelism 
extensively. Harvard architecture, pipelining and dedicated hardware are used whenever possible for 
performing time-consuming operations, such as shifting/scaling, multiplication, and so on. 

General-purpose DSPs have been evolved substantially over the last decade as a result of the never- 
ending quest to find better ways to perform DSP operations, in terms of  computational efficiency, ease 
of implementation, cost, power consumption, size, and application-specific needs. The quenchless 
hunger for improved computational efficiency has led to substantial reductions in instruction cycle times 
and, more importantly, to increasing sophistication in the hardware and software architectures.  It is now 
common to have dedicated, on-chip arithmetic hardware units (e.g.  to support fast multiply / accumulate 
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operations), large on-chip memory with multiple access and special instructions for efficient execution 
of inner core computations in DSP. There is also a trend towards increased data word sizes (e.g. to 
maintain signal quality) and increased parallelism (to increase both the number of instructions executed 
in one cycle and the number of operations performed per instruction). Thus, in newer  general-purpose 
DSP processors increasing use is made   of multiple data paths/arithmetic to support parallel operations. 
DSP processors based on SIMD (Single Instruction, Multiple Data), VLIW (Very Large Instruction 
Word) and superscalar architectures are being introduced to support efficient parallel processing. In 
some  DSPs, performance is enhanced further by using specialized, on-chip co-processors to speed up  
specific  DSP algorithms such as FIR filtering and Viterbi decoding. The explosive  growth  in  
communications and digital audio technologies has had a major influence in the evolution of DSPs,   as 
has growth in embedded DSP processor applications. 

 Fixed Point Digital Signal Processors 
 

Fixed-point DSP processors available today differ in their detailed architecture and the onboard 
resources provided. A summary of key architectures of four generations of fixed-paint- DSP processors 
from four leading semiconductor manufacturers is  given in Table 7.1. The classification  of DSP 
processors into the four generations is partly based on historical reasons, architectural  features, and 
computational performance. 
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