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Abstract  
 

Complexity in circuits, limitations of number of digits& 

propagation delay are inevitable drawbacks that arise 

in diversified DSP applications involving various 

operations.Quaternary Signed Digit(QSD) number 

system involves elimination of carry propagation 

chains consequently reducing propagation delay to a 

much extent & hence results in fast arithmetic 

operations in comparison to binary number system. 

This paper presents VHDL design of quaternary 

number system based adder / subtractor / logical unit. 

The proposed VHDL design will be implemented on 

FPGA & detailed performance analysis will be done. 

 

1. Introduction  
Different digit devices namely signal processors and 

computers involve diversified arithmetic and logical 

operations. Quite a bunch of researchers have 

developed interest in arithmetic units based on QSD 

number system. Also new advancements in integrated 

circuits methodologies have paved the way for making 

of arithmetic circuits as per requirements in VLSI 

implementations. Although technical hinderance still 

exist in case of extent of number of bits that can be 

employed, complexity level of circuits and timing delay 

in propagation. 

 

This paperpresents  efficient quaternary signed digit 

based arithmetic logic unit design involving addition 

without carry, subtraction without borrow. The 

quaternary signed digit based addition or subtraction 

involves constant values of min-terms independent of 

the size of operand. The EDA tools used in this design 

verify the design’s functioning. Xilinx Project 

Navigator 12.1 and Modelsim 10.2b have been 

employed for the same. Behavioural Description of the 

proposed design is coded in VHDL. 

 

 

2. Quaternary Signed Digit Representation 
Quaternary Signed Digit representation is based on 3-

bit 2’s complement system. Individual QSD numbers 

can be represented using the relation 

 

 

       𝑄 =  𝑎𝑗

𝑘

𝑗

4𝑗 , 

 

Where 𝑎𝑗 refers to either value from the given set(say), 

S = [3 , 2 , 1 , 0,1,2,3] resulting in a suitable QSD 

notation.Negative quaternary signed digit number is the 

quaternary signed digit complement of the positive 

quaternary signed digit number as stated below, 

3 = −3, 2 = −2, 1 = −1. 
 

For instance, 

3 22 2𝑄𝑆𝐷 = −18210 , 

12 2 1𝑄𝑆𝐷 = 2510 . 
 

Using these 7 QSD digits as given in the above set “S” 

any transformation of a QSD number can be 

represented. In the proposed QSD-ALU 4-digit QSD 

numbers have been used, the magnitude of 4-digit QSD 

numbers is equivalent to 8-digits in binary.For instance 

a QSD number,3333𝑄𝑆𝐷 = 111111112 = 25510 . 

 

Unique QSD representation in 3-bit 2’s complement 

notation is elaborated as follows:- 

 

3 = 101 

2 = 110 

1 = 111 

0 = 000 

1 = 001 

2 = 010 

3 = 011 

 

For instance, 

3333𝑄𝑆𝐷 = 011011011011𝑄𝑆𝐷 (3-bit 2’s complement 

notation), 

1 2 3 1𝑄𝑆𝐷 = 111110101001𝑄𝑆𝐷 (3-bit 2’s complement 

notation). 

 

The Quaternary Signed Digit based adder / subtractor 

and logic unit will be written in VHDL and 
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implemented on Spartan-3E FPGA kit using Xilinx 

Project Navigator. Although before implementing on 

FPGA kit, the simulation results of different units of 

the design will be checked on Modelsim 

10.2b.Performance analysis of various units of the 

design will be done based on different parameters such 

as LUT utilization, average power consumption of the 

circuit on different FPGAs and propagation delay. 

 

 

3. Quaternary Adder/Subtractor Depiction 

QSD addition basically employs a carry free sort of 

technique for addition. Normally a carry free addition 

happens in two levels. The first level involves the 

addend & augend producing intermediate carry & sum. 

The second level involves the merging of the carry 

from the previous digit with the intermediate sum of 

present digit. There are two rules to stop carry from 

further occurrence, 

 

І.) Magnitude of Intermediate Sum≤2. 

ІІ.)Magnitude of Carry≤1. 

 

Accordingly, the second level result must be less than 3 

in magnitude. The representation of the second level 

result can be easily done using one quaternary signed 

digit. Hence no successive carry is produced. Level-1 

includes all the feasible input combinations of the 

addend & augend in the range from "−6"  to "+6" as 

illustrated in Table-A. 

 

Table-A : All feasible pairs of addend(P) & 

augend(Q) in QSD system. 

 

P  Q −3 −2 −1 0 1 2 3 

−3 −6 −5 −4 −3 −2 −1 0 

−2 −5 −4 −3 −2 −1 0 1 

−1 −4 −3 −2 −1 0 1 2 

0 −3 −2 −1 0 1 2 3 

1 −2 −1 0 1 2 3 4 

2 −1 0 1 2 3 4 5 

3 0 1 2 3 4 5 6 

The sum of any random pair of quaternary signed digits 

ranges from −6 to +6 whose notation can be done in 

sum & intermediate carry using QSD representation as 

illustrated in Table–B. More than one notations are 

feasible in case of few numbers but those satisfying the 

stated rules are selected.The selected sum & 

intermediate carry are illustrated in third column of 

Table – B. 

Table-B : Sum & Intermediate Carry ranging −𝟔 

to+𝟔. 

 

𝑆𝑢𝑚 𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑚 

 𝑖𝑛 𝑄𝑆𝐷 

𝑆𝑢𝑚 𝑖𝑛 𝑄𝑆𝐷  

𝑐𝑜𝑑𝑒𝑑 𝑓𝑜𝑟𝑚𝑎𝑡 

−6 1 2 , 2 2 1 2  

−5 1 1 , 2 3 1 1  

−4 1 0 1 0 

−3 03 , 1 1 1 1 

−2 02 ,1 2 02  

−1 01 , 1 3 01  

0 00 00 

1 13 , 01 01 

2 12 , 02 02 

3 11 , 03 11  

4 10 10 

5 23 , 11 11 

6 22 , 12 12 

 

All addend, augend & sum can be written in 3-bit 2’s 

complement binary representation. Map 

involvingaddend,augend and sum is carved out. 

Although since immediate carry ranges from −1 to +1 

,so it can be well represented in 2-bit binary format, 
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accordingly resulting in six boolean relations. The sum 

& immediate carry circuit is shown in Figure-A. 

 

P                                                   C 

𝑄𝑆𝐷 𝑆𝑢𝑚 & 𝐶𝑎𝑟𝑟𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

Q                                                     S 

 

Figure-A : The  QSD sum and intermediate carry-

out generation. 

In level 2, the intermediate carry generating from the 

previous digit is added up with the present digit sum 

evaluating to final output.The present digit always 

diminishes the carry in from the previous digit by 

combining with it. Table-C illustrates all feasible 

mergings of the sum and intermediate carry resulting 

different addition values. 

 

Table-C : The values of all feasible summations of 

intermediate carry-out(P) and sum(Q). 

 

P     Q −2 −1 0 1 2 

−1 −3 −2 −1 0 1 

0 −2 −1 0 1 2 

1 −1 0 1 2 3 

 

The output of summation in this level lasts from 

−3to +3. Although in this level carry is restricted, the 

output comes out to be in single quaternary signed 

digit(QSD).The 2-bit and 3-bit binary respectively 

represent  the inputs, the intermediate carry & sum. The 

output is in the form of 3-bit QSD binary format. 

Table-D illustrates the mapping of  3-bit output & 5-bit 

input. Table-D as a result is used to extract three 5-

variable boolean relations. Figure-B illustrates the 

second level adder. "𝑛"number of QSD sum & carry 

generators and "(𝑛 − 1)" number of second level 

adders are required for implementation of "𝑛" digit 

QSD adder as illustrated in Figure-C. The output comes 

out to be "(𝑛 + 1)" digit number. 

P 

𝑄𝑆𝐷 𝐴𝑑𝑑𝑒𝑟 𝐿𝑒𝑣𝑒𝑙 − 2 S 

Q 

 

Figure-B : QSD Adder (Level-2). 

 

 

 

 

Table –D : Mapping of inputs/outputs of second 

level QSD Adder. 

 

𝑰𝑵𝑷𝑼𝑻    𝑶𝑼𝑻𝑷𝑼𝑻   

𝑸𝑺𝑫   Binary 𝑫𝒆𝒄𝒊𝒎𝒂𝒍 𝑸𝑺𝑫 𝑩𝒊𝒏𝒂𝒓𝒚 

𝑷𝒋 𝑸𝒋 𝑷𝒋 𝑸𝒋 𝑺𝒖𝒎 𝑺𝒋 𝑺𝒋 

1 2 01 010 3 3 011 

1 1 01 001 2 2 010 

0 2 00 010 2 2 010 

0 1 00 001 1 1 001 

1 0 01 000 1 1 001 

−1 2 11 010 1 1 001 

0 0 00 000 0 0 000 

1 −1 01 111 0 0 000 

−1 1 11 001 0 0 000 

0 −1 00 111 −1 −1 111 

−1 0 11 000 −1 −1 111 

1 −2 01 110 −1 −1 111 

−1 −1 11 111 −2 −2 110 

0 −2 00 110 −2 −2 110 

−1 −2 11 110 −3 −3 101 
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Figure-C : QSD Adder of the order “ n-digits”. 

 

4. Quaternary Logic Unit Depiction 

MAX function realization using OR function and MIN 

function realization using AND function as well as 

INVERTER function are all involved in quaternary 

logic unit specification.2-bit binary is used to express 

the quaternary logic levels.The truth tables for 

INVERTER function,MAX function & MIN function 

are respectively elaborated below. 

 

Table-E : Truth Table for Quaternary Inverter 

Function 

 

 

 

 

 

 

 

 

 

 

Table-F : Truth Table for Quaternary MAX 

Function 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table-G: Truth Table for Quaternary MIN 

Function 

 

 

 

 

 

 

 

 

 

 

 

 

5. Analytical Results 
This Quaternary Signed Digit based Adder/Subtractor& 

Logical Unit are coded in VHDL and implemented on 

SPARTAN-3E (xc3s250e-4pq208) using Xilinx Project 

Navigator 12.1. The simulation of the design is also 

done on Modelsim 10.2b.The magnitude of QSD 

number is twice the magnitude of binary.It means that a 

4-digit QSD number actually will represent 8-digit 

binary if converted to the same. Various parameters are 

employed fordetailed performance analysis of this 

design. Propagation Delay, LUT utilization and average 

power consumption of various units of the proposed 

design are estimated. 

 

 

𝐼𝑁𝑃𝑈𝑇 𝑂𝑈𝑇𝑃𝑈𝑇 

00 11 

01 10 

10 01 

11 00 

    P  

  𝟎 𝟏 𝟐 𝟑 

 𝟎 0 1 2 3 

 𝟏 1 1 2 3 

Q 𝟐 2 2 2 3 

 𝟑 3 3 3 3 

    P  

  𝟎 𝟏 𝟐 𝟑 

 𝟎 0 0 0 0 

Q 𝟏 0 1 1 1 

 𝟐 0 1 2 2 

 𝟑 0 1 2 3 
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Table–H : Performance Analysis   

 

𝑂𝑃𝐶𝑂𝐷𝐸 𝐷𝑒𝑠𝑖𝑔𝑛 𝑈𝑛𝑖𝑡 𝐷𝑒𝑙𝑎𝑦 𝐴𝑣𝑒𝑟𝑎𝑔𝑒  

𝑃𝑜𝑤𝑒𝑟 

𝐿𝑈𝑇𝑠 

(𝑇𝑜𝑡𝑎𝑙 

= 4896 

000 𝐴𝑑𝑑𝑒𝑟 9.7𝑛𝑠 0.052 𝑊 291 

001 𝑆𝑢𝑏𝑡𝑟𝑎𝑐𝑡𝑜𝑟 9.7𝑛𝑠 0.052 𝑊 320 

010 𝐼𝑁𝑉𝐸𝑅𝑇 5.6𝑛𝑠 0.052 𝑊 16 

011 𝑀𝐴𝑋 5.6𝑛𝑠 0.052 𝑊 16 

100 𝑀𝐼𝑁 5.6𝑛𝑠 0.052 𝑊 16 

 

Total average power consumption of the designed 

QSD ALU on Spartan-3E = 0.052 W 

 

Total LUT utilization of the designed QSD ALU on 

Spartan-3E = 834 17% . 
 

6. Conclusion 
    This QSD based design elaborates the better 

productivity over other number systems in terms of 

superior performance based on various parameters such 

as propagation delay, LUT utilization, power 

consumption and number of digits employed. The QSD 

adder designed in this paper can be used as a building 

block for QSD multiplier design. The future 

innovations can be division & square-roots using QSD 

representation. Furthur optimization of this design can 

be achieved by multivalued logic realization.  
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