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ABSTRACT

Addition is the most important function in arithmetic and logical operations.
Approximate Computing can be used to reduce the number of transistors, delay and
power constraints in VLSI design, which makes the use of approximate adders possible
in error-tolerant applications. Existing Approximate Reverse Carry Propagate Adder
designs [1] have proved to be advantageous in improving these constraints. A new
design of Reverse Carry Propagate Adder has been proposed using Modified-Gate
Diffusion Input (GDI) technique [7]. A 4-bit Multiplier has also been designed using
this RCPFA and results verified with Xilinx Tool. Proposed circuit design simulations
have been carried out in 45-nm process technology using Cadence Virtuoso. The results

indicate 57% and 44% reduction in Power and Delay respectively.
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CHAPTER 1

INTRODUCTION

With the advancement in technology, the number of transistors in an integrated
circuit is increasing and devices are getting more compact day by day. Due to which,
the demand for more compact implementation of circuits is increasing. Since adder is
the main logical block of arithmetic and logic unit, many researchers have tried to
obtain a circuit which can perform the same functionality with fewer number of
transistors. One of the computation techniques that can be employed in this area of

interest, to implement circuits with lesser hardware is Approximate Computing[2].

The increase in the number of transistors mounted on a chip is accompanied by
the demand of Power reduction. Over the years, Approximate computing has managed
to be a promising method to decrease power, area and delay constraints in Physical
design. But it also results in a loss of computational accuracy. Power can be spared by
upgrading the module into an approximate version. It is required to examine the
different logic functionalities of the circuit when designing the inexact version of the
module. As one of the elementary, but crucial components of arithmetic circuits, adders
have pulled in a broad enthusiasm for upgrading and implementing approximate
modules. Many Approximate adder circuits have been proposed by utilizing less
number of transistors. In order to do so, the carry propagation chain has also been
truncated for operations based on speculation. The approximate designs have proved to
be better in achieving a superior performance in terms of area, power and delay

compared to traditional (exact) adders.

[1]



Since adder is the main digital circuit of arithmetic and logic unit, many
researchers have presented their research works [3]-[6] on optimizing speed and power

of adder by using Approximate Computing.

Approximate adders have gained importance for utilization in circuits where
some of error is tolerable. In [3] the approximate mirror adders (AMAs) have been
proposed which save power by utilizing less no. of transistors connected in a mirror
adder design. Another approximate adder lower part OR Adder (LOA) consists of two
sub-adder sections performing different functions and calculating the approximate
results[4]. In [5] XOR/XNOR gates based adders have been proposed implemented by
pass transistors which provide a significant decrease in power with better
performance.[6] utilizes transmission gates in place of pass transistors which proves to
be a better replacement as unlike pass transistors , they do not suffer from signal

degradation.

The use of the Approximate-Reverse-Carry-Propagate-Adder (R.C.P.A) is
presented in [1], which propagates the carry in reverse direction, thereby decreasing the
carry weight as it propagates making the adder less sensitive to delay variations as

compared to traditional adders.

Hence, the main purpose of this dissertation is to present a new circuit for

Reverse-Carry-Propagate-Adder using Modified GDI Technique.

(2]



CHAPTER 2

LITERATURE REVIEW

In the approximate adder modules; the basic idea is to divide the multiple bit
adder into two sub sections : the (precise) upper-section for manipulating higher
significant bits and the (inexact) lower-section for lower significant bits. For every bit
in the lower sub-module, one-bit approximate full adder implements an inexact
function, thus a modification of the addition operation. This is generally achieved by
modifying the Full-Adder circuit design either at device level or at circuit level, which
is comparable to changing some of the output values in the full adder truth table at the

functional level.

Some of the common approximate adders presented by numerous researchers

are as follows:

2.1 Approximate Mirror Adder

One of the widely used accurate implementation of full adder is mirror adder.
The Approximate-Mirror-Adder (AMA) can be obtained from this design by reduction
of transistors. By removing some transistors, three approximate mirror adder designs
can be obtained which have been presented in [3]. The circuits shown in Fig.2.1 to 2.3

are capable of achieving lower power dissipation and reduced circuit complexity. Due

3]



to less transistors, the node capacitances can get charged and discharged at a faster rate,
thus experiences a shorter delay.A step-by-step procedure is being followed in coming
up with several inexact mirror adder cells with less transistors. One by one the
transistors are removed from the conventional schematic. However, these can not be
removed in an arbitrary fashion. It is to be made sure that not even a single combination
of inputs A,B and Ci results in short-circuit or open-circuit in the modified schematic of
the adder. Another significant point to be kept in mind is that the resulting simplified

schematic should introduce a minimal amount of error in the truth table of full adder.

VDD
VDD

Ci

—| |: Cout’ —| |:

Fig. 2.1 Approximate mirror adder (AMA-1)

If some of the series connected transistors are removed,it will encourage quick
charging and discharging of the node capacitances. In addition, the removal of
transistors not only decreases circuit complexity but also helps in reducing the aC term

which exists due to switched capacitances in the expression for dynamic power

P, e = aCV 2 2.1

dynamic

where a is the switching activity or it can be defined as the probability of the output

node having a transition from zero to one and C is the output load capacitance.

[4]



Reduction in this term decreases the dynamic power dissipation. This also reduces the

total area on the chip.

VDD

VDD

a—[ s s ¥

|j a—f —c1|: |:4|:_s.m.
RS
I

Fig. 2.2 Approximate mirror adder (AMA-2)

VDD

B—cl_ B_o|_ VDD

|
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N e e

Ci Sum

— l: Cout’
A [0 - B _EI

B—]
Fig. 2.3 Approximate mirror adder (AMA-3)
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2.2 Lower Part OR Adder

The second type of approximate adder is Lower-Part-OR-Adder(LOA)[4]. In
LOA, OR gates (also referred to as the lower section) have been utilized to

approximately manipulate the less significant bits.

“Lower-Part-OR Adder” Structure: Addition is a fundamental operation which
can significantly impact the overall achievable performances. The Lower part OR

Adder(LOA) breaks a g-bit number into two smaller r and s bit numbers(where, r+s=q).

) Cout

INI{p-1:n) M -Bit
Precise Adder H OUT(p-1:n)
(Sub-Adder)

Cin ™

IN1{p-1:n)

Nx(n1) —D_
IN(n-1:0) 7o) MieDh—
R o
I -
=F /= OUT(n-1:0)
+2

- Ny —
NE-10AY B — —

Fig. 2.4 Lower Part OR Adder

As shown in the Fig.2.4, a g-bit LOA makes use of regular precise adders

(called sub-adder) that computes the accurate values of the ‘r’ most significant bits

[6]



(upper-section) of the result along with the OR gates that provide the approximate
values of the ‘s’ least significant bits (lower-section) by applying bitwise OR operation
to the respective bits of the input. An extra AND gate is required for the generation of
input carry for more significant bits. This AND gate produces a carry when both the
inputs to the most significant full adder in the lower section of the module are 1°. This
is the main reason why the module lacks some degree of precision since the input carry
is calculated to be zero for most of the cases and thus discarded in the lower section of
the adder module. Only the trivial carries are taken into account from the lower section

to the upper section of the LOA adder, which results in its imprecision.

2.3 Approximate XOR based Adder
2.3.1 AXA-1

Fig.2.5 shows Approximate XOR based Adder type 1. In the type 1 schematic,
the XOR operation is carried out by two pass transistors and an inverter connected to

inputs X and Y respectively.

[ il VDD

— . 7l

i L :I I *
o - Cll: = VDD
i _TT
h .
— Cout” I_{ I:

Fig. 2.5 Approximate XOR based Adder type-1

[7]



When the input Y equals ‘1°, I becomes equal to complement of input X and
when Y is ‘0°, I equals to X i.e., [=X@Y. The Sum and Cout can be calculated
precisely only for 4 out of 8 different combinations of the inputs. Thus the total error
distance that can be achieved with this circuit design is 4. The total transistor count is

8. The expression for Sum and Cout are given by:

Sum = Cin; (2.2)

Cout = (XoY)Cin+ Y X (2.3)

2.3.2 AXA-2

The circuit design in Fig.2.6 shows the implementation of the Approximate

XOR based adder Type-2.

y—[ = v Al mey
Sum T | cou
Y — I: —] I: X _—|_—_|-_

Y

Fig. 2.6 Approximate XOR based Adder type-2

(8]



AXA-2 can be implemented with the help of only 6 transistors, which utilizes
one pass transistor block and 4 transistors for the XNOR operation. Sum is accurate
for only 4 input combinations out of the 8, while Cout can be calculated accurately for
all input combinations. For this circuit design also, the total error distance that can be

achieved is 4. The expressions for Sum and Cout are:

Sum= (X®Y) (2.4)

Cout = (X@Y)Cin +XY (2.5)

As the pass transistors suffer from the problem of signal degradation due to
threshold voltage drop, the output signals for Sum and Cout do not achieve a full swing

for some transitions.

2.3.3 AXA-3

The circuit design in Fig. 2.7 is an extension of the circuit used in AXA-2. In
order to achieve better accuracy for the Sum calculations two more transistors are
incorporated in pass transistor configuration. Total number of transistors required for
the circuit design is 8, out of which 4 are used for performing the XNOR operation. As
a result of extra two gates used, the Sum can be computed correctly for 6 input
combinations out of 8 and Cout was already accurate for all possible combinations. The

circuit of AXA-3 provides a total error distance of 2.

The expressions for Sum and Cout are:
Sum=(X®Y) Cin (2.6)

Cout = (XY ) Cin +XY (2.7)

[9]



B =T =
-|— Sum
VDD _l_ |
Gnd _TT
x—
Ci
Y— __-.:La-r
Cout
v+ A X 7T

X Y

Fig. 2.7 Approximate XOR based Adder type-3

2.4 Transmission Gate Approximate Adders

In these approximate adders the transmission gates have been used in place of
pass transistors as they suffer from the problem of signal distortion or degradation.

Two new multiplexer based designs have been presented.

2.4.1 Approximate Adder (TGA-1)

It consists of transmission gate based multiplexer which in total uses 16

transistors. This generates two incorrect results out of 8, therefore the ER is two.

(10]



Fig.2.8 shows TGA-1 Adder. The logical expressions for Sum and Carry are:

Sum= (XY )Cin+XY (2.8)

Cout=Y 2.9)

T A
Hi-

| I
| I
| X |
I = = |
'—:r _J_;_ [ j I
I I
3 M =Tl I . SEPY
T I
l: [ Cout

Fig. 2.8 Approximate TGA-1 Adder.

2.4.2 Approximate Adder (TGA-2)

As shown in Fig.2.9, the structure of adder comprises of 22 transistors and the

logic functions for the sum and carry out are :
Sum= (X@Y)Cin (2.10)

Cout=X+Y 2.11)

(11]



Fig. 2.9 Approximate TGA-2 Adder.

(12]



CHAPTER 3

RCPFA APPROXIMATE ADDERS

The conventional full adder has three input bits (namely the two input bits and
an input carry) and two output bits (namely the sum-bit and carry-out bit). The sum-bit
having the same weight as the input bits and carry-out bit with double the weight of the
inputs. The carry-propagation delay is an important timing parameter in the full adder
design owing to the fact that it is utilized in determining the critical path delay of

multiple bit adders and multipliers.

In the most pessimistic scenario, the carry-propagation delay of the n-bit adder

can be nxt_, where n is the width of the adder. Now, if the clock period is smaller than

op’
nxt., then it can result in a set-up time violation which is a potential error. Even a very
small violation in the timing can result in large amount of error if the error occurs in
the most significant bits of the summation. This is due to the fact that the input carry
for the most significant adder has to propagate through the less significant bit full
adders.Therefore, if the carry is propagated in reverse direction, the total error
introduced due to set-up and hold time violations will be reduced. This has motivated

the researchers to design approximate adders where the carry can be propagated in

reverse direction (counter-flow manner).

(13]



3.1 EXISTING REVERSE CARRY PROPAGATE FULL
ADDER

The Exact Full Adder generates its Sum and Carry-out signal using
equation (3.1)
A +B,+C =S5+2xC,, (3.1)

Where A, and B, are the i" bits of the inputs A and B respectively, C, and C,,,
are the carry-in and carry-out and S, is the i" bit of sum S. This equation shows how the
output bits in the ith position are related to the ith bits of inputs A and B and to the
carry-out of the previous adder (C,). By adjusting the terms, i.e. moving C, to the right
hand side and C,,, to the left hand side of the equation, one may write:

AiTBi-2xC, = §-C (3.1

Considering equation (3.1), the full adder can be thought as a structure whose
operation depends on the output carry of the (i+1)th bit (C.,,) and the input bits of the
operands(A; and B,).The outputs for this modified structure will now be the sum and

carry signals having same weights. One should notice that the input carry to the full

adder in ith bit position will be generated by full adder in (i+1th) bit position.

Depending on the input bits (A, and B,), the range for left hand side of equation
(3.1) i.e. S, - C, will be from set {-2, -1, 0, 1, 2}. While depending on the weights of
output signals, the right hand side of the equation (3.1) can have values from set {-1, 0,
1}. This shows that the output will not be correct if left hand side resulted in set {-2,
2}. When right hand side of equation (3.1) becomes zero, (S, C) can take either (0, 0)
or (1, 1) set as values. The forecast signal (F)) is used to select one of the two sets.
Forecast signal depends on the (i-1)™ bit of the inputs.Based on the discussion given
above, a family of RCPFAs has been suggested in [1]. Fig.3.1 shows a symbolic
notation for RCPFA cell with four inputs (A,, B,, C,,, and F,) and three outputs (S,, C,,

F..).

(14]



Fii F
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RCPFA
Cis C;
——e ——fe

l

S
Fig.3.1. RCPFA cell

Fig.3.1 shows an n-bit RPCFA, where most significant carry C, is taken equal

to the forecast signal F, of the most significant bit (MSB) RPCFA. Also, the input carry

C,1s used as forecast signal of least significant bit (LSB) RCPFA. The critical path for

the n-bit RPCFA is also shown in the Fig.3.2.

Since, the error value increases in the direction of decrease of bit significance,

the cumulative impact due to error (because of delay variation) is lower for higher

significant bits.

Bn_| A.H Bn.}_ Au-z l::-"‘I AI
]:15 : 1'1n—1 . l:n—l F; .
1 ) g T
o). .RCPFA RCPFA RCPFA
E I[-:u {" n-1 {—IIJ-E (—-:
¢ Tt RO L N o i s e il
l l Cnitical Path l
Su-l 5.;.3 SL

I

Gy

Figure.3.2 n-bit RCPA.

(15]
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3.1.1 Internal Structure of R.C.P.F.A.

To determine R.C.P.F.A. structure, Karnaugh maps for the Sum and carry are
drawn on the basis of equation (3.2) derived above and considering forecast signal as

one of the inputs to the circuit.

Ci+1Fi Ci+1Fi
Si | 00 01 11 10 Ci | 00 01 11 10
ool 0 1 0 0 00] 0 1 v1D 1y
Aa01] 1 10 o F01] 0 0 (1,1
< 11] M1 Iy0 <11] 0 0 10
10] 1 1,0 o 10] 0 0:1, 1

Fig.3.3 Karnaugh maps for Sum (Si) and carry (Ci) of general form of R.C.P.F.A.

The Boolean relation between the various inputs for obtaining Si and Ci are

calculated as:

Si= C,,,Fi+C,, Ai+C,, Bi+ AiBiFi (3.3)
Ci= C,,Fi+C,,, 4i +C,Bi + AiBiFi. (3.4)

An optimized gate level schematic can be obtained for implementing

R.C.P.F.A. by simplifying equation (3) and (4) as

Si=Fi(C,, + AiBi)+ C,, (Ai +Bi)
=FiXi +Yi (3.5)

C=Fi(C,,,(4i +Bi))*(C,, + AiBi )
= FiYi + Xi. (3.6)

(16]



For this approximate structure of the adder, the accuracy and the functioning of
this schematic depends on the forecast signal Fi whose generation can lead to some
overheads. So, in order to gain an optimized structure for R.C.P.F.A., the generation of
this signal Fi should be simplified. There can be three different mechanisms for the
generation of the forecast signal Fi based on which There are three different generation
mechanisms for signal F based on which three types of Approximate-Reverse

-Carry-Propagate-Adder are given :-

3.1.2 RCPFA-1

In the first R.C.P.F.A. structure (R.C.P.F.A-1) shown in Fig.3.4, which is
directly obtained from equations (3.5) and (3.6), the forecast signal is taken equal to
one of the inputs (A, or B,)) e.g., Fi+1 is taken equal to Ai. This schematic uses 26
transistors in total which is less than the number of transistors used in conventional full
adder. The schematic, transient response and D.C. Power plot is shown in Fig.3.5 to

3.7. Table I shows the truth table for this adder circuit.

Fi+1

Ai AOI21 mmzl

Bi L Si
_ O

Ci+1

Ai : OAI21 L AOI21
= 1

Ci+1

Fig.3.4. RCPFA-1.

(17]



TABLE I Truth Table of RCPFA-1[1]

ITEM | A1 Bi Ci+l Fi Si Ci Fi+1 Xi Yi
1 0 0 0 0 0 0 0 0 1
2 0 0 0 1 1 1 0 0 1
3 0 0 1 X 0 1 0 1 1
4 0 1 0 X 1 0 0 0 0
5 0 1 1 X 0 1 0 1 1
6 1 0 0 X 1 0 1 0 0
7 1 0 1 X 0 1 1 1 1
8 1 1 0 X 1 0 1 0 0
9 1 1 1 0 0 0 1 0 0

10 1 1 1 1 1 1 1 0 1

Fig.3.5. Schematic for RCPFA-1.

(18]
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Fig.3.6.Transient response for RCPFA-1.

" 1500
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Fig.3.7. Power plot for RCPFA-1.
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3.1.3 RCPFA-2

In the second approximate type adder (R.C.P.F.A-2), the carry-generate signal
(A, and B)) is taken as the forecast input Fi. When Fi is the carry-generate signal, some
of the states of Table I, where Xi=1 does not occur. Therefore by replacing Xi with zero,
the general schematic of the Adder is simplified. This is shown in Fig.3.8 [4 gates from
Fig.3.4 have been removed]. Thus by simplifying the structure, the number of transistors
have been reduced from 26 to 20 . Out of 20 transistors, four are used in generating the
forecast signal. The schematic, transient response and D.C. Power plot is shown in

Fig.3.9 to 3.11. Table II shows the truth table for this adder circuit.

Ai

Bi

_ O—— si
Ai j OAI21
Bi -

Fig.3.8 RCPFA-2.
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TABLE II Truth Table of RCPFA-2[1]

ITEM Ai Bi Ci+1 Fi Si Ci Fi+1
1 0 0 X 0 0 0 0
2 0 0 X 1 1 1 0
3 0 1 0 X 1 0 0
4 0 1 1 0 0 0 0
5 0 1 1 1 1 1 0
6 1 0 0 X 1 0 0
7 1 0 1 0 0 0 0
8 1 0 1 1 1 1 0
9 1 1 0 X 1 0 1

10 1 1 1 0 0 0 1
11 1 1 1 1 1 1 1
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Fig.3.9. Schematic of RCPFA-2.
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Fig.3.10 Transient response of RCPFA-2
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Fig.3.12 Power Plot of RCPFA-2.

3.1.4 RCPFA-3

In the third approximate type adder (R.C.P.F.A-3), the carry-alive signal (A; OR
B,) is taken as the forecast input Fi. When Fi is the carry-alive signal, some of the states
of Table I, where Yi=0 does not occur. Therefore by replacing Yi with one, the general
schematic of the Adder is simplified. This is shown in Fig.3.13 [4 gates from Fig.3.5
have been removed]. Thus by simplifying the structure, the number of transistors have
been reduced from 26 to 20 . Out of 20 transistors, four are used in generating the
forecast signal. The schematic, transient response and D.C. Power plot is shown in

Fig.3.14 to 3.16. Table III shows the truth table for this adder circuit.
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Fig.3.13. RCPFA-3.
TABLE III Truth Table of RCPFA-3[1]
ITEM Ai Bi Ci+1 Fi Si Ci Fi+l
1 0 0 0 0 0 0 0
2 0 0 0 1 1 1 0
3 0 0 1 X 0 1 0
4 0 1 0 0 0 0 1
5 0 1 0 1 1 1 1
6 0 1 1 X 0 1 1
7 1 0 0 0 0 0 1
8 1 0 0 1 1 1 1
9 1 0 1 X 0 1 1
10 1 1 X 0 0 0 1
11 1 1 X 1 1 1 1

(24]
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Fig.3.15. Transient response of RCPFA-3.
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Fig.3.16. Power Plot of RCPFA-3.
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CHAPTER 4

PROPOSED RCPFAs

4.1 Modified GDI Technique

The basic Modified cell is given in Fig.4.1. In this Modified-GDI cell, substrate
terminal of PMOS is connected to VDD and that of NMOS is connected to ground. In
comparison to the static CMOS Process, this technique provides reduction in

gate-leakage current and sub-threshold current[7].

C{: "‘Jno

G -QUT

Fig.4.1 Modified GDI cell
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Modified-GDI Technique is suitable for CMOS fabrication Process. Leakage

currents can be measured in submicron region.

4.1.1 Miscellaneous Functions of Modified GDI Cell

By using an easy alteration to the input pattern of the basic Modified GDI cell, a

large no of basic Boolean operations can be implemented as can be seen in Table IV.

TABLE IV Miscellaneous Functions of a Modified GDI Cell

N P G ouT FUNCTION | T.C.CMOS T.C. M-GDI
0 B A A’B F1 8 2
B 1 A A’+B F2 8 2
1 B A A+B OR 6 2
B 0 A AB AND 6 2
C B A AC+A’B MUX 6 2
0 1 A A’ NOT 2 2

[T.C.-Transistor count]

4.2 PROPOSED RCPFA-1 CIRCUIT

The Proposed RCPFA circuit uses Modified GDI Technique to reduce no. of
transistors to 22 ,while the transistor count was 26 in RCPFA-1 [1]. The transient
response of the proposed RCPFA-1 is shown below in Fig.4.3. Total DC Power
dissipated by the above proposed rcpfa is 311.2pW (Fig.4.4) which is very less as
compared to the power dissipated by the existing RCPFA i.e 237.93pW. W/L Ratio for
NMOS and PMOS transistors is 120nm/45nm and 300nm/45nm respectively. All

simulation being carried out at 1V power supply.
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Fig.4.3 Transient response of proposed RCPFA-1.
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Fig.4.4. Power plot of Proposed RCPFA-1

4.3 PROPOSED RCPFA-2 CIRCUIT

The Proposed RCPFA-2 circuit (Fig.4.5) uses Modified GDI Technique to
reduce no. of transistors to 14 ,while the transistor count was 20 in RCPFA-2[1].
By replacing Xi with 1 equation (3.5) and (3.6) reduces to
Si=Fi+ C,, (Ai+Bi) (4.1)

Ci=Fi(C,,(4i +Bi)) (4.2)
The transient response of the proposed RCPFA is shown in Fig.4.6.
Total DC Power (shown in Fig.4.7) dissipated by the above proposed rcpfa is 110.6pW
which is very less as compared to the power dissipated by the existing RCPFA i.e
155.57pW. W/L Ratio for NMOS and PMOS transistors is 120nm/45nm and

300nm/45nm respectively. All simulation being carried out at 1V power supply.
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Fig.4.6. Transient response of proposed RCPFA2.
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Fig.4.7. Power plot of Proposed RCPFA-2.

4.4 PROPOSED RCPFA-3 CIRCUIT

The Proposed RCPFA-3(Fig.4.8) circuit uses Modified GDI Technique to
reduce no. of transistors to 14 ,while the transistor count was 20 in RCPFA-3[1].
By replacing Xi with 1 equation (3.5) and (3.6) reduces to
Si=Fi( C,, +AiBi) (4.3)

Ci=Fi+ (C,, +(4i Bi)) (4.4)
The transient response of the proposed RCPFA-3 is shown in Fig.4.9.
Total DC Power (shown in Fig.4.10) dissipated by the above proposed RCPFA-3 is
153.95pW which is very less as compared to the power dissipated by the existing
RCPFA-3 i.e 196.34pW. W/L Ratio for NMOS and PMOS transistors is 120nm/45nm

and 300nm/45nm respectively. All simulation being carried out at 1V power supply.

(32]



Fig.4.9. Transient response of proposed RCPFA-3.
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Fig.4.10. Power plot of Proposed RCPFA-3.

4.5 COMPARISON WITH RCPFAs|1]

As the no. of transistor has reduced from 20 to 14 , delay of the proposed circuit
has also reduced considerably. Various delay including carry-propagation delay,

carry-summation delay and forecast-signal delay values are shown in Table II.

TABLE V Comparison Between Proposed and Conventional RCPFAs.

FA TYPE POWER Tcp Tcs If no. of
pW ps ps ps Transistors
RCPFA-1[1] 311.2 178.2 203.7 n.a 26
RCPFA-2[1] 155.57 124.6 115.5 48.3 20
RCPFA-3[1] 196.34 146.8 181.4 53.5 20
PROPOSED-1 237.93 149.6 107.3 n.a 22
PROPOSED-2 110.6 69.56 55.84 20.87 14
PROPOSED-3 153.95 87.3 76.2 34.6 14

(34]



4.6 32-bit Hybrid Adder

The proposed RCPFA can be used in realizing hybrid adders. The general n-bit
structure having k (width of the approximate part) RCPFA adders and remaining (n-k)
exact full adders is shown in Fig.4.11. Schematic diagram for the same is also shown in
the Fig.4.12. The delay, power and the energy-delay product vary with the width of the
approximate part of the hybrid adder. This is the reason why critical path delay is

measured from the joining point of the two parts.

EE—
— T — | | T —| | — | [ — | — | AL
" L L O O

Fig.4.11. Schematic of 32-bit hybrid adder using Proposed RCPFA.

From this point, the carry is propagated to the MSB of the exact part and to the
LSB of the inexact part. The graph of delay Vs width of approximate part for 32-bit
hybrid adder using RCPFA is drawn in Fig.4.13. The value for k is varied between 0
and 32 and the critical path delay is measured. When the width of the approximate part

(k) is 23, the critical path will show the minimum delay.
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Fig.4.12 n-bit hybrid adder with k-bit RCPFA part.
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Fig.4.13. Delay of the 32bit hybrid adder Vs the approximate part width (k).
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CHAPTER S

MULTIPLIER

5.1 RIPPLE-CARRY ADDER USING RCPFA

Ripple-carry adder is a combinational circuit which calculates the arithmetic sum
of two input binary numbers. It is constructed by connecting full adder circuits in
cascade, where the carry-out of one full adder is connected to the carry-in of the next

full adder.

As shown in the Fig.5.1 four RCPFA Adders are used together to form a 4 bit
ripple carry adder. The carry is propagated in the reverse direction and carry(C,) is
connected to the forecast signal (F) of the least significant rcpfa as there is a lack of
previous stage for producing the F signal. In the case of most significant rcpfa the carry

input (C,) is assumed to be equal to forecast signal output (F,).

In a ripple-carry adder, the outputs are known only after the carry has propagated

from the least significant adder to most significant adder. In other words, output is valid
only when the carry has rippled through all the stages. So, the sum and carry-out are

available only after a considerable delay.
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Fig.5.1. Ripple-Carry adder using RCPFA Cell.

5.2 Multiplier using RCPFA

In the proposed 4-bit multiplier circuit design, RCPFA cells are used to design a
4-bit ripple-carry adder and then these adders are utilized in the multiplier circuit.

Normally, N-1 ripple carry adders are required to implement the multiplier module,

where N is the number of input bits.
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4-bit binary multiplier using above designed ripple carry adder is shown in
Fig.5.2. by replacing full adders with 4 bit ripple carry adders using reverse carry
propagate adder. It is evident that 3 number of RCA modules are necessary in order to

obtain 4 bit multiplier circuit.
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Fig.5.2. 4-bit binary Multiplier
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CHAPTER 6

VERILOG CODES AND SIMULATION RESULTS

6.1 RCPFA-2

6.1.1 Verilog code for RCPFA-2
module rcpfa(input ai,bi,fi,cil,
output ci,fil,si

)
assign si= fi | ((~cil)&(ai|bi));
assign ci=fi & ( cil | ( (~ai) & (~bi)));
assign fil=ai&bi;
endmodule

6.1.2 Test bench for RCPFA-2

module rcpfatest;
reg ai,bi,cil,fi;
wire ci,si,fil;

repfa uut(.ai(ai),.bi(bi),.ci(ci),.fi(fi),.cil (cil),.fil (fil),.si(si));

initial

begin

ai=0;

bi=0;

cil=0;

fi=0;

end

always

forever #80 ai=~ai;
always

forever #40 bi=~bi;
always
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forever #20 cil=~cil;
always
forever #10 fi=~fi;

endmodule

6.1.3. Simulation Result

Fig.6.1 Simulation Result for RCPFA

6.2 RCPA

6.2.1 Verilog code for 4-bit RCPA

module rcpa(input cin,a0,al,a2,a3,b0,b1,b2,b3,
output c,
output cout,s0,s1,s2,53 );
wire wl,w2,w3,w4,w5,wb6,c4;
rcpfa r1(.ai(a0),.bi(b0),.ci(c),.fi(cin),.cil(w1),.fil(w2),.si(s0));
rcpfa r2(.ai(al),.bi(b1),.ci(wl),.fi(w2),.cil(w5),.fil(w3),.si(s1));
rcpfa r3(.ai(a2),.bi(b2),.ci(w5),.fi(w3),.cil(w6),.fil(w4),.si(s2));
rcpfa r4(.ai(a3),.bi(b3),.ci(w6), .fi(w4),.cil(c4),.fil(c4),.si(s3));
assign cout=c4;
endmodule

6.2.2. Test bench for RCPA

module testrcpa;
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reg cin;

reg [3:0]at;

reg [3:0]bt;

wire cout,c;

wire s0,51,52,53;
rcpa uutl (.a0(at[0]),

initial

begin
at=4'b0000;
bt=4'b0001;
cin=0;

end

initial

begin

#10
at=4'b0110;
bt=4'b0010;
#10
at=4'b0011;
bt=4'b0111;
#10
at=4'b1110;
bt=4'b0010;
#10
at=4'b1111;
bt=4'b0011;
end

.al(at[1]),
.a2(at|2]),
.a3(at[3]),
.b0(bt0]),
.b1(bt[1]),
.b2(bt[2]),
.b3(bt[3])),
-(c),
.cout(cout),
.s0(s0),
s1(s1),
.82(s2),
.83(s3),
.cin(cin));
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6.2.3. Simulation Result
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Fig.6.2. Simulation Result for RCPA

6.3 4-bit Multiplier

6.3.1 Verilog code for 4x4 Multiplier

module mul3( input cin,clk,[3:0] ai,bi,
output s0,s1,s2,s3,54,55,56,cout
)5

wire [15:0] n;

wire yl, y2, y3, y4, y5, y6,y7,y8,y9;
assign n[0]=ai[0]&bi[0];
assign n[1]=ai[1]&bi[0];
assign n[2]|=ai[2]&Dbi[0];
assign n[3]|=ai[3]&Dbi[0];
assign n[4]=ai[0]&bi[1];
assign n[5]=ai[1]&bi[1];
assign n[6]=ai[2]&bi[1];
assign n[7]=ai[3]&bi[1];
assign n[8]=ai[0]&bi[2];
assign n[9]=ai[1]&bi[2];
assign n[10]=ai[2] &bi[2];
assign n[11]=ai[3]|&bi[2];
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assign n[12]=ai[0]&bi[3];

assign n[13]=ai[1]&bi[3];

assign n[14]=ai[2] &bi[3];

assign n[15]=ai[3]&bi[3];

assign y9=cin;

reparl
(.a0(n[1]),.a1(n]2]),.a2(n[3]),.a3(1'b0),.b0(n[4]),.b1(n][5]),.b2(n[6]),.b3(n[7]),.s0(s1),.5
1(y1),.52(y2),.83(y3),.¢(y9),.cout(y4),.cin(cin));

rcpa r2
(.a0(y1),.a1(y2),.a2(y3),.a3(y4),.b0(n[8]),.b1(n[9]),.b2(n[10]),.b3(n[11]),.s0(s2),.s1(y5
),.82(y6),.83(y7),.¢(y9),.cout(y8),.cin(cin));

rcpar3
(.a0(y5),.a1(y6),.22(y7),.a3(y8),.b0(n[12]),.b1(n[13]),.b2(n[14]),.b3(n[15]),.s0(s3),.51(
$4),.52(55),.83(s6),.¢(y9),.cout(cout),.cin(cin));

assign s0=n[0];

endmodule

6.3.2. Test bench

module testmul3;

reg clk;

reg cin;

reg [3:0]at;

reg [3:0]bt;

wire s0,s1,52,53,54,55,56,cout;
mul3 M(.clk(clk),.cin(cin),.ai(at),.bi(bt),
.80(s0),.s1(s1),.52(s2),.53(s3),.54(54),.55(s5),.56(s6),.cout(cout)

)
initial

begin
clk=0;
cin=0;
at=4'b0000;
bt=4'b0000;

end

always #10 clk=~clk;

initial
begin

#85
at=4'b0010;
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bt=4'b0010;
#85
at=4'b0010;
bt=4'b1010;
#85
at=4'b0101;
bt=4'b0110;
#85
at=4'b0001;
bt=4'b0001;
#85
at=4'b0100;
bt=4'b0100;
#85
at=4'b1000;
bt=4'b0100;
#85
at=4'b1100;
bt=4'b0100;
#85
at=4'b0110;
bt=4'b0101;
#85
at=4'b0101;
bt=4'b0101;
#85
at=4'b1001;
bt=4'b0001;
end

endmodule
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6.3.3. Simulation Result
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Fig.6.3. Simulation Result for 4-bit Multiplier
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CONCLUSION

In this dissertation, new circuits have been proposed for Approximate Reverse
Carry Propagate Full Adder based on Modified-GDI technique that propagates carry in
counter flow direction from MSB to LSB. The propagation of carry in reverse direction
insures higher stability in the delay variations as the weight of the carry decreases when
the carry is propagated in a reverse direction. The efficacies of the proposed Reverse
Carry Propagate Full Adder and the existing RCPFA[1] have been verified using 45-nm
technology in Cadence Virtuoso. A 4-bit multiplier has also been designed using this
RCPFA and results verified with Xilinx Tool. The results provided in Table V justify
that the proposed RCPFA gives on average 57% and 44% improvement in power and

delay respectively.
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NEW REVERSE CARRY PROPAGATE
ADDER USING MODIFIED GDI TECHNIQUE
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Abstract— Addition is the most important function in
arithmetic and logical operations. Approximate Computing can
be used to reduce the number of transistors, delay and power
constraints in VLSl design, which makes the use of
approximate adders possible in error-tolerant applications.
Existing Approximate Reverse Carry Propagate Adder designs
[1] have proved to be advantageous in improving these
constraints. A new design of Reverse Carry Propagate Adder
has been proposed using Modified-Gate Diffusion Input (GDI)
technique [2]. Proposed circuit design simulations have been
carried out in 45-nm process technology using Cadence
Virtuoso. The results indicate 57% and 44% reduction in
Power and Delay respectively.

Keywords—Reverse Carry Propagate Adder, Modified-
Gate Diffusion Input, carry propagation delay, carry to
summation delay

. INTRODUCTION

With the advancement in technology, the number of
transistors in an integrated circuit is increasing and devices
are getting more compact day by day. Due to which, the
demand for more compact implementation of circuits is
increasing. As adder is the main building block of arithmetic
and logic unit, many researchers have presented their
research works [3]-[6] on optimizing speed and power of
adder by using Approximate Computing. Approximate
adders have gained importance for utilization in circuits
where some of error is tolerable. The use of the
Approximate Reverse Carry Propagate Adder (RCPA) is
presented in [1], which propagates the carry in reverse
direction, thereby decreasing the carry weight as it
propagates making the adder less vulnerable to delay
variations as compared to conventional adders.

In this paper, we focus on reducing the number of transistors
in RCPFA by utilizing the Modified-GDI technique.

In section-ll, Reverse Carry Propagate Adder [1] is
briefly reviewed. A new Reverse Carry Propagate Full
Adder(RCPFA) circuit is proposed in section-11l. The
validity of proposed RCPFA circuit through simulation
results is given in section-1V. Lastly, the concluding remarks
have been presented in section V.

The conventional full adder has three inputs (namely the two
input bits and an input carry) and two outputs (sum and
carry out). The sum having same weight as the inputs and
carry out with double the weight of the inputs. Therefore, if
the carry is propagated in reverse direction, the total error
introduced due to set-up and hold time violations will be
reduced.

REVERSE CARRYPROPOGATE ADDER
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RPCFA can be described with the help of following
equation
1)

Where A(B)) is the i bit of the input A(B), Ci(Ci.1) is the
carry in (carry out) and S; is the i" bit of sum S.

When the right side of equation (1) becomes zero, (S, C) can
take either (0, 0) or (1, 1) set as values. The forecast signal
(F;) is used to select one of the two sets. Forecast signal
depends on the (i-1)™ bit of the inputs.

Based on the discussion given above, a family of RCPFAs
has been suggested in [1]. Fig. 1 shows a symbolic notation
for RCPFA cell with four inputs (A;, B;, Cix; and F;) and
three outputs (S;, C;, Fi+1).

Si-Ci=Ai+Bi-2Ciyy

RCPFA

|

S
Fig. 1 RCPFA Cell

Fig. 2 shows an n-bit RPCFA, where most significant carry
C, is taken equal to the forecast signal F; of the most
significant bit (MSB) RPCFA. Also, the input carry Cg is
used as forecast signal of least significant bit (LSB) RCPFA.
The critical path for the n-bit RPCFA is also shown in the
Fig. 2. Since, the error value increases in the direction of
decrease of bit significance, the cumulative impact due to
error (because of delay variation) is lower for higher

N

B.i Ay
RCPFA

Cy
—s

l Critical Path 1 1
. :

Sy S,

Fig. 2 n-bit RPCFA

Three types of RPCFAs are given in [1], RPCFA-1,
RPCFA-2, RPCFA-3 with forecast signal equal to one of the
input operands in RPCFA-1, the carry generate signal in
RPCFA-2 and the carry alive signal in RPCFA-3. Standard
CMOS gates have been used for the implementation of these
RPCFAs which require 26, 20 and 20 transistors for
RPCFA-1, RPCFA-2 and RPCFA-3 respectively.
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Fig. 3 RPCFA-2 circuit
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The detailed study has been carried out on RPCFA-2 circuit
as shown in Fig. 3 because it provides minimum delay and
consumes least power and energy as compared to the other
two RPCFAs. Fig. 4 shows the schematic for RCPFA-2.

Fig. 4 Schematic for RCPFA-2[1]

1l. MODIFIED-GDI TECHNIQUE AND PROPOSEDRPCFA
CIRCUIT

The basic Modified cell is given in Fig. 5. In this Modified-
GDI cell, substrate terminals of NMOS and PMOS
transistors are connected to ground and Vpp respectively.

Voo

Lj

Fig. 5 Basic Modified-GDI cell

This Technique provides considerable reduction of both
gate-leakage and sub-threshold currents compared to static
CMOS Process.

Table-1 shows basic functions that can be performed using
Modified-GDI cell.

Table IBasic Functions performed using Modified-GDI Cell

N[ P |G| our | FuncTioN | oo | TS
0| B|A| AB F1 8 2
B | 1|A| a8 F2 8 2
18| A| AB OR 6 2
B|o|A| AB AND 6 2
c|B|A ’29; MUX 6 2
o 1A a NOT 2 2

[T.C.-Transistor count]

The RPCFA-2 [1] which was implemented using 20
transistors by standard CMOS Process can now be
implemented using only 14 transistors with the help of this
technique. While the gate level schematic for proposed
RCPFA remains same as that of RCPFA-2[1] (Fig.3).The
schematic for proposed RCPFA cell is shown in Fig.6.

Fig. 6 Schematic for Proposed RCPFA Circuit

V. SIMULATION RESULTS

By using Modified-GDI cell, same function can be
implemented with less transistors as compared to the CMOS
process (Table-1).Therefore the number of transistors has
been reduced from 20 (in RCPFA-2[1]) to 14 (Proposed
RCPFA), and so the power and delay of the proposed circuit
have also been reduced considerably. Various delays
including carry propagation delay (T), carry to summation
delay (T), forecast signal delay (Ty) and power values are
shown in Table Il. Simulation results for RPCFA-2[1]
andproposed RCPFA are shown in Fig.7 to Fig. 10. All the
simulations have been carried out in 45-nm process
technology using Cadence Virtuosofor 1V power supply.
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Fig.10 Power Plot for Proposed RCPFA
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Table Il Comparison between RCPFA-2[1] and Proposed
Circuit in terms of delay and power.

FA TYPE Power Tep(Ps) | Tes(ps) | Ti(ps) | Number of
(pW) transistors
RPCFA-2[1] 257.78 124.6 115.5 48.3 20
PROPOSED 110.6 69.56 55.84 20.87 14
V. CONCLUSIONS

In this paper, a new circuit has been proposed for
Approximate Reverse Carry Propagate Full Adder based on
Modified-GDI technique that propagates carry in counter
flow direction from MSB to LSB. The propagation of carry
in reverse direction insures higher stability in the delay
variations as the weight of the carry decreases when the
carry is propagated in a reverse direction. The efficacies of
the proposed Reverse Carry Propagate Full Adder and the
existing RCPFA-2[1] have been verified using 45-nm
technology in Cadence Virtuoso. The results provided in
Table 11 justify that the proposed RCPFA gives on average
57% and 44% improvement in power and delay
respectively.
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