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This paper presents an improved 32-bit conditional sum adder. Due to architectural
modification, the improved adder only selects and transmits carry signals; it therefore is
named conditional carry adder (CCA). This 32-bit adder focuses on reducing the num-
bers of internal nodes and logical gates, while maintaining high speed. The 32-bit condi-
tional sum adder uses 186 multiplexers, and the proposed 32-bit CCA only uses 129
multiplexers. Consequently, the proposed adder is attractive for use in low-power arith-
metic systems. Conventiona single-end static CMOS and differential-end CPL circuits
were used to implement and compare the proposed 32-bit CCA. Experimental and con-
trol chips were designed and fabricated using 0.5um CMOS technology. Simulations and
measurements under various supply voltages showed that the 32-bit CCA achieved high
performance in low-voltage high-speed applications.

Keywords: 32-bit, differential-end logic, pass-transistor logic, conditional sum adder,
carry select adder, low-voltage, high-speed, CMOS design

1. INTRODUCTION

High-performance digital signal processing (DSP) systems require both efficient
methods for processing data as well as for building architectures that support faster op-
eration, and low power dissipation to enable data to be processed in real-time [1]. Fast
binary addition is essential to modern DSP systems. However, in an n-bit adder, a propa-
gation of the carry always occurs. The ripple carry addition rule makes possible the sim-
plest circuit structure designs and the longest delay among all adders [2]. To avoid the
linear growth problem with the ripple carry delay, the carries in a carry lookahead adder
(CLA) can be generated in parallel and fed to all carry generators with acarry in asignal
[3]. But the number of stacked MOS transistors increases with the height of the carry bit.
So the delay of the highest carry bit will limit the speed performance of the CLA. Hence,
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the bit-length of a CLA module is limited to only four bits. This scheme is the most
common one in cell-based IC design, but it is area-consuming and involves a regular
layout [3, 4]. Although the propagation delay of a CLA has been reduced, it remains
proportional to the bit length.

Another approach to increasing the operation speed that expends area in favor of
speed isto use a carry-select adder. The carry-select adder computes two versions of the
addition with different carry-ins, and then selects the right one. The construction of such
pairsis repeated for a 4-bit adder module; thus, the propagation delay of this carry select
adder is reduced to that of n/4 adder modules. The previous carry selects the appropriate
sum using a multiplexer gate. The delay time of each module is only a multiplexer delay,
so each module is faster than the CLA unit. The speed of the carry select adder can be
improved by adding more adders and multiplexers. However, the carry select adder con-
tains at least a pair of m-bit adders in each m-bit module. Thus, the construction is eased
at the cost of increased layout area [5]. Recently, some improved conditional carry de-
signs based on the carry select adder have been presented [6-8], but they remain re-
stricted to carry-select propagation. These designs have complex carry-select networks
and irregular structures [9]. The circuit complexities of these designs all are higher than
those of the classic conditional-sum adder.

The conditional sum adder (CSA) has been shown to achieve the highest perform-
ance than other adders used in high-speed applications [10, 11]. The CSA uses a large
number of multiplexer gates to accelerate the operation speed. However, this makes the
network tree of the multiplexer larger and more irregular. In high-speed adder designs,
the fan out limitation may seriously degrade the estimated addition speed. The CMOS
processis mainly used, so this limitation causes the CSA circuits to exhibit alarge layout
area, alonger delay in the multiplexer tree and greater power dissipation. This problem is
exacerbated as the bit-length of the addition rises.

In this paper, a modified adder scheme, the 32-bit conditional carry adder (CCA), is
proposed for high-speed applications. This paper on the improved adder presents a modi-
fied conditional sum addition rule [10]. It can be used to reduce the numbers of internal
nodes and multiplexers in the adder. Therefore, the proposed CCA has a smaller capaci-
tive load, less power dissipation, and a higher operating speed. The static CMOS logic
circuit and the CPL circuit [12] were used to implement this novel 32-bit adder structures.
The simulated supply voltage was changed from 3.3V to 1.5V. Experimental chips were
designed and fabricated using 0.5um Double Polysilicon Double Metal (DPDM) CMOS
technology. It was found that the proposed CCA has a smaller layout area and higher
operation speed than the CSA design. The paper is divided into four additional sections.
Section 2 describes the structure of the conditional sum adder. Section 3 explains the
architecture of the proposed 32-bit CCA. Section 4 presents 32-bit circuit implementa-
tions and measurements of both the CSA and the proposed CCA. The final section gives
concluding remarks.

2.32-BIT CONDITIONAL SUM ADDER STRUCTURE

The conditional sum addition rules solve the carry propagation problem [11, 13, 14].
This adder generates all possible carriers and then uses them to simultaneously select the
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Fig. 1. Conditional sum addition rule.

true sum outputs from two provisional sums. Fig. 1 displays the 8-bit conditional sum
addition rule; the arrows mark the actual carries that are generated between sections. Ad-
ditions are processed simultaneously and independently on all sections. Fig. 2 shows a
schematic diagram and the critical carry delay path of the 8-bit conditional sum adder.
Sequences of possible sum output selections are performed to generate the true sum out-
put. When Ci.; = 0, the sum signal can be expressedas § =A @ B, @ 0= A @ B;. When
Cii=1,thesum signad can beexpresssd asS = A @B @ 1= A®B = A O B.
Two-to-one multiplexers implement the selection procedure completely. The shading
multiplexers reveal that most of the multiplexers are used in the sum selection procedure.
The equation for calculating the number of MUX gatesin a2"-bit CSA is asfollows:

i(zN-" +(2" -1 = zszN —oNnyon_g (1)
=1 =1

For example, the number of multiplexer gatesin 8-bit (2°-bit) CSAsis28 (=2 x 7 +
3 x 3+ 5x 1), respectively. The critical path of the 8-bit CSA is from Ay/By to C;, and it
occurs when the input is (Ao ~ A7) = (1, 0 ~ 0); (By ~ B7) = (1 ~ 1). Thisinvolves gate
delays in three stages of multiplexers. The C; bit must drive five 2-to-1 multiplexers;
thus, the CMOS fan out limit is approached. The multiplexer network tree of the CSA is
clearly large and irregular. The speed performance of the CSA is limited by the complex
multiplexer network tree.



978

A7
B7

A6
B6

A5
B5

A4
B4

A3
B3

A2
B2

Al
B1

AO
BO

Fig. 2. Circuit and critical delay path of the 8-bit conditional sum adder (CSA).
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3. PROPOSED 32-BIT CONDITIONAL CARRY ADDER SCHEME
3.1 Construction of the 32-Bit Conditional Carry Adder (CCA)

For reducing the internal capacitive load of the multiplexer network, the 2:1 multi-
plexers for sum signal selection are removed, as shown in Fig. 3. The number of remain-
ing multiplexer gates is only 11. The formula for calculating the remaining multiplexer

N
gates of the N-bit CSA is 2(2n — 1), whereN=log,n. Fig. 4 presents a schematic
n=1
diagram and the critical delay path of the 8-bit conditional carry adder. The structure of
the CCA includes three parts. a carry generation module, a conditional carry reduction
unit, and XOR gates for the final sum outputs. The carry generation module generates all
possible carry output signals.
The conditional carry unit is used for the carry output selections of every bit. After
the number of multiplexers is reduced, the circuit shown in Fig. 3 only generates Co, C,,
Cs, and C;. Hence, the carry unit must supply some 2:1 multiplexersin order to select the
other carry bits, C,, C4, Cs, and Cq. This conditional carry unit is still implemented by
means of 2:1 multiplexers, as depicted in Fig. 4. When C; = 0, the carry signal can be
expressed as C; = AB; + (A + B) - 0 = AB;.. And when C; = 1, the carry signal can be
expressed as G = AB; + (A + B) - 1= A + B;. Thus, the carry generation module of every
bit only contains a 2-input AND gate and a 2-input OR gate. The total number of multi-
plexer gatesin the 2"-hit CCA is calculated as follows:

N N
22" N2 -1 =32" - 2", where N = logn. &

n=1 n=1

No sum signals are selected in the unit; the proposed CCA saves 11 (= 28 — 17)
multiplexers. Hence, the capacitive load of the multiplexer network of the CCA must be
less than that of the CSA. The 3-input XOR gates are used to execute the final sum out-
puts. Fig. 4 reveals that an XOR function of the carry out and partial sum signal is re-
quired to generate the final sum outputs. The sum output signal can be expresseed as S
=(A+1 @ B+ © C =Py © Ci. Here, C isthe selected signal of the final carry out.

The critical path carry of the 8-bit CCA also extends from Ay/B, to C;. This occurs
when theinput is (Ay ~ A7) = (1, 0~ 0); (Bo ~ B;) = (1 ~ 1), which still involves gate de-
lays of three stages of multiplexers. Fig. 5 shows the proposed conditional carry addition
rule, which is an improvement of the conditional-sum addition rule. The improved addi-
tion rule can reduce the number on multiplexer gates in the conditional sum adders. The
generated distant carriers are used to select the true carry outputs from two provisional
carriers simultaneously under different carry input conditions. The arrows indicate the
actual carriers formed between sections. The carries are generated simultaneously and
independently on all sections.
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Fig. 5. Conditional carry addition rule.

3.2 Comparison of the CSA and CCA

The main difference between the proposed conditional carry addition rule and the
conditional sum addition rule is that only carry signals are generated and selected in the
multiplexer network tree in the CCA. Therefore, the capacitive load of the multiplexers
in each network reduction step is markedly reduced, leading to high operation speed, low
power dissipation and low hardware overhead. Moreover, the number of network re-
duction steps of the CCA is the same as that of the CSA, implying that the operation
speed of the CCA is faster than that of the CSA during the multiplexer network reduc-
tion process.

The difference between the CSA and the CCA in terms of the conditional carry unit
isthat al shaded multiplexers are removed from the CSA in order to select sum bits, as
shown in Fig. 2. Originally the sum output of the critical path of 8-bit CSA is,

S, = Gl(C - CO+C2-CA(CE- S0 +C2- Sh)+(CY - €L +CY - CLY(CE- 0 +CL- Sh]

+ Cyl(C]-C+Ch-Cl)(CD- S0 +C2- S+ (Ch-CO+Ch - ChY(CE- 9 +CL- Sh).
)

In the proposed CCA, the XOR gates are simply moved from the front-end to the
back-end. Now the sum output of the critical path of the 8-bit proposed CCA is,

S, = SP@{C,[(CS-C2+C2-C) CO+(CP-C2+CP-C) C]
+ C,[(Cl-C2+CL-Cl) C2+(Ci-Cl+C-C) L} (4)

The transistor count of the conditional unit of the CSA is84p + 84n (= 28 x 3), and
the transistor count of the conditional carry unit of the proposed CCA is51p + 51n (= 17
x 3). Table 1 presents the numbers of 2-to-1 multiplexers used in the n-bit conditional
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Table 1. Comparisons of multiplexer numbers.

Num. of 2-to-1 MUX gates
n-bit adder CSA CCA
8 28 17 (60.7%)
16 75 49 (65.3%)
32 186 129 (69.4%)
64 441 321 (72.8%)
128 1,016 769 (75.7%)

sum adder (CSA) and the n-hit proposed conditional carry adder (CCA) [10]. The 32-bit
CSA needs 186 multiplexers, while the proposed 32-bit CCA needs only 129 multiplex-
ers. The 32-bit conditional carry unit processes fewer signals than the 32-bit conditional
sum adder during the same five conditional selection steps, potentially saving 57 multi-
plexers and reducing the number of internal nodes, and the internal parasitic capacitive
load. Accordingly, the operation speed and power dissipation are both improved.

4.32-BIT CIRCUIT IMPLEMENTATION AND MEASUREMENT RESULTS

The increased use of pass-transistor logic is a trend in low-power digital design.
Based on pass-transistor logic, complementary pass-transistor logic (CPL) is very suit-
able for low-power low-voltage differential-end applications [10, 15, 16]. Fig. 6 shows a
schematic diagram of the differential-end 2-to-1 multiplexer using CPL. CPL is based on
the use of NMOS multiplexers to construct logic functions because halving the capaci-
tance halves the level of transient power dissipation. Input signals are typically applied to
both the gate and source/drain connections of MOS transistors, with the output taken
from the other side. NMOS transistors are arranged in arrays that provide gate-level
functions. Typically, CPL employs a PMOS cross-coupled latch to regenerate full volt-
age swing complementary signals from the CPL logic tree, and two static inverters are
used to drive the following stages. Therefore, the need for additional buffer circuits is
lower than it is for the static CMOS circuit. In addition, the complementary output sig-
nals can be obtained simultaneously, thus greatly reducing the skew problem.

Both the conventional single-end static CMOS circuit and the differential-end CPL
circuit were used to implement and compare the 32-bit CSA and CCA. The proposed
CCA clearly has a smaller layout area than the CSA. The implementations of the adder
chip were based upon UMC 0.5um Double-layer Polysilicon Double-layer Metal
(DPDM) CMOS Process technology. Table 2 compares the layout areas of the adder de-
signs. Compared with the 32-bit CSA, the improved 32-bit CCA architecture imple-
mented with the static CMOS circuit reduces the number of internal nodes, the parasitic
capacitive load, and the power dissipation, thus lowering the layout area by 17.8% and
the delay time (by over 20% at alow voltage). The improved differential-end 32-bit CCA
architecture implemented with the CPL again reduces the number of internal nodes, the
parasitic capacitive load and the power dissipation, thus reducing the layout area by
23.6%, and resulting in amost equal delay times.
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Table 2. Layout area comparison.

Proposed 32-bit CCA Classic 32-bit CSA [11, 13]
Static CPL Static CPL
(single-end) (differential-end) (single-end) (differential-end)
920 x 460 um?® | 905x 550 um? | 920x 560 um?® | 905 x 720 um?

The proposed 32-bit CCA and conventional 32-bit CSA structures were completely
designed and simulated using CPL and static CMOS logic. The simulated adder designs
were based upon 0.5um DPDM CMOS process technology. The simulated supply volt-
ages varied from 1.5V to 3.3V. Both the 32-bit CSAs and 32-bit CCAs had the same
critical carry path: ¢cO — ¢1 — ¢3 — ¢7 — ¢15 — c31 at an input of (Ag ~ As;) = (1,0 ~
0); (Bg ~ Ba1) = (1 ~ 1). Careful design and key patterns were considered in the experi-
ment, and control chips were used to measure the critical delay and power dissipation.
Fig. 7 compares of the worst delays of the 32-bit CSAs and CCAs. Fig. 8 compares their
power-delay products. In the post-layout simulations, the proposed 32-bit CCA exhibited
fewer delays and used less energy than the 32-bit CSA, with either the single-end CMOS
or differential-end CPL circuit.

Fig. 9 compares the worst delays of the 32-bit CSAs and CCAs; Fig. 10 compares
their power-delay products. When supply voltage was between 2.2V and 3.3V, the CCA
implemented with the static CMOS circuit was faster than the CCA implemented with
the CPL circuit. When the supply voltage was between 1.5V and 2.2V, the CPL version
had better performance. When the power supply approached 1.5V, the voltage delivered
from the NMOS logic tree of the CPL circuit, Vdd — Vtn, became too small. This caused
a longer delay, thereby canceling out the desired benefit. Table 3 compares the worst
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Table 3. Comparison of various conditional carry/carry select adders.

Adder Vop Tech. Sim. delay/(meas.)
32-bit CSA using static CMOS 3av | o4 3.38/(7.03) ns
Proposed 32-bit CCA using static CMOS | 3.3V ga"én; 2.73/(6.09) ns
32-bit CSA using CPL 33V gf/gg 4.05/(5.32) ns
Proposed 32-bit CCA using CPL 3av | o4 3.70/(4.42) ns
Proposed 32-hit CCA using CPL 3.3V 06356‘21 2.10ns
. 1.0 um
32-bit HSAC [9] (2002) YR I 40ns
32-hit [7] (1997) sv | S 3.28ns
. 0.8 um
16-hit SICNB CCS|[8] (2000) 1sv | 254 1456 ns

propagation delay of the CSA and the proposed CCA under standard supply voltage. It
also shows data for various static conditional carry/carry select adders. Comparing the
simulated data with the measurements indicates that inaccuracies in the simulation re-
sulted mainly from the input/output pads and the package. The measurements revealed
that the proposed 32-bit CCAs exhibited fewer delays and used less power than the
32-bit CSAs, and that the proposed 32-bit CCAs achieved better power-delay perform-
ance than the 32-bit CSAs, with either CMOS or CPL circuits implemented.

5. CONCLUDING REMARKS

This work has presented improved 32-bit conditional sum adders for high-speed
low-power applications. The original 32-bit conditional sum adder uses 186 multiplexers,
while the proposed 32-hit conditional carry adder (CCA) uses only 129 multiplexers, and
the positions of the XOR gates are simply moved from the front-end to the back-end. The
capacitance of the multiplexer network tree is therefore reduced, yielding benefits in
power consumption and operation speed. Classical single-end CMOS and differential-
end CPL circuits were utilized to implement the proposed 32-bit CCA scheme. It was
found that the proposed adders always outperformed the old ones in these circuit imple-
mentations. The results of HSPICE post-layout simulations and measurements of the
experimenta chips indicate that these improved 32-bit adders can reduce the power-
delay product by 10% to 25% and reduce the layout area of the CSA by about 20%.
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