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Key Terminology
AOI Add-Or-Invert logic
BFA Binary full-adder
CLA  Carry look-ahead
CMOS Complementary Metal-Oxide Semiconductor (complementary usage of NMOS
and PMOS transistors)
DRC  Dynamic ripple-carry
LALB Look-ahead logic block
PFA Partial full-adder
NAND Negated logical AND
NMOS n-type metal-oxide semiconductor
NOR  Negated logical OR
PMOS p-type metal-oxide semiconductor
SRC Static ripple-carry
XOR  Exclusive logical OR(A@ B=AB + KB)



Introduction

A basic survey of three different logic implementations of an 8-bit binary full
adder is provided in this document. The three designs tested are the static ripple-carry,
dynamic ripple-carry, and carry look-ahead architectures. Each will first be thoroughly
explained, and then the suitability of each for use in a 200MHz RISC embedded
processor will be evaluated with the aid of simulation data.

Design Architectures

The ultimate goal of a binary full-adder (BFA) is to implement the following truth
table for each bit:

Cn A B | Sum Cou
0 0 O 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 O 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1

Table 1: Truth table for 1-bit adder slice

Logically, C,,, = A B, +C, (A, +B,)andSum, = A ®B, ®C, , where k is an
integer O to n for an n-bit adder. Generally, adders of n-bits are created by chaining

together n of these 1-bit adder slices. Three (3) adder designs have been examined: static
ripple-carry, dynamic ripple-carry, and carry look-ahead.

Static Ripple-Carry (SRC) Implementation

The most basic and intuitive BFA is an SRC adder. This type of adder has the
benefits of simplicity and asynchronicity. Asynchronicity means that the output of the
adder can be accessed at any point during a clock cycle. This allows the adder to be used
in two main styles of processors: 1) those that read/calculate data on the rising clock edge
and write data on the falling clock edge and 2) those that read/calculate data during one
or more full clock cycles and write data during one or more subsequent clock cycles.
However, the largest drawback to an SRC adder is that is usually has the longest
propagation time compared to other adder designs using the same process technology.

The particular design of SRC adder implemented in this discussion utilizes And-
Or-Invert (AOI) logic ™. AOI logic is a technique of using equivalent Boolean logic
expressions to reduce the number of gates required for a particular expression. This, in
turn, reduces capacitance and consequently propagation times. For this design, AOI logic
has been applied to the calculation of the Sum bit:
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Sum, =A ®B, ®C, =(A +B, +C,IC,., + AB.C,

Instead of using two (2) XOR gates to implement the Sum bit, the circuit takes
advantage of the fact thatC, _, is already computed and uses fewer gates to calculate the
rest of the expression.

The schematic of this design is shown in Figure 1. An 8-bit implementation using
this design is shown in Figure 2.
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Figure 1: 1-bit SRC adder schematic
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Figure 2: 8-bit SRC adder schematic



For this particular implementation of an n-bit SRC adder, the number of gates
required is defined asGg,. =28n.

n
2 | 4 | 8 | 16
56 | 112 | 224 | 448

Table 2: Gate counts for n-bit SRC adders

Dynamic Ripple-Carry (DRC) Implementation

The DRC adder is an advanced version of the SRC. Utilizing a clock allows the
adder to take advantage of a technique known as precharging. This involves charging the
sum and carry bits to an intermediate value (usuallyV,, /2). This reduces the rise and

fall time when a logic low or high is computed. The downside to this approach, however,
is that the adder result is only available when the clock signal is high. Consequently, a
latch is generally used to hold the data for the remainder of the clock cycle. Power
consumption of the adder is also increased due to the precharging.

A processor designer has a few choices when choosing a clock to work with this
type of adder. Since the result can only be calculated when the clock is high, the clock
period must be at least twice as long as the adder propagation time. Depending upon the
needs of the processor, anywhere from one (1) to n number of bits could be computed in
one clock cycle.

The schematic for this design is shown in Figure 3. ! An 8-bit implementation
using this design is shown in Figure 4.
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Figure 3: 1-bit DRC adder schematic
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8-bit DRC adder schematic
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For this particular implementation of an n-bit dynamic ripple carry adder, the
number of gates is defined asG . = 22n.

n
2 | 4 | 8 | 16
44 | 88 | 176 | 352

Table 3: Gate counts for n-bit dynamic ripple-carry adders

Carry Look-Ahead (CLA) Implementation

CLA adders take advantage of computational parallelization at the cost of
increased complexity and power consumption. This parallelization yields significant
decreases in propagation time. Intermediate terms, called propagate and generate bits,
are used to calculate sum and carry bits. The logic equations for the calculations are as
follows:

F’k =Ak (—DBk

Gk =AkBk

Sumk =Ak @Bk @Ck = Pk @Ck
Ck+l :Ckpk +Gk

A CLA adder uses two fundamental logic blocks — a partial full-adder (PFA) and
a look-ahead logic block (LALB). The PFA computes the propagate, generate and sum
bits. The LALB uses the propagate and generate bits from m number of PFAs to
compute each of C; through C, carry bits, where m is the number of look-ahead bits. For
maximum performance, m is equal to n. However, in practice n is usually a multiple of
m, resulting in a hybrid of look-ahead and ripple logic.

The carry look-ahead adder was implemented using eight (8) 1-bit PFAs and two
(2) 4-bit LALBs. A 4-bit LALB design was chosen as a balance between the smaller area
and lower power of a 2-bit block and the speed of a full 8-bit block. The carry equations
for a 4-bit LALB are as follows:

C,=C,R, +G,

C,=CP+G, =C,P,P +G,P, +G,;

C,=C,P,+G, =C,R,RP, +G,RP, +G,P, + G,

C,=C,P, +G, =C,P,PP,P, + G,P,P,P, + G,P,P, + G,P; + G,

These logic functions were implemented using parallel cascading NAND gates
(see Figure 6).
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Figure 5: 1-bit PFA schematic
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Figure 6: 4-bit LALB schematic
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Figure 7: 8-bit CLA schematic
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While ripple-carry adders scale linearly with n number of adder bits, carry look-

ahead adders scale roughly withm?n. For optimum performance, m is equal to n.
However, in practice n is usually a multiple of m.

For this particular implementation of an n-bit carry look-ahead adder with m-bit
look-ahead logic, the number of gates is defined as follows:

m

Go, = 32040/ m—|(2[(k 1)k + )] zj +a(n/m]-1)

k=1
where 32n is the number of gates in a 1-bit PFA, [n/m s the number of carry

look-ahead logic blocks needed, > [(k +1)k +4)]- 2is the number of gates in a logic
k=1

block, and 4([n/m1—1)is the number of gates for the buffers between logic blocks.

m
2 4 8 16
2 90
4 | 184 | 222

N 8 372 | 448 | 670

16 | 748 | 900 | 1344 | 2750

Table 4: Gate counts for various sized CLA adders

Transistor sizing to optimize performance

A number of attempts were made, particularly on the carry look-ahead adder, to
optimize performance through proper transistor sizing. In general, it was found that
minimizing the transistor sizes also minimized the propagation delays. However, in cases
where just a few transistors were used to drive a large number of outputs, increasing the
width to length ratios of the driving gates often increased performance. This technique
was used on each of the NAND gates driving the cout pins in the look-ahead logic block.
Increasing the width of the NMOS transistors in these NAND gates to double the
minimum value while keeping the PMOS transistors minimum optimized the
performance.

When the number of gates driven by a single pair of transistors was particularly
large, a buffer was used to decrease the output delays. This proved beneficial in two
cases; once when driving the PO (propagate) signal in the PFA logic, and once when
driving the CO input to the second look-ahead logic block. In both cases, a buffer with
only two stages was used, and the sizes of the first inverters were kept to a minimum in
order to minimize the input capacitance to the first stage. The width of the second stage
was made to be very nearly e times the first, in keeping with the theory for minimum
buffer delay.
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Design Validation

All of the designs outlined above were sufficiently tested in order to prove that the
correct results were produced for all inputs. For both the static and dynamic
implementations of the ripple carry adder, the one-bit slices were first exhaustively tested
and confirmed to produce outputs matching the truth table shown in Table 1. The full 8-
bit chained adders were not exhaustively tested, however, since testing all of the possible
2717 input combinations was simply not feasible. Instead, selected inputs and worst-case
scenarios were chosen and tested. The primary concern was to ensure that all of the carry
bits were connected to the next bit slice properly and that there were no loading effects,
since each bit slice had already been proven correct.

The validation of the carry look-ahead adder was slightly more involved than the
other designs. Each PFA slice was first exhaustively tested and confirmed to produce the
correct propagate, generate and sum bits. Additionally, the LALB was selectively tested
to validate the four carry bits. Finally, the full 8-bit adder was tested using selected
inputs and worst-case scenarios.

All three designs were successfully validated.

Design Performance

Performance Across Corners

To assess the theoretical range of conditions under which each design would function
properly, the performance of each implementation was evaluated at the three primary
process corners: fast-fast, typi-typi, and slow-slow.

Speed

The Shmoo plots shown in Figure 8-10 display the maximum allowable operating
frequency of each design at the three primary process corners. At each corner, VDD is
varied 10% from its nominal value of 1.8V and the temperature is varied from -30-150
°C. Itis assumed that the target operating frequency is 200MHz. Values below this are
colored red to indicate failure to meet this condition, while green indicates success.

Carry Lookahead Frequency (MHz) Fast-Fast

VDD (V)

[Temperature Carry Lookahead Frequency (MHz) Typi-Typi
C 150
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Figure 8: Carry lookahead shmoo plots
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VDD (V)

[Temperature

-16 -



VDD (V) 1.62 1.68 1.74 1.8 1.86 1.92 1.98

Figure 9: Dynamic ripple carry Shmoo plots

Static Ri MHz) Fast_Fast

\VDD (V)

[Temperature

VDD (V)

Figure 10: Static ripple carry adder Shmoo plots

The Shmoo plots above clearly demonstrate the supremacy of the carry lookahead
implementation over the others in terms of speed, since there is a significantly larger
range of values over which the design exceeds the 200MHz mark. It is interesting to note
the extremely large range of possible values that the maximum frequency takes on in
these plots. For instance, a carry lookahead adder with a fast_fast process, temperature of
150°C, and VDD of 1.98V has a maximum frequency of over 900MHz, while one with a
slow_slow process, temperature of -30°C, and VDD of 1.62 only has a maximum
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frequency of about 9MHz. This is a difference of roughly 100 fold from corner to corner.
The other designs also show this wide variation.

Perhaps an even more lucid visualization of the differences in speed between the
various implementations is given by the graphs in Figure 11, Figure 12, and Figure 13,
which show how the maximum frequency varies with process, temperature, and VDD.

Maximum Frequency [Hz]

FAST-FAST

1000

8

g

2

50 16

50 = 18
100 19
150 2

VDD [V]
Temperature [C]

Figure 11: Max frequency of designs for fast_fast process
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Figure 12: Max frequency of designs for typi_typi process
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Figure 13: Max frequency of designs for slow_slow process
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The surface floating far above the other two surfaces represents the carry look-
ahead data, the surface in between the other two represents the dynamic ripple carry data,
and the bottom surface represents the static ripple carry data. From these graphs, not
only can it be seen that the carry look-ahead is the fastest design, but the general trend of
increasing speed with increasing VDD and temperature can be seen as well.

Power
Another important concern is how the designs compare to one another in terms of
power dissipation. Figure shows values of average power and energy per transition for

(not finished)

Conclusions

Through the comparison of the three distinct adder architectures, the carry look-
ahead adder was shown to be vastly superior in terms of circuit speed over virtually all
testing conditions. Power analysis subsequently showed that the carry look-ahead
dissipated the most power and took up the most chip area, while the dynamic ripple-carry
design was the most efficient in terms of power dissipation and chip area. However, as
shown by the Shmoo plots and the data presented, the carry look-ahead architecture is the
only design out of those presented that will consistently be able to operate at frequencies
greater than 200MHz. By default this must eliminate all other candidates. The carry
look-ahead adder is thus the most suitable design.
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