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Abstract:    This study presents a new method of 4-pipelined high-performance split multiply-accumulator (MAC) architecture, 
which is capable of supporting multiple precisions developed for media processors. To speed up the design further, a novel partial 
product compression circuit based on interleaved adders and a modified hybrid partial product reduction tree (PPRT) scheme are 
proposed. The MAC can perform 1-way 32-bit, 4-way 16-bit signed/unsigned multiply or multiply-accumulate operations and 
2-way parallel multiply add (PMADD) operations at a high frequency of 1.25 GHz under worst-case conditions and 1.67 GHz 
under typical-case conditions, respectively. Compared with the MAC in 32-bit microprocessor without interlocked piped stages 
(MIPS), the proposed design shows a great advantage in speed. Moreover, an improvement of up to 32% in throughput is achieved. 
The MAC design has been fabricated with Taiwan Semiconductor Manufacturing Company (TSMC) 90-nm CMOS standard cell 
technology and has passed a functional test. 
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INTRODUCTION 
 

Multiply-accumulate operation is one of the ba-
sic arithmetic operations extensively used in modern 
digital signal processing (DSP). Most arithmetic, such 
as digital filtering, convolution and fast Fourier 
transform (FFT), requires high-performance multiply- 
accumulate operations. The multiply-accumulator 
(MAC) unit always lies in the critical path that de-
termines the speed of the overall hardware systems. 
Therefore, a high-speed MAC that is capable of 
supporting multiple precisions and parallel operations 
is highly desirable. 

The existing MAC implementation methods in 
the literature can be generally classified into three 
categories. The first category is the recursive MAC 
method (Clark et al., 2001; Liao and Roberts, 2002), 
which builds wider vector elements out of several 
narrower ones and then adds the multiple results to-

gether. It is achieved iteratively by recalculating the 
data back through the unit over more than one cycle. 
This method saves hardware resource but requires 
several clock cycles per operation. The second cate-
gory involves the parallel MAC method (Perri et al., 
2005; Parandeh-Afshar et al., 2006; MIPS Technolo-
gies Inc., 2006; 2007) implemented by unrolling the 
iterative loop of recursive MAC method, which 
achieves high speed at the cost of hardware resources. 
This method has been applied in most field pro-
grammable gate array (FPGA) chips of the Xilinx 
Corporation. The last category is the shared-  
segmentation vector MAC method (Tan et al., 2003; 
Danysh and Tan, 2005; Wang et al., 2008), which 
shares partial product reduction tree (PPRT) and final 
carry-propagate adder (CPA) between different pre-
cision modes by inserting mode-dependent logics. 
This method is capable of supporting multiple preci-
sion operations. However, the single shared output 
register structure limits the throughput and the com-
plex PPRT structure results in lower speed. 

In this study, we propose a high-speed split MAC 
that takes advantage of parallel and shared-segmen-
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tation vector MAC approaches for high-performance 
systems. The main features include: 

(1) A new split 32-bit MAC architecture built of 
parallel sub MAC units is proposed. It inherits high 
parallelism from the parallel MAC approach to realize 
high speed and high throughput. In addition, the 
proposed MAC learns from the shared-segmentation 
vector method to provide multiple operation modes, 
which enhances MAC with the feature of powerful 
calculation capabilities. A high frequency of 1.25 
GHz under worst-case conditions and 1.67 GHz under 
typical-case conditions is achieved. Compared to the 
MIPS 32-bit processors (MIPS Technologies Inc., 
2006; 2007) and other published MAC designs (Liao 
and Roberts, 2002; Danysh and Tan, 2005), the pro-
posed MAC design shows a great advantage in speed 
and the overall throughput increases by up to 32%. 

(2) A novel compression circuit based on inter-
leaved adders (IA), referred to as an IA-based com-
pressor, is presented. Moreover, a modified hybrid 
PPRT scheme that makes full use of various com-
pressors is proposed to speed up the design. Com-
pared to the popular fast compression methods (Wal-
lace, 1964; Kwon et al., 2000; Chang et al., 2005; 
Chen and Chu, 2007), the proposed hybrid PPRT 
provides an improvement of up to 14.0% in speed and 
a reduction of up to 34.8% in area. 

 
 

ARCHITECTURE OF THE MAC 
 
A high-performance MAC unit, especially with 

powerful calculation capabilities and high throughput 
features, is considered to be a great competitive can-
didate for multimedia applications. Such a MAC unit 
is implemented in this research by adopting a split 
structure based on four parallel 16-bit sub MAC units.  
 
Algorithm 

Due to the parallel structure, the MAC can be 
easily implemented to support multiple precisions by 
inserting very few mode control logic gates. The 
proposed MAC provides three operation modes in 
terms of functions and precisions: unified mode, split 
mode, and parallel multiply add (PMADD) mode. 

(1) Unified mode 
Under unified mode, four sub MAC units work 

together for one multiply or multiply-accumulate 

operation. Let A and B be n-bit multiplicand and 
multiplier, respectively: 

 
/2

H L2 ,nA A A= × +                         (1) 
/2

H L2 ,nB B B= × +                         (2) 
 

where AH is the upper n/2 bits of A, and AL is the lower 
n/2 bits of A. It is similar for BH and BL. 

The product: 
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Eq.(3) illustrates that an n-bit multiply consists 

of four n/2-bit multiplies and a summation of these 
n-bit results after shifting. The result of 
(AH×BH)×2n+(AL×BL) can be realized by concatenat-
ing these two n-bit sub products simply since there is 
no overlap. There are actually three numbers to be 
summed. 

(2) Split mode 
Under split mode, four sub MAC units are split to 

work for four independent operations in parallel. Let 
A, B, C and D be four n-bit operands, each of them 
treated as a pair of individual n/2-bit values. Take A 
for example: AH and AL are considered as two inde-
pendent n/2-bit values, and similarly for B, C and D. 

The operations are: 
 

0 H H_ ,SPLIT OP A B= ×                      (4) 

1 L L_ ,SPLIT OP A B= ×                       (5) 

2 H H_ ,SPLIT OP C D= ×                      (6) 

3 L L_ .SPLIT OP C D= ×                       (7) 
 
Therefore, the MAC can perform 4-way inde-

pendent split n/2-bit multiply or multiply-accumulate 
operations as given in Eqs.(4)~(7), which are intro-
duced to increase the data processing capability. 

(3) PMADD mode 
Under PMADD mode, two results of adjacent 

split multiply operations are added together. This 
mode is designed to handle media streams more effi-
ciently. 

The operations are: 
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0 H H L L_ ,PMADD OP A B A B= × + ×            (8) 

1 H H L L_ .PMADD OP C D C D= × + ×            (9) 
 
Two n-bit adders are applied to perform the 

PMADD operations in Eqs.(8) and (9). 
 
Structure of the MAC 

The structure of split MAC, which implements 
the above algorithms, is illustrated in Fig.1. For uni-
fied mode, two 32-bit operands A and B are stored in 
R00 and R01, respectively, while for split and PMADD 
modes two more 32-bit operands are stored in R02 
and R03. In addition, three control signals A_mul, 
G_mul, and U_mul are designed for setting the op-
eration mode. The accumulate control signal A_mul 
is used to select whether the design performs MAC 
or multiply operation. The granularity control signal 
G_mul selects whether unified mode or 
split/PMADD mode is to operate. The sign control 
signal U_mul selects whether unsigned or signed 
operation is valid. The whole design is arranged into 
a 4-pipelined structure. 

 
                                  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pipestage 1 and Pipestage 2    Generate products of 
the four 16-bit multiply or MAC operations. 

The first two pipestages work together as four 
16-bit multipliers or MACs, which will be introduced 
in detail in Section 4. In front of these 16-bit MACs, 
four multiplexers (MUXs) are used to select proper 
operands according to the value of G_mul. When 
G_mul is asserted, the inputs of four multipliers are 

shown in Eq.(10) and the MAC works in the unified 
mode. When G_mul is deserted, the inputs are de-
scribed in Eq.(11) and the MAC works in the split or 
PMADD mode. The selection between multiply or 
MAC operation is controlled by A_mul. When A_mul 
is asserted, the accumulated values are fed back to the 
16-bit MACs, whereas zeros are selected when 
A_mul=0. The results of these four 16-bit MACs are 
stored in registers R20, R21, R22, R23, respectively. 
 

Unified mode: 
20 H H 21 L L

22 H L 23 L H

, ,
, ;

R A B R A B
R A B R A B

= × = ×⎧
⎨ = × = ×⎩

                (10) 

Split mode/PMADD mode: 
20 H H 21 L

22 H H 23 L L

, ,
, .

R A B R A B
R C D R C D

= × = ×⎧
⎨ = × = ×⎩

L                  (11) 

 
Pipestage 3    Forms PMADD and 32-bit multiply 
results. 

The third pipestage consists of two-part logics. 
One part involves two 32-bit adders with the aim of 
calculating two 16-bit PMADD operations. The two 
results are stored in R31 and R32 as shown in Eqs.(13) 
and (14). The other part involves a 3-operand adder to 
work out the result of 32-bit multiply operation as 
illustrated in Eq.(12). As the lower 16 bits of R30 are 
equal to the lower 16 bits of R21, a 3-operand 48-bit 
adder is sufficient. 

 

30 20 21 22

16
23

{ , } ( _ { }

_ { }) 2 ,

R R R sign extension R

sign extension R

= +

+ ×
      (12) 

31 20 21,R R R= +                         (13) 

32 22 23 ,R R R= +                         (14) 

4 30 4 _ acc,R R R= +                      (15) 
 
where R4_acc denotes the value stored in R4 to be 
accumulated. 
Pipestage 4    Generates the result of 32-bit multiply- 
accumulate operation. 

The last pipestage performs a 64-bit add opera-
tion as illustrated in Eq.(15). The 64-bit adder adopts a 
carry-select adder (Kim and Kim, 2001) structure 
built of 4-bit carry look-ahead adder (Pai and Chen, 
2004) blocks.  

In conclusion, 4-way parallel 16-bit signed/ 
unsigned multiply or MAC results can be output 

Fig.1  Block diagram of the proposed MAC 

AH     AL BH       BL CH       CL DH       DL

MUX

MUXMUX

MUX

0

A_mul

M
U
X

R21

R00 R01 R02 R03

G_mul

G_mul
G_mul
G_mul

U_mul

R20 R22 R23

0

A_mul

M
U
X

0

A_mul

M
U
X

0

A_mul

M
U
X

16-bit
MAC

16-bit
MAC

16-bit
MAC

16-bit
MAC

3×48-bit adder32-bit adder 32-bit adder

R30R31 R32

64-bit adder

R4

U_mul U_mul U_mul



Xia et al. / J Zhejiang Univ Sci A  2009 10(7):1067-1074 
 

1070 

through R20, R21, R22 and R23 at the second pipestage 
for split mode. Two-way 16-bit PMADD results can 
be output through R31, R32 and 1-way 32-bit multiply 
result can be output through R30 at the third pipestage. 
For unified mode, 1-way 32-bit MAC result can be 
output through R4 at the fourth pipestage. Different 
operations can be processed simultaneously in the 
MAC, which gives it the advantage of powerful data 
processing capabilities. 

 
 

HYBRID PARTIAL PRODUCT REDUCTION 
TREE 

 
MAC unit generally consists of three parts: a 

partial product generator (PPG), a PPRT and a final 
CPA (Liao and Roberts, 2002; Danysh and Tan, 2005; 
Wang et al., 2008). The PPRT, which is always the 
bottleneck in speeding up multiply and MAC opera-
tions, has attracted much more attention from de-
signers. Several popular compression schemes, in-
cluding the Wallace tree (Wallace, 1964; Chang et al., 
2005), the 4:2 compressor (Chang et al., 2004) and the 
5:2 compressor (Chang et al., 2004; Kwon et al., 
2000), have been exploited to solve this problem. This 
study proposes a novel compression algorithm based 
on interleaved adders, referred to as an IA-based 
compressor, which is more efficient than existing fast 
compressors in some situations. A hybrid PPRT 
scheme making full use of existing fast compressors 
and the proposed IA-based compressor, is developed 
to speed up the PPRT. 
 
Novel IA-based compressor 

Fig.2 shows a conventional Wallace PPRT (Wal-
lace, 1964; Chang et al., 2005) based on full adders 
with five partial products A, B, C, D and E. It is found 
that the function of two full adders (such as FA00 and 
FA11, FA01 and FA12) is actually the same as that of 
a 2-bit adder. Hence, a novel compression algorithm 
that uses a stage of interleaved adders to replace the 
first two stages of full adders is proposed, as shown in 
Fig.3. This stage of adders is arranged into two in-
terleaved groups that are aligned with one bit shifted. 
The partial products A and B are added as the two 
operands of the first group of adders, and D and E are 
added by the second group of adders. The last partial 
product C is added as the carry-in bits of these two 

groups of adders. In this way, five partial products are 
reduced to three: a, b and c, where a and c are com-
posed of sum bits of these two groups of adders re-
spectively, and b is composed of all the carry-out bits. 
Taking a 32-bit PPRT as an example, the performance 
comparisons are given in Table 1. The circuit is syn-
thesized in TSMC 90-nm standard cell technology 
with Physical Compiler of Synopsys. Compared to the 
fast 5:2 compressor (Kwon et al., 2000; Chang et al., 
2004), the proposed IA-based compressor shows a 
10.7% improvement in speed and a 24.0% reduction 
in area. Thus, a more efficient IA-based 5:2 com-
pressor of great importance in constructing PPRT is 
developed. 

To generalize the IA-based compression algo-
rithm to other cases, assume the number of partial 
products (PPs) is M. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Comparisons of speed and area performance 

 Delay (ns) Gate count 
Proposed 0.25 1470 
Wallace tree 0.33 2035 
5:2 compressor 0.28 1933 
Note: synthesized in TSMC 90-nm CMOS standard cell technology 
under worst-case process 

Fig.2  Conventional Wallace PPRT. FA: full adder
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Fig.3  Proposed IA-based 5:2 compressor 
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When M is an odd number, a stage of adders with 
the bit width of (M−1)/2 is arranged into (M−1)/2 
interleaved groups. Two adjacent groups are aligned 
with one bit shifted. Thus, the number of PPs can be 
reduced from M to (M+1)/2. 

When M is an even number, a stage of adders 
with the bit width of M/2 is arranged into M/2 groups. 
The number of PPs can be reduced from M to 
(M+2)/2.   

Obviously, this algorithm works more efficiently 
when M is odd. It could use fast adders to boost speed. 
It realizes a good combination of carry-propagate 
circuit and carry-save circuit, which performs com-
pression in both vertical and horizontal directions. 
Better area efficiency is achieved. 

 
Hybrid PPRT scheme 

Most MAC designs (Abdelgawad and Bayoumi, 
2007; Parandeh-Afshar et al., 2006; Sundeepkumar et 
al., 2008) adopt a simplified PPRT structure that is 
composed of a single type of compressor to achieve 
better regularity. To overcome the limitations result-
ing from simplified PPRT and to achieve better com-
pression efficiency, a hybrid PPRT (Oklobdzija and 
Villeger, 1995; Chong et al., 2007) is introduced 
which uses different types of compressors. This study 
presents a modified hybrid PPRT scheme that uses 
both existing efficient compressors and the proposed 
IA-based compressor to achieve a higher speed and a 
smaller area. 

The proposed IA-based compressor shows its 
superiority in some situations. However, the delay and 
area of an adder grow rapidly with an increase in 
width. It works well when the width of interleaved 
adder is small, such as 2 bits, 3 bits and 4 bits. There-
fore, we use only these three types of adders in our 
hybrid PPRT. When the PP count is larger than 10, 
parallel compressors composed of adders with small 
width, such as efficient IA-based 5:2 compressors, are 
employed to implement compression. The modified 
hybrid PPRT scheme is constructed as follows. 

When M is odd and smaller than 10, a stage of 
IA-based compressors is applied to reduce the number 
of PPs from M to (M+1)/2. 

When M is even and smaller than 10: 
If M is a multiple of 4, a stage of 4:2 compressors 

is applied to reduce the PP count from M to M/2; 
 

If M is a multiple of 3, a stage of full adders is 
applied to reduce the PP count from M to 2M/3; 

Otherwise, a stage of IA-based compressors is 
applied. 

When M is equal or larger than 10, two or more 
parallel groups of IA-based 5:2 compressors are ap-
plied to reduce the PP count. 

After the first stage compression is completed, 
the next stage proceeds in the same way until the PP 
count has been reduced to two. The modified hybrid 
PPRT scheme combines each compressor’s advan-
tages, resulting in a much shorter delay and smaller 
area. The critical path analysis of the proposed hybrid 
PPRT and existing fast PPRT scheme without 
IA-based compressors are illustrated in Table 2. The 
adders in the proposed IA-based compressors can be 
constructed according to the design objective. For an 
area-driven design, an area-efficient adder should be 
employed, such as ripple carry adder (Fang et al., 
2002; Sundeepkumar et al., 2008), while for a timing- 
driven design, a fast adder should be used to boost 
speed. In this design, we suggest a fast carry look- 
ahead adder (Rabaey, 2002; Pai and Chen, 2004) as 
the basic component to construct the IA-based com-
pressor. A comparison of the results of a 32-bit PPRT 
structure based on the proposed PPRT scheme and 
conventional fast PPRT after physical synthesis is 
given in Table 3. The tool used was Physical Compiler 
of Synopsys. Up to 14.0% improvement in speed and 
up to 34.8% reduction in area have been achieved. 
The proposed hybrid PPRT shows an obvious supe-
riority for implementing a high-performance MAC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Critical path analysis of two PPRT schemes
PP 

count
PPRT without

IA-based 
Proposed 

hybrid PPRT 
5 5:2 IA-based 5:2 
6 3:2 and 4:2 3:2 and 4:2 
7 4:2 and 4:2 3-bit adder and 4:2 
8 4:2 and 4:2 4:2 and 4:2 
9 5:2 and 4:2 4-bit adder and IA-based 5:2 
10 5:2 and 4:2 IA-based 5:2 and 4:2 
11 5:2 and 5:2 IA-based 5:2 and IA-based 5:2
12 4:2, 3:2 and 4:2 IA-based 5:2, 3:2 and 4:2 
13 5:2, 3:2 and 4:2 IA-based 5:2, 3:2 and 4:2 

Note: 5:2 is short for 5:2 compressor, and similarly for 4:2 and 3:2
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16-BIT MAC STRUCTURE 
 

The 16-bit MAC unit occupies the first two 
pipestages introduced in Section 2, and forms the 
basic building block of high-performance split MAC. 
The 16-bit MAC is composed of PPG, PPRT and a 
final CPA (Fig.4). The PPRT lies in the middle of the 
critical path and consumes most time and area, thus 
the 16-bit MAC is divided into two pipestages on the 
PPRT. Accumulate value is sent to PPRT at the second 
pipestage. 

The radix-4 Booth encoding algorithm (Elgui-
baly, 2000; Chong et al., 2007) is applied in PPG, 
which reduces the number of PPs by half. Since the 
design can perform both signed and unsigned opera-
tions, there are nine PPs generated from the PPG. In 
PPRT, the suggested modified hybrid scheme is 
adopted. A stage of 4-bit interleaved adders is em-
ployed first, to reduce nine PPs to five. Then a second 
stage of 2-bit adders is employed to reduce five PPs to 
three. These logics, along with PPG, are arranged in 

the first pipestage. 
In the second pipestage, there are four PPs to be 

reduced, including three from the first pipestage and 
an additional accumulate value. Therefore, a stage of 
4:2 compressors is sufficient. These 4:2 compressors 
and a final 32-bit CPA constitute the second pipestage. 

The delay of the two pipestages is equal to 0.60 
and 0.69 ns, respectively (Fig.4). Since there is still a 
stage of MUXs in front of the first pipestage (Fig.1), 
these two pipestages are partitioned evenly which 
indicates an efficient pipeline scheme. 

 
 
 
 
 
 
 
 
 
 
 
 
 

PERFORMANCE OF THE PROPOSED MAC 
 

Many aspects of this new high-performance 
MAC design have been evaluated in detail, including 
front-end functional tests, back-end synthesis and 
layout. Table 4 gives the delay information under 
worst-case and typical-case conditions respectively, 
after placement and routing in TSMC 90-nm CMOS 
standard cell technology. The proposed MAC design 
can achieve a high frequency of 1.25 GHz under 
worst-case conditions and 1.67 GHz under typical- 
case conditions, respectively. The speed results 
compared with those from the previous MAC designs 
(Liao and Roberts, 2002; Danysh and Tan, 2005; 
MIPS Technologies Inc., 2006; 2007) are shown in 
Table 5. The proposed MAC shows a great advantage 
in implementing high-speed systems. 

Besides the high frequency property, the pro-
posed MAC has the merit of high data throughput. It 
adds four parallel 16-bit multiply/MAC and two 
PMADD operation capabilities to MAC. The 
throughput comparison results for 32-bit operations 
are shown in Table 6. An improvement of up to 32% is 
achieved for 32-bit multiply operation because 32-bit 

Table 3  Comparisons of speed and area performance 
between the conventional and the proposed PPRT 
schemes 

Timing (ns) PP 
count Conventional PPRT Proposed PPRT 

Improve-
ment (%)

5 0.28 0.25 10.7 
6 0.34 0.34 0.0 
7 0.43 0.37 14.0 
8 0.45 0.45 0.0 
9 0.50 0.44 12.0 
10 0.51 0.46 9.8 
11 0.58 0.52 10.3 
12 0.59 0.59 0.0 
13 0.65 0.60 7.7 

Gate count PP 
count Conventional PPRT Proposed PPRT 

Improve-
ment (%)

5 1933 1470 24.0 
6 2645 2645 0.0 
7 3259 2363 27.5 
8 3875 3875 0.0 
9 4511 2939 34.8 
10 5256 4229 19.6 
11 5800 4410 24.0 
12 6712 5585 16.8 
13 7489 6263 16.4 

Note: synthesized in TSMC 90-nm CMOS standard cell technology 
under worst-case process 

PPG

PPRT

Multiplicand Multiplier 

Result

CPA

Pipestage 1

Pipestage 2

0.28 ns

0.49 ns

0.20 ns

0.32 ns

U_mul
A_mul

...

Fig.4  Block diagram of 16-bit sub MAC 
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multiply operation in the proposed MAC unit is gen-
erated one cycle in advance of those in MIPS 32-bit 
cores. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To evaluate the proposed MAC further, we select 

three test cases of signal processing systems to verify 
the function and investigate the performance im-
provement. These three cases involve dot product of 
two 16D vectors, 1-point 50-order finite impulse re-
sponse (FIR) filter and 1-point 2-order infinite im-
pulse response (IIR) filter. The performance com-
parisons by Modelsim v6.0 are shown in Fig.5. The 
performance of the proposed MAC that supports 
multiple parallel operations and PMADD operation is 
almost 2~4 times better than the performance of tra-
ditional MAC without such features (Wang et al., 
2008) at the same frequency. The proposed MAC has 
been embedded in our media DSP and the floorplan of 
the DSP with MAC highlighted is shown in Fig.6a. 
Fig.6b provides the floorplan of the MAC design, 

which is implemented in TSMC 90-nm CMOS proc-
ess by Astro of Synopsys. The corresponding char-
acteristics of the MAC are listed in Table 7. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 
 

This study presents a high-performance MAC 
architecture. The merits of high throughput and pow-
erful data processing capabilities are realized with a 
fully pipelined, split structure based on four parallel 
16-bit sub MAC units. The high-speed feature is en-
hanced by proposing a novel IA-based compression 
algorithm and a modified hybrid PPRT scheme. The 
MAC can perform one 32-bit, four 16-bit 
signed/unsigned multiply or MAC and two PMADD 
operations at a high frequency of 1.25 GHz under 

Table 7  Characteristics of the proposed MAC 

Parameter Value 
Gate count 32 963 
Power consumption (µW/MHz) 99.63 
Power supply (V) 1.20 
IR drop (mV) 36.60 
Size (µm×µm) 394×393 

Fig.5  Performance comparisons for signal processing 
test cases 
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Table 4  Delay and frequency after placement and rout-
ing 

Delay (ns)  
MAC PS 1 PS 2 PS 3 PS 4 Total 

Frequency 
(GHz) 

Worst- 
case 

0.78 0.79 0.79 0.78 0.79 1.25 

Typical- 
case 

0.59 0.60 0.60 0.60 0.60 1.67 

PS: pipestage 

Table 5  Speed comparisons of different MAC designs 

MAC Frequency 
(GHz) Process 

Liao and Roberts (2002)  0.60 SMIC 180 nm 
Danysh and Tan (2005) 0.93 SOI 90 nm 
MIPS32 34K (2006)  0.775 TSMC 65 nm  
MIPS32 74K (2007) 1.10 TSMC 65 nm  
Proposed MAC  1.25 TSMC 90 nm  

 SOI: silicon on insulator 

Table 6  Throughput comparisons for 32 bit operations

MAC 32-bit  
(Multiply/cycle) 

32-bit 
(MAC/cycle)

Liao and Roberts (2002) 0.25 to 1 0.25 to 1 
Danysh and Tan (2005) N/A N/A 
MIPS32 34K (2006) 0.25 to 1 0.25 to 1 
MIPS32 74K (2007) 0.25 to 1 0.20 to 1 
Proposed MAC  0.33 to 1 0.25 to 1 
N/A: not applicable 

(a)                                             (b) 

Fig.6  Floorplan of media DSP with MAC highlighted 
(a) and floorplan of MAC (b) 

Traditional MAC Proposed MAC
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worst-case conditions and 1.67 GHz under typical- 
case conditions, respectively. The design has been 
implemented in TSMC 90-nm CMOS standard cell 
technology and has passed a functional test. 
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