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Abstract

Key building blocks ± simple ternary inverter, positive ternary inverter and negative ternary inverter have been

designed for operation at a low voltage ± �1 V in 2 lm, n-well standard CMOS process and simulated in SPICE3 for

use in the design of ternary logic circuits. The back-gate bias method has been used in conjunction with the width/

channel (W/L) ratio of MOSFETs to generate the desired dc voltage transfer characteristics and transition region

adjustment around midway between high and low logic levels. Ó 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

There are several techniques which are currently be-

ing exploited for the design of low-power digital circuits

for varied applications. Some of these logic design

techniques are based on adiabatic switching [1], auto-

mated low-power techniques exploiting multiple supply

voltages [2], and dynamic threshold voltage control by

biasing the bulk CMOS wells [3]. Basically, high-speed

and low-power operation of digital circuits could be

achieved by reducing both the power supply voltage,

VDD and threshold voltage, VT of MOSFETs [4,5].

The supply voltage reduction is the commonly used

technique in reducing power dissipation in CMOS cir-

cuits since static power dissipation is directly related to

the VDD and dynamic power dissipation is quadratically

related to VDD [6]. Dynamic power dissipation is the

dominant component of the total power dissipation and

can be signi®cantly lowered by reducing the VDD.

However, the delay increases as VDD is reduced, and

reducing the threshold voltage with reducing VDD in-

creases the subthreshold current. Hence, it becomes es-

sential to tradeo� between the power supply voltage and

threshold voltage for optimum circuit performance. The

back-gate bias scheme has been used as a tradeo� be-

tween speed and subthreshold power [7±9]. The method

of back-gate forward bias suitable for standard bulk

CMOS process is being promoted for circuit level de-

signs for low-voltage digital applications [10]. Heung

and Mouftah [11] reported the design of three-valued

logic circuits in non-standard CMOS processes. Re-

cently, Srivastava and Venkatapathy [12] have designed

ternary logic circuits and implemented them in 2 lm, n-

well standard CMOS process for operation below �2 V.

The ternary functions were implemented mainly by ad-

justing W/L ratios of transistors in a CMOS inverter

and by using a transmission gate at the output. In the

present work, it is shown through SPICE [13] simulation

that the back-gate bias provides an additional parame-

ter in the design of CMOS ternary logic circuits for

the low-voltage operation at �1 V, where an adjustment

of the transition region in voltage transfer characteris-

tics for the switching threshold becomes crucial to de-

signs.

2. Principle of the method

The following is the design equation of threshold

voltage VT of a MOSFET in CMOS circuits [14]:
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where VT0 is the zero-biased threshold voltage, c is the

body-e�ect coe�cient, Vb is the back-gate bias, and 2j/Fj
is the surface potential. The increase or decrease in VT

depends on the magnitude of Vb ± reverse or forward

biased. In dc voltage transfer characteristics of a CMOS

inverter, the transition region adjustment at the midway

between the high- and low-logic levels depends primarily

on the W/L ratios of n- and p-channel MOSFETs. A

better control of the transition region can be obtained by

electrically adjusting the threshold voltage of MOSFETs

since the turn-on and turn-o� points on voltage trans-

fer characteristics depend on the threshold voltage of

MOSFETs. The back-gate bias could be used more ef-

fectively in the design of ternary logic circuits, where an

additional design parameter is needed [12].

Three types of ternary operators are de®ned by [11]

X C � C if X � 1;
2ÿ X if X 6� 1:

�
�2�

C in Eq. (2) takes the value of logic 2 for PTI, logic 1 for

STI and logic 0 for NTI which corresponds to higher (1),

middle (0) and lower levels ()1), respectively. Figs. 1±3

show the schematics of STI, PTI and NTI, respectively.

In Fig. 1, for STI, a CMOS transmission gate is con-

nected to the common drain output of a CMOS inverter.

In Fig. 2, for PTI, a p-MOSFET is connected to the

output of a CMOS inverter. In Fig. 3 for NTI, an n-

MOSFET is connected to the output of a CMOS in-

verter. The substrate bias connection in MOSFETs of

the CMOS inverter is used to apply forward or reverse

bias voltage, Vb, for the control of threshold voltage

according to Eq. (1) and to adjust the transition region

in dc voltage transfer characteristics.

The circuit diagrams in Figs. 1±3 for STI, PTI and

NTI, respectively, can be implemented in standard dual

well CMOS processes using the p-substrate. These

wells can be held either at the same potential or at

di�erent potentials. Thus, the use of a standard dual

well CMOS process would allow us to apply di�er-

ent back gate biases in MOSFETs of ternary logic cir-

cuits. This would also eliminate the problem of the

p-substrate becoming common for all n-MOSFETs in a

typical n-well CMOS process. Part of the circuits in

Figs. 1±3 uses either a transmission gate or a pass

transistor, where the substrate for the p-MOSFET is

connected to the most positive potential, and the sub-

strate for the n-MOSFET is connected to the most

negative potential.

3. Results and discussion

In the design of STI, PTI and NTI, the back-gate

forward bias was not allowed to exceed beyond 0.4 V in

order to avoid the CMOS latch-up condition. The ter-Fig. 1. Simple ternary inverter.

Fig. 2. Positive ternary inverter.

Fig. 3. Negative ternary inverter.
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nary circuits were designed in 2 lm, n-well standard

CMOS process and simulated using the following

SPICE Level 2 MOSFET model parameters [15]:

n-MOSFET model parameters: VTO � 0.7339,

UO � 610.5, TOX � 4.12E)08, NSUB � 4.923E+15,

XJ � 0.20U, LD � 2.356E)07, CGSO � 2.9620E)
10, CGDO � 2.9620E)10, CJ � 1.3611E)04, MJ �
6.3320E)01, GAMMA � 0.4823.

p-MOSFET model parameters: VTO � )0.7776,

UO � 197.2, TOX � 4.12E)08, NSUB � 9.5750E+15,

XJ � 0.20U, LD � 3.307E)07, CGSO � 4.1576E)10,

CGDO � 4.1576E)10, CJ � 3.1861E)04, MJ �
6.0597E)01, GAMMA � 0.6727.

Fig. 4 shows the dc voltage transfer characteristics of

PTI and NTI for operation at �1 V with and without

back-gate bias. The voltage transfer characteristics for

PTI with back-gate bias corresponds to 0.15 V reverse

bias for n-MOSFET and 0.15 V forward bias for the p-

MOSFET. Similarly, the transition region of the voltage

transfer characteristics in NTI was adjusted with 0.20 V

back-gate reverse bias for n-MOSFET and 0.20 V back-

gate forward bias for p-MOSFET. In Fig. 4, PTI and

NTI characteristics have also been compared with j0:3j
V MOSFETÕs threshold voltage. Voltage transfer char-

acteristics of PTI shows good improvement in compar-

ison to the voltage transfer characteristics obtained with

nearly j0:73j V MOSFETÕs threshold voltage. However,

no change in the voltage transfer characteristics of NTI

is observed. Fig. 5 shows dc voltage transfer character-

istics for an STI. It was mentioned in Ref. [12] that

signi®cant adjustment in VT is needed to generate the

functional transfer characteristics for a STI. No back-

gate bias curve corresponds to VT � 1:5j jV [12]. With

back-gate bias, the threshold voltage of MOSFETs has

been reduced to 1j jV ± a value typically used in CMOS

designs.

4. Conclusion

Ternary logic circuits ± STI, PTI and NTI have been

designed for operation at �1 V power supply voltage by

adjusting the W/L ratios of transistors in a CMOS in-

verter and using transmission gate at the output. In

addition to the W/L ratio as a design parameter, the

back-gate bias has been used to adjust the transition

region in voltage transfer characteristics around the

midway between high- and low-logic levels. The method

could be used where location of transition region in

voltage transfer characteristics is critical to ternary logic

designs. The presented ternary circuits could be imple-

mented in standard dual well CMOS processes and used

in the design of adiabatic ternary CMOS logic circuits.

References

[1] Yeap GK. Practical low power digital VLSI design.

Kluwer, London, 1998.

[2] Usami K, Igarashi M, Minami F, Ishikawa T, Kanazawa

M, Ichida M, Nogami K. Automated low-power technique

exploiting multiple supply voltages applied to a media

processor. IEEE J Solid-State Circu 1998;33:463±72.

[3] Seta K, Hara H, Kuroda T, Kakumu M, Sakurai T. 50%

active-power saving without speed degradation using

standby power reduction (SPR) circuit. ISSCC95 Tech

Dig 1995:318±9.

Fig. 4. Voltage transfer characteristics of PTI and NTI with

and without back-gate bias.

Fig. 5. Voltage transfer characteristics of a STI with and

without back-gate bias.

A. Srivastava / Microelectronics Reliability 40 (2000) 2107±2110 2109



[4] Chadrakasan AP, Sheng S, Broderson RW. Low power

CMOS digital design. IEEE J Solid-State Circu 1992;

27:473±84.

[5] Liu D, Svensson C. Trading speed for low power by choice

of supply and threshold voltages. IEEE J Solid-State Circu

1993;28:10±7.

[6] Weste NHE, Eshraghian K. Principles of CMOS VLSI

design ± a systems perspective. New York: Addison-

Wesley, 1993.

[7] Burr JB, Shott J. A 200 mV self-testing encoder/decoder

using standard ultra-low-power CMOS. ISSCC94 Tech

Dig 1994:84±5, 316.

[8] Assaderaghi F, Sinitsky D, Parke S, Bokor J, Ko PK, Hu C.

A dynamic threshold voltage MOSFET (DTMOS) for ul-

tra-low voltage operation. IEDM94 Tech Dig 1994;809±12.

[9] Andoh, T, Furukawa A, Kunio T. Design methodology for

low-voltage MOSFETs. IEDM94 Tech Dig 1994:79±82.

[10] Chen MJ, Ho JS, Huang TH, Yang CH, Jou YN, Wu T.

Back-gate forward bias method for low-voltage CMOS

digital circuits. IEEE Trans Electron Dev 1996;43:

904±10.

[11] Heung A, Mouftah HT. Depletion/enhancement CMOS

for a low-power family of three-valued logic circuits. IEEE

J Solid-State Circu 1985;SC-20:609±15.

[12] Srivastava A, Venkatapathy K. Design and implementa-

tion of a low power ternary full adder. J VLSI Design

1996;4:75±81.

[13] Johnson B, Quarles T, Newton AR, Pederson DP,

Sangiovanni-Vincentelli A. SPICE3, Version 3e1, UserÕs
Manual. University of California, Berkeley, CA, 1991.

[14] Hodges DA, Jackson HG. Analysis and design of digital

integrated circuits. New York: McGraw-Hill, 1983.

[15] Tomovich C. MOSIS ± a gateway to silicon. IEEE Circu

Dev Mag 1988;4:22±3.

2110 A. Srivastava / Microelectronics Reliability 40 (2000) 2107±2110


