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ABSTRACT:  
This paper presents the design of a 16-bit RISC processor core. The quasi-adiabatic DCPAL circuit design style is 

employed in the designs. The major blocks constituting the processor core are the Arithmetic and Logical Unit 

(ALU), Program Counter, Adiabatic Register file and Control Unit housing the instruction decoders. The schematic 

designs are drawn using the schematic edit tool and the extracted netlists are used in the simulations. The design is 

validated by developing and testing the equivalent CMOS circuit counterparts for the processor core design. 250nm 

Technology model library from TSMC are used in the designs. Use of the identical design environment for the 

adiabatic and CMOS logic circuits ensures justifiable comparison among the circuits. The schematic design and 

HSPICE simulations are realized using the industry standard tool flow. Adiabatic gain values of up to 10 are realized 

in the circuits.  

1. INTRODUCTION 

With the rapid evolution of silicon technology, 

the transistor size continues decreasing 

remarkably with growing functionality in the 

integrated circuits. The switching frequencies 

also increase. As a result, power density of the 

chip becomes increasingly high and thus, the 

power management has become the primary 

concern. This situation makes the power a more 

important performance metric for System-on-

Chips (SoCs) than the throughput, latency and 

frequency response characteristics. Hence, (1) 

design of low-power-operating and 

power-efficient electronic system design is more 

prudent than the research on power generation, 

and (2) observation of the trade-off between the 

battery operating time versus its size and weight 

makes one realize that the reduction in energy 

consumption at the cost of slightly increased 

circuit complexity would be highly 

advantageous. In this direction, Adiabatic or 

Energy Recovery technique proves to be an ideal 

non-conventional method of low power design 

[1] [2] [3]. The literatures provide many 

arithmetic circuits implemented using fully 

adiabatic and quasi-adiabatic [4] [5] logic design 

methods. This paper aims at building a complex 

system such as a Reduced Instruction Set 

Computing microprocessor (RISC), using the 

Differential Cascode and Pre-resolved Adiabatic 

Logic (DCPAL)[6]. This DCPAL structure is 

preferred due to its higher energy recovery 

characteristics in comparison with [4][5].  

This paper is organized as follows. Section 2 

deals with the brief introduction on the DCPAL 

buffer/inverter operation. Section 3 presents the 

structural design of RISC processor. Section 4 

follows with the performance analysis and 

discussion of the results. Section 5 concludes.  

2. DCPAL Buffer/Inverter 

The DCPAL is a structured and dual rail pre-

resolve logic [2]. The basic buffer/inverter has 

the NMOS structure shown in Fig. 1 (a). Figure 

1(b) shows the various phases of power-clock 

operation. The differential cascade functional 

block tree consisting of NMOS transistors form 
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the pull-down arm of the sense amplifier 

structure. MN1 and MN2 depict the functional 

blocks. The footer transistor MN3 connected to 

the common source terminal N1 of the logic tree 

is used for pre-resolving. Desired logic function 

can be obtained by suitable structuring the logic 

tree. The power-clock (PC) phase PC3, at the 

gate terminal of MN3 acts as pre-resolve 

enabling signal. The power-clock PC1 at the 

source of MP1 and MP2 is 180
o
 ahead of PC3 

and 90
o
 ahead of the input. The devices MP1 

and MP2 provide output charging/discharging 

path for evaluation and recovery processes. The 

four stages of operation are 1) Pre-resolve to 

zero, 2) Evaluate, 3) Hold and 4) Recover. 

Pipelining of successive adiabatic stages is done 

with the following stage operated by the power 

clock PC2 and pre-resolving power clock PC4.  

     

(a) 

    

(b) 

Fig. 1(a) Basic DCPAL inverter/Buffer and (b) Power clock phases 
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Fig. 2 Simplified block schematic of the RISC processor 

3. SCHEMATIC STRUCTURE OF THE 

RISC PROCESSOR 

This section presents the simplified internal 

block schematic of the RISC processor. The 

main modules of the structure [7] as shown in 

Fig. 2 are the Arithmetic and Logical Unit 

(ALU), Control Unit, Register file, Instruction 

RAM and program counter.  250nm CMOS 

technology library file from TSMC has been 

used in the designs. 

(1) The Arithmetic and logical unit consists of 

16 bit ADDER block, 16 bit Barrel 

shifters and logical operators on 16 bits. 

The arithmetic circuits of adders and 

multipliers and logical units form the ALU.   

(2) The program counter operates for any one 

of the three actions, namely, (1) 

incrementing the current address, (2) 

replace itself using the address obtained 

from the location identified in the register 

file, which acts a temporary stack for the 

instruction and (3) get the address from 

the partial instruction word.  

(3) The adiabatic register file consists of eight 

registers of 16-bit word capacity, with one 

write port and three read ports. While the 

memory cell is designed as a conventional 

CMOS circuit, the decoder circuits are 

made adiabatic, to effect low power. The 

selection of the word line is done based on 

the input instruction word, for the 

read/write operations.  

(4) The instruction decoder decodes the 

comprehensive 16-bit instruction word 

and issues the controlling/enabling signals 

to various circuit blocks for realizing the 

operation. 

The circuits are operated using four-phase ramp 

power-clock sources. The four-phases are 

separated from each other by 90
o
, and are fed 

from the Synopsys HSPICE simulation 

environment.  

3.1  DCPAL Latch  

Figure 3(a) shows the DCPAL latch circuit. The 

primary feature of the energy recovery logic is 

the reclaiming of the charge at the output nodes 

every clock cycle. But the recovery phase 

necessitates the bit information to be retained, 

for use by the subsequent circuit in the adiabatic 

pipeline. Hence, the feedback circuit operated by 

the corresponding power-clock is employed. 

This stores and feeds the information back to the 

register. The feedback signal from the output bit 

is given back through a buffer and applied at the 

input of the AND gate along with a RESET 

signal as the second input. The RESET can be 
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made 0, when the output of the register is 

needed to be reset. The input at the register is 

passed on to the output, only when the enable 

input signal is made high. Here, the NMOS_1 

and PMOS_1 act as pass transistors. They allow 

the input signal to pass through only when the 

enable signal En is HIGH and Enb signal is 

LOW. VPC1 activates the NAND gate and the 

power-clock signal VPC3 activates the feedback 

inverter. Thus, the output can be sensed from the 

VPC2 power-clock duration and it is held in the 

current state until the next VPC0 brings in the 

next data to be held in the register.  

 

(a) 

 

(b) 

Fig. 3 (a) Latch using DCPAL and (b) Transient waveforms 
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Figure 3(b) shows the waveform transients of (1) 

Reset and Enable, (2) the In and Inb signals 

applied at the input, (3) the Out and Outb signals 

that retains the input bits and (4) the energy 

recovery graph. The energy dissipated is in the 

order of 250fJ for four clock cycles while 

operating at 50MHz. On the other hand, the 

energy dissipation of its CMOS counterpart is 

40pJ. 

3.2 DCPAL Shifter  

The bit-shifts are sometimes considered bitwise 

operations, since they operate on the binary 

representation of an integer rather than on the 

numerical value. In this operation, the bits are 

moved or shifted to the left or right. In the 

arithmetic shift, the bits that are shifted out at 

one end are discarded. In a left-arithmetic shift, 

zeros are shifted-in from the right and during the 

right-shift operation, the sign bit is shifted-in 

from the left, thus preserving the sign of the 

operand. A left arithmetic shift by n is 

equivalent to multiplying by 2
n
, while a right 

arithmetic shift by n of a two's complement 

value is equivalent to dividing by 2
n
. In a logical 

shift, the bits that are shifted out are discarded, 

and zeros are shifted in (on either end). 

Therefore, the logical and arithmetic right-shifts 

are exactly the same operation. However, the 

logical left-shift inserts bits with value 0 instead 

of copies of the sign bit. This makes the logical 

shift suitable for unsigned binary numbers. 

Another form of shift designed for use is the 

circular shift or bit rotation. The bits are rotated 

with the left and right ends of the register treated 

joined together.  

Figure 4(a) shows the principle of a 4 bit 

logarithmic barrel shifter design. The schematic 

arrangement of the 16-bit barrel left-shifter 

produced in the schematic edit tool for 

simulation is shown in Fig. 4(b).  

 

Figure 4 (a) Circuit schematic of a 4-bit logarithmic barrel left-shifter 
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Fig. 4 (b) Circuit schematic of the 16-bit logarithmic barrel left-shifter 

3.3  Program Counter 
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Fig. 5 Schematic diagram of the Program Counter  
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The program counter [8] is a register that 

indicates the processor as related to the 

instruction sequence. The schematic circuit 

arrangement along with the control signal and 

power clock phases is shown in Fig. 5. It holds 

the address of the next instruction to be executed 

and increments automatically after fetching a 

instruction, so that instructions are retrieved 

from memory. For certain instructions, such as 

jump instructions, it allows a new address to be 

chosen as the start of the next part of the flow of 

instructions from the memory. A subroutine call 

is achieved simply by reading the old contents of 

the program counter, before they are overwritten 

by a new value, and saving them in another 

register. A subroutine return is then achieved by 

retrieving the saved value back in to the PC. The 

16-bit register is based on DCPAL latches, and 

an auto incrementer.  

3.4 Instruction Decoder 

The typical 16-bit instruction format is shown in 

Fig. 6. The most significant 5-bits of the 

instruction identify the opcode, enabling the use 

of 25=32 instructions. The instruction decoder 

decodes these bits and enables the module 

identified. It also identifies the nature of the 

instructions, namely, that containing the (1) the 

immediate value, (2) the address of the register 

which is to be accessed or (3) the shift count 

value, etc.  The first format shown in Fig. 6 is 

used for loading and storing operations and for 

instructions such as JUMP where the address 

needs to be loaded into the program counter. The 

second format structure is used for loading 8-bit 

data into any one of the eight registers. The bits 

8, 9 and 10 are used for selecting one of the 

eight registers. The format 3 is used for shifting 

instructions, addition and logical operations. The 

bits 1 to 4 denote the amount of shift needed, 

which can vary from 0 to 15. The bit 0 identifies 

the left/right shifting operation. Addition and 

other logical operations are identified by 

instructions of format 4. It consists of two source 

and one destination registers. The registers are 

identified by bit combinations of (2, 3, 4), (5, 6, 

7) or (8, 9, 10) respectively. Bits 15 to 11 mark 

the operation code that that makes the remaining 

bits considered for register address, shift amount 

or the immediate data.  

 

Fig. 6 Instruction Formats 
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Table I Power Comparison between the DCPAL and CMOS circuits 

 DCPAL CMOS 

16-bit Adder  120.1uW 6.2mW 

16-bit Barrel Shifter 125.0uW 2.53mW 

Program Counter 345.7uW 2.46mW 

Instruction Decoder 93.8uW 1.04mW 

Memory Register File 122.3uW 0.9mW 

4. PERFORMANCE ANALYSIS AND 

DISCUSSION 

The DCPAL based adiabatic processor was 

implemented using the typical models of the 

250nm technology files. The CMOS circuit 

counterpart also was simulated in the same 

design environment for justifiable comparison. 

The individual cells were designed and tested. 

These are employed hierarchically upward to 

facilitate the entire design and implementation 

of the adiabatic and CMOS RISC processors. 

The average power dissipation comparison of 

the individual units is shown in Table I. The 

simulations are done at 200MHz and an 

operating voltage of 2.5V.  

It can be observed that the power consumption 

ratio between the DCPAL adiabatic circuit and 

the CMOS counterpart varies from around 7 to 

more than 10 at an operating frequency of 

200MHz. For 100MHz frequency, the adiabatic 

gain values increase further. The final RISC 

CPU is also tested for execution of various 

instructions. The power dissipation ratio of the 

DCPAL and CMOS RISC processor while 

executing the MOVE instruction, for example is 

11.2. Here adiabatic gain is defined as the ratio 

between the power dissipation values dissipated 

in the CMOS circuit and the adiabatic circuit. 

5. CONCLUSION 

The design of a 16-bit RISC processor using the 

DCPAL logic is presented. The comparative 

advantage is shown through the simulation of an 

equivalent CMOS circuit structure in the same 

design environment. Values up to 90% power 

savings are achieved at 200MHz operation. The 

simulations are performed through the schematic 

editing, SPICE netlist extraction and simulation 

using the 250nm model library from TSMC.  

The DCPAL adiabatic logic is employed in the 

designs. The main advantage of this logic is the 

efficient energy recovery characteristics and 

elimination of leakage energy through its pre-

resolving nature of inputs. This feature also 

enables the use of the RISC processor for higher 

frequency ranges of operation than the 2N-2P 

circuit counter part. The results confirm the 

advantages of the use of the DCPAL logic for 

realizing low-power operation, by the reclaiming 

of the energy spent in the circuit.   

REFERENCES 

1. Athas, W.C., Svensson, L.J., Koller, N., 

Tzartzanis, N. and Chou, E. (1994).  Low power 

digital system based on adiabatic switching 

principles, IEEE Trans. on VLSI Systems, Vol. 2, 

No. 4, pp. 398–407. 

2. Athas, W.C., Tzartzanis, N., Mao, M., Peterson, 

L., Lal, R., Chong, K., Moon, J.-S., 

Svensson, L.J. and Bolotski, M. (2000). The 

design and implementation of a low-power clock-

powered microprocessor, IEEE Jl. Solid-State 

Circuits, Vol. 35, pp. 1561–1570. 

3. Chandrakasan, A.P. and Brodersen, R.(1995)Min

imizing power consumption in digital CMOS 

circuits, Proc. of  the  IEEE, Vol. 83, No. 4, pp. 

498-523. 

4. Kramer, A., Denker, J.S., Flower, B. and 

Moroney, J. (1995). 2nd order adiabatic 

computation with 2N-2P and 2N-2N2P logic 



                                        International Journal of Advanced Engineering Technology                     E-ISSN 0976-3945 

IJAET/Vol.II/ Issue I/January-March 2011/154-162 

 

circuits, Proc. of Intl. Symp. on Low Power 

Design, pp. 191-196. 

5. Moon, Y. and Jeong, D.K. (1996). An efficient 

charge recovery logic circuit, IEEE Jl. of Solid 

State Circuits, Vol. 31, No. 4, pp. 514-522. 

6. Kanchana Bhaaskaran, V.S. and Raina, J.P. 

(2008). Differential cascade adiabatic logic 

structure for low power, Jl. of Low Power 

Electronics, Vol.4, No. 2, pp.178-191. 

7. Youngjoon Shin, Chanho Lee, and Yong Moon 

(2004). A low power 16-bit RISC microprocessor 

using ECRL circuits, ETRI Journal, Vol. 26, No. 

6. 

8. Weste, N. and Eshraghian, K. (1993). Principles 

of CMOS VLSI Design (A Systems Perspective), 

2nd Ed., MA: Addison Wesley. 


