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Abstract

Background: In the field of high-speed digital circuits, the efficiency of Binary
Coded Decimal (BCD) adders consists of significant importance in optimizing
the speed of arithmetic operations in computing systems. BCD arithmetic
is crucial in scientific and financial computing systems that require decimal
accuracy. Objectives: This study examines the performance of BCD adders
as designed using two different logic families, Complementary Metal Oxide
Semiconductor (CMOS) and dynamic logic. CMOS logic which is meant to
have low static power dissipation and dynamic logic which is meant to have
high-speed switching capabilities and reduced transistor count. Methods: A
new dynamic logic realization of a high-speed BCD adder improved from
the previously introduced CMOS-based BCD adder is presented in this work.
Dynamic logic design keeps the same pull-down network as the equivalent
CMOS but with a precharge PMOS and an evaluate NMOS transistor. This
design is implemented under 45nm technology and is optimized for a single
digit BCD adder. Schematics are made using DSCH, and Verilog files were
developed which are simulated using MICROWIND 3.9. The delay and power
dissipation values are obtained with an operating voltage of 1V, and a
parametric analysis was conducted comparing delay, and power dissipation
for varied temperatures in the range (-40°C to 120°C). Findings: The findings
depict enhanced performance of dynamic logic implementation compared to
static CMOS implementations with reduced power dissipation and increased
switching speed due to the inherent benefits of dynamic logic. Novelty: For
comparison purpose this work also implements two different adders along with
the static CMOS logic implemented adder which are already present
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in literature. The final results depict that dynamic logic implemented adder outperforms all the three adders with
a power delay product (PDP) of 14.75 f) when compared to 72.07 f], 80.48 f}, and 50.92 f] PDP of other works.
Keywords: BCD adder; CMOS logic; Dynamic logic; Pull down network; Precharge; Evaluate; Parametric analysis;
Delay; Power dissipation; Power delay product (PDP)

1 Introduction

Binary Coded Decimal (BCD) adders are specialized circuits that perform decimal addition directly in hardware. Unlike
traditional binary adders, which work solely with binary representations, BCD adders use a 4-bit format for each decimal digit
(from 0000 to 1001 for values 0-9). These methods help to avoid inaccuracies related to conversions, keeping calculations
firmly within the decimal system. BCD arithmetic is essential in such situations where precision, financial accuracy, and human
readability are crucial. Since decimal numbers are a core element in finance, commerce, and scientific calculations, BCD adders
are vital components in contemporary digital systems that require accurate decimal arithmetic.

While regular binary adders can handle the decimal numbers by converting them to their binary equivalents, this method
can lead to notable computational inefficiencies and inaccuracies. The primary drawback arises from binary arithmetic, which
may cause rounding errors due to the restricted precision of floating-point representation. In critical areas such as banking,
accounting, tax processing, and scientific research, even the smallest loss of precision can lead to huge financial discrepancies
or inaccurate scientific findings.

1.1 Conventional BCD adder

To mitigate these risks, BCD adders work directly in decimal form, producing accurate results without necessitating binary-to-
decimal conversions. A conventional BCD adder is shown in the [Figure 1] which illustrates the working of the adder " in the
early days of literature.

BCD digit BCD digit
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B B: B Be AA A A CARRY.,
Cou 4-bit binary adder Cofb—r
. S S S S
CARRYs ~ fo — 1T T
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BCD final sum output

Fig 1. Block diagram of a conventional BCD adder

A standard BCD adder functions in two main phases in which the first phase consists of Initial binary addition and the second
phase consists of correction mechanism. Two decimal digits, each represented in 4-bit BCD format, are added using a typical
4-bit binary adder and a carry input from the previous stage in the initial binary addition phase. The correction mechanism
involves in addition of result in the first phase with 0110, because valid BCD digits range only from 0000 (0) to 1001 (9), any
sum that exceeds 1001 must be corrected. If the total is greater than 9 or if a carry occurs, a correction factor (0110 in binary,
which equals +6 in decimal) is added to convert the sum into a valid BCD value.

1.2 Limitations of conventional BCD adder

But this design has many limitations which makes the design inefficient to use in modern digital circuits. some of the limitations
are increased delay, higher power consumption and overall area. The extra correction step results in additional computation
time, thereby increasing overall propagation delay of the BCD adder. The need for correction logic demands additional
transistors which results in greater switching activity and higher power usage. The additional circuitry for correction increases
the transistor count, making the overall layout larger and less efficient in terms of area.
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1.3 Major advancements in the area

To tackle these limitations there are many BCD adders which had been designed to overcome the disadvantages of the
conventional BCD adder. The paper presents a review of various BCD adder designs developed by different authors, highlighting
their efficiency in terms of area, power, and delay. It emphasizes the significance of BCD adders in computational systems like
ALUs and DSP processors for effective arithmetic processing. The works",®,® involves design of a carry look ahead adder
and focussing on its performance improvement. The work® involves design of BCD adder using mirror adder in order to
improve speed and reduce area. The work® involves design of a BCD adder using three-input XOR and majority gates. The
work © involves design of a BCD adder using five-input majority gate using quantum cellular automata (QCA) realization.
The works ), ® involves in designing a BCD adder using power gating techniques in order to reduce the power dissipation for
future high-speed and low-power electronic applications. The work © involves design and implementation of high-speed carry
look ahead decimal adder (CLDA) Using CMOS technology. The work involves in design of a new dynamic logic circuit model
using a NMOS based keeper.

The works 19,10 (12) are designs of three BCD adders that we are going to explore in this work. The Compact Adder
values minimizing transistor area and count, a perfect application for low-power settings. The Novel Adder maximizes carry
propagation speed, which allows for faster addition cycles. The Proposed High-Speed BCD Adder, implemented with static
CMOS logic, eliminates redundant correction delays, which improves its efficiency for large-scale decimal computation.

1.4 Aim of the work

Our main aim is to realize dynamic logic implementation of the high-speed BCD adder which has been implemented in
static CMOS logic in the work !?. Our work also aims to further reduction of the power consumption, improving speed, and
minimizing transistor count by employing precharge and evaluate techniques, the proposed design enhances performance while
maintaining the accuracy required for decimal arithmetic. The structures of the other adders!?), !V, (12) which are being used
as part of comparison purpose are discussed in the above section.

1.5 An overview of existing works

This work also consists of implementation of the other works 19,11, (12) a]ong with the proposed BCD adder for comparison
purpose. The overview of the three BCD adders along with the schematic diagrams are discussed below

1.5.1. Compact adder

The Compact Adder in the work 19 is a carry-select adder (CSA) that features a com-pact carry look-ahead unit (CLA) to boost
speed and efficiency in area usage. Conventional carry-select adders achieve quicker addition by precomputing two potential
sums (one with an assumed carry of 0 and the other with 1), then selecting the appropriate output once the actual input carry is
determined. This CLA generates the Pi signal in the same way as the Pi signal is generated in the normal CLA. But the Gi signal
is not required here, and the carry-generation is based on the Pi signal only. The schematic diagram of the compact adder is
shown in the below [Figure 2].

The key specifications of compact adder are:

1. A compact and static CLA unit that reduces propagation delays.
2. An NMOS pass-transistor-based selection circuit, streamlining the design and cutting overall power usage.
3. A multi-output CLA methodology, which allows propagating carry efficiently throughout several adder stages.

1.5.2. Novel adder

The Novel Adder that has been proposed in the work ! takes the concepts of carry look-ahead (CLA) and parallel prefix
adders to further improved critical path delay and power dissipation. The design features an advanced propagate (Pi)-generate
(Gi) mechanism that speeds up the compute of carry while minimizing dependence on traditional ripple carry structures. The
first change in the Novel CLA is substituting the XOR-based propagate function with a NOR-based function, which makes the
circuit simpler and lowers switching power. The second change is using an inverted version of the generate (Gi) signal to further
enhance the logic structure. The schematic of the novel BCD adder consisting of 4 blocks which will be generating the carry at
each stage and carry should be made to integrate with the inputs in order to produce the final sum output. The [Figure 3] shows
the schematic capture of the novel adder.
The key features of the Novel Adder include:
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Fig 2. Compact adder
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Uses a modified CLA method to improve carry computation and generation of propagate and generate signals.

2. The propagate (Pi) logic is implemented using NOR gates instead of XOR gates.

1.5.3. Static Implementation of High-Speed BCD Adder
The Proposed BCD adder high-speed BCD adder in the work!? is implemented using static CMOS technology with an
objective of optimizing speed, power dissipation and circuit complexity. This design is implemented in 45nm, 65nm and 180nm
CMOS technologies and has better power delay product (PDP) and speed than the other BCD adders invented before.

The key specifications for the adder in this work are:

1.

unlike conventional BCD adders which utilizes a correction phase after binary addition, but this new adder uses a two-
level netlist structure with no correction phase and minimized computation delay correction-free design removes the
correction circuitry by generating valid BCD arithmetic computation with minimized delay and enhanced speed better
than conventional correction-based BCD adders.

Two-level netlist structure makes use of two optimized logic blocks called netlistl for middle computation and netlist2
for obtaining final sum and carry enhancing speed.

The first netlist calculates an intermediate value 2 x K by converting the 4-bit inputs A and B into ] and I, where
A= (2x]J)+Ayand B= (2 xI)+ B, where ] and I are 3 bit and K =J + I and are done in NAND-NAND optimized
CMOS implementation. The least significant bit of 2 x K is always 0, making carry detection easy. The intermediate carry
(K3) and even decimal digits (K, K; K) are passed to Netlist2, improving the addition process by positioning the result
correctly for final calculation.

The second netlist computes the intermediate result from Netlistl and input bits A, By, and Cin to produce the final
BCD sum (S5555;S() and carry (Cout). The addition is organized so that 2 x K is properly aligned with the input values
to facilitate correct decimal computation. Employing an optimized NAND-NAND CMOS implementation, Netlist2
accurately calculates all carry and sum combinations with minimal logic depth and enhanced speed.

2 Methodology

The proposed work consists of implementation of the high-speed BCD adder which was implemented in static CMOS logic in
the work !?) into dynamic logic in order to enhance the performance of the BCD adder. The methodology and design are as
follows:

https://www.indjst.org/ 1706
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2.1 Introduction to Dynamic Logic

Dynamic logic is a low-power, high-speed alternative to static CMOS logic, which is widely used in high-performance signal
processing and arithmetic circuits. Unlike static logic, which contains both pull-up (PMOS) and pull-down (NMOS) networks
in every gate dynamic logic involves two distinct phases of operation. They are:

1. Precharge Phase (Clock = 0):

o The PMOS precharge transistor charges the output node to logic high.
o The pull-down network is turned off to stop leakage currents.

2. Evaluation Phase (Clock =1):

o The NMOS evaluate transistor, pull-down network is enabled
« Output goes low to 0. In case the value of pull-down path is high, it stays at high to 1.
o Output is used in the subsequent phase of BCD addition.

The key features of dynamic logic implementation over static logic implementation® are
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1.

2.

3.

Speed Enhancement:

Dynamic logic prevents excess PMOS transistors from being present in the pull up network, preventing capacitive
loading and increased switching speeds. Direct PMOS transitions being avoided also prevent parasitic delays, enabling
the evaluation of logic functions to be done at higher speeds.

Lower Transistor Count:

CMOS logic is having high transistor count than dynamic logic due to the existence of dual networks (pull-down and pull-
up). The dynamic equivalent provides the same functionality with less transistor count, since there exists only needed a
single NMOS pull-down network with a single precharge PMOS transistor per gate. This results in less area consumption,
allowing minimized layout design and reduced power dissipation, as fewer switching elements reduce short-circuit power
dissipation.

Reduced Power Dissipation:

Although dynamic logic dissipates slightly more power per cycle for clocking, the total power dissipation is lower than in
static CMOS when considering the lower per gate capacitance, resulting in lower dynamic power, less redundant switching
activity, optimizing energy utilization under high-speed operation and precharge/evaluation cycle control, lowering the
leakage power.

2.2 Structure of Proposed Dynamic BCD Adder

The [Figure 4] describes the basic topology of dynamic logic which consists of the following elements which regulates the
operation of dynamic logic.

1.

2.

3.

4.

Pull-down network (PDN): It is a network consisting of NMOS transistors which are preserved from the static CMOS
structure but developed further with dynamic logic concepts.

Precharge PMOS transistor: This transistor puts the output into logic high state initially at the start of each clock cycle
which results in charging of the load capacitor.

Evaluation NMOS transistor: This transistor will turn on during the clock high state (logic 1) that Regulates the output
transition in the evaluate phase provides a path for the capacitor to discharge through the pull-down network if the inputs
have been set a path that connects the capacitor to the evaluate transistor.

Parasitic capacitance utilization: The intrinsic capacitance in the layouts of the output node of about 20 fF helps in
maintaining logic levels, minimizing the use of external storage devices.

Vdd

QUTPUT

Input1
—b.
Input1
' Pull-down
! NMOS
i Network
Inputn |

CLK

Fig 4. Basic dynamic logic topology
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2.2.1. Boolean expressions
The boolean expressions that are shown below for the implementation of this adder are taken from another work ” and block
diagram for the dynamic adder is given in the [Figure 5]

A[3:0]
B[3:0]
N N
Netlist1 CLK
Ks Kz K1 Ko
Ca

Fig 5. Block diagram of proposed dynamic BCD adder

From the [Figure 5] we have implemented the BCD adder in two level netlist structure where the first netlist takes the inputs
Ag A, A from the input A and B; B, B, from input B and produces the outputs K5 Ky K, K. Similarly, the second netlist
takes the LSB’s of input A and B, input carry C,,, and the outputs of the first netlist K5 Ky K; K as inputs which produces the
final 4-bit sum and output carry C_,,;

The Boolean expressions for netlist 1 outputs are given by

Ko=X0.X;.X0.X3.X4.X5.X6.X7
El :EO'Xﬁ-XgXl(LXnglQ'Xl&X?
52 :El4~§15~§16-£17~§18 _

Ks=X,9.X59-X51-X95.X53.X54.X- and the boolean expressions for the intermediate X terms are given by

Xy =A3A5A,B;B, X; =A;B3B,B;

X, =A3A,B,B;, Xz =A,A;B,B,;

X, =A,A;B,B;, Xg=A,A4,B,

X = A3ByB, X, = A3Bs

Xg =A5B3ByB;  Xg=A3A4,B,B,

Xj0=Ap4,B,yB, Xi; = AzA;ByBy

Xip = AzA By X3 =A3B2B;

Xi4 = A3é2A1P3 X5 = A3B3§2B1

X16 :§2A13231 Xy7 = AgA1ByB,y

X1 = AA;ByBy Xj9 = AgA1By

Xap = A2A1§3 Xo1 = AzBoBy

Xo3 = A3ByBy Xo3 =A1B3

Xa4 = A3By

Similarly, the Boolean expressions for netlist 2 outputs are given by
S1=Y,.Y5.Y4.Y,.Ys. Yy,
S2=Y10-Y11-Y12-Y13.-Y14.Y15- Y16,
S3=Y17.Y18.Y19.Y50.Y21. Yoo,

Cout = Ya3.Y04.Yo5.Yo4, and the Boolean expressions for the intermediate Y terms are given by
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Yo = CinéoBo Y, =CinAgBg
Yo = gnéoBo Y3 =CijpApBg
Yo =FKoKoCing,  Y,-%,%,C, A,

Y = XQXOAOBO Y, = KOXOEO

Yg = Kg CinBo Yy = KOCirﬂo

Y10 = 51K0CinBO Y= K1K0§inA0
Yo = KlKoéoBo Yi3= IilginBo

Y14 =K CinAg Y15 =KiA0By

Y6 =K K Y17 =K KoCipBg

Y8 = KlKo(ﬁnAo Y9 = K1ISOAOBO
Y30 = KyCipBo Yo1 = KoCipAo

Yo =KA0Bg Y3 =KaCipBo

Y24 =KoCinhg Yo5 = KaA0By

Y5 =K3

2.2.2. Schematic diagrams
The schematics for the above boolean expressions are drawn in [Figure 6, 7] and the simulation of the schematics will be
explained in the implementation section. These schematics below are implemented using dynamic logic which is having a
precharge transistor at top and an evaluation transistor at the bottom. The first netlist takes the inputs A3 A, A; from the
input A and B B, B, from input B and produces the outputs K5 K5 K; K. The schematics of K5 K, K; K are shown in the
[Figure 6].

Similarly, the second netlist takes the LSB’s of input A and B, input carry C,,,, and the outputs of the first netlist K5 K5 K;
K, as inputs which produces the final 4-bit sum S5 S5 S; Sy and output carry C The schematics of Sg Sy S; S are shown
in the below [Figure 7].

out:*

2.3 Implementation

The proposed dynamic logic-based BCD adder is designed and simulated with DSCH for schematics creation and Verilog
files are also generated which are compiled using microwind 3.9 for layout design and performance simulation. The circuit is
implemented using 45nm CMOS technology, which makes it compatible with today’s low-power, high-speed applications. Then
the layouts of the adders are compiled and obtained the transient analysis and checked for various combinations of the inputs
and verified the outputs

The layout goes through DRC (Design Rule Check) verification to ensure that it adheres to the 45nm fabrication rules. The
circuit is subsequently simulated under various conditions in order to study its electrical parameters, such as propagation delay,
power dissipation, and transient response. The transistor count of the adder is obtained through extracting the layout which
gives the PMOS and NMOS transistor count. The height, width, and the surface area of the layout also obtained through the
extraction.

For the purpose of analysing the performance parameters like propagation delay and power dissipation are observed under
different conditions. The operating voltage is set to 1V, and the results are obtained through the performance analysis in the
analysis section. Similarly, the thermal stability of the circuit is assessed by varying temperature from -40°C to 120°C and
the reading of the power dissipation and delay are obtained. The simulated results obtained are helpful in understanding the
efficiency of the dynamic logic design in high-speed arithmetic circuits which are very much required in many operations in
digital systems.

3 Results and Discussion

The parameter readings are taken through the transient analysis of the BCD adder by compiling its layout using microwind 3.9
software. The parameters like propagation delay, power dissipation were taken at the time of simulation and the surface area
and transistor count were taken in the general properties section.

For a clear understanding of how our adder outperforms all the three remaining adders' ). We will discuss each
parameter using data visualization and will discuss about the percentage of the performance. We will rename the adders with
some symbols for better understanding in the data visualizations shown in the [Figures 8, 9, 10]. The data visualizations are
made using clustered columns for delay, power, power delay product (PDP), transistor count, and area.

10) (11) (12
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The following [Table 1] shows the symbolic representation of the four BCD adders which makes to understand the
comparison between other adders and proposed adder using the data visualizations shown in the [Figure 8, 9, 10].

Table 1. Symbols used to refer the four BCD adders for comparison purpose

BCD Adder Symbol
Compact Adder 19 ADD;
Novel Adder V) ADD,,
High-speed BCD Adder (Static) ' ADDj4
Proposed Dynamic BCD Adder Proposed

The clustered column representation in the [Figures 8, 9] shows the power dissipation which is measured in yW and
visualized in multiple of 10 W, propagation delay which is measured in ps which has been taken from LSB of the input to
the MSB of the final sum output of the BCD adder, and the product of the power dissipation and the delay called power delay
product which is the most crucial parameter of any digital circuit which is measured in f]. The less the power delay product
more efficient the circuit will be. The final readings depicts that our dynamic logic implemented adder outperforms all the three
adders with a power delay product (PDP) of 14.75 f] when compared to 72.07 ], 80.48 {], and 50.92 {] PDP for other works.

Performance parameters

o~
uw
- 0
140 =
~
[=1] - [=:]
120 o 2
S ~
= o o
100 S = k- o
N Q o 2
80 ~ N no @
0 - - 8 ooy
< @ w
60 R 5 &
@ ~
) o o0
40 0
<
20 -
0
ADDy ADD, ADD, Proposed
W Power dissipation (x 10pW) Delay (ps) Power delay product (fJ)

Fig 8. Power dissipation, Delay, PDP of BCD adders

The performance parameters are shown in the below [Figures 9(a), 9(b), 9(c), 9(d)]

Similarly, from the [Figure 9(b) and 9(c)] the power dissipation of high-speed dynamic BCD adder dissipates 43% less power
and 62% more speeder when compared to compact adder, dissipates 67% less power and 43% more speeder when compared to
novel adder, dissipates 59% less power and 30% more speeder when compared to static implementation of high-speed adder.
The only limitation of the proposed adder is it consumes 119% more area, and 239 more transistors required when compared to
compact adder, also consumes 23% more area and 48 more transistors required when compared to novel adder, but it completely
outperforms the static implementation of the adder in all aspects of comparison with 25% less area and 124 less transistors.
Although area can be minimized using various techniques in the technological era of digital systems, the proposed adder is
superior among all the adders we have discussed above.

In order to check the stability and robustness of the BCD adder due to temperature variation, we also performed the
temperature analysis where the values of power dissipation and delay were measured with varying temperature. The temperature
variation range is from -40 °C to 120 °C. The results shown in the [Figure 10(a), 10(b)] are taken from the parametric analysis
for checking the stability of the BCD adder circuit.

The data visualization of the power dissipation with varying temperature which is measured in W is shown in [Figure 10(a)],
Similarly, the data visualization of the delay with varying temperature which is measured in ps is shown in [Figure 10(b)].

The [Figure 10] depicts that the dynamic logic implementation of the BCD adder that we have built is stable and robust to
temperature variation. From the [Figure 10(a), 10(b)] the proposed adder shows a better performance in power dissipation and
delay than other works !9, (1), (12) even with the variation of temperature showcasing its temperature stability and robustness.
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4 Conclusion

This paper proposed a dynamic logic-based design of a high-speed BCD adder which makes it a better choice for performing
decimal arithmetic operations. The novelty of this work lies in realizing an optimized static BCD architecture into dynamic logic
using a two-level netlist structure with optimized speed by 30%, power minimization by 59%, and occupies 25% less area and
124 less transistors required compared to static CMOS BCD adder, maintaining its logic efficiency, while reducing complexity.

Compared to existing designs such as the Compact Adder!?), Novel Adder!?, and Static CMOS BCD Adder?, our
proposed BCD adder completely outperforms in terms of power dissipation, delay, power-delay product (PDP), and transistor
efficiency. Lack of correction circuit and carry propagation optimization further improve its ability for high-speed arithmetic
computations. The dynamic adder also exhibits thermal robustness, maintaining stability across a temperature range of -40°C
to 120°C.

In addition to that, improvements can be made further by extending the architecture to multi-digit BCD adders by cascading
the single digit BCD adders making it reliable for more advanced and complex operations. We can also implement various
pipelining strategies to improve speed and allowing faster carry propagation. We can also map the design onto FPGA or ASIC
implementations for developing various applications where the decimal arithmetic is required. In addition, the application of
modern techniques like adiabatic logic, FInFET technology to this dynamic adder would further minimize power dissipation,
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Power dissipation (mW) in Temperature Variation
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Fig 10. Temperature analysis (a)Power dissipation in Temperature Variation (b) Delay in Temperature Variation

maximize speed and improve performance showcasing the design more appropriate for low-power, high-speed arithmetic
applications which are required in financial and scientific computing systems.
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