Chapter5
Micro-Architectural Level Power and Performance

Optimization Related to Multiplier-Accumulator

Previously, we have searched how to optimize a function unit (MAC) by using low
power techniques at circuit level. In this chapter, we discussed that the optimization method
of micro-architectural level which related to the MAC.

In Sec. 5.1, we overview a common DSP processor. A representative MAC unit will be
presented in Sec.5.2. Furthermore, Sec. 5.3 presents some analytical equation of pipelining.
Sec. 5.4 exploits parallelism on MAC unit. Finally, some micro-architecture optimization
techniques of MAC will be discussed.

5.1 Common DSP Processors Architecture

DSP processors are microprocessors designed to perform digital signal processing - the
mathematical manipulation of digitally represented signals. Today’s DSP processors are
sophisticated devices with powerful ‘capabilities. In this section, we introduce the features
of common DSP processors, explain some of the important concepts of it, and focus on the
organization of common DSP processors.

Common DSP processors have many RISC-like features [5.1]. The major difference is
that common DSP processors execute several operations in parallel while the RISC
processors use heavily pipelined function unit. Therefore, the latency of a instruction in the
RISC processors may be much longer than the DSP Processors.

Common DSP processors are generally characterized by the following architectural
features:

1. A fast on-chip MAC unit that can perform multiplier-and-accumulator type
operations within one instruction cycle. An instruction cycle which is generally
one or two clock cycles long depending on its pipeline stage.

2. Several functional units that perform several parallel operations, including
memory accesses and address calculations. The functional units have usually their
own set of registers and most instructions

3. Several large on-chip memory units used to store instructions and data.
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Several on-chip system buses to increase memory transfer rate.

5. Support for special addressing modes, especially modulo and bit-reversed
addressing needed in the FFT. It is a dedicated hardware for address calculations.
Support for low-overhead loop and fast interrupt handling.

Standby power-saving capability. Only the peripherals and the memory are active

in this mode.

In the classical von Neumann architecture the ALU and the control unit are connected to
a single memory that stores both the data values and the program instructions. The main
disadvantage is that memory bandwidth becomes the bottleneck in such an architecture.
Therefore, the most common architecture which be used by the standard DSP processor is
the Harvard architecture. Two separate memories are used in the classical Harvard
architecture as shown in Figure 5.1. One of the memories is used independently for data

while the other is used for instructions.
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Figure 5.1 Harvard architecture

Most DSP processors share some common basic features designed to support high
performance, repetitive, intensive tasks. The most evident of these features is the ability to
perform one or more multiplier-accumulator operations in a single instruction cycle. The
multiplier-accumulator operation is useful in DSP algorithms such as digital filter, and
Fourier transforms. In order to achieve a single-cycle MAC operation, DSP processors
integrate multiplier-accumulator unit into the main datapath of the processor. Some recent
DSP processors provide two or more multiplier-accumulator units to increase its

parallelism.
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Another feature shared by DSP processors is the ability to complete several accesses to
memory in a single instruction cycle. This allows the processor to fetch an instruction while
simultaneously fetching operands and/or storing result of a previous instruction to memory.
To support simultaneous access of multiple on-chip buses, multiple-port on-chip memories
or register files are needed for such applications.

A third feature of DSP processors is one or more dedicated address generation units.
This unit forming the addresses required for operand accesses in parallel with the execution
of arithmetic instructions to speed arithmetic processing on DSP processors. Most DSP
processors also provide special support for efficient looping of performing repetitive
computations. This allows the programmer to implement a for-next loop without expending
any instruction cycles for updating and testing the loop counter.

Finally, most DSP processors incorporate one or more serial or parallel I/O interfaces,
and specialized I/0O handling mechanisms such as low-overhead interrupts and direct
memory access (DMA) to allow data transfers efficiently and achieve low-cost, high
performance input and output.

The rising popularity of DSP functions in multimedia applications has led to consider
implementing DSP on general-purpose processors such as desktop CPUs. For example, the
MMX instruction set extensions are'included.inte thé:Intel Pentium processors. However,
because general-purpose processor architectures generally lack features for simplifying
DSP programming, software development is-sometimes-more tedious than DSP processors
and result in difficulty of code maintaining: 'Thus; if general-purpose processors are used
only for signal processing, they are rarely cost-effective compared to DSP processors
designed specifically for the dedicated task. Therefore, the system designer should continue

to use traditional DSP processors for DSP intensive applications.

5.2 MAC Units for Common DSP Processors

Multiplier-accumulator functional units can be used to compute vector dot products
very efficiently. MAC units, therefore, is useful in a large class of important signal
processing algorithms. Figure 5.2 shows a skeleton of MAC units in DSP processors.

Figure 5.3 shows a representative MAC unit of common DSP processors [5.2]. The
MAC unit performs two basic functions: multiply and multiply-accumulation. The
functionality of MAC unit is chosen by its configuration state which is stored in a register.
The two input operands of the MAC unit are 16-bit signed integers. The MAC unit has a
40-bit accumulator which allowing it to accumulate up to 256 32-bit products without

overflow.
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Figure 5.2 Skeleton of a MAC unit in DSP processors

The clock signals, CK1,CK2,:and CK3,.are generated by the asynchronous handshake
controller of MAC unit. The MAC-unit has two pipeline stages. In the first stage, the Booth
Encoder with a column compression tree to add 8-partial products which are generated by
the Booth encoder. The output of column compression tree is in carry-save format and
consists of a 32-bit sum vector and a 32-bit carry vector. The 40-bit output of the
accumulator register, which is also in carry-save format, is added with the output of the
column compression tree to generate the result of the first pipeline stage. For a multiply
operation, this result is loaded into the pipeline register, CK3 is enable. Moreover, the CK2
clock is disable, and 40-bit carry and sum vectors are set to zero. For a
multiply-accumulation operation, the result of the first pipeline stage is loaded only into the
accumulator register, CK3 is disable. In the second stage, the multiply or
multiply-accumulation operation will be completed by carry propagation adder (CPA). The
output of the CPA is shifted right by designated position (specified by the configuration
state of the MAC unit), and the least significant 16-bits of the shifted result form the output
of the MAC unit.
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Figure 5.3 Block diagram of the MAC functional unit
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5.3 Power-Optimum Pipelining

Figure 5.4 shows schematics of the normal, pipeline, and parallel circuit design.
Parallelism and pipelining are used to alleviate timing constrains on combinational circuit
A and B when the power of original design is too large. In a parallel design, the area is
doubled by applying the two identical hardware in parallel. In pipelining, an additional
latches or flip-flops are inserted between circuit block A and B.

A parallel architecture, we will discuss later, could be used to provide excess performance
to trade for power, but pipelining has the advantage of lower power and lower area penalty
than parallelism. By using the method of pipelining to reduce power, the only limitation is
the power overhead of the additional pipeline latches or flip-flop required for each pipeline
stage. In this section, we discuss the tradeoffs between pipeline depth, supply voltage, and

total power consumption analytically [5.7].

5.3.1 Pipelining versus Supply Voltage

We begin by discussing the effect of pipeline depth with supply voltage. As pipeline
stage increases, supply voltage could be:scaled ,down to save power while maintaining
speed, because the reduction of logic amount.per pipeline stage. The circuit delay can be
approximately given by

Vdd
delay. o (N+k)x(Vdd——Vlh)“ (5.1)

where N is the logic depth per pipeline, k is_the*timing element delay, a is a velocity

saturation factor, Vdd and Vth are supply and threshold voltages respectively.
In deep submicron technology the value of a is close to 1.5. For convenience, we assuming

ais 2 to get

Vth*

N+k o Vdd —-2Vth+ (5.2)
Vdd

2

Assume that is close to zero, we can get a simple linear equation between Vdd and

N, where aois a constant:

Vdd =a0- N +al (5.3)
a—1=k+inh (5.4)
a0 a0

Equation 5.3 indicates that supply voltage which be scaled as we required is to trade
timing of logic depth per pipeline stage for power. More pipeline stages results in supply

voltage scaling and lower power consumption.
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Figure 5.4 Micro-architectural design option

5.3.2 Optimum Logic Depth per Pipeline Stage
The switching power of a pipelined logic stage can be divided into two part, one is

combinational circuit block, the other is timing element.

b
=d%+ﬁ%@ (5.5)

switching

2 b b 12
—%%ﬂ+b‘NXN+ ) (5.6)

o a,

where bo represents the coefficient of timing element, b1 represents the coefficient of

. . a ) .
combinational circuit block. Note that the term (N +—-)* in Equation 5.6 makes
ay

Pswitching scale down slowly when ai/ao is large.
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We assume that the number of latches increase linearly with the number of pipeline
stage. In Equation 5.6 the ratio of the parasitic capacitances of combinational circuit
block and timing element. When N is much greater than ai/ao and bi/bo, Pswitching becomes

as follow:

P

switching

= boaozNz (57)

On the other hand, if N is much smaller than ai/ao and bi/bo, Pswitching becomes

inversely proportional to N:

1
switching = blalz ﬁ (58)
The optimum logic depth N* is given by:
4\b, “a,b, b (5.9)

Equation 5.9 indicates that larger parasitic capacitances of timing element lead to less deep
pipeline stages. But the timing elementidelay sk which is shown in Equation 5.4 should

affect optimum N* and correspondingly optimum power saving more heavily.

5.4 Parallelism Exploitation to Imptove Performance

Figure 5.5 categorizes types of parallelism and possible mechanisms for exploitation
within DSP processors [5.3]. DSP algorithms usually offer large amount of data level
parallelism (DLP). While parallel processing can also be extracted from independent
instructions within programs, is called instruction level parallelism (ILP). Advanced DSPs
employ VLIW techniques accompany with SIMD feature to increase its parallelism and
very few use superscalar approach. Our objective in this section is to discuss the
architecture of MAC unit in different types of parallel DSP processors. We will mainly
focus on VLIW DSP processors and the one with SIMD feature.

VLIW based DSP processors become more and more notable because they enable the
development of high-level language compilers that generate efficient code which will be
especially helpful in reducing development time for the DSP programmers. On the other
hand, the superscalar architectures would require more hardware complexity because the
superscalar architectures need a hardware logic block to find instruction-level parallelism

among instructions of codes, hence it’s a unfavorable design option of DSP architecture.
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Figure 5.5 Parallelism exploitation in DSP processors

In recent advanced DSP processors design, the application-specific enhancements are
also integrated into its instruction set architécture. Such application-specific enhancements
are valuable when their application dre actually inuse. But they do nothing to enhance the
performance of other applications and result in wasting chip size as well as energy
consumption. Therefore, the choice of such enhancements have to be make carefully and in
a balanced way.

Figure 5.6 shows a datapath block diagram of eight-way VLIW architecture of TI®
C64X DSP core [5.4]. The eight function units in the C64X datapath can be divided into
two groups of four, each function unit in one datapath is almost identical to the
corresponding unit in the other datapath. The function unit which related to MAC
operations are described in Table 5.1 [5.5]. The C64X multiplier unit is capable of
performing two 16-bit or four 8-bit multiplies per cycle and optionally add the result
together, which delivers 2400 16-bit Million Multiply Accumulations per Second (MMACs)
or 4800 MMACs. Such SIMD instructions are provided to take advantage of data-level

parallelism (DLP) result in performance improvement of media streams operations.
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Table 5.1 MAC operations of C64X DSP processor

Function Unit

Fixed-Point Operations

Fixed-Point Operations

M unit (M1, .M2)

16 x 16 multiply operations

16 x 32 multiply operations
Quad 8 x 8 multiply operations

Dual 16 x 16 multiply operations

Dual 16 x 16 multiply with
add/subtract operations

Quad 8 x 8 multiply with add operation

Bit expansion

Bit interleaving/de-interleaving
Variable shift operations
Rotation

Galois Field Multiply

32 X 32-bit fixed-point multiply
operations
Floating-point multiply operations
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In [5.6], a representative SIMD featured MAC unit is presented. One-cycle 16 x 16 and
32 x 16 MAC instructions are implemented for increasing the throughputs of many DSP
algorithms. It is a coprocessor of the Intel® XScale™ RISC processor. This coprocessor
make several additional 16-bit DSP features to meet the specific need of various
applications. Figure 5.7 illustrates one of the SIMD instruction which performs two 16 x 16
multiplications and a 40-bit addition. Dual signed 16x16 (SIMD) multiplier-accumulators
multiply the high/high and low/low 16-bits of a packed 32-bit multiplier and another
packed 32-bit multiplicand to produce two 16-bits products which are both sign-extended
to 40-bits and then both added to the 40-bit accumulator. Figure 5.8 illustrates another one
which is more complicated involves 16x16 signed multiplier-accumulators multiply either
the high/high, low/low, high/low, or low/high 16-bits of a 32-bit multiplier and another
32-bit multiplicand to produce a full 32-bit product which is sign-extended to 40-bits and
then added to the 40-bit accumulator. The difference between these two SIMD instructions
is that the MUXs which are inserted into the later SIMD instructions.

The combination of other basic MAC instruction and SIMD instructions allows a

programmer to create tight code for handling media streams.

A[31:0] B[31:0]
31:16 15:0 31:16 15:0

i

Accumulator 39:0

Figure 5.7 Only one combination of 16 bit entities of SIMD instruction that
performs 16x16 multiplications and a 40-bit addition
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A[31:0] B[31:0]
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o s

Accumulator 39.0

Figure 5.8 Four combinations of 16 bit entities of SIMD instruction that
performs 16x16 multiplications and a 40-bit addition

5.5 Reconfigurable Power-Awate Atrchitecture Design

Recently, there are growing demands of multimedia applications which require
intensive arithmetic computations on variable precision data [5.8]. Multiply and
accumulation often has the largest impact on the instruction cycle time of a DSP processor.
Therefore, the use of reconfigurable multiplier-accumulator operating on variable precision
data can represent a good choice to accommodate these computational requirements [5.9]
[5.10] [5.11] [5.12]. In addition, several literatures describes some novel methodologies for
designing reconfigurable pipelines [5.13] [5.14] [5.15] that achieve very low power
dissipation by disabling and bypassing an appropriate number of pipeline stages whenever

data rates are low.

5.5.1 Variable Precision Multiplier Architecture
In this section, two variable precision reconfigurable multiplier-accumulator are
presented. Reconfigurability makes our multiplier-accumulator unit able to support parallel
signed/unsigned multiply and accumulation on data with different wordlengths. Figure 5.9
and Figure 5.10 shows two manners of implementing variable precision

multiplier-accumulator.
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Figure 5.9 Variable precision multiplier architecture
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Figure 5.9 is based on the observation that the result of a 32-bit binary multiplication
A[31:0] * B[31:0] can be produced as shown in Equation 5.1:

A[31:0] * B[31:0] =LLS16 ( LLS8 ( A[31:0] * B[31:24] ) +
EX48 (A[31:0] * B[23:16])) —+
EX64 (LLS8 (A[31:0] * B[15:8]) + (5.1)
EX48 ( A[31:0] * B[23:16] ))
where LLSd and EXc indicate a logical left shift by d bit positions and a word extension

to ¢ bits, respectively.

Equation 5.1 shows that a 32*32-bit multiplier can be realized by using four 32*8-bit
multipliers. The four independent results obtained in this way can be easily combined to
generate the whole 64-bit result. The main advantage obtained using this approach resides
in the possibility of performing also two parallel 16*16-bit multiplications or four 8*8-bit
independent multiplications.

What operand wordlength the multiplier has to operate on is established by two control
signals, Partl and Part0, and what kind of'data have to be elaborated (signed or unsigned) is
indicated by a third control signal:‘Sign. The,possible operation modes of the variable

precision multiplier are summarized in Table 5:2.

Table 5.2 Control words suppottedibyithe configurable multiplier

Partl Part2 Sign Control Word
0 0 0 4 packed 8-bit unsigned mult
0 0 1 4 packed 8-bit signed mult
0 1 0 2 packed 16-bit unsigned mult
0 1 1 2 packed 16-bit signed mult
1 0 0 32-bit unsigned mult
1 0 1 32-bit signed mult

Figure 5.10 is based on recursive multiplier [5.16] that the result of a n-bit binary
multiplication A[n:0] * B[n:0] can be produced as follow.
Mathematically, the recursive algorithm may be proved by first considering two

unsigned n-bit operands, the multiplier A and multiplicand B:

-1 n—1

k k
A=Y a, -2 B=) b2 (5.2)

k=0 k=0

3
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By dividing each of the two operands into 2m-bit values, where m =n/2, we obtain:

m—1 2m-1 m—1 2m-1
A=kz_;ak-2k+;ak-2k B=k§_‘gbk-zk+;bk-2k (5.2)

A and B may now defined as: A =AL + AH
B =BL+BH (5.3)

The overall multiplication of A and B is given by:

P=A-X

(AL+AH) * (BL+BH)
AL * BL+AL - BH+AH * BL+ AH - BH (5.4)
PO +P1+P2+P3

Therefore, the overall multiplication may be reduced to four smaller multiplications,
and this process may be repeated using even smaller base multipliers. Figure 5.10 shows
the recursive multiplier architecture which: withsone level of recursion will be used as the
foundation for the reconfigurable architecture, For vatiable precision of multiplication, this
scheme utilizes 2-bit control signalto select one of four precisions of operation. Since all of
the necessary components for each preeision - of operation are present in the design, there
will be no reconfiguration time -required, €nabling the device to switch one of four

precision of operation.

5.5.2 Power Aware Variable Pipeline Stage Architecture

This subsection discussed a reconfigurable pipelined architecture that achieves high
performance and low power dissipation by adapting its structure to computational
requirement. In [5.15], whenever throughput requirements are low, register stages are
selectively disabled by gated clocks and bypassed by multiplexers. Figure 5.11 shows 4
stage pipelined reconfigurable structure. The throughput of a conventional pipelined
structure is fixed at one operation cycle, while the throughput of this configurable pipelined
structure may be set to one operation every one, two, or four cycles, depending on the input
data rates. As Figure 5.11 shows, three register stages are disabled by gated clocks and
bypassed through multiplexers, thus saving a significant fraction of the datapath’s total
power dissipation in the reconfigured datapath. The pipeline depth of the datapath is
dynamically controlled depending on the throughput requirement and therefore very

beneficial in processing many of such kind of applications.
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Figure 5.10 Recursive variable precision multiplier architecture
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Figure 5.11 Reconfigurable 4-stage pipeline

5.6 Conclusions

In this chapter, we have discussed the MAC unit for common DSP processors. We also
examined micro-architectural optimization methods of power and speed. The key of power
optimum pipelining is the determination of proper supply voltage and logic depth per
pipeline stage. The VLIW architecture DSP processors combined with SIMD featured
instructions increase both instruction level parallelism (ILP) and data level parallelism
(DLP) for achieving high performance. Finally, the reconfigurable architecture of MAC are

discussed. Variable precision and variable pipeline stage of multiplier are discussed briefly.
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Chapter6

Conclusions

6.1 Summary

In this thesis, we have investigated high-speed micro-architecture design as well as
circuit-level optimization techniques for achieving high-speed and low-power MAC.
We have addressed design problems from two aspects: Firstly, to achieve high-speed the
efficient multiplier micro-architecture is considered. Secondly, to achieve low-power
the circuit-level optimization method is proposed. For micro-architecture efforts, we
considered several existing recoding scheme for partial product generation. Two classes
of combinational multipliers are considered: linear array multiplier and tree multipliers.
Three efficient micro-architectures of parallel adders are evaluated. For circuit-level
efforts, logical effort model is used asi/a‘way of comparing XOR gates. Circuit
topologies and circuit style of 5-2.‘compressors. are¢.compared in terms of power and
speed. Proposed power-speed optimization techniques move the original design point as

close as to optimum design pointin terms of power and-speed.

6.2 Future Work

As an attempt to design further high-speed and low-power MAC micro-architecture,
one possible direction is higher radix Booth recoding scheme. We have only considered
radix-4 recoding as it is simple and popular choice. High-radix recoding further reduces
the number of partial products and thus has the potential of power saving. The difficulty
of designing higher radix recoding is to generate hard partial products such as 3X. This
may introduce additional delay and design complexity which can be trade for power
saving. Thus, there is power/delay/area tradeoff in high radix recoding.

In order to truly minimize the power in a chip, it is necessary to optimize all design
layers simultaneously to achieve the optimum balance between power and performance
[2.21]. However, in this study, we have only considered power-speed optimization at
circuit-level, which is clearly not the case in globally optimum. In fact, extra degrees of
freedom at micro-architectural level, such as parallelism, pipelining, and reconfigurable
design, allow for power-delay optimization over a wider range. Another possible

direction is to develop reconfigurable MAC micro-architecture such as reconfigurable
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pipeline stage of MAC or partitionable MAC. Reconfigurable pipeline stage is often
desirable in power-efficient applications. While partitionable MACs are becoming more
important because the data precisions are very widely in different applications [6.1].
These reconfigurable micro-architectures provide wider tradeoff space for power and
performance.
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