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in machines that have dedicated decimal hardware units, like 
IBM Power and System z processors [4-7]. These 
implementations usually provide both accuracy and 
performance [14]. Additionally, the dramatic increase in chip 
density has lowered the overall cost of hardware 
implementations. Consequently, hardware solutions are 
gaining prominence in industry [15]. 

There is also a recent trend toward the design and 
implementation of reconfigurable arithmetic hardware units. 
Traditionally, the reconfigurable platforms have been fine-
grain modules found in commercial Field Programmable 
Gate Arrays (FPGA). Fine-grain modules can address bit-
level granularity, but generally suffer from high 
reconfiguration overheads. The ultimate design goal would 
be to achieve an ASIC-like performance and FPGA-like 
flexibility, design time and cost. Therefore, the coarse-grain 
reconfigurable units appear to be a promising compromise 
between ASIC and FPGA. 

While there are numerous studies on various hardware 
implementations of decimal arithmetic operations [16-21], 
there are only a few works that focus on the reconfigurebility 
aspects of designing such hardware. This paper explores 
different reconfigurability options and possibilities in 
decimal adders. To do so, the idea of combining existing 
conventional Parallel Prefix Trees (PPTs) will be considered 

first. As will be elaborated in detail, it is  possible to combine 

two conventional PPTs to reach a reconfigurable version 
with a reasonable overhead. In doing so, one has to choose 
the original PPTs carefully in order to achieve low latency 

and area overheads. As such, we will suggest two  criteria for 

choosing which PPTs to combine and will compare these two 
criteria. Some new reconfigurable PPTs will be introduced 
based on these criteria. Another aspect of reconfigurability 
can be in the form of varying input size and type. So a 
reconfigurable combined binary/decimal adder with a 
variable input width will be justified and presented 
subsequently. 

The remainder of this paper is organized as follows: 
Section 2 provides a review of the literature in this field. 
Section 3 discusses the proposed reconfigurable architectures 
in detail. Synthesis results and their analysis are provided in 
Section 4. The paper is concluded in Section 5. 
 

2. Prior Works 
 
There are numerous studies on various implementations of 
basic arithmetic operations such as addition, subtraction, 
multiplication, and division. Among these studies, some 
focus on optimized but inflexible decimal hardware 
implementations [19-21] and some present decimal 
arithmetic units with some degree of flexibility [22-27]. For 
instance, some researchers have focused on efficient 
implementations of decimal arithmetic operations on 
reconfigurable architectures such as FPGAs. This is because 
the FPGA implementation can provide an added flexibility in 
terms of compliance with various standards and the desired 
objective that the implemented design is trying to reach. 
Nannarelli [22], for example, has studied FPGA-based 
acceleration of decimal arithmetic operations.  

This study shows that applications requiring decimal 
operations can be expedited by an arithmetic processor 

implemented on an FPGA board that connects to a computer. 
This processor ran a telephone billing application and 
achieved a speed-up of around 10 over its execution on the 
CPU of the host computer. This achievement is mainly due 
to more flexibility in the FPGA implementation with respect 
to ASIC design. Vazquez and Dine chin [23] have also 
presented a new method for fast implementation of multi-
operand decimal addition in current FPGAs. This method is 
based on pre- and post-corrections of the binary sum. With 
the pre-corrections, the hexadecimal carries correctly serve 
as decimal carries, which brings about the opportunity to 
utilize built-in carry chain in FPGAs. As a result, the authors 
have reported that their implementation on a Virtex-6 FPGA 
device halves the area and latency of previous reconfigurable 
implementations [24]. 

There are other works that propose reconfigurable 
architectures for efficient implementation of decimal 
arithmetic. Such architectures may have an inherent 
flexibility in terms of the input format and width, or 
operands’ radices and implementation. Combined 
binary/decimal arithmetic circuits can also be included in this 
category. For example, Calderon et al. [25] have proposed a 
new adder/sub tractor unit. Their implementation can operate 
on sign-magnitude, unsigned, and different complement 
representations. Another similar work [26] presented a novel 
combined adder/sub tractor arithmetic unit for binary, BCD 
(Binary Coded Decimal), and single precision BFP (Binary 
Floating Point) representations. 

Another example for a fully reconfigurable architecture 
specialized for efficient implementation of binary arithmetic 
can be found in [27]. This work employs Coarse Grain 
Reconfigurable Architectures (CGRAs) which are a 
compromise between ASICs and FPGAs since they provide 
better computational efficiency compared to FPGAs and 
better engineering efficiency compared to ASICs. The 
CGRA fabric introduced, called Dynamically Reconfigurable 
Resource Array (DRRA), is a parallel digital signal 
processing fabric with distributed arithmetic, logic, 
interconnect and control resources. 

Overall, one can safely say that reconfigurability in 
arithmetic circuits may take different forms and shapes. The 
previous works have considered some of them. But there is 
still room to explore other aspects of reconfigurability such 
as hybrid adders that implement more than one Parallel 
Prefix Tree (PPT) depending on their configuration, or a 
combination of binary and decimal addition with variable 
width. These ideas will be discussed in the next section. 
 

3. Proposed Architectures 
 
Addition is a very basic arithmetic operation. Fast adders are 
needed in virtually any digital system. They are also 
necessary in other arithmetic operations like multiplication. 
The speed of an adder is usually governed by its ability to 
quickly handle the carry chain. A common structure for fast 
computation of the carry signal is called a Parallel Prefix 
Tree (PPT). Six conventional PPTs have been introduced in 
the past [28-33]. These PPTs differ in terms of critical path 
delay, area, fan-out, wiring tracks, and number of levels      
(or tree depth). That is why each one may be appropriate in 
some applications and inappropriate in others. However, 
there are applications in which two or more of these 
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conventional PPTs might be helpful or necessary. In such 
applications it will be beneficial to have a hybrid 
reconfigurable PPT that provides the advantages of more 
than one PPT but at the cost of one single hardware. This 
idea will be discussed later in this paper. 

In all binary PPTs, the inputs are calculated from  
p୧ሺൌ x୧ ൅ y୧ሻ and giሺൌ xi. yiሻ, where x୧and y୧ are two 
corresponding bits of addend and augend. Also, every node 
of the tree presents carry propagation (P) and carry 
generation (G) signals. The implementation of each node in 
the PPTs is shown in figure 1. At the lowest level of trees, 
carry of each position is ready to be added to the partial sum 
in order to produce the final result. 
 

ሺG,Pሻ

ሺG”,P”ሻ ሺG’,P’ሻ

GൌG”൅G’P”
PൌP’P”

 
 

Figure 1. Implementation of a node in decimal PPTs 
 

The implementation of a decimal PPT is similar to its 
binary counterpart, but its inputs, called P୧ and G୧, are 
calculated using the following equations, where p୧

୨ and g୧
୨ are 

the corresponding binary propagate and generate signals: 
 

P୧ ൌ p୧
ଷp୧

ଶp୧
ଵp୧

଴ 
                                 (1) 
G୧ ൌ g୧

ଷ ൅ g୧
ଶp୧

ଷ ൅ g୧
ଵp୧

ଶp୧
ଷ ൅ g୧

଴p୧
ଵp୧

ଶp୧
ଷ 

 
The notion of reconfigurability in adders can take many 

different forms. In the next subsections, two of these various 
forms and possibilities will be explored: the prospect of 
combining two existing PPTs to form a new hybrid PPT that 
can be reconfigured into either of its two parent PPTs 
whereby providing their advantages albeit with some 
overhead; and the possibility of having a binary/decimal 
adder with a configurable input width. 
 
3.1. Proposed Reconfigurable PPTs 
 
The proposed reconfigurable PPT in this section can 
implement two different types of conventional PPTs such as 
Brent-Kung and Han-Carlson. The first question in designing 
such a hybrid PPT, is which two PPTs may be combined 
efficiently well to compensate for the inevitable 
reconfiguration cost. The preliminary answer to this question 
might be that trees with equal number of nodes appear to be 
suitable candidates. To explore this point, Ladner-Fischer  
(L-F) and Han-Carlson (H-C) trees were considered.  

The implementations of L-F and H-C PPTs for 16-bit 
inputs with four and five levels are shown in figures 2 and 3, 
respectively. The gray nodes in both figures have the same 
inputs. These nodes can be shared easily in the hybrid PPT. 
The white nodes (in figure 2) and black nodes (in figure 3) 
have differing nodes in the two PPTs. 

As the first step, a combined PPT with the same number 
of nodes as the original L-F and H-C trees was formed. This 
tree is depicted in figure 4. As this figure shows, the gray 

nodes require no changes in the data path. However, the 
white and black nodes need multiplexers to configure their 
varying data path according to the desired configuration. 
Needless to say, the multiplexers’ selector signals determine 
which PPT is selected but for simplicity, they are not shown 
in the figure. Another important point in this figure is that the 
number of levels in the combined PPT is the same as the PPT 
with the higher number of levels. In this case, since H-C tree 
has 5 levels, the combined version also has 5 levels. 

Multiplexers usually have considerable area and delay 
overheads. If they are implemented using complex gates     
(as opposed to transmission gates), their area and delay can 
even be more than a cell in the tree. So it seems plausible to 
assume that if redundant nodes are used instead of a shared 
node and multiplexer(s), the overall delay and area overhead 
would be smaller. As such, in the second step, the common 
nodes with same inputs (gray) remain intact. But the 
differing nodes are placed twice in the reconfigurable design. 
The resulting structure is shown in figure 5. In this figure, the 
gray nodes are shared between two PPTs whereas white and 
black nodes correspond to L-F and H-C PPT’s, respectively. 
Notice that the redundant nodes are marked by the same 
numbers and only one of them is activated in each 
configuration. 

The usage of redundant nodes in the PPT shown in figure 
5 eliminates the need for the multiplexers whereby 
improving the area and delay of the reconfigurable PPT, as 
will be shown in Section 4. However, to explore the effect of 
structural matching between the original PPTs on the 
characteristics of the reconfigurable PPT, the first criterion 
used in selecting the basic trees (same number of nodes) was 
changed to structural similarity in the structures of chosen 
PPTs. The structural similarity was defined as the number of 
common (gray) nodes that can be found in the two PPTs. A 
careful examination of Han-Carlson and Brent-Kung (B-K) 
reveals that for 16-bit inputs, H-C has 32 nodes in five levels 
and B-K has 26 nodes in six levels. Figure 6 illustrates the 
implementation of B-K PPT. 

In order to remain consistent with H-C node numbers, the 
nodes are not enumerated sequentially in this figure. Even 
though the total number of nodes in the PPTs are different, 
but there are 18 common nodes between H-C and B-K. So, 
these two were identified as similar structures. The common 
nodes were shared in the combined PPT. As for the nodes 
with different inputs, if only one input of a node is different 
(e.g., node 19), a MUX is used to steer the logic properly. 
But if both inputs of corresponding nodes are different     
(e.g., node 26), then instead of sharing the node and using 
MUX is, both nodes are kept. Figure 7 shows the        
resulting reconfigurable PPT that can implement H-C PPT 
(with gray and black nodes) or B-K PPT (with gray and 
white nodes). 

As will be discussed in Section 4, the experimental 
results show that this approach provides superior results 
compared to the other approaches depicted in figures 4 and 5. 
Therefore, one may conclude that if a hybrid reconfigurable 
PPT is desired, then choosing the PPTs based on their 
structural similarity leads to better designs with smaller area 
and delay overheads compared to just considering equal 
number of nodes in them. To explore another kind of 
reconfigurability, a reconfigurable adder that takes operands 
of different types and sizes is introduced next. 
 



S. Emami and M. Sedighi: Exploring Reconfigurability Options Among Decimal Adders (Regular Paper)                                                     35 
 
 
 

3 2 1 07 6 5 411 10 9 815 14 13 12

357 468 2 1

121416 10

2024 1823

2832 2630

9111315

17192122

25272931

Stage 1

Stage 2

Stage 3

Stage 4
 

 

Figure 2. L-F Parallel Prefix Tree (reproduced from [33]) 
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Figure 3. H-C Parallel Prefix Tree (reproduced from [31]) 
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Figure 4. Reconfigurable PPT (Combined L-F/H-C), Step 1 
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Figure 5. Reconfigurable PPT (Combined L-F/H-C), Step 2 
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Figure 6. B-K Parallel Prefix Tree (reproduced from [28]) 
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Figure 7. Reconfigurable PPT (Combined H-C/B-K), Step 3 
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3.2. Proposed Reconfigurable Adder 
 
Modern processors are generally designed with a wide      
(like 64 bits) data path. A wide data path usually necessitates 
a wide ALU as well. For instance, a 64-bit processor requires 
a 64-bit adder. Research has shown that there are many 
applications in which a sizeable portion of operations are 
executed on shorter data structures (such as Smallint) as 
compared to longer ones (like Long) supported by the 
hardware [34]. The statistics found in literature indicates that 
60% of binary operations contained in various applications 
such as airline systems, banking, financial analysis, 
insurance, etc. use 16-bit Smallint variables and only the 
remaining 40% of the operations need 32-bit Integers even 
though the processors still have to provide support for 32-bit 
operations [34]. 

In those circumstances, a wide adder is not always 
needed and having the option to configure the wide adder as 
two narrower adders that can work in parallel can offer a 
potentially considerable improvement in terms of throughput 
and/or performance.  Furthermore, if equipped with power 
gating mechanism, the upper half of a wide adder can be 
switched off in case only the lower half is used whereby 
providing a power saving potential. 

There are also many reported scenarios in which the input 
of an arithmetic unit might alternate between binary and 
decimal. For instance, in applications that provide scientific 
and financial services to their customers, the service 
providers often use binary arithmetic for the former and 
decimal for the latter group of services using the same 
(cloud) hardware infrastructure [35]. If only single-type 
arithmetic units are available, designers will have to use both 
binary and decimal hardware modules simultaneously in 
their implementations. A reconfigurable binary/decimal 
adder in these cases will certainly be beneficial. 

Given these conditions, a new reconfigurable adder is 
proposed in this paper. The proposed adder, shown in figure 
8, is a combined binary/decimal adder that can operate on 
different sizes of operands. In the proposed design, X୧ and Y୧ 
represent the binary or BCD digits of two input operands. A 

signal “ࣞ” indicates that inputs are binary (ࣞ ൌ 0) or decimal 
(ࣞ ൌ 1). The design has two distinct parts that can operate 

independently or  together. Each part can be configured as 

either a 4n-bit binary adder or an n-digit decimal adder. If 
configured to perform the addition in a cascaded form, the 
proposed adder will take the shape of either an 8n-bit binary 
adder or a 2n-digit decimal adder. Each part of the design is 
n comprised of “dual sum generation” units. The internal 
circuitry of these units is illustrated in figure 9 (reproduced 
from [36]). In this figure, the squares produce the bit 
generate, propagate, and half-sum (ࣺ଴-ࣺଷ) signals and the 
circles are ordinary parallel prefix nodes.  The dual sum 
generation units compute P୧ and G୧ for each decimal digit that 
is fed into a quaternary PPT. 

Each dual sum generation unit, also provides the result of 
its corresponding digit addition in two conditions: If the 
carry-in to that position is zero, the result is called S୧

଴ and if 
the carry-in is one, the result is called S୧

ଵ. In the lower half 
adder (the right hand side one), when quaternary PPT 
prepares correct decimal carries, the proper sum digit is 
selected. However, in the left hand side adder, the problem is 
slightly different. An “integrated” signal is defined that 
indicates the size of operation. If this signal is equal to one, 
two adders are cascaded to perform a 2n-digit decimal or 8n-
bit binary addition. Otherwise, they implement two 
independent additions. The “carry selection” units receive the 
carry-out of right hand side adder and produce the correct 
control signal for selecting the appropriate sum. figure 10 
shows the block diagram of the carry selection unit. In this 
figure, P୧

ᇱ ൌ P୧ିଵP୧ିଶ … P୬, where n ൏ i ൏ 2n. 
The proposed reconfigurable adder uses a Carry Select 

Adder (CSA) as its basis. This basic adder was chosen 
because it has fast implementations in literature. Depending 
on the design objectives that one pursues, other types of 
adder (such as Carry Skip Adder, Carry Look ahead Adder, 
etc.) could also be used in the proposed architecture. 

The next section provides the experimental results and 
their analysis. 
 

 
 

 
 

Figure 8. A reconfigurable combined binary/decimal adder 
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Figure 9. Dual sum generation unit structure (reproduced 
from [36]) 

 

 
 

Figure 10. Carry selection unit structure 
 

4. Comparison 
 
To analyze the characteristics of the proposed reconfigurable 
designs, they were implemented at RT level using VHDL. 
The codes were validated using Modelsim. The area and 
critical path delay (both in terms of number of gates) of each 
design are listed in table 1. The column “Reconfigurability 
Overhead (Area)” shows the ratio of the corresponding 
reconfigurable PPT divided by the average area of its basic 
PPTs. Likewise, the column “Reconfigurability Overhead 
(Delay)” contains the ratio of the corresponding 
reconfigurable PPT delay divided by the average of its parent 
PPTs. As can be seen in the table, considering the structural 
similarity (step 3) produces the circuit with the smallest area 
with 28% average area overhead. But the minimum critical 
path delay and average delay overhead of 10% is obtained 
when equal number of nodes in the basic PPTs is considered 
(step 2). 

 

 
Table 1. Comparison between basic PPTs and the proposed reconfigurable PPTs (for 16-bit wide inputs) 

 

Parallel Prefix Tree 
Area 

(Number of gates)
Reconfigurability Overhead 

(Area) 
Critical Path Delay
(Number of gates) 

Reconfigurability Overhead 
(Delay) 

Basic 

Ladner-Fischer (L-F) 128 N/A 9 N/A 

Han-Carlson (H-C) 128 N/A 11 N/A 

Brent-Kung (B-K) 110 N/A 13 N/A 

Reconfigurable 

Combined L-F/H-C (Step 1) 209 1.63 19 1.9 

Combined L-F/H-C (Step 2) 170 1.33 11 1.1 

Combined H-C/B-K (Step 3) 152 1.28 15 1.25 

 

 

 

 

Figure 11. Area of 16-bit binary adders 
 

Figure 12. Power of 16-bit binary adders 
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For more accurate analysis, the designs were also 

synthesized based on Nan Gate FreePDK45 Open Cell 
Library under typical process and normal operating 
conditions using Synopsys Design Compiler tool. The 
reconfigurable PPTs were synthesized with multiple target 
delays as shown on the horizontal axes of figures 11 and 12. 
These vertical axes in these figures represent the resulting 
area and power, respectively. The target delays are in the 
range of 0.3ns to 1.5ns with 0.1ns increments. If there is no 
point in the curves for a specific target delay, it means that 
no circuit could be found to satisfy the prescribed target 
delay. The curves demonstrate a general congruence with 
table 1. 

Figures 13 and 14 depict the synthesis results of 
combined binary/decimal reconfigurable adder for area and 
power, respectively. To comply with IEEE 754-2008 
standard [9], the adders are assumed to be 16-digit wide 
(when decimal) and 64-bit wide (when binary). The 
horizontal and vertical axes are similar to the ones in figures 
11 and 12 except that the target delay range has been 
modified to 0.7-3ns in order to accommodate for the larger 
design in this case. The results are compared with the best 
combined binary/decimal adder found in literature [36]. As 
figure 13 shows, the area overhead of the proposed 
reconfigurable adder is at most 5%. Notwithstanding the 
worst case scenario, the average area overhead is far less 
than that. 
 

5. Conclusion 
 
In this paper, different options for reconfigurability in 
decimal adders were discussed. To this end, the possibility of 
combining two conventional PPTs in order to reach a hybrid 
reconfigurable PPT was explored. A few different criteria for 
choosing which two PPTs should be combined were 
considered and their effect on the resulting reconfigurable 
PPT was discussed. 

In a different perspective, the concept of reconfigurability 
was extended to having an adder with flexible input size and 
type. The proposed reconfigurable adder can implement one 
2n-digit or two n-digit binary/decimal additions 
concurrently. The synthesis results showed that for the same 
target delay, the advantages of reconfigurability in the 

proposed adder were reached with a maximum area overhead 
of 5% and average area overhead of 1%. 
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