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ABSTRACT


The need for a low power system on a chip for embedded systems has increased enormously for human to machine interaction. The primary constraint of such embedded system is to consume less power and improve the battery performance of the device. We propose energy efficient, low power hybrid 1-bit full adder circuit in this paper, which may be integrated on chip to improve the overall performance of embedded systems. The proposed 1-bit hybrid full adder circuit designed at 130 nm technology was simulated using Mentor Graphics EDA tool. Further, a comparison is made with the previously proposed full adders, using metrics such as power dissipation, propagation delay and power delay product. Comparative performance shows that the proposed 1-bit full adder shows average improvement in terms of power dissipation (31.62 nW and 20.84 nW) and average delay (5.07ns and 11.41ns) over the existing 1-bit hybrid and cell 3 full adder circuit.
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1. Introduction

The demand for Internet of Things (IoT) technologies in Industry 4.0 has had tremendous growth in recent years [Chen et al. 2018]. One of the main application areas is the connectivity of IoT devices, which may include human-to-machine (H2M) and machine-to-machine (M2M) interaction [Giordani et al. 2019]. Thus, increasing demand for technologies with real time applications in Industry 4.0, i.e., which includes the artificial intelligence (AI) and machine learning algorithm, requires an embedded system which is highly reliable and fast [Giordani et al. 2019]. However, a major challenge to such technology being developed is the requirement of a low power and high speed circuit that has to be integrated with a system-on-chip (SOC) device [Giordani et al. 2019]. Hence, demand for the high processing unit is increasing day by day, that includes the basic arithmetic and logic unit operation, which fully depends on this battery-operated device.

There has been an exponential growth in the use of battery operated portable systems over the past few decades, which demands an energy efficient circuitry. To enhance the performance and integration of more functions into chip, the feature size of each transistor has to shrink more, which consequently increases the power density [Nadu et al. 2014]. Therefore, power reduction has become the most critical factor for the success of the microelectronics industry. Power dissipation in digital circuits is minimized either by reducing the power supply voltage or decreasing the operating frequency. However, it results in the rise in propagation delay and also degrades the driving capability of the designed circuits. In electronic systems, digital signal processing (DSP) units play a significant role. DSP based electronic processors perform operations such as filtering, discrete Fourier transform, convolution, Fast Fourier transform and video processing. They perform mathematical operations such as addition, subtraction, division and multiplication [Wairya et al. 2011]. Adder circuit is the core module in these systems to perform various mathematical computations. Hence, increasing the performance of an adder circuit greatly improves the performance of these systems.

Literature in the last few years demonstrates various circuit techniques used for designing adders. Authors have designed various adder circuits with different logics and different transistor sizes, resulting in differences in propagation delay and power dissipation. A conventional CMOS adder (C-CMOS) consists of pull-down and pull-up networks and is designed by using 28 transistors. This adder circuit is reliable and simple; however, due to the greater number of transistors, issues such as greater power dissipation, slower switching speed and larger area are observed. Hybrid full adder has several sub-modules. The primary advantage of using hybrid full adder is that each sub-module can be checked and can be replaced with another sub-module that has a better performance. Further, these sub-modules are connected together to obtain the complete full adder. [Wairya et al. 2011]–[Goel et al. 2006] proposed a hybrid full adder that provides full swing output and is energy efficient. However, the proposed hybrid adder circuit fails to perform at lower voltages. Among different reported structures of full adder, three structures for implementing a full adder are shown in Figure 1 and their logic equations are mentioned in Table 1. The outputs from these structures are H and which are equal to A⊕B and respectively. Figure 1(a) represents the block diagram for implementing a full adder that is energy efficient and also requires lesser area [Nadu et al. 2014]. However, this design has higher carry propagation delay when used in cascaded structure due to sharing of carry input in the two modules. [Wairya et al. 2011] presented an alternate design of adder circuit which is shown in Figure 1(b). The authors had proposed two different full swing output adder circuits by using swing-restored complementary pass-transistor logic and double pass-transistor logic. However, these designs have higher power dissipation and higher transistor count. Figure 1(c) shows a hybrid design of the adder circuit as proposed by [Tung et al. 2007]. This adder circuit is energy efficient, reliable and provides full-swing output.
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Figure 1. Different structures for implementing a full adder circuit: (a) Aguirre’s model (b) Kumar’s model (c) Hybrid model



Table 1. Logic equations for 1-bit full adder




	Structure

	Sum

	Cout






	Figure 1(a)

	𝐻𝐶𝑖𝑛+𝐻𝐶𝑖𝑛=(𝐴⊕𝐵)⊕𝐶𝑖𝑛

	𝐶𝑖𝑛(𝐴𝐵)+𝐶𝑖𝑛(𝐴+𝐵)




	Figure 1(b)

	(𝐵⊕𝐶𝑖𝑛)𝐴𝐵⊕𝐶𝑖𝑛+𝐴(𝐵⊕𝐶𝑖𝑛)

	𝐴(𝐵⊕𝐶𝑖𝑛)+𝐶𝑖𝑛(𝐵⊕𝐶𝑖𝑛)




	Figure 1(c)

	𝐻𝐶𝑖𝑛+𝐻𝐶𝑖𝑛=(𝐴⊕𝐵)⊕𝐶𝑖𝑛

	𝐻𝐶𝑖𝑛+𝐻𝐴








In the proposed work, a 1-bit energy efficient hybrid full adder is designed. The circuit utilizes 14 MOS transistors. The proposed full adder circuit shows lesser power dissipation and lesser power-delay product as compared to some of the previous related works. The effect of temperature on power dissipation has also been assessed in the proposed adder circuit by varying the temperature.

Therefore, a low power application has been identified as a prime concern for a Very Large Scale Integration (VLSI) system, which consumes less power and provides better battery life [Wairya et al. 2011]–[Goel et al. 2006]. Full adder is the fundamental building block in a portable device, which can be addressed through different logic designs to improve the battery life and decrease the silicon area i.e., by reducing the number of transistors [Goel et al. 2006]–[Hassoune et al. 2010]. Nevertheless, different logic designs (i.e., static and dynamic approach), performance metrics (i.e., power dissipation and delay) and number of transistors used in the designs are some of the fundamental parameters that have been studied by the researcher at different voltage ranges and technology scale (nano-technology) [Bhattacharyya et al. 2015], [Tirumalasetty et al. 2019], [Abid et al. 2008].

On the basis of the study, mainly different logic styles are used to design the full adder such as; static and dynamic CMOS [Bhattacharyya et al. 2015], [Goel et al. 2006], [Amini-Valashan et al. 2018], [Sun et al. 2014], ratioed style [Wairya et al. 2012], complementary pass-transistor logic (CPL) [Bhattacharyya et al. 2015], [Hasan et al. 2019], [Aguirre-Hernandez et al. 2011], [Nadu et al. 2014], Transmisión Gate (TG)-CMOS [Goel et al. 2003], [Janwadkar et al. 2018], [Hassoune et al. 2010], [Aguirre-Hernandez et al. 2011], Static Energy Recovery Full (SERF) [ Wairya et al. 2011], [Goel et al. 2006], [Venkatesan et al. 2019], [Yadav et al. 2018], carbon nanotube Field Effect Transistor (FET) [Dokania et al. 2018], Gate Diffusion Input (GDI) [Hasan et al. 2019], [Venkatesan et al. 2019], [Badry et al. 2018] and their hybrid arrangement [Wairya et al. 2011], [Bhattacharyya et al. 2015], [Kandpal et al. 2019], [Hasan et al. 2019], [Tirumalasetty et al. 2019], [Naseri et al. 2018], [Aguirre-Hernandez et al. 2011], [Nadu et al. 2014], [Yadav et al. 2018], [Dwivedi et al. 2016].

Every design has got their merits and demerits, for example, a static full adder is more reliable than dynamic full adder and consumes less power, whereas the dynamic full adder has faster switching speed in comparison to static full adder. Also, for N input logic, dynamic adder requires only (N+2) number of transistors whereas the static one requires 2N transistors. On the other hand, the voltage swing restoration of CPL is better in comparison to CMOS which contributes to low power consumption due to low voltage swing at the internal node. However, it suffers from static power consumption [Bhattacharyya et al. 2015], [Goel et al. 2006], [Hassoune et al. 2010], [Aguirre-Hernandez et al. 2011], whereas, voltage scaling [Dokania et al. 2018] of CMOS is better in comparison to CPL [Wairya et al. 2012], [Bhattacharyya et al. 2015], [Naseri et al. 2018]. Thus, the different logic styles have their own advantages and disadvantages, which is mainly dependent on power consumption, chip area and reliability constraint [Dokania et al. 2018], [Bhattacharyya et al. 2015], [Kandpal et al. 2019], [Naseri et al. 2018], [Amini-Valashan et al. 2018], [Abid et al. 2008], [Dwivedi et al. 2016]. Hence, finding the optimum solution to designing a full adder is considered an open research challenge for the researcher.

The notable work reported for 1-bit hybrid full adder circuit using GDI and CMOS technique at 120 nm technology simulated using Microwind VLSI CAD tool was described in [Nadu et al. 2014]. It was shown that, at supply voltage of 1.2 V, the proposed circuit provides better performance in terms of power dissipation and delay of 9 μW and 18 ps when compared with the conventional CMOS. Further, the silicon area size can be reduced due to the lesser transistor count (21T) when compared with the number of transistors (28T) in conventional CMOS [Nadu et al. 2014].

P. Bhattacharyya et al., reported the work based on hybrid arrangement of CMOS logic and TGL (transmission gate logic) using 16 transistors (16T) for low power and high speed application [Bhattacharyya et al. 2015]. It was shown in [Bhattacharyya et al. 2015], the hybrid circuit has better delay response when compared with the other existing models. The simulation was carried out for both 180 nm and 90 nm technology. The best performance in terms of power dissipation and delay was found to be 112.79 μW and 5.57 ns at 1.8V supply voltage for 180 nm technology and 53.36 μW and 2.45 ns at 1.2V supply voltage respectively. This was achieved due to the efficient pairing of strong transmission gates with the CMOS inverters [Bhattacharyya et al. 2015].

On the other hand, A. K. Yadav et al., presented 1-bit FA for low power application using 10T configuration designed at 45 nm CMOS technology using the HSIPCE software [Yadav et al. 2018]. It was reported that, the circuit presented in [Yadav et al. 2018], provides the maximum amount of improvement in PDP of 96.01% and 91.64% for GDI and SERF respectively. The hybrid combination of 1-bit adder using CPL, CMOS, and TG logic using 13T configuration for 90 nm technology is reported in [Kadu et al. 2018]. It was shown that considerable decrease in delay can be obtained by decreasing the transistor count i.e., delay of 5.18 ns and 20.03 ns is obtained using 13T and 16T full adder configuration.

Naseri and Timarchi presented the study of different type of logic for the implemented XOR/ XNOR gates for 65-nm technology using CMOS [Naseri et al. 2018]. Simulation were carried out using HSPICE and Cadence software and showed that the best results were obtained using hybrid FA-22T cell configuration, saving 43.5% energy delay product (EDP) and 23. 4% PDP when simulated over 0.65 to 1.5 V voltage range. Further, the study also presented the device sizing, which was obtained with the help of particle swarm optimization (PSO) algorithm [Naseri et al. 2018].

From the above discussion, it can be inferred that the 1-bit adder circuits design using the hybrid combination can provide an overall improvement in system performance. As different logic has different merits and demerits, therefore, in this we propose the new novel hybrid 1-bit adder using 14 T configurations, simulated at 130 nm technology using Mentor Graphics tool at 27 °C. The primary aim of this research work is to design the full adder circuit, which can provide the optimum solution in term of propagation delay and power dissipation. In Section 2 the schematic of the proposed hybrid 1-bit FA circuit and its operation is presented, as well as its comparison with other existing full adder. Section 3 deals with the results and analysis of the proposed 1-bit hybrid full adder and finally the conclusion is presented in Section 4.

2. Design and Simulation Setup of the Proposed 1-Bit Hybrid Full Adder

The schematic of the proposed 1-bit hybrid full adder circuit is shown in Figure 1, which is designed using fourteen (14) transistors. As observed from Figure 1, the hybrid arrangement of the proposed 1-bit hybrid full adder consists of three modules i.e., Module 1, Module 2 and Module 3 respectively (shown with color box). As shown in Figure 2, Module 1 arrangement has circuit of XOR-XNOR [Dokania et al. 2018], [Goel et al. 2006]–[Janwadkar et al. 2018], [Naseri et al. 2018], designed using six transistors based on the inverter configuration i.e., Tn1, Tp1, Tn2, Tp2, Tn3, Tp3 respectively. The advantage of using the XOR-XNOR circuit is that it reduces the complexity of the circuit as only half the number of transistor is required as compared with the conventional CMOS XOR circuit [ Wairya et al. 2011], [Tung et al. 2007], [Amini-Valashan et al. 2018]. Thus, it results in reducing the number of internal node, which further provides the reduction in power dissipation.
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Figure 2. Design structure of the proposed 1-bit hybrid full adder for low power application (Different colors are used to distinguish between different modules).


The output generated from Module 1 (using two inputs A and B) is coupled with Module 2 and Module 3. Input C is connected to Module 2 and Module 3 respectively. Module 2 consists of a pair of transistors (Tn4, Tp4, Tn5, Tp5) responsible for sum (SUM) output signal, whereas Module 3 consists of transmission gate logic (Tn6, Tp6, Tn7, Tp7 ) responsible for carry output (Cout) signal. Carry propagation delay is reduced by TGL which further provides reduction in the overall propagation delay.

As discussed earlier, module-1 is a XOR-XNOR circuit which further drives module-2 and module-3. Elaborated discussions on all these modules are presented below:

Module-1 in Figure 2 is XOR-XNOR logic cell which generates output signals and acts as a driving input source to successive modules. Module 1 is responsible for maximum power dissipation. Since module 1, which consists of six transistors (6T), will provide full swing, so for swing restoration no extra transistors are required. Due to no direct path between power supply and ground, short- circuit current has been reduced which provides good driving capability, thus providing the robustness to the circuit. The major advantage of this module is that for all input combinations, both outputs have perfect voltage level.

Module-2 of the proposed full adder is PTL and Transmission gate based XOR gate. The function of this module is to implement SUM output. The outputs of module-1 serve as the inputs for module-2 while another input signal, (Cin) is provided externally. There are in total 4 transistors required for implementing the SUM output. Both XOR and its compliment are generated from module-1. Therefore, additional transistors are not required for to design the inverter that would complement the input XOR in module-2. The major advantage of this module is that it provides full swing output for all inputs and has lesser transistor count thus, resulting in low power dissipation.

Module-3 is based on TG logic and is built by connecting nMOS and pMOS transistors in parallel and controlled by the complementary control signals. When turned on simultaneously, both transistors (nMOS and pMOS) provide the input logic “0” or “1” respectively. Hence no voltage drop problem whether the 0 or the 1 is passed through it.

Thus, the proposed one bit full adder is used for minimizing the power dissipation. Also, due to the lesser number of transistors (14 T configurations), the power dissipation at the internal node reduced which decreased the power dissipation. Also, the carry propagation delay was reduced due to the TG logic, which further improves the overall propagation delay.

The proposed 1-bit hybrid circuit of full adder designed on the Mentor graphic tool is shown in Figure 3 and the time domain waveform, obtained from proposed 1-bit hybrid circuit of full adder at VDD =3V, is shown in Figure 4, this verifies the operation of the full adder circuits.
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Figure 3. Simulated design of the proposed 1-bit hybrid full adder on Mentor graphic tool at 130 nm technologies
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Figure 4. Time domain simulation waveform of the proposed 1 bit hybrid full adder at VDD =3V.


As a result, new complete adder architectures with low power dissipation and high speed are required. The 14T topology shown in Figure 2 is a full adder circuit. The adder chains integrated in the multiplier performed significantly better thanks to the compact circuit design and lower number of transistor counts. The low-power dissipation of adder topologies effectively minimizes the multiplier unit's overall power consumption and ensures energy-efficient low power computing.

Further, to make a comparison of performance, the proposed circuit of 1-bit hybrid full adder circuit was assessed along with the previous others 1-bit FA circuits reported in [ Wairya et al. 2012], [Dokania et al. 2018] (shown in Figure 5 (a) and Figure 5 (b) respectively) are simulated at 130 nm technology design using Mentor Graphics Tools at 100 MHz frequency.
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Figure 5. The schematic circuit design of 1-bit full adder (a) Using Hybrid 1-bit full adder, (b) Cell 3 full adder


The hybrid full adder (16T) circuit depicted in Figure 5(a) was created using transmission gates and a low power XOR-XNOR architecture. It has an internal node threshold voltage loss issue that has spread to the output nodes. Figure 5(b) shows Cell 3 Full Adder. The designs have unfavorable output voltage levels and poor operation. Therefore, it may be said that Cell 3 Full Adder and Hybrid Full Adder either have unsatisfactory output levels or unfavorable output voltage level. The design structure of the proposed full adder in Figure 2 exhibits full swing output level.

The performance of digital circuits and systems is measured through parameters such as power dissipation, delay and power delay product. The power dissipated in digital circuits is classified into two categories: Static and dynamic power. The total power dissipated in any digital circuit is called average power dissipation (Pavg). Static power dissipation occurs due to leakage current in the circuit when it is in idle or standby mode. Theoretically, in standby mode a CMOS digital circuit does not dissipate power because either pull-up network or pull-down network is in OFF state, which prevents leakage current. In a practical situation, a certain amount of power passes through the transistors. Static power dissipation associated with each transistor due to leakage current is quite small; however, when millions of transistors are integrated together, their cumulative effects become significant. The other type of power dissipation is dynamic power, which occurs while the device is in active state and is further classified into short-circuit power and switching power dissipation. The power dissipated in the charging and discharging of load capacitances is termed as switching power. The portion of power dissipation due to the flow of current from supply voltage (Vdd) directly to the ground terminal is called short-circuit power.

To evaluate the performance, the comparison is carried out using three metric viz. power dissipation, propagation delay and PDP. Propagation delay (TPropagation) depends on the chip area of the transistors (due to the scaling of transistors) and power dissipation and power delay product (PDP) in the circuit is given as:

Pavg=Pstatic+Pdynamic=Ileakage×Vdd+fCL×Vdd2+Isc×Vdd                      (1)

where Ileakage, Vdd, f, CL, ISC represents leakage current, supply voltage, switching frequency, output capacitance, short circuit current:

PDP=TPropagation×Pavg                      (2)

The propagation delay is the time needed for an input signal to reach to the output. It can be calculated by taking the time difference of the 50% transition points of the output and input waveforms.

The Power Delay Product (PDP) in any logic circuit is defined as the product of the power dissipation of the circuit and the propagation delay. Reduction in power dissipation and delay greatly improves the efficiency of digital circuits. An energy efficient digital circuit has lesser PDP.

3. Results and Discussion

The comparative performance parameters using the proposed 1-bit hybrid full adder, along with the existing other 1-bit full adder presented in [Wairya et al. 2012], [Dokania et al. 2018] for the voltage range of 1 V to 3 V (volts) at 130-nm technology using Mentor Graphics is shown in Table 2.


Table 2. Performance Parameters Comparison of Full Adder (1.0 V to 3.0 V)




	Vdd (V)

	1.0

	1.8

	2.0

	3.0






	Power Dissipation (nW)




	Hybrid FA

	12.80

	27.60

	52.58

	84.10




	Cell 3 FA

	10.20

	22.08

	39.38

	62.30




	Proposed FA

	1.10

	7.18

	9.20

	33.12




	Delay (nS)




	Hybrid FA

	19.80

	19.90

	17.48

	16.10




	Cell 3 FA

	28.20

	26.17

	24.32

	19.95




	Proposed FA

	15.90

	15.20

	12.80

	9.10




	Power Delay Product ( x 10-18J)




	Hybrid FA

	253.44

	594.24

	919.09

	1354.01




	Cell 3 FA

	287.64

	577.83

	957.72

	1242.88




	Proposed FA

	17.49

	109.136

	117.76

	301.39








As shown in Figure 6 (a), the hybrid FA circuit presented in [Wairya et al. 2012] does not show any improvement in power consumption (shown in nW) when compared with Cell 3 FA [Dokania et al. 2018], whereas the proposed hybrid circuit outperforms both of the existing 1-bit full adder circuits. The average improvement in power dissipation of 31.62 nW and 20.84 nW is obtained using proposed 1-bit hybrid full adder when compared with the Hybrid FA [Wairya et al. 2012] and Cell 3 FA [Dokania et al. 2018] respectively. Similarly, the simulated results obtained in Figure 6(b), for delay (shown in ns) shows, that the cell 3 FA shows poor performance when compared with existing hybrid FA [Wairya et al. 2012]. However, our proposed 1-bit hybrid full adder shows better performance when compared with previously existing full adder. It provides an average improvement in propagation delay of 5.07 ns and 11.41 ns when compared with the Hybrid FA [ Wairya et al. 2012] and Cell 3 FA [Dokania et al. 2018] respectively. It can be inferred from Figure 6(c), that the total PDP of both (previous existing adder) 1-bit full adder was almost similar, due to the fact that, one provides better power consumption while failing to provide any improvement in the propagation delay and vice versa.
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Figure 6. Comparative performance of the simulation results using proposed 1-bit hybrid adder circuit when compared with existing 1-bit adder in terms of, (a) Power dissipation (in nW), (b) Delay (in nS), (c) Power delay product (PDP in 10-18 W-s)


Thus, our proposed 1-bit hybrid full adder shows improvement in both power dissipation and propagation delay, therefore, improving the PDP of the proposed circuit as shown in Figure 6(c).

3.1. Temperature Analysis

In today’s era, where a large number of integrated circuits are fabricated on small area size die; a small temperature variation can significantly affect the overall performance. With the rise in temperature, the leakage current in any logic circuit also increases. To analyze the effect of temperature on the power dissipation of the proposed circuit, temperature ranges from -300C to 700C have been simulated. The power dissipation increases almost linearly with increase in temperature at lower temperature ranges and increases exponentially with further increase in temperature. Figure 7 shows the temperature variation effect on the power dissipation of the proposed adder circuit. The power dissipation increases at higher temperature ranges due to the increase in leakage current.
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Figure 7. The effect of temperature variation on the power dissipation of the proposed circuit


4. Conclusion

The main objective of this research work was to design an efficient, low power, high speed adder circuit that can be integrated on a chip, making it a suitable and efficient choice for IOT applications. Energy efficient, low power 1-bit hybrid adder circuit is proposed in this paper, which provides better power dissipation and reduction in propagation delay, making it ideally suitable for low power application. The proposed 1-bit hybrid full adder provides the average power dissipation of 12.65 nW and average delay of 13.25 ns for voltage range between 1V to 3V volt. As the proposed circuit is designed using 14 T configuration, the area on the chip is also reduced. The proposed hybrid full adder circuit can be used in other different circuits such as multiplier, compressor and biomedical devices. It can detect faults in real time and can be used to design low power digital processing systems.
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