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Abstract
Binary adders are very important in digital signal processing. Adders are basic building blocks of
more complex units such as multipliers, dividers, square units, etc. This paper first presents the
proposal and implementation of a new adder model called the Prediction Adder (MLG Adder). The
paper also presents performance of this adder in comparison to the performance of the various
adders studied. This design is highly effective and has lower processing time and latency. The
system was synthesized for a variety of FPGA targets using Xilinx ISE Design Suite 14.7 Commercial
Edition and performance was simulated with ISIM and other tools available from Xilinx ISE Design
Suite 14.7.
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Introduction
Arithmetic Logic Units (ALUs) are very important components of processors that perform various
arithmetic operations such as multiplication, division, addition, subtraction, cubing, squaring, etc. Off
all operations the operation of multiplication is most elementary and most frequently used in ALUs. It
allows one number to be scaled by another number. The operation of multiplication also forms the basis
of many other complex arithmetic operations such as cubing, squaring, convolution, etc. Multiplication
consumes significant time compared to other arithmetic units used in basic mathematical computations [1].
As a result, it is beneficial in the area of mathematical computation to present faster and more efficient
mechanisms for implementing mathematical operations. Many digital units for digital signal processing
utilize multipliers in their operation. The more we can reduce the latency of the multiplier used the shorter
the latency of the operation on the digital signal processor. One method of reducing the latency of the
multiplier is by use of a adder with shorter latency. This paper first presents a review of several adder
types such as the Ripple Carry Adder, Carry Lookahead Adder, Carry-Select Adder, Carry-Skip Adder,
Carry-Increment Adder and Manchester-Carry Adder. In this paper we also propose the design of two
alternative adder configurations and present performance of them in comparison to the performance of
the various adders studied.

Review of Binary Addition Theory
A binary adder is basically a digital logic circuit which generates an arithmetic sum Sum (S) of two
binary numbers A and B using only combinational logic theory. A 1-bit binary full adder takes as input
three 1-bit inputs A, B and Carry-in (Cin) and computes a 1-bit Sum (S) and Carry-out (Co) [2].

Figure 1. Datapath Interface Definition of 1-bit Full Adder

The operation of this 1-bit binary full adder operation is best described using the truth table below:
A ripple carry adder is a parallel binary adder which uses n full adders in parallel with all inputs

asserted simultaneously to produce the sum which will be n-bits wide. A carry appears at the least
significant adder of the system of adders and this carry is propagated through the n full adders to the
most significantly, hence producing a wave of ripples outward. If the propagation delay of a 1-bit full
adder is ta ns then the carry-in for the first stage arrives at the last stage in (n-1)ta ns. The ripple carry
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Table 1. Truth Table for 1-bit Full Adder

A B Ci S Co

0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1

adder is simple but however has a long circuit delay due to the series of gates in the carry path from least
significant to most significant bit. The longest circuit delay path through an n-bit ripple carry adder is
2n+2.

The carry lookahead adder is a 2-stage adder which has reduced delay when compared to the ripple
carry adder. This adder can be simply implemented by combination of the ripple carry adder and a carry
logic unit. The ripple-carry adder is modified to provide propagate function Pi which is the exclusive-OR
of inputs Ai and Bi. The generate function Gi is also provided and is basically the AND of Ai and Bi.
The carry logic only consists of OR and AND gates. Therefore the delay for each of the carry signals
produced could just be a couple of gate delays, hence minimizing the overall delay compared to the ripple
carry adder. The parts of the full-adders associated with the carry propagation path are separated from
those not associated [3].

The carry lookahead adder uses partial full-adders (PFA) in its operation. This PFA computes sum,
propagation and generate signals instead of computing sum and carry as done in ripple carry adder. The
propagation and generate signals are used in stage-2 of the carry look ahead adder in computation of
carry signals. Consider a 4-bit carry lookahead adder. The carry signals will be computed as follows:

Pi = Ai XOR Bi (1)

Gi = Ai AND Bi (2)

C1 = G0 + C0P0 (3)

C2 = G1 + P1(G0 + C0P0)

= G1 +G0P1 + C0P0P1 (4)

C3 = G2 + P2(G1 +G0P1 + C0P0P1)

= G2 +G1P2 +G0P1P2 + C0P0P1P2 (5)
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C4 = G3 + P3(G2 +G1P2 +G0P1P2 + C0P0P1P2)

= G3 +G2P3 +G1P2P3 +G0P1P2P3

+ C0P0P1P2P3 (6)

In the case of the carry-select adder the k-bits are split into nonoverlapping groups of bits of lengths
that can possibly be different. Each group will generate two sets of sum and carry bits. One set assumes
that the carry-in is 0 while the other one assumes the carry-in is 1. Depending on the carry-out from the
least significant stages the adder selects the sum of the subsequent stage matching that carry-out.

Design of Various High Speed Adders
The 4-bit Ripple-Carry Adder (RCA) was implemented by combining four 1-bit full adders. These adders
were arranged in consecutive order and input bits A and B along with the output S were split among the
4 adders.

Figure 2. Datapath block diagram of 4-bit Ripple-Carry Adder (RCA)

The 4-bit Carry Lookahead Adder (CLA) was implemented by cascading four 1-bit inclusive full
adders along with OR-AND gate pairs. The 1-bit inclusive full adder computed the outputs Generate (G)
and Propagate (P).

Figure 3. Datapath block diagram of 4-bit Carry Lookahead Adder (CLA)

The carry-select adders were constructed by simply the combination of full-adders and multiplexers.
In the 2-bit version of the 4-bit Carry-Select Adder four 2-bit full adders were used along with two 2-bit
2 to 1 multiplexers and a 1-bit 2 to 1 multiplexer. Since addition in this adder occurs in groups of twos
then the least significant 2 bits of A and B are assign to two adders, one adding them with Cin = 0, and
the other Cin = 1. The sums of both adders are assigned to the inputs of a multiplexers and the value of
the Cin to that stage determines which sum is selected. The same occurs for the most significant 2 bits of
A and B.
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Figure 4. Datapath block diagram of 4-bit Carry-Select Adder (CSLA) - 2bit Version

Results and Testing for Various High Speed Adders

After implementation the adders were simulated using Isim to verify that they had been functionally
correct. VHDL testbenches were created for each adder and timing simulations were performed. The test
cases for these verification tests are shown in Table 2.

Table 2. Adder Test Cases

TEST# INPUTS OUTPUTS

A (HEX) B (HEX) Cin Sum (HEX) Cout

0 0 0 0 0 0
1 0 0 1 1 0
2 1 1 0 2 0
3 1 1 1 3 0
4 2 4 0 6 0
5 2 4 1 7 0
6 3 2 0 5 0
7 3 2 1 6 0
8 A 5 0 F 0
9 A 4 1 F 0

10 7 3 0 A 0
11 7 3 1 B 0
12 8 8 0 0 1
13 4 1 0 5 0
14 8 1 1 1 1

With these test cases in place the resulting Isim simulations for all adders (Figrure 18- 25) were
obtained. All adders produced the correct sum and carry.
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Figure 5. ISim simulation of 4-bit Ripple-Carry Adder (RCA)

Figure 6. ISim simulation of 4-bit Carry Lookahead Adder (CLA)

Figure 7. ISim simulation of 4-bit Carry-Select Adder (CSLA) - 2bit Version

Design of Prediction Adder (MLG Adder)

The prediction adder comprises of three fundamental components: 1-bit adder prediction block, adder
correction block and multiplexer units for the purpose of selection of results from both adder prediction
and adder correction blocks. The adder prediction block examines the inputs A, B and Cin and determines
the possibility of the sum being ‘1’ depending on these inputs. As long one of the inputs is ‘1’ we assign
LOGIC ‘1’ to the output Sum. The carry Cout is determined by inputting inputs A and B to an AND gate.
As long as both inputs A and B are LOGIC ‘1’ then the carry output Cout will be assigned LOGIC ‘1’.

After computing Sum and Cout, an examination of them would indicate that for cases where two (2)
of the three inputs A, B, Cin are LOGIC ‘1’ the Sum and Cout need to be corrected. As such the adder
correction block examines cases where two (2) of the three inputs A, B, Cin are LOGIC ‘1’ and corrects
them. In this case the Sum and Cout signals are both inverted. The adder correction block also provides
a selection signal which will be used further by the multiplexer units. The first multiplexer is used for
selection of the sum Sum from the original and corrected sum signals, while the second multiplexer is
used for selection of the carry Cout from original and corrected carry out signals.
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Figure 8. Datapath block diagram of 1-bit Prediction Adder

The 4-bit prediction adder was implemented by combining four 1-bit prediction adders. These adders
were arranged in consecutive order and input bits A and B along with the output Sum were split among
the 4 adders.

Figure 9. Datapath block diagram of 4-bit Prediction Adder

Results and Testing for Prediction Adder
After implementation the 1-bit prediction adder was simulated using Isim to verify that it had been
functionally correct. A VHDL testbench was created for the adder and timing simulation was performed.
From the simulation of Figure 3 the prediction adder correctly computes the sum and carry outputs.

Figure 10. ISim simulation of 1-bit Prediction Adder
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A VHDL testbench was created for the 4-bit adder and timing simulation was performed. The test
cases for these verification tests are shown in Table 1.

Table 3. Adder Test Cases

TEST# INPUTS OUTPUTS

A (HEX) B (HEX) Cin Sum (HEX) Cout

0 0 0 0 0 0
1 0 0 1 1 0
2 1 1 0 2 0
3 1 1 1 3 0
4 2 4 0 6 0
5 2 4 1 7 0
6 3 2 0 5 0
7 3 2 1 6 0
8 A 5 0 F 0
9 A 4 1 F 0

10 7 3 0 A 0
11 7 3 1 B 0
12 8 8 0 0 1
13 4 1 0 5 0
14 8 1 1 1 1

With these test cases in place the resulting Isim simulation for the prediction adder was obtained. Based
on the results of the Isim simulation shown in Figure 4 the 4-bit prediction adder produced the correct
sum and carry.

Figure 11. ISim simulation of 4-bit Prediction Adder

The Maximum Combinational Path Delay and Logic Utilization & Distribution for the prediction
adder were obtained via the synthesis report after implementation on Xilinx ISE. Table 2 presents the
information collected. Table 3 presents performance comparison of the 4-bit prediction adder with several
other adders analyzed.
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Table 4. Maximum Combinational Path Delay and Logic Utilization & Distribution for Prediction Adders

Adder Type Maximum
Combina-
tional Path
Delay / ns

Logic Utilization &
Distribution

1bit Prediction
Adder

7.824 2 input LUTs: 8 out of
15,360 1%
Occupied Slices: 1 out
of 7,680 1%
Bonded IOBs: 5 out of
173 8%

4bit Prediction
Adder

12.008 2 input LUTs: 8 out of
15,360 1%
Occupied Slices: 6 out
of 7,680 1%
Bonded IOBs: 14 out of
173 8%

Table 5. Maximum Combinational Path Delay and Logic Utilization & Distribution for Adders
Adder Type Maximum

Combinational
Path Delay (ns)

Logic Utilization & Distribution

Ripple Carry Adder 12.008 4 input LUTs: 8 out of 15,360 (1%)
Occupied Slices: 6 out of 7,680 (1%)
Bonded IOBs: 14 out of 173 (8%)

Carry Lookahead
Adder

11.908 4 input LUTs: 8 out of 15,360 (1%)

Occupied Slices: 6 out of 7,680 (1%)
Bonded IOBs: 14 out of 173 (8%)

Carry-Select Adder
(2B)

10.653 4 input LUTs: 8 out of 15,360 (1%)

Occupied Slices: 5 out of 7,680 (1%)
Bonded IOBs: 14 out of 173 (8%)

Prediction Adder 12.008 2 input LUTs: 8 out of 15,360 (1%)
Occupied Slices: 6 out of 7,680 (1%)
Bonded IOBs: 14 out of 173 (8%)

Conclusion

The results of validation indicate that the 4-bit prediction adder carry-select adder (2bit groups) produced
the shortest latency among the adders analyzed. The 2-bit carry-skip adder provided the second best
latency while the 2-bit carry-look ahead adder produced the third fastest latency.
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To determine the effect of manipulating the basic building block on the adder, the faster adder – the
4-bit carry-select adder (2bit groups) – was selected as the platform for development while the 2-bit
carry-skip adder and 2-bit carry-look ahead adder were used as the basic building block. It was observed
from the systnthesis report that the use of carry-look ahead and carry-skip adders in place of full-adders
did not improve the performance of the 4-bit carry-select adder (2bit groups).
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