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Abstract

Adders are some of the most critical data path
circuits requiring considerable design effort in order
to “squeeze” out as much performance gain as
possible.  Many adder designs manage high
performance by reducing the delay of the critical path,
an effort that results in high area overhead in most
cases. In this paper we present a carry lookahead
adder (CLA) with a prediction scheme that results in
improved performance and low area overhead. Carry
prediction enables for the reduction of the carry
circuitry within a block while reducing the delay
involved in the generation of the carry-out to the
subsequent blocks. We have performed simulations of a
16-bit adder and recorded performance improvements
of 67% in propagating the carry and generating the
sum when compared with the traditional (fixed group-
4) CLA designed in the same technology.

Keywords - carry lookahead, high-performance, adder
architecture, carry prediction, area overhead.

1. Introduction

High performance data path circuits continue to be a
topic of interest more so as technologies are scaled to
the nanometer regime. Adders fall under this group and
have been the subject of in-depth analysis for decades.
Careful optimization of adders and other data path
circuits will grow in importance as methods to reduce
power dissipation while maintaining or improving
performance are sought. Optimization can be
performed at the architectural, logic and/or circuit
levels. There exist numerous adder implementations
each with good attributes and some drawbacks.
Examples include ripple carry adders, carry lookahead

adders, carry skip adders, and carry select adders [1]
just to name a few and each has numerous variants
designed to enhance performance. The advent of wide
data paths requiring upwards of 64-bit additions has
further intensified the need for adder optimization. As
the number of input bits increases so does the delay to
propagate the carry from the least significant bit
additions to the most significant bit positions to enable
generation of the final sum. The desire to reduce the
delays associated with carry propagation has resulted in
novel adder architectures and implementations [2], [3],
[4]. The emergency of new devices such as single
electron transistors, resonant tunneling diodes,
molecular devices, etc will also see major efforts
towards the design of novel high performance data path
circuits [5], [6].

In this paper we present two approaches that can be
employed to reduce the carry propagation through wide
data paths. As proof of concept we base our scheme on
a 16-bit carry lookahead adder (CLA) and show that
even as the number of input bits increase the carry
propagation can still be effectively reduced. We
attempt to predict the carry signal for any given inputs
at the same time the generate and propagate terms of a
carry lookahead adder are computed. It is shown in [1]
that the logic terms required for the generation of the
carry signals in parallel at every bit position becomes
prohibitively large as the number of input bits
increases. It is suggested that to reduce the fan-in of the
AND gates required to implement these carry-out terms
it is best to partition the adder into 4-bit blocks. We
have thus taken this approach in our carry prediction
scheme.

In Section 2 of this paper we discuss the carry
lookahead adder with fixed 4-bit blocks and also
examine the structure of the CLA with a prediction
scheme. The adder equations are presented along with
the equation for the prediction logic. The results of our



study are presented in Section 3 while Section 4 has
some concluding remarks.

2. Carry Propagation Optimization

In this section we discuss the fixed group-4 propagate
and generate carry lookahead adder on which we base
our prediction scheme and the new CLA with carry
prediction. The logic equations describing the carry out
signals generated per bit position show that these
signals are produced in parallel [1], however, there is a
ripple effect when the sums of the subsequent blocks
have to be generated. This is so because the carry-out
generated by the 4™ bit position of a 4-bit block needs
to be propagated to become part of the inputs to the
next block. The cascading effect of the carry-out leads
to considerable delays. The standard carry lookahead
adder equations that dictate if the carry will be
generated or propagated culminating in the sum being
generated are reproduced here just for convenience.

We use g,=a,®b, andp,=a, ®b,, where

g and D, are respectively generate and propagate
signals with a, and b, being inputs at bit position i.

The sum is given by:

s;=c¢,_ Da, ®b, (1)
while the carry of the i ™ bit stage is:
C; =8 Tpi ®c,y 2

Equation 2 when expanded becomes:
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It is common knowledge that the size and fan-in of
the gates needed to implement the carry-lookahead
scheme increases as the number of input bits grows.
Limiting the carry lookahead to four stage blocks
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allows for breaking the resultant delay in carry
generation. This is the approach taken in this paper.
Expanding equation 2 makes it apparent that each
carry bit can be generated independent of the previous
carry (equation 3), however, each sum bit depends on
the value of the previous carry bit. This observation has
led to layered implementations of carry lookahead

adders with the first layer producing the g, and P;

terms, the second layer producing the carry bits and the
third layer producing the sum. Arranging the adder in
this form lends itself well to pipelining, however, as
aforementioned an increase in the number of inputs
leads to a long delay due to an increase in the number
of logic gates required to generate the carry and the
dependency of the sum on the carry of the previous bit

positions. The fourth carry (c¢;) for instance will
require four AND gates, with one having a fan-in of 4
and one 5-input OR gate. The fifth carry (¢, ) will have

6 AND gates (one having a fan-in of 6). The
description above does not necessarily dictate that the
hardware to implement these logic terms must include
the number of gates cited. Many innovative ways of
breaking this delay and enhancing the performance of
adder circuits have been developed and used over the
years. Performance has further been improved owing to
the capability to scale transistors [7], [8].

2.1. Ripple Carry Lookahead

The basic implementation of carry lookahead adders
has involved limiting the carry generation circuitry to
only produce up to the 4™ carry bit per block (fixed
group-4). This scheme is shown in Figure 1.
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Fig. 1 Three level block diagram of 16-bit CLA without the prediction



Blocks are therefore, cascaded together in a ripple
carry adder fashion such that the 4™ carry bit of each
block is the carry input to the succeeding block.
Therefore, the 4™ carry bit of the 1% block will be the
carry input to the 2" block while the 8" carry bit of the
2" block will be the carry input to the 3 block, and so
on. This approach results in a ripple effect. The inputs
of all the blocks are presented at the same time,
enabling each block to commence addition in parallel,
however block 1 has to wait for block 0 to produce a
carry, similarly block 2 waits on block 1, resulting in a
ripple effect as the most significant carry signals of
each block must be available as input to the next stage.
The focus of many researchers has been to reduce this
carry propagation delay in order to improve
performance as discussed in [2], [3], [9].

2.2. Carry Prediction Scheme

We have designed a carry lookahead adder that
attempts to break the ripple effect of the carry signal by
predicting the value of the carry-out each block has to
propagate to its nearest neighbor. The prediction
scheme accepts the inputs at the same layer or gate
level as the propagate and generate circuitry and
determines if the next block will receive a carry-in of
one or zero and provides this carry long before the
carry generating block can evaluate this condition. This
permits the next block to start adding the received
inputs without having to wait for its previous neighbor
to produce its most significant carry-out. Our
prediction scheme is achieved by considering the upper
three bits of both addends at each 4-bit block. Their
logic values enable for early detection of what the
carry-in of the next block will be. The expression
derived to perform this detection is provided in
equation 4 and is somewhat similar to the logic used
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for propagate and kill signals for the Manchester carry

lookahead adder [8]. The representative logic
expression for the prediction logic is given by:
C,, =ab,+a,b,®(a, +b;) @

+a,b, ®*(a,a, +b,b, +a,b, +b,a,)

This expression obviously has many ANDed terms
and requires a maximum fan-in of 4; however, the carry
prediction still takes place much earlier than the
computed carry at the second layer of the CLA. It is
also noted that the advantage is that prediction takes
place at the same time propagate and generate signals
required to produce the carry are computed. The fan-in
of the OR gate also gets large. We show a block
diagram of this scheme in Figure 2. The figure shows
that the predicted carry is multiplexed with the 1% bit
carry instead of the 4™ bit carry. This results from the
observation that whenever a prediction cannot be made
the resulting 4™ bit carry-out has the same logic level as
the 1% carry-out bit. Implementing the prediction
scheme in this manner results in the elimination of
circuitry required to generate the 4™ carry. The 1% bit
carry-out requires less circuitry to generate and can
thus be propagated very fast to the next block.

Using the three upper bit pairs result in a situation
in which only 8 out of the 64 possible cases cannot
predict the carry-out required for the next block. These
cases are shown in Table 1. In the event that the carry-
out cannot be predicted, the scheme relies on

P P, and P5 to notify the system that prediction

could not be made in which case the next block is made
to wait for the computed carry-out, thus the worst case
operation is encountered. This worst case delay is
better than the one encountered if the approach of
Figure 1 is used because the 1% carry bit is propagated
instead of the 4"
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Fig. 2 Three level block diagram of CLA with carry-out prediction based on three upper bits



As stated earlier the 1% carry requires less circuitry to
generate and is thus available much earlier than the 4"
carry. We show the performance gain due to this
approach in the next section.

Table 1. Carry-out cannot be predicted with
any of these input combination

43 bs a by a4 b,
0 1 0 1 0 1
0 1 0 1 1 0
0 1 1 0 0 1
0 1 1 0 1 0
1 0 0 1 0 1
1 0 0 1 1 0
1 0 1 0 0 1
1 0 1 0 1 0

If the current block (the one whose carry-in could
not be predicted) can make a prediction of its most
significant carry out, the next block can perform its
computations without being affected by its preceding
neighbor. This scenario still has some considerable
advantage in terms of performance. The worst case
operation occurs when no CLA block can make a
prediction therefore propagating the carry-out of the
adder to the next block. In contrast, in the event that
prediction can be made, any CLA block whose carry-
input was predicted from the previous block will
execute in parallel. Thus, the best case operation is one
in which all blocks can predict and the delay is
approximately equivalent to that of one 4-bit CLA
block If we consider that the input patterns have an
equal probability to occur we can show that only 12.5%
of the time prediction would not be achieved and we
default to worse case. We thus have 87.5% of operation
with the capability to make prediction. This leads to
considerable performance improvement.

The prediction circuitry dictates that there be a
multiplexer in the design in order to enable for a
selection between the predicted carry and the computed
carry in the event that prediction cannot be made. The
circuitry designed to control the multiplexer is at the
level of the carry-out generation circuitry, but can be
designed using a single 3-input NAND gate enabling
this control signal to be generated much earlier than the
carry-out can be computed.

3. Results

Simulation results of a 16-bit carry lookahead adder
have been performed with the carry prediction scheme

being implemented in pseudo NMOS. Functionality of
the scheme was proved mathematically as well as by
evaluating simulations. Performance analysis involved
evaluating all possible cases that could result in
performance degradation. It must be pointed out that
performance optimization at transistor level has not
been as aggressive as has been reported in [9]. We
have not taken advantage of transistor sizing as the
focus has been to ensure that the prediction scheme has
some benefits. The simulation results were compared to
those of a carry lookahead adder without a prediction
scheme. Figure 3 shows the delays measured from the
adder without the carry-out prediction logic, this delay
is for only one transition between blocks. We examine
what it takes to propagate the carry signal through the
critical path and we show these delays in the figure.
After the inputs change it takes 3.083 ns for the sum to
be computed. If we consider the CLA with a prediction
scheme and propagate the 4™ carry-out as input to the
next block in the event that a prediction cannot be
made, the delay becomes longer because of the
additional circuitry particularly the multiplexer. The
recorded delay is 3.501 ns and this approach is not
evaluated any further since the performance gains are
negated when prediction cannot be made.

If the CLA with a prediction scheme that considers
propagating the 1% carry-out in the event that prediction
cannot be made is considered, a delay of 2.382 ns is
recorded. These are worse case delays when the full
16-bit addition is performed for the three
implementations (no prediction, propagating block’s 4"
bit carry-out when prediction fails and propagating the
1** bit carry-out when prediction fails). The prediction
scheme in which the 1% carry bit is forwarded shows a
22% improvement over the case when no prediction is
used. The best case of the carry prediction approach
yields 67% performance improvement and occurs when
prediction is successful at all blocks of the adder.
Figures 3 and 4 are traces showing the reported values
graphically. To obtain the traces on Figure 4, a case in
which the first, third and fourth blocks successfully
predict the carry-out signals while the second block
fails to predict is shown. Simulations were performed
in a 0.25 micron technology.

We have also measured power and determined that
our CLA implementation dissipates 1.5% more power
than the adder without the prediction scheme. The
ability to propagate the 1% carry-out to the next block
results in reduction of transistor count since the
circuitry required to generate the 4™ carry-out is no
longer required. Predicting the carry saves 14% in
transistor count, provides performance gains of 22 —
67% and power dissipation increases by only 1.5%.
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Fig. 4 Delay through a CLA using prediction
scheme

The carry prediction scheme lends itself well to self
timed system implementation, variable clock and wave-
pipelined clocking methodologies. We consider wave-
pipelining the clock [11], [12]. This high performance
approach allows the clock to “travel” with the data
through all the system’s stages and manages clock skew
[13]. The fact that there are cases in which prediction
cannot be made during addition implies that we will
have variable times in computing the sum. These
variations will be accommodated by wave-pipelining
the clock since the clock travels with the data. An
interested reader is referred to reference [13]. The
clocking scheme will increase area, but will not
sacrifice performance. In addition this area overhead
will not be in the data path. The wave-pipelined clocks
are generated based on the select signals and they thus
vary according to data path delays.

4. Conclusion

In this paper we have presented a carry prediction
scheme that enables for the reduction of the carry
propagation delay by up to 67% with less area
overhead. The prediction scheme allows for the
elimination of the circuitry required to generate the 4"
carry of each block with a 14% reduction in transistor
count. The reported performance gains have been
achieved without any aggressive transistor sizing. We
expect that performance gains would increase with
prudent circuit level work. We consider hybrid wave-
pipelining for the clock.
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