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Abstract- Residue Number Systems (RNSs) are 

efficient alternatives to positional number systems, 

providing fast and power-efficient computational 

systems. The key feature of RNS benefitting 

modern embedded systems and Internet-of-thing 

(IoT) edge devices is its energy efficiency. Modular 

addition is the most important and frequent 

operation applied on the components of RNS, 

including arithmetic units in the channels as well as 

forward and reverse converters. The small and 

medium dynamic range requirements of low-power 

embedded and edge devices make the usage of the 

thermometer and one-hot coding viable, reducing 

the power consumption and improving the energy 

efficiency of modulo addition in comparison to 

regular binary representations. Based on these 

techniques, this paper presents two new energy- 

efficient modular adders, which due to the carry-

free internal computations, are also highly 

performant. The proposed modular adders, based 

on the thermometer and one-hot coding result in 

average improvements for delay, the circuit area, 

and energy consumption. 

 

I. INTRODUCTION 
 

We presented some available architectures 

for the implementation of forward converters from 

binary to RNS representation. All these 

architectures, whether they are based on arbitrary 

moduli or special moduli, require modulo addition 

in the conversion process. The modulo adder is one 

of the basic arithmetic units in RNS operations and 

converters. The performance of the modulo adder is 

very critical in the design of forward converters 

from binary to RNS representation. In this section, 

we provide a brief introduction to the modulo 

addition operation. We focus on the high-level 

design of modulo adders. However, the design of 

the underlying adder is very important in 

determining the overall performance of the modulo 

adder. The underlying adder is a conventional 

binary adder that can have different forms such as 

ripple-carry adder (RCA), carry-save adder (CSA), 

carry-lookahead adder (CLA), parallel prefix adder, 

and so on. Different modulo adders based on 

different conventional adder topologies are 

explained in for more advanced details. Here, we 

restrict ourselves to the basic architectures. 

Researchers in academia and industry 

believe that Moore‟s law is ending, and even newly 

delivered deep-submicron transistors are not 

significantly more efficient than their previous 

generations. Therefore, new computing paradigms 

should be investigated in order to overcome the 

predicted performance wall which will be reached 

in 2020. This rebooting of computing has to be 

based on novel methods at different computing 

levels of design abstraction, including arithmetic 

and circuit level, in order to address the challenges 

of the emerging applications such as deep 

convolutional neural network (DNN) and internet-

of-things (IoT).Residue Number System (RNS) is 

one unconventional number system that can 

provide fast and low-power implementation of 

additions and multiplications.  

RNS is a different approach of dealing and 

representing numbers that provide parallelism at 

arithmetic level. This number system has been 

applied to achieve parallel and efficient 

implementations for asymmetric cryptographic and 

digital signal processing (DSP). RNS is used 

nowadays to achieve also energy-efficient and 

high-performance implementation of various 

emerging applications, such as deep neural 

networks, communication networks and cloud 

storage. However, current implementations of RNS 

systems, on ASICs and FPGAs, are based on the 

CMOS technology, which is reaching its limit. 

Alternative methods and technologies, such as 

nanoelectronic, are considered to be used. One of 

these alternatives is Reversible Computing (RC) , 

which can provide ultra-low  power computational 

circuits. 

In this paper, we propose the joint usage 

of these two unconventional computing 

approaches, Residue Number System and non 

weighted codings, to achieve ultra-efficient 

computing paradigm for the emerging applications. 

The ability of RNS to perform highly parallel and 

carry-free arithmetic is well suited for taking 

advantage of the features of reversible circuits. In 

other words, reversible logic can be efficiently used 

to implement RNS circuits. However, since all the 

available RNS structures are designed for ASIC 

implementation, rethinking of RNS architectures 

should be performed to adapt them. The 

fundamental part of RNS systems is modular 

addition, since all parts of RNS including forward 

and reverse conversion are based on modular 

additions. Hence, the first step to implement RNS 

systems based on reversible circuits requires the 
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design of efficient modular adders using reversible 

logic gates. This paper presents the first 

implementation of modulo 2n-1 adders based on 

reversible gates.  For these modular adders, which 

are frequently used in RNS structures, parallel-

prefix and ripple-carry architectures are considered. 

Finally, a reverse converter maps the results in the 

RNS domain to the regular weighted 

representation, by using, for example, the Chinese 

remainder theorem (CRT). Other RNS operations 

such as sign detection, magnitude comparison and 

overflow handling are optional, according to the 

target application, and harder to perform in the 

RNS domain. It should be mentioned that general 

division cannot directly be performed in RNS, but 

division by a constant, one of the moduli of the set, 

i.e. scaling, is easier to perform . 

A general structure of a typical RNS 

processor is shown in Figure 1. The RNS 

represented data is processed in parallel with no 

dependence or carry propagation between the 

processing units. The process of encoding the input 

data into RNS representation is called Forward 

Conversion, and the process of converting back the 

output data from RNS to conventional 

representation is called Reverse Conversion. 

 
Fig.1. General structure of an RNS-based 

processor. 

 

The conversion stages are very critical in 

the evaluation of the performance of the overall 

RNS. Conversion circuitry can be very complex 

and may introduce latency that offsets the speed 

gained by the RNS processors. For a full RNS 

based system, the interaction with the analog world 

requires conversion from analog to residue and vice 

versa. Usually, this is done in two steps where 

conversion to binary is an intermediate stage. This 

makes the conversion stage inefficient due to their 

increased latency and complexity. To build an RNS 

processor that can replace the digital processor in a 

certain application; we need to develop conversion 

circuits that perform as efficient as the analog-to-

digital converter (ADC) and the digital-to-analog 

converter (DAC) in the digital binary-based 

systems. The reverse conversion process is based 

on the Chinese Remainder Theorem (CRT) or 

Mixed-Radix Conversion (MRC) techniques. 

Investigating new conversion schemes can lead to 

overcoming some obstacles in the RNS 

implementation of different applications. Thus, an 

analog-to-residue (A/R) converter and a residue-to-

analog (R/A) converter are sought to eliminate the 

intermediate binary stage. 

 

II. EXISTING SYSTEM 
 

In the coding, when numbers, letters or 

words are represented by a specific group of 

symbols, it is said that the number, letter or word is 

being encoded. The group of symbols is called as a 

code. The digital data is represented, stored and 

transmitted as group of binary bits. This group is 

also called as binary code. The binary code is 

represented by the number as well as alphanumeric 

letter. 

Advantages of Binary Code: 

Following is the list of advantages that binary code 

offers. 

 Binary codes are suitable for the computer 

applications. 

 Binary codes are suitable for the digital 

communications. 

 Binary codes make the analysis and 

designing of digital circuits if we use the binary 

codes. 

 Since only 0 & 1 are being used, 

implementation becomes easy. 

Classification of binary codes: 

The codes are mainly categorized into following 

two categories. 

 Weighted Codes 

 Non-Weighted Codes 

Weighted Codes: 

1. The main characteristic of a weighted 

code is, each binary bit is assigned by a “weight” 

and values depend on the position of the binary bit. 

2. The sum of the weights of these binary 

bits, whose value is 1 is equal to the decimal digit 

which they represent. 

3. In other words, if w1, w2, w3 and w4 are 

the weights of the binary digits, and x1, x2, x3 and 

x4 are the corresponding bit values, then the 

decimal digit N=w4x4 + w3x3+w2x2+w1x1 is 

represented by the binary sequence x4x3x2x1. 

4. A sequence of binary bits which 

represents a decimal digit is called a “code word”. 

5. Thus x4x3x2x1 is a code word of N. 

6. Example of these codes is: BCD, 8421, 

6421, 4221, 5211, 3321 etc. 

7. Weighted codes are used in: 

a) Data manipulation during arithmetic operation. 

b) For input/output operations in digital circuits. 

c) To represent the decimal digits in calculators, 

volt meters etc. 

Non-Weighted Codes: 

1. Non-weighted or un-weighted codes are 

those codes in which the digit value does not 
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depend upon their position i.e., each digit position 

within the number is not assigned fixed value. 

2. Examples of non-weighted codes are: Un-

weighted BCD code, Excess-3 code and gray code 

etc. 

3. Non weighted codes are used in: 

a) To perform certain arithmetic operations. 

b) Shift position encodes. 

c) Used for error detecting purpose. 

 

A. The Thermometer Coding  

With TC, the value of each number is 

expressed as the number of ones in a string of bits. 

Since in this coding no weight is assigned to bit 

positions, it is not important where the ones are 

placed. However, for simplicity, these 1s are 

usually placed at one end of the string. As an 

example, the numbers between 0 and 7 are 

represented as shown in Table 1.  

 
Table 1: TC Coding 

Table 1 shows that by increasing the range 

of numbers, the amount of required bits in a TC 

representation grows at a fast pace. Therefore, the 

TC is not suitable to represent large numbers. 

Nevertheless, the decomposition of numbers in a 

set of small residues makes TC-based fast circuits 

suitable for RNS. Therefore, combining TC with 

RNS improves the performance and efficiency of 

arithmetic systems. The application of the 

thermometer code to RNS residues is herein 

designated Thermometer Coding for RNS (TCR). 

In it is stated that the number bits required to 

represent all the remainders modulo mi is mi. 

However, it should be mentioned that, since the 

left-most bit is always zero, these numbers can in 

fact be represented with only mi-1 bits. In order to 

perform an addition in TC, one needs to count the 

number of ones in the two operands. If this number 

is greater than or equal to mi, the sum should be 

decreased by mi. As an example, to add the two 

numbers A= 001111 and B=011111 modulo 7 in 

TC, since a total of 9 bits take the value of one 

when considering all the bits of the two 

representations, one removes 7 of them to obtain 

the result of 000011. In order to perform a 

subtraction in TC, the complement of the 

subtrahend (B) has to be computed and added to 

the minuend (A).  

 
Fig.2. Modulo-7 TCR-based adder. 

 

By using the distributed arithmetic 

approach, modular multiplication based on the TC 

can be done using modular adders. Therefore, an 

efficient structure for designing TC-based modular 

adders plays an important role to enhance the 

performance of RNS based on TC. Fig. 2 presents 

the TC-based modulo 7 adder architecture 

proposed. In this adder, one of the operands is 

converted from the TC to the binary format using a 

customized decoder, shown as s[1], s[2] and s[4] in 

Fig. 3.1 (where the indexes indicate the weight of 

the bit in the binary number system, e.g. 

s[1]+2s[2]+4s[4]). A number of ones equal to the 

value of the first operand is added to the second 

operand (b[6]…b[1]). If the number of 1s in the 

result exceed m-1, the m initial 1s are removed 

from the final result (r in the Fig. 2). For example, 

let us assume that B is equal to 6, represented in the 

TCR format 111111, and that S is equal to 5, 

represented in the binary format s[1]=1, s[2]=0, 

s[4]=1. According to Fig. 2, the s[1] forces the 

multiplexers in the first level to shift one bit left b, 

and insert a 1 in the rightmost bit. Next, the 

multiplexers in the second level transfer their 

inputs to the outputs without inserting 1s since 

s[2]=0 (if s[2] was 1, then two 1s would be added 

to the right bits). Similarly, the multiplexers in the 

third level perform 4-bit left shifting while 

inserting four 1s into the right bit positions. The 

result of this step is 011111111111 (c signals in 

Fig. 2). Since in this example the modulo is 7, c[7] 

plays a key role in modulo reduction and is used to 

select the inputs of the multiplexers in the last 

level. If c[7] is equal to 1, the result exceeded m-1 

and thus the value of the modulo should be 

subtracted from the result, i.e. the c[8] to c[12] are 

forwarded to the output. Otherwise, c[7]=0 and c[1] 

to c[6] will constitute the output (the result is less 

than the modulo value 7).  
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B. The One-Hot Coding  

The OHC is usually used to address look 

up tables (LUTs), and at the output of some linear 

circuits like FIR filters. K+1 bits are required to 

represent numbers between 0 and K in this coding. 

With OHC only one bit takes the value of one and 

the others are zero. The value of the number in this 

coding is defined by the relative position of the bit 

with value „1‟. Table II shows the numbers 

between 0 and 7 encoded in an OHC. The OHC 

requires one more bit than the TC. When the OHC 

is used to represent residues in RNS, it is named 

OHR. The modular addition of two numbers A and 

B in this type of coding can be computed with 

shifts. To perform an addition, one operand should 

be circularly shifted a number of positions defined 

by the other operand. To perform (A-B) mod m, the 

complement of B should be added to A.  

 
Table 2: OH Coding 

 

Fig. 3 presents a OHR modulo 7 adder. 

The second operand, i.e. B, is in binary format, 

represented by b[2]b[1]b[0] in Fig. 3. These bits 

operate as selectors for the multiplexers at the 

different levels. Modular addition for OHC is 

performed by just circularly left shifting one of the 

operands a number of positions given by the value 

of the other. In Fig. 3 the operand A is circularly 

left shifted according the value of B. Since B is in 

the binary format, if b0=1 then A will be one-bit 

circularly shifted to the left. Similarly, if b1 and b2 

equal to 1, then a will be shifted left two and four 

positions, corresponding to the weights of the bits, 

respectively. 

 
Fig.3. OHR modulo 7 adder. 

 

III. THE PROPOSED MODULAR ADDER 

DESIGNS 
 

In this section, new designs for OHR and 

TCR based modular adders are proposed. The 

proposed hardware structures for modular addition 

require less circuit area and less delay in 

comparison to the state of the art.  

 

A. The Thermometer-Based Modular Adder  

An important aspect to apply the proposed 

method to add two modulo m residues, (0 ≤ A,B < 

m) represented in TCR is to identify whether 

A+B>=m or not. With this aim, and also for 

computing the sum, the order of the bits of B is 

reversed, which means the rightmost bit becomes 

the most left bit, etc. After that, a bitwise AND and 

NOR logic operations are applied to the inputs A 

and B. If any bit of the output of AND gates is 1, 

then A+B is equal to or greater than the modulo. 

More concretely, if exactly one bit of these outputs 

becomes 1, this means that A+B=m and the result 

should be 0. When two bits of the outputs are 1, the 

result becomes 1, and this process is continued 

whenever more bits of the output take the value 1. 

The outputs of the NOR gates are used to compute 

the result of the addition when A+B<m. 

The proposed design for the TCR based 

modulo adder is illustrated in Fig. 4, for the case 

when m=7. When A+B>=m, the result is stored in 

SUM1, while for the other case, A+B<m, the result 

is placed in SUM0. As mentioned before, if at least 

one of the ANDs‟ output bits in the first level gets 

the value 1, the result of the modular addition of A 

and B is equal to or greater than m. Otherwise, the 

result is less than m. L0 signals are connected to the 

NOR gate with 6 inputs. Based on the output of this 

gate (sel), SUM0 or SUM1 is selected (sel is the 
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complement of cl). It should be noted that some 

multi-input gates in Fig. 4 can be implemented 

using tree structures of 2-input gates without 

impacting the delay. Let us analyze the operation of 

the circuit to compute SUM0 and SUM1. SUM0 

circuit As observed in Fig. 5, B, with the bits in the 

reverse order, and A are the inputs of the NOR and 

AND gates in the first level. When A+B<m, the 

output of all the AND gates in the first level 

becomes 0, and the number of output bits of the 

NOR gates with value „1‟ is used to identify the 

number of zeros in SUM0. Therefore, if at least one 

of the Z0 signals becomes one, the number of zeros 

in the result is also at least one. Since with TC 0s 

are placed in the bits located on the left side, the 

value of the left bit of the SUM0 is equal to the T0 

signal. If at least the output of two NOR gates of 

the first level becomes one, the number of bits with 

0 in the result will be at least two. As it was 

mentioned before, if the output of more than one 

NOR gate becomes one, these one-bits are located 

sequentially. Therefore, the AND gates can detect 

whenever there are two sequential bits with the 

value 1. The output of the NOR gate with 5 inputs 

(T1) specifies the 5th bit of the SUM0. In the same 

way, if at least 3 signals of Z0 become one, this 

means that there are at least 3 bits of the result with 

the value 0, etc. Finally, if T5, the output of the 

NAND gate, becomes „0‟, which means that the 

outputs of all the NOR gates in the first level are 

‟1‟, all the 6 bits of the sum are ‟0‟.  

SUM1 circuit Whenever A+B>=m, the 

result of the modular addition of A and B is SUM1. 

The output of all the NOR gates in the first level 

becomes 0, and the outputs of the AND gates in the 

first level are used to calculate SUM1. If exactly 

one of the outputs of the AND gates becomes one, 

the result of A+B is equal to the modulo m and the 

sum takes the value of zero. As it was mentioned 

before, if A+B>=m, the difference between the 

number of bits of the result with the value 1 and the 

number of AND gates with output 1 is one. Hence, 

if at least two L0 signals have the value 1 there is at 

least one bit of the result with the value ‟1‟. In this 

situation, the output of the NOR gate with 5inputs 

(T1) takes the value zero. Since in TC, ones are 

placed sequentially at the right-hand side, the value 

of the right most bit of SUM1 is the complemented 

value of T1. Similarly, having at least three signals 

of L0 with the value „1‟ results in the least two bits 

taking the value ‟1‟, etc.  

Whenever the result of A+B becomes 

equal to or greater than m, the result has at least one 

bit with the value zero, placed on the left side. In 

order to add two modulo m integers A and B, the 

addition result is in the range 0 to 2m-2. When 

A+B≥m the result of the addition takes the 

maximum value of m-2 and there is at least one 

zero bit. It should be noted that the six L0 signals 

are used to compute the MUX‟ selector. If at least 

one of these signals takes the value of one, the 

output of the 6-input NOR gate, which generates 

the sel signal, becomes 0, selecting SUM1 as the 

final result. Otherwise, when all six signals are 

zero, SUM0 will be outputted. The structure of the 

proposed TCR adder in Fig. 4 can be easily 

generalized for a general value of m. 

 
Fig.4. The proposed TCR based modulo-7 adder. 

 

B. The One-Hot-Based Modular Adder  

Herein, we use the bit indexing of wherein 

the starting index of bits is considered to be 0. 

Because only one bit of the OHR operands has the 

value ‟1‟ (the bit position defines the value of the 

integer), there are m2 possible combinations of A 

and B. The proposed modulo adder for m=7 is 

shown in Fig. 5. This adder has a simpler structure 

and less delay than. The other feature of this design 

is that both operands are represented in OHC, while 

in one of the operands has to be encoded in binary.  
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Fig.5. The proposed OHR modulo adder for 

general m and m=7. 

 

IV. SIMULATION RESULTS 
 

The RTL schematic is abbreviated as the 

register transfer level it denotes the blue print of the 

architecture and is used to verify the designed 

architecture to the ideal architecture that we are in 

need of development. The hdl language is used to 

convert the description or summery of the 

architecture to the working summery by use of the 

coding language i.e verilog, vhdl. The RTL 

schematic even specifies the internal connection 

blocks for better analyzing. The figure represented 

below shows the RTL schematic diagram of the 

designed architecture. 

 
Fig.6. RTL Schematic of proposed OHR adder 

 

The technology schematic makes the 

representation of the architecture in the LUT 

format, where the LUT is consider as the parameter 

of area that is used in VLSI to estimate the 

architecture design. The LUT is considering as a 

square unit the memory allocation of the code is 

represented in there LUT s in FPGA. 

 
Fig.7. View Technology Schematic of proposed 

OHR adder 

 

The simulation is the process which is 

termed as the final verification in respect to its 

working where as the schematic is the verification 

of the connections and blocks. The simulation 

window is launched as shifting from 

implementation to the simulation on the home 

screen of the tool, and  the simulation window 

confines the output in the form of  wave forms 

output. Here it has the flexibility of providing the 

different radix number systems. 

 
Fig.8. Simulated waveform of proposed OHR adder 

 

 
Fig.9. RTL Schematic of Proposed TCR adder 

 

 
Fig.10. View Technology Schematic of Proposed 

TCR adder. 
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Fig.11. Simulated waveform of Proposed TCR 

adder. 

 

Consider in VLSI the parameters treated 

are area, delay and power, based on these 

parameters one can judge the one architecture to 

other.  Here the consideration of area and delay is 

considered the parameters are obtained by using the 

tool XILINX 12.5 and the HDL language is verilog 

language. 
Parameter Existed 

TCR 

Adder 

Proposed 

TCR 

Adder 

Existed 

OHR 

Adder 

Proposed 

OHR 

Adder 

Delay (ns) 17.920 14.682 15.673 12.333 

Table 3: Parameter comparison table 

 

 
Fig.12. Delay comparison bar graph 

 

CONCLUSION 
 

In this paper, two new classes of efficient 

modular adders are proposed, for Thermometer 

Coding (TC) and One-Hot Coding (OHC). The 

main advantages of the proposed adders are their 

high performance and low-cost, making them 

useful for example for Residue Number Systems 

(RNSs) based on small moduli sets, used for digital 

signal processing embedded systems and IoT. For 

the first time, the conventional multiplexer-based 

design of OHC and TC adders are replaced by a 

novel approach based on a small number of logical 

gates. Since TC and OHC modular adders do not 

require carry propagation, their structures for small 

moduli become simpler, more efficient and have 

lower delay than binary modular adders (except for 

moduli with the shape of 2
n
). Performance analyses 

and experimental results have shown the significant 

impact of these improvements. Moreover, the 

formulation and architectures introduced in this 

work are easily extended to design other units for 

modular arithmetic, such as subtractors.  
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