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5 2l Analysis and Comparison of Estimated Carry Adder with other Adder Designs
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Abstract
A large number of adders have been proposed, but adding fast

adder using low area and power is still challenging. In 2001 a
new 32-bit asynchronous adder has been introduced (32-bit
ESTC adder)[1], which used the estimation theory to improve
the speed of addition time. This paper presents a design and
implementation of the necessary control circuit for 32-bit
ESTC adder and compares it's performance and area with
other previous adder designs. It has been seen through analysis
of the design and operation with previous work that the
Estimated Carry Adder provides a compromise between high
speed, high area cost adders (carry lookahead adder) and slow,
low area adders (carry ripple adder). Comparison with well-
known conventional adders demonstrates that 32-bit ESTC
adder dramatically achieve speeds and/or area advantages over

previously adder circuits.
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I ntroduction

Adders are of fundamental importance devices of digital systems,
and the performance of any digital systems or processors is very
influenced by the speed of their adders. The time required to
perform an addition (computation time) in an adder is the time
required for propagating the carries (carry propagation time) in
addition stages, plus one more delay to compute the sum (S) bits.
The computation time of an adder is sensitive to the size of the
numbers to be added. The larger the number of bits in an operand,
the slower the addition process becomes.

Therefore, to increase the speed of adigital systems, the main focus
of research into adder structures is mainly concerned with
optimising the speed of processing whilst minimising the hardware
space required by the adder.

Many fast adders for high speed have been introduced last few
years[2, 3, 4, 5]. However, always high-speed adders are necessary
for high performance in digital applications. Thus, research into
improving the performance of digital addersis an important field.
One of these fast adders A 32-bit Estimated carry adder (ESTC)
was first introduced in[1], and it has been shown that by
using asingle probabilistic carry prediction a32-bit adder can be
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constructed in which for the majority of additions will operate as
16-bit paralel adder. Consequently, this reduces the overall
average time delay, and the amount of hardware overhead for the
adder. Then a new approach for Estimated carry adder was
designed [6] which extended the estimation theory for the carry in
which correct prediction could be increased and as a result further
performance benefits for a 32-bit ESTCA adder can be achieved
over the current method by using more carries for prediction.

This paper presents the design and implementation of the control
circuitry for the additional prediction inputs for the new approach,
and to analyze and compare the most interesting known adders with

this a new approach.

Implementing the Control Circuit for a 32-bit ESTC Adder

The adder circuit operates as two N/2-bit adders concurrently, and
this is described as a short delay. On the other hand, in the case of
incorrect estimation the circuit waits for the LS adder to finish and
then propagates the true carry, and subsequently the MS adder
continues with the addition. In this situation the addition time is
similar to the delay time of a full N-bit adder, plus the time needed
to detect the state and apply the correct value. Thisis described as

along delay. The configuration of acarry control circuit using two
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Figure 1: Schematic of the control circuit for a 32-bit estimated

carry adder using two carriesfor prediction

carries has been employed to design a new completion control
circuit for a 32-bit ESTC adder. This circuit will generate the
correct carry out from the LS adder to the MS adder, and
determines whether a short or long delay should be used, as shown
in Figure 1.
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Initially, al signals are set to zero and then a pulse signal is applied
to the start input. The start pulse sets the RS flip-flop, which is then
held in the set state until a signal is returned when the addition is
complete. At this point the flip-flop is reset and a new set of data
can be applied to the adder. This prevents spurious carry states
from being generated prior to the evaluation of the next carry state
during the next addition cycle. Of course, the done signal shouldn’t
indicate completion even momentarily before an addition is
complete. If an input changes after an addition has been completed,
the completion signal should immediately go off and remain off
until the next new sum is completed. The start pulse places a high
signal on the output of the second NOR gate which feeds the
selection circuit (the NAND and AND gates). These two gates
control the two delay lines; specifically they determine which delay
should be used for a specific set of inputs.

When the carry is estimated correctly, the carry out from the LS
adder propagates to the MS adder using a short delay. However, if
the estimated carry is different from the true one, then the true
carry must be applied to the MS adder. This will occur after the LS
adder has completed the addition, and in such a case the time
needed will be the same as a 32-bit full adder plus a small delay
incurred in detecting the state and applying the correct value.
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Consequently, during a short delay the done signal is set after a
delay of D;, Mux., and OR gate; whereas in the case of a long
delay, the result is available after a delay of D;, Mux, D, and OR
gate.

The control circuit was implemented and simulated for functional
behaviour by using Aldec ActiveHDL™ Software, and the
simulation shows that the practical results are in line with the

theory.

The Results

The new approach of a 32-bit ESTC adder design has examined
and compared with other commonly used adder architectures in
terms of addition speed, area requirements, and delay-area product.
This section presents the optimisation results obtained. In addition,
graphical representations of the area and speed tradeoffs that
characterise the different adders are presented.

Simulations have been performed using PSPICE with parameters
from a0.125 um CMOS technology [1, 7], and the results achieved
agreed with the theory. Simulations were performed for three
different types of adder with two different structures: the 4-bit
ripple adder and the 4-bit carry lookahead adder. The reasons for
choosing these types are that:
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(1) The ripple carry adder is the simplest and most
commonly used adder.

(i)  The carry lookahead adder is one of the fastest adders
used for the addition of two numbers.

(i)  The carry select adder chosen for the reason that the
design in this research uses the same idea for carry
select but reduce its area by removing one of the MS
adders and the multiplexer completely, instead using
control circuits to generate the carry out from the LS
adder to the M'S adder.

Typically, adder performance is characterised in terms of area
and speed. Thus, this section focuses on evaluating the delay
time and the hardware cost of the circuits, comparing them
with other designs. The comparisons were carried out by
analysing the area requirements and the maximum operationa
speed, since this provides a convenient way to compare the
advantages and trade-offs of the different designs. The comparison
is divided into two subsections; firstly the ESTC adder using a
single carry for prediction is compared with the different types.
Secondly, the ESTC adder using multiple carries is compared with
other adder designs.
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Table 1. Comparison of delays and transistor numbers for simulated 32-bit
adders

Adder Structure Delay, (ps) Area (Transistors No.)
32-bit CLA/CLA 100 3425
32-bit CSLA/CLA 121 2832
32-bit CSLA/RA 584 2424
32-bit ESTCA/CLA 166 1756
32-bit RA/CLA 203 1680
32-bit ESTCA/RA 627 1530
32-bit RA /RA 1064 1408

RA/RA: ripple adder with ripple el ements

RA/CLA: ripple adder with carry lookahead elements

CSLA/RA: carry select adder with ripple elements

CSLA/CLA: carry select adder with carry lookahead elements
CLA/CLA: carry lookahead adder with carry lookahead elements
ESTCA/RA: estimated carry adder with ripple elements
ESTCA/CLA: estimated carry adder with carry lookahead el ements

ESTC Adder using Single Carry for Prediction

Results obtained for a 32-bit ESTC adder using a single carry for
prediction are listed in Table 1, and are also presented graphically
in Figure 2.

It can be seen from Table 1 that for the adders based on the 4-bit
ripple adder, the ripple adder (RA/RA) uses the smallest area but is
very slow compared to the carry select adder (CSLA/RA), which is
faster but usesalarger hardware area. The estimated carry adder
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Figure 2: Simulation resultsfor 32-bit adders

(ESTCA/RA) offers a significant speed advantage of 41% over the
RA/RA for only an 8.7% increase in hardware area. In addition, the
ESTCA/RA is only 7% slower than the CSLA/RA but it uses 37%
less area. On the other hand, as expected, the adders based on the 4-
bit carry lookahead adder show speed advantages over those using

ripple adders because the carry calculations are made in parallel.
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However, they use more hardware compared with those using
ripple adders because the computations in a carry lookahead adder
are performed in parallel, which requires a larger number of gates,
and which also uses a larger area. The RA/CLA is the slowest of
this group; however it is still faster than the CSLA/RA and uses
less area. The CLA/CLA is the fastest, but uses the greatest area.
The CLA/CLA is 40% faster than the ESTCA/CLA, but uses
nearly double the area required for ESTCA/CLA (95%). Also the
CSLA/CLA is 27% faster than the ESTCA/CLA, but uses 61%
more area. The ESTCA/CLA is 18% faster than the RA/CLA, for

an increase of only 4% in area.

ESTC Adder using Multiple Carry for Prediction

This subsection presents the simulation results for multiple
estimated carry adder. In addition, graphical curves presenting the
tradeoffs in terms of delay and area are presented.

In the beginning, a comparison of the multiple estimated carry
adders using different numbers of carries for prediction was
performed. Then comparisons between this adder design and other

relevant adders were undertaken.
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Table 2: Comparison of 32-bit ESTC adders using multiple carries for
prediction

Carries used for

Adder Sructure Prediction Delay Area
(ps)  (Transistor No.)

32-hit ESTC/RA  SingleCarry(Cis) 627 1530
Two Carries(Cys) 571 1546

Three Carries(Cy5) 544 1556

Four Carries(Cyy) 533 1568

Five Carries(Cyy) 531 1582

32-hit ESTC/CLA SingleCarry(Cis) 166 1756
Two Carries(Cus) 151 1772

Three Carries(Cy3) 144 1782

Four Carries(Cyy) 141 1794

Five Carries(Cyy) 140 1808

The values of delays and transistor numbers for all configurations
were computed for the ESTC adder and are listed in Table 2. The
results are organised separately for the ESTC/RA and ESTC/CLA
adders. Since the speed advantage gained after Cy; is not practical
(because it is limited by the complexity), the comparisons were not
carried out for more than five carries. Furthermore, graphica
curves presenting the tradeoffs in terms of delay and area are

shown in Figures 3 and 4.

-486-



5 e

5 2l Analysis and Comparison of Estimated Carry Adder with other Adder Designs

700
600 -
ESTC/RA
—~ 500 -
[%2]
£
£
£ 400 -
g
[
O 300 4
200
[ ESTC/CLA
Lo RN T LU o TSTUUN o
100 ; ; ; T T
c15 c14 c13 c12 c11

Carry for Prediction

Figure0: Delay vs. multiple carries used for prediction

1850
1800 | ...O ................. O
........... G o
............ o.......

g 17501 o

o

Z

S

1700 1

‘©

c

o

=, 1650 1

o

o

< 1600 4 -
o /

B | I T T T

C15 c14 13 — .

Carry for Prediction
Figure4: Areavs. multiple carriesused for prediction

-487-



5 e

5 2l Analysis and Comparison of Estimated Carry Adder with other Adder Designs

Table 0: Comparison of multiple ESTC adder with other adders

Adder Sructure Delay Area Delay-Area
(ps) (TransistorsNo.)  Product
32-bit CLA/CLA 100 3425 342500
32-bit CSLA/RA 584 2424 1415616
32-bit CSLA/CLA 121 2832 342672
32-bit RA /RA 1064 1408 1498112
32-bit RA/CLA 203 1680 341040
Carries used for
Prediction
32-bit ESTC/RA Single Carry 627 1530 959310
Two Carries 571 1546 882550
Three Carries 544 1556 845842
Four Carries 533 1568 835509
Five Carries 531 1582 839647
32-bit ESTC/CLA  Single Carry 166 1756 291496
Two Carries 151 1772 267413
Three Carries 144 1782 255824
Four Carries 141 1794 252147
Five Carries 140 1808 252758

Delay-area product is computed by multiplying logic
complexity (area) and time complexity (delay)

Figure 3 shows that the delay of the ESTCA decreases as more
carries are used for prediction. It is noticeable how, as the number
of carries used for prediction increases, the delay of the ESTC/RA
adder decreases much faster compared to that of the ESTC/CLA
adder. This was expected because of the linear increase in the delay
of the RCA versus the logarithmic increase in the delay for the
CLA.
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On the other hand, the increase in area requirements for this adder
shown in Figure 4 is very small when the number of the carries
used for prediction increases. This is because few additional logic
gates are needed for the control circuit as more carries are used.
The increase in area requirements is linear when the numbers of
carries used for prediction are increased.

The results of performance comparisons for the multiple ESTC
with other designs in Tables 3 show that there are considerable
performance advantages to be made when anew carry is introduced
for prediction; however, this takes a considerable amount of
hardware and the circuit becomes more complex and more
expensive in terms of silicon area. This means that the estimated
carry adder will be competitive in speed and/or size when
compared with other adder designs. These results can be explained

asfollows:

1. Multiple ESTC vs. Adderswith RCA Elements
For the adders based on the ripple adder, the RA/RA still has the
smallest area but is very slow compared to others. However, the
comparison of multiple the ESTC/RA with other designs shows
significant speed advantages. For example, it is offers speed
advantage of 46.3% over the RA/RA for only 9.8% of increasing in
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hardware area when two carries are used for prediction, By using
three carries for prediction, the ESTC/RA is 48.9% faster and uses
just 10.5% more area, and it is 49.9% faster and uses just 11.4%
more area when four carries used for prediction. Additionally, by
using five carries, it is 50.1% faster than RA/RA and it uses just
12.4% more area. Furthermore, by comparing ESTC/RA with
CSL/RA, it is 2.25% faster but it uses 36% less area, 6.9% faster
and uses 35.8% less area, 8.8% faster and uses 35.3% less area, and
9.1% faster and it uses 34.7% less area when 2, 3, 4, and 5 carries

used for prediction respectively.

2. Multiple ESTC vs. Adderswith CLA Elements
Comparing the multiple ESTCA/CLA with the adders that are built
from CLA blocks demonstrate that the CLA/CLA is still the fastest
but at the greatest expense of area. The CLA/CLA is 31% faster
than ESTCA/CLA using three carries for estimation but uses 92%
more area. In addition comparing the ESTCA with RA/CLA shows
that it is 25.7% faster for only 5.5% more area when two carries are
used, 29.3% faster for only 6.1% more area when three carries are
used, and 30.8% faster for only 6.8% more area when four carries
are used. Also speed advantage of 31.1% can be gained over the
RA/CLA for only 7.6% of increasing in area when five carries are
used for prediction.
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Figure5: Results of 32-bit adders compared with multiple ESTC adder
using five carriesfor prediction

Also comparing ESTC/CLA with the CSL/CLA shows that
CSL/CLA is 19.8% faster but uses 59.7% more area. Furthermore,
CSL/CLA is 15.7% faster but uses 59.9% more area, 13.9% faster
but uses 57.9% more area, and 13.4% faster but uses 56.6% more

areawhen 2, 3, 4, and 5 carries used for prediction respectively.

Table 3 gives a clear overview of the tradeoffs obtained for the

multiple ESTCA using different numbers of carries compared to

other designs, and Figure 5 represents the simulation results of 32-

bit adders compared with multiple ESTC adder using five carries

for prediction.
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Table 3 shows that the for the adders based on RA, and when two,
three, four, and five carries are used for prediction, the multiple
ESTC design offers savings of 41.1%, 43.5%, 44.2%, and 44%
over RA/RA respectively, and savings of 37.7%, 40.2%, 41%, and
40.7% over CSLA/RA respectively. Similarly, the results for the
adders based on the carry lookahead scheme, CLA, show that the
multiple ESTC adder gives savings over the RA/CLA of: 21.6% in
the case of using two carries, 25% when using three carries, 26.1%
when using four carries, and 25.9% when using five carries. The
ESTC/CLA gives savings over the CSL/CLA adder of 22% using
two carries, 25.3% using three carries, 26.4% using four carries,
and 26.2% using five carries. The ESTC/CLA gives savings over
the CLA/CLA of 22%, 25%, 26.1%, and 26.2% when two, three,
four, and five carries respectively are used for prediction. The
graph in Figure 6 gives a clear overview of the delay-area products
obtained.
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Conclusion

In this paper qualitative and quantitative comparisons of adder
structures and designs have been carried out. Particularly, it
presents comparisons of the 32-bit ESTC adder vs. other adder
designs, where simulations have been performed for three different
types of adder with two different structures. Simulation results for
the ESTC adder, and graphical curves presenting the tradeoffs
between this design and other common digital arithmetic blocks
such as RCA, CLA, and CSLA adders were obtained in this work.
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In additional, the ESTC adder using multiple carries for prediction
significantly reduces the delay and offers major improvements in
speed over other adders while remaining compact. Thus the ESTC
adder speeds up addition time and is considered a competitive with
other more commonly used adders when used for high performance
applications.

The overall results demonstrate that the ESTC adder is ssmple, fast
and suitable for implementation using VLS technology. Also the
results suggest that there are substantial performance gains to be
made by adopting the approach and methodology using multiple
carries for prediction for the asynchronous ESTC adder.
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Information for authors

1- Authors of the articles being accepted are required to
respect the regulations and the rules of the scientific research.
2- The research articles or manuscripts should be original, and
have not been published previously. Materias that are
currently being considered by another journal, or is a part of
scientific dissertation are requested not to be submitted.

3- The research article written in Arabic should be
accompanied by a summary written in English.

And the research article written in English should also be
accompanied by a summary written in Arabic.

4- The research articles should be approved by alinguistic
reviewer.

5- All research articlesin the journal undergo rigorous peer
review based on initial editor screening.

6- All authors are requested to follow the regulations of
publication in the template paper prepared by the editorial
board of the journal.

Attention

1- The editor reservestheright to make any necessary
changes in the papers, or request the author to do so, or reject
the paper submitted.

2- The accepted research articles undergo to the policy of the
editorial board regarding the priority of publication.

3- The published articles represent only the authors
viewpoints.
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