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Abstract

CMOS is one of the leadingVLSI technologies today. It is being used to implement high

performance circuits in VLSI. Conventional static CMOS logic is attractive because of its

extremely low quiescent power dissipation. This makes its power-delay product favorable.

compared to those of other technologies, viz., bipolar and nMOS technology. Although, the

advancement of integrated circuit technologyhas now made it possible to fabricate devices with

sub-micron dimensions thereby leading to very high speed CMOS circuits, the speed of CMOS

devicesis still lower than its nMOS counterpart.

Differential Cascode voltage Switch (DCVS) logic and Differential Split-Level (DSL)

CMOS logic were introduced for speed improvement in CMOS circuits. However, these CMOS

circuit techniques have not been used so far to design real VLSI chips owing to some inherent

problems. This thesis examines the performance of the differential CMOS circuits compared to

conventionalstatic CMOS with a view to determine their suitabilityfor VLSI implementation. The

results obtained show that static DCVS circuits are slower than conventional static CMOS while

DSL circuitsare faster at optimum reference voltage only when short channel logic n-transistors are

used.
v
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Chapter 1

Introduction

1.1 Aims

CMOS technology finds ubiquitous use in the majority of leading-edge comm:ercial.

applicationsfor its very low static power dissipation [I]. But CMOS technology demonstrates lower

speed than other technologies such as silicon bipolar technology, Gallium Arsenide (GaAs)

technology and Josephson junction technology [1], [2]. So, instead of conventional CMOS

technique,. other CMOS circuit techniques, for example, Differential Cascode Voltage Switch

(DCVS) and Differential Split-Level (DSL) CMOS techniques have been proposed, but not yet

implemented in VLSI chips. The objective. of this research is to analyze and compare the

performance of the differentialCMOS circuitsto that of conventionalCMOS circuits with a view to

determine the suitabilityof these circuitsfor VLSI design. The results of this work are also expected

to optimize the design of VLSI circuitsusing these techniques in terms of speed, propagation delay

etc.

•



1.2 literature Review

Differential Cascode Voltage Switch (DCVS) logic was introduced with a view to improve

the speed of CMOS circuits [3]. The speed advantage is mainly due to the reduction of input gate

capacitance loading, typically by a factor of 2 to 3, compared to conventional static CMOS. Unlike

conventional static CMOS, DCVS logic requires complementary inputs and generates

complementary outputs. Since, the complementary p-transistor network (load network) of a CMOS

gate is replaced by a second n-transistor logic tree in the corresponding DCVS gate, the later is more

compact than the former [3], [4]. Moreover, since DCVS gates generate complementary signals, the

necessity of signal inverters is eliminated. This helps in achieving compact and regular structure

which is very suitable for VLSI implementation. Despite the advantages mentioned above, static

DCVS circuits suffer from the disadvantage of skew between the complementary outputs and long

output settling time [3], [5]. These problems can be eliminated by using clocked DCVS logic [3]-

[5].

To increase the speed iIi. CMOS circuits even further, DSL CMOS technique was

introduced [6]. In fact, it is a modification of the static DCVS logic. Both DSL and DCVS logic use

the same complementary logic tree structures. However, the cross-coupled pMOS loads of static

DCVS logic are replaced by cross"coupled nMOS-pMOS loads in DSL logic. This results in

maximum logic swing of only VmJ2 at the I/O nodes of DSL gates compared to full VDD swing in

standard CMOS and DCVS logic gates. The speed advantage of DSL was claimed to be as high as

10 times compared to standard CMOS provided shott-channel logic n-transistor can be used [6].

However, DSL circuits have high static power dissipation and low noise immunity compared to

conventional static CMOS. A method of reducing the quiescent power dissipation was proposed in

[7]. If this technique is employed, however, the channel lengths of the logic n-transistors can not be

•
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reduced below the process minimum . owing to larger than half VDD swing at the I/O nodes.

Moreover, it was shown in [5] that the speed advantage of DSL circuits over standard CMOS is

not as high as claimed in the original paper [6].

Neither DCVS nor DSL logic has been used so far to design VLSI chips. Some of the

problems associated with both these logic families as mentioned above have deterred VLSI designers

from using them in chip design. This thesis undertakes to cany out detailed investigations into the

performance of the various CMOS logic families, i.e., conventional static CMOS, DCVS and DSL

logic. The goal is to determine their comparative suitability for VLSI implementation.

1.3 Organization of the Thesis

The principles and operation of various CMOS circuits are presented in Chapter 2. This

includes conventional static CMOS and two different types of differential CMOS, i.e., DCVS logic

and DSL logic. Chapter 3 presents the design procedures of the various CMOS logic circuits. Both

the designs of logic networks as well as device sizing are considered. Chapter 4 presents the results

obtained throughout the course of this work. It also contains analysis of the results. Detailed

simulation results on the performance of various designs of logic gates using different CMOS logic

families are described. Chapter 5 concludes the work done with some recommendations for future

work.

•
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Chapter 2

CMOS Circuit Techniques

2.1 Introduction

In this chapter, various CMOS circuit techniques are presented. The principles of operation

of conventional static CMOS and various differential CMOS circuits are described in detail. Two

different types of differential CMOS circuits: DCVS logic and DSL logic are discussed.

2.2 Conventional Static CMOS Logic

The structure of a conventional static CMOS logic gate consists of a driver network
"v comprising only nMOS transistors and a load network comprising only pMOS transistors, where all

MOSFETs are of enhancement mode [1] as shown in Fig. 2.1. The load network is connected

between the power supply voltage VDD and the output node Vout' The driver network is connected

between the Vout and GND. To explain the operation of conventional static CMOS circuits, the

load and driver networks are replaced by two digital switches as shown in Fig. 2.2. The load and

driver switches are never closed simultaneously. The load and driver switches operate in

antiphase, i.e., when one is open, then the other one is close. A high input causes the driver switch

to close and load switch to remain open, so Vout is connected to ground. Thus, the output is logic

LOW. A low,input closes the load switch and opens the driver switch, so Vout is connected to

•
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Fig. 2.1 Structure of conventional static CMOS logic gates.
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Load switch

Vout

Driver switch

GND

Fig. 2.2 Conventional static CMOS circuit with load and
driver networks replaced by digital switches.
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the supply voltage VDD• Thus, the output is logic HIGH. The output logic levels are independent of

the sizes of load and driver networks. This is why CMOS circuits are referred to as "ratioless"

circuits [8]. When no input changes, then ideally there should be no current through the load and

driver network.

The circuit diagram of a conventional static CMOS inverter is shown in Fig. 2.3. It consists

of an enhancement nMOS transistor nl as the driver and an enhancement pMOS transistor pI

as the load. The threshold voltage of nI, Vthn is. the minimum gate-to-source voltage at which

ni conducts, while pI's threshold voltage, Vthp is the minimum gate-to-source voltage at which

it turns on. Obviously, the threshold voltages of nMOS and pMOS enhancement devices are

positive and negative respectively. A low input voltage, i.e., Vin = 0 volt causes ni to be OFF

and pI to be ON; the output equals VDD• For a high input voltage ofVDD, ni is ON and pI is

OFF. The output is then grounded via nl.

When no input changes, there is no conducting path from VDD to GND via the load and

driver network. Therefore, the static power dissipation (p ss) in conventional CMOS circuits is very

low. However, a small "leakage current" flows through the diodes formed between the source/drain

of n lip 1 and substrate or well [1]. To reduce the amount of leakage current, these diodes are

reverse biased by connecting the substrate/well of the pMOS and nMOS devices to the most

positive and most negative voltage in the circuit respectively [1]. Thus, the static power dissipation in

static CMOS circuits is mainly due to flow of reverse saturation current of the above mentioned

diodes which is very small.

Whenever the inputs of conventional static CMOS circuits change in such a manner that the

load network is conductive, then the load capacitance C
L

at .the output terminal (including parasitic

capacitances at the inputs of the succeeding CMOS gates) charges up to the full power supply

voltage VDD•

•
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VDD

pI

Vout

nI

GND

Fig. 2.3 Conventional static CMOS inverter.

8



Then if the inputs change so that the driver network is conductive, the charge stored in the

load capacitance discharges. Therefore, current flows as long as the output discharges. This duration

is dependent upon the input signal. The resulting power dissipation is called ac or dynamic power:

dissipation and is given by [9]:

Pdynamic= fCL VDD
2

where,

f = switching frequency of the input

CL = parasitic capacitance

VDD = supply voltage

2.3 Difl'erential CMOS Logic

Differential CMOS logic was introduced for speed improvement in CMOS logic circuits [3],

[4]. The basic differential CMOS circuit comprises two parts: complementary binary decision trees

and a load as shown in Fig. 2.4. It requires complementary inputs and produces complementary

outputs Q and Q . For easier understanding, the binary decision trees of Fig. 2.4 are replaced by two

anti-phase switches in Fig. 2.5. The tree is specified such that

1) when the input vector x = (xl> x2, , xn) is the true vector of the switching function

Q(x), then the output Q is disconnected from GND and the node Q is connected to GND; and

2) when x = (Xl, x2, , xn) is the false vector ofQ (x), then the reverse holds.

The tree network is constructed with nMOS transistors ouly. The differential CMOS logic

family can also be divided in more classes depending on the variations of the load circuit.

•
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Fig. 2.4 Block diagram of differential CMOS circuits.
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Fig. 2.5 Differential CMOS circuit with decision trees
replaced by digital switches.
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2.3.1 Static Differential Cascode Voltage Switch (DCVS) Logic

The basic form of this style of differential CMOS logic is depicted in Fig. 2.6. The load for

this circuit is a simple latch made up of a pair of cross-coupled p-type pull-up transistors. To explain

the switdhing behavior of the static DCVS circuit technique, the differential nMOS trees are

replaced by two nMOS transistors as shown in Fig. 2.7.

Now let input D be switched from a low to a high leve~ starting with input D low and input

DN high. The node Q is at a high level of VDD and node Q at a low level of zero volt, so pMOS

pI is ON and p2 is OFF. If we now switch the inputs D and DN then nMOS nl turns ON and n2

turns OFF. This is ratioed logic because transistor nl has to discharge node Q, while pI is still ON.

Transistor pI switches OFF, after pi has switched ON and node Q has reached a high level. So

during switching both nl and pI (or n2 and p2 depending on the input transition) conduct, causing

relatively large current spikes and additional delay. However, the logic trees do not pass any direct

current after the latch sets. Since the inputs drive only the nMOS tree devices, input gate

capacitance loading is typically a factor of three times smaller than CMOS circuits that require

complementary n-channel and p-channel devices to be driven. An obvious disadvantage is the need

for two inputs (true and complement) for each variable. Figures 2.8 and 2.9 show implementations

of NAND gate and XOR gate respectively in static DCVS logic

•
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Fig .. 2.6 Block diagram of static DCVScircuit.
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pI

Q Q

D ---t nl

GND

I---DN

Fig. 2.7 Static DCVS basic circuit.
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Fig. 2.8 Static DCVS two-input NAND gate.
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Q

GND

Fig. 2.9 Static DCVS two-input XOR gate.
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2.3.2 Oocked Differential Cascode Voltage Switch (DCVS) Logic

Clocked DCVS logic overcomes the problems of long output settling time of pMOS latch of

static DCVS logic. The load and tree arrangement of a clocked DCVS circuit are shown in Fig.

2.10. The internal nodes F and F are precharged high during the precharge phase when PC is low.

When PC= 0, output nodes Q and Q are logic low. In this phase n-device nl is OFF so the

transistors inside the tree network are insensitive to differential inputs. At the completion of

precharge, PC is made high; so, the path to VDD is turned off and the path to ground is turned on.

Then depending on the state of the differential inputs either node Q or.Q will float at high level or

will be pull down to ground level. Feedback devices T1 and T2 hold the internal nodes F and F
statically high prior to switching within the logic tree. The feedback devices reduce charge sharing

noise within the tree and improve the noise margin, with only a small sacrifice in performance [3].

The logic invert function is implicit in this closed DCVS, a clear advantage over other incomplete

domino type logic families. All logic functions can be implemented using clocked DCVS logic. As

an example, a two-input XOR gate in clocked DCVS is shown in Fig. 2.11.

2.3.3 Differential Split-Level (DSL) CMOS Logic

The load and tree arrangement ofDSL CMOS logic circuit is shown in Fig. 2.12. Here the

load circuit consists of cross-coupled current-controlled cascoded n-and p-transistors. This load is

similar to that of static DCVS circuit, shown in Fig. 2.6, except two extra nMOS.transistors nlO and

n20 are placed between the pMOS transistor part and the logic tree of nMOS transistors. The gates

of transistors nlO and n20 are connected to a common reference voltage Vref. The gates of the
-,

pMOS transistors pI and p2 are connected to the drains of nl and n2 in cross-coupled manner.

•
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(nMOS transistors)

Q

GND

F
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Q
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GND

Fig. 2.10 Block diagram of clocked DCVS circuit.
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GND
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Fig.2.11 Clocked DCVS two-input XOR gate
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n20

Q Q
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x2
x2
Xn
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GND

Fig. 2.12 Block diagram of DSL circuit.
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To explain the switching behavior of the DSL circuit technique the differential

nMOS logic trees are replaced by two nMOS transistors as shown in Fig. 2.13. Let input D be

switched from a low to a high-level starting with input D low and DN high. Then nMOS n2 is ON

and so, pMOS pI is ON; then node f has a high level ofVoo. In contrast, node f has a low level.

The reference voltage detennines the high-level at node Q to Vref minus the threshold voltage of

the nMOS transistors. Node Q has a low level which is not exactly zero volt but varies from tens to

hundreds of millivolts, because pMOS p2 is weakly ON. This causes static power dissipation. The

nMOS transistor nlO is cut off, which causes a high impedance to Voo for node Q. If now the

inputs D and DN are switched to high and low respectively then nMOS nl turus ON and n2 turus

OFF. The voltage level at Q which is at Vref minus the threshold voltage of the nMOS transistors

will immediately be discharged and pMOS p2 turus more ON from its weakly ON state to its high

drive state. At the same time nodes f and Q start rising because pMOS p2 was already partly ON,

causing pMOS pI to switch faster to its low drive state ..

The switching speed of this circuit technique can be further improved by reconfiguring the

basic circuit of Fig. 2.13. The maximum drain-source voltage of only Vref minus the threshold

voltage of nMOS transistors on nodes Q and Q allows the channel length of nMOS .transistors on

tree network to be reduced. Because of the low voltage swing on nodes Q and Q, it is preferable to

use these nodes as outputs and inputs of the gates, thereby reducing the delay due to the wiring

capacitances. Fig 2.14 shows the reconfiguration of the DSL basic circuit. At the inputs D and DN,

we now have current controlled cascoded cross-coupled nMOS-pMOS loads and the outputs Q and

Q are the open drains of the logic nMOS transistors. The internal gate signals at g and g of this

figure correspond with the signals at f and T of Fig. 2.13.

•
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Fig. 2.13 DSL basic circuit.
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Chapter 3

Design of CMOS Circuits

3.1 Introduction

This chapter presents the various aspects of designing CMOS VLSI circuits. Circuit design

is the realization of the required logic for a system in terms of transistor circuits. The design

objective is to produce a circuit which optimize the often conflicting requirements of minimum

silicon area, minimum power consumption and maximum circuit speed. This chapter addresses these

issues for designing VLSI circuits using conventional static CMOS and differential CMOS logic.

3.2 Design of Conventional Static CMOS Circuits

There are many ways [10] in which the load and driver networks of conventional static

CMOS logic circuits can be derived. The objective of such design procedures is either to minimize

the total number of transistors used resulting in minimum silicon area, or to. keep the number of

series transistors to below a certain limit. Note that in conventional static CMOS circuits, the load

network consisting of p-devices is configured in a way complementary to the driver network

•
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consisting of n-devices. Once the driver and load networks are derived, the widths and lengths of the

devices are determined on the basis of performance required, i.e., rise/fall time, etc. In this section, a

method of obtaining optimum networks as wen as the device sizing are discussed.

3.2.1 Conventional Static CMOS Network Derivation

The load and driver networks of conventional static CMOS circuit technique can be derived

easily if the switching function is given in canonic forms [10]. A switching function can be

expressed in one of the two canonic forms: the sum-of-products or the product-of-sums form. Let a

function f be given in a sum-of-products forin: .

f=x+yz

To derive the driver network consisting of nMOS transistors first complementary function f

is obtained

f = (x+yz)

=x. (y+Z)

Thus, f is in product-of-sums form. y+z part of. f is implemented by using two n-devices

nl and n2 in parallel with inputs y andz as shown in Fig. 3.1. With this parallel combination of nl

and n2, another n-device n3 is connected in series with input x to obtain the complete driver

network.

The dual network of the driver network is used to obtain the load network with only p-

devices whose gates have same inputs as those for corresponding dual elements. The dual of nland .

•
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y ----j

GND

.0

I

Fig. 3.1 Conventional Static CMOS circuit for f =x+yz.

Void

mmGND

Fig. 3.2 Conventional static CMOS two-input NOR gate. •



n2 conventional of driver network is obtained by using two p-devices pI and p2 in series. Then

another p-device p3 is used in parallel with this series combination.

Considering generalized function f(xI, x2, .... , xn ), the load network is constructed with p-

devices such that there are conducting paths from VDD to Vout for all input combinations (x}.

x2, .... , Xn) for which the desired function f(x}. x2, .... , xn ) = 1; the driver network is constructed

with n-devices such that there are conducting paths from Vout to GND for all input combinations

for which f(xI, x2, .... , xn)=O.

The load and drive networks bear a dual relationship by DeMorgan's theorem, stated in its

most general form as

f(x}. x2 ,.... , xn) = f (x}. x2 ,.... , xn)

which says that the complement (1) of any function (f) can be obtained by replacing each variable by .

its complement and by interchanging the OR (parallel connection) operation with the AND (series

connection) operation at each level of expression for f.

Using the foregoing principle, a conventional static CMOS network for arbitary

combinational function can be derived. The commonly used two-input NOR and NAND gates are

shown in Fig. 3.2 and Fig. 3.3 respectively.

The AND-OR-lNVERT gate, expressed as f=(ab+cd), is shown in Fig. 3.4. It consists of a

parallel connection of series n-transistors for driver network and a series connection of parallel p-

transistors for load network. Another interesting complex gate is the 'carry output function' from a

full adder stage,

•
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M(a,b,c)= ab+bc+ca

= ab+c(a+b)

3.2(i)

3.2(ii)

where M represents cany output bit if c is cany-in, and a and b represent the input bits to the stage.

Two conventional static CMOS circuits for M based on the above two expressions [3.1(i) and

3.1(ii)] are shown in Fig. 3.5 (a) and (b).

Sununari2ing, the general procedure to design a conventional static CMOS network for an

arbitrary combinational function f is as follows: starting with an expression for the complementary

function T, a series-parallel combination of n-devices is obtained for driver network and then the

load network structure is obtained from the dual of the driver network using p-devices; the gates of

the load network have the same inputs as those for the corresponding dual elements.

3.2.2 Device Sizing for Conventional Static CMOS Circuits

The selection of device sizes, i.e., channel lengths and widths in a CMOS design depends

upon the performance expected from the circuit. Since conventional static CMOS circuits are

"ratioless", i.e., the output logic levels are independent of the device sizes, many designers prefer

using minimum geometry devices for CMOS designs. However, in some applications, devices of

suitable sizes have to be used in order to obtain, for example, equal rise and fall times, or high

device capability.

Fig. 3.6 shows the familiar CMOS inverter with a capacitive load, CL • The switching speed

of this CMOS gate is limited by the time taken to charge and discharge CL. An input transition
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results in an output transition that either charges CL toward VDD or discharges CL toward GND.

When the input in driven by a step waveform Vin, the output Vo" is as shown in the Fig. 3.7. The

fall time tr (in sec), which is the time taken for Vo" to fall from 90% to 10% of its steady-state

value, is approximately given by [1],

where,

13n = (lln&!tox)(W.ILn),FaradIY -sec

Jln = mobility of electrons, cm2N -sec

(; = permittivity of the gate insulator, Farad/cm

to. = thickness of the gate insulator, cm

Wn = channel width of n-device, cm

L" = channel length of n-device, cm

K = 3 to 4, for VDD =3 to 5 volts, and V tim = 0.5 to 1 volts.

From the above expression, it can be written as

(3.1)

i.e. as the width of transistor is increased or the length is decreased, the fall time (tr) decreases.

The rise time t,.(in sec) for the CMOS inverter of Fig. 3.6 which is the time taken for Vo"

to rise from 10% to 90% of its steady-state value, can be similarly approximated as [1],
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(3.2)

where,

/lp = mobility of holes, cm2N -sec

l: = permittivity of the gate insulator, Farad/em

fox = thickness of the gate insulator, em

W p = channel width of p-device, em

Lp = channel length of p-device, em

K = 3 to 4, for VDD = 3 to 5 volts, and Vlhp = 0.5 to 1 volts.

For equally sized n- and p- transistors, where 1-Iu=2/lp , i.e., ~n =2~p, it can be seen from

Eqn. (3.1) and (3.2) that

tr = t,/2

Thus, the fall time is faster than the rise time, primarily due to different carrier mobilities

associated with the p- and n-devices. The;efore, for equal rise and fall time for an inverter

~n= ~p

If Lp=L,., then
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As I-Ln= 2~3/-lp for most CMOS processes [1], the channel width of the p-device must

be increased to approximately two to three times that of the n-device. So,

To accurately specifY the width ratio required to achieve equal rise and fall times, an

accurate ratio of Pp and Pn must be known. These, in turn, depends on the parameters of the

process being used.

The delay through simple static CMOS gate may be approximated by constructing an

"equivalent inverter". This is an inverter where the pull-down n-transistor and the pull-up p-

transistor are of a size to reflect the effective strength of the real pull-down or pull-up path in the

gate. For instance, in the 3-input NAND gate shown in Fig. 3.8, Lp = L" for all transistors.

When the pull-down path is conducting, all of the n-transistors have be turned on.

The effective P of the n-transistors is given by

(1/[3neff )=(1/[3n1)+( 1/(302)+(1/[3113)

For the pull-up case, only one p-transistor has to turn on to raise the output.

For approximately the same rise and fall time,

[3neff=[3peff
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The aspect ratio is usually indicated beside each transistor. Considering l-ln=2~ the aspect

ratios required for minimum width and length of 3 ~ and 2 ~ respectively are shown in Fig.

3.8.

3.3 Design of Differential CMOS Circuits

As discussed in Section 2.3, DCVS and DSL circuits differ only in the load network. While

the DCVS circuits use only cross-coupled pMOS devices in the load network, DSL circuits use

cross-coupled nMOS-pMOS load network. The logic trees of DCVS and DSL are same. Hence, as

far as deriving the logic trees are concerned, the procedure is same for both DCVS and DSL

circuits. Hence, the process of obtaining optimum logic trees using minimum number of n-

transistors is same for both DCVS and DSL circuits. However, while DCVS circuits have logic low

and high levels of zero volts and VDD respectively, this is not the case for the DSL circuits. Since

DSL circuits have high quiescent current at optimum Vref, the sizing of the devices is a critical

issue. This is to ensure that the logic low voltage levels in DSL. circuits are below the acceptable

level. The design procedure of both differential logic as well as the device sizing are presented next .
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3.3.1 Differential Logic Tree Design

There are three design procedures for constructing differential logic trees. In one procedure,

an algebraic technique based on the identification of sub-expressions conunon to two or more

Boolean functions is used [11]. The decomposition and factorization techniques involved in this

approach are quite mathematical. As such, this method does not provide the insight into circuit

behavior which is often important for VLSI designers. This procedure will not be further explained

in this thesis.

The .remaining two procedures are much simpler and more practical for constructing

DCVSIDSL logic trees. The first procedure uses the pictorial nature of Karnaugh map (K-map)
I

[12]. This hand-processing method is shown to be an efficient approach to realizing low device-

count circuits for functions upto five or six variables. However, the complexity of K-maps suddenly'

increases when more than five variables are considered. For higher number of variables a tabular

method that is a modified form of the Quine-MCCluskey approach [12], [13] can be used. The

tabular method has a uniform procedural complexity for n variables.

Note that a uuique one-to-one correspondence between a Boolean expression and a

DCVSIDSL tree structure does not exist. So several tree structures may realize a particular logic

operation.

K-map and tabular procedures can be used to implement Boolean function provided

the appropriate truth tables are known. As in most of the normal cases less -than six variables are

involved, only the K-map approach is discussed here.
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The K-map Design Procedurel1.M

The input variable of a differential logic tree is represented by xi, for i=l, 2, ... ,n. A literal is

a variable Xi or its negation xi. A cube is a set P of literals such that xiE P implies Xj'" P.

In a Karnaugh map of n variables, there are 2n cells of which each represents a cube

consisting of exactly n literals. Cells that contain ONE's are called I-cells (similarly, O-cells). An 1-

loop that encircles two adjacent I-cells expresses a cube with one less literal than each of the cubes

representing the original I-cell (similarly, O-loop). Suppose that two rectangular I-loops, each

consisting of2i I-cells, are adjacent on a K-map.lfthese I-loops express cubes, say CXk and CXk,

we get a new rectangular I-loop consisting of 2i+1 I-cells by combining the two I-loops, and the

new I-loop expresses cube C (similarly for the O-loops).

Before introducing the K-map algorithm, we give an example to demonstrate some of the

ideas, i.e., given the Boolean function Q = XI x2 + x2 x3 + x3 XI (which is the form of the carry-

out function of a full adder), construct the corresponding differential logic tree. The K-map is

shown in Fig. 3.9. The 1- and O-loops are encircled properly to form the minimal cover for the l-

and O-cells, respectively.

Fig. 3.10 illustrates the resulting differential logic tree pair. The tree attached to node Q is

derived from the I-cells and is called the I-tree. Similarly, the O-tree is derived from the O-cells and

is attached to node Q. Note that the 1- and O-trees are disjointed because the I-cells and O-cells have

been grouped separately. This DCVSIDSL circuit requires ten n-devices to realize the function Q.
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Fig. 3.9 Encirclement of the K-map for the carry-out function of a full adder.
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Fig. 3.10 DCVSIDSL implementation of the carry-out function of a full adder.
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The K-map procedure does more than just construct the two disjointed 1- and O-trees. It also

allows the maximum commonality between these two trees to be explored; from this a "shared" tree

structure leading to the minimization of device count can be developed.

Suppose a I-cell (O-cell) representing the cube xiP and a O-cell (I-cell) representing the

cube xl P simultaneously exist. Then the cell corresponding to the cube P is defined as a lO-cell

(0 I-cell). These Ol-or lO-cells act as individual cells of two different types. A OI-loop (lO-loop)

can be formed by encircling two or more adjacent OI-cells (lO-cells).

With these concepts added, we revisit the previous example. The K-map shown in Fig. 3.11

has three types of encirclements, namely, 0-, 1- and IO-Ioop. The "shared" tree corresponding to the

. IO-loops is first constructed (Fig. 3.12), and then more branches corresponding to the I-loops and

O-loops are added to form a complete DCVS/DSL tree (Fig. 3.13). Note that only eight n-devices

are required, which is two devices fewer than for the disjointed tree in Fig. 3.10. However, the

number of stacked levels has increased to three.

Generally, the reduction of the number of devices by tree sharing does not necessarily cause

an increase in the number of stacked levels. In fact, the heuristic procedures that will be discussed

tend to optimize both device count and number of stacked levels.

The K-map procedure consists offour steps:

1) IdentifY four different types of cells in the K-map, namely, 0-, 1-, 01- and IO-cells.

2) Find a minimal cover for all the 01~cells. Construct the tree corresponding to this minimal

cover. The variable xi's in each of the tree branches are arranged from top to bottom in ascending

.'. ,
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order with magnitude of i. Always construct tree branches corresponding to loops of smaller size

first. The top pair of control inputs are x1 associated with node Q, and x1 associated with node

Q. The sources of the transistors with gates x1 and x1 are connected together.

3) From the prime implicants of all the lO-cells, find a minimal cover such that the tree

constructed may share some of the branches with the tree in step 2. Contrary to step 2, the top pair

of control inputs are X; associated with node Q, and XI associated with node Q.

4) Find a minimal cover for the remaining O-cells and I-cells. While c6nstructirig the tree,

always look for the sharing of tree branches. The root of the O-tree (I-tree) is connected to node Q

(node Q).

This procedure may create different tree structures if Xi's are perrnutated (e.g., Xl and x2

variables are interchanged). Also, there may be several ways to choose a minima1 cover and to

share tree branches.

As an example, given a four-variable K-map as shown in Fig. 3.14, application of steps 1

and 2 generates the tree structure in Fig. 3.15. Further, applying step 3 generates the complete

DCVS tree in Fig. 3.16. Step 4 has been skipped because there are no remaining O-cells and I-cells.

A different way of encircling the K-map, as shown in Fig. 3.17, leads to a different tree

structure as shown in Fig. 3.18. Note that the lO-cells are not covered minimally in this

manifestation, and thus the stack level in some of the tree branches is increased. This undesirable

feature, combined with the large parasitic capacitances associated with the numerous shared source
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Fig. 3.15 DCVSIDSL logic tree corresponding to the 01-ldops of
K-map shown in Fig. 3.14.
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and drain connections, indicates that the circuit of Fig. 3.16 would have superior electrical

performance to that of the circuit Fig. 3.18.

3.3.2 Device Sizing for DSL Circuits

Propagation delay is found to be minimwn at a Vref of about Vm,l2+V tim , where V tim is the

threshold voltage ofn-device. But with this optimwn value ofV,ef, logic low voltage levels (Vd at

both the I/O nodes and internal nodes are not exactly zero volt. Due to high quiescent current at

optimwn Vret;the logic low voltages at both nodes are higher than zero volt. If VL at the internal

nodes is close to the threshold voltage of the n-transistors (V tim), it may lead to faulty logic

operation. Therefore, care must be taken to select the appropriate sizes of both n- and p- transistors

so that VL at the internal nodes are much below the V tim. A reasonable value of VL is one -third of

V tim [8]. Referring to Fig. 2.13 of DSL basic circuit, logic low voltage at f (f) can be reduced by

decreasing the width of the p-transistor p2 (PI) or by increasing the width of the n-transistor n2

(nl). Decreasing the width ofp2 (PI) causes its resistance to increase and thus causes lower current

to flow through it; so reduced voltage is obtained at node f (f). On the other hand, increasing the

width of n2 (nl) causes its resistance to decrease and thus causes lower voltage drop across it for a

certain current; so reduced voltage is obtained at node f ( f). .
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.Chapter 4

Performance Analysis of Various CMOS Logic Families

4.1 Introduction

In this chapter, a detailed analysis of the performance of the conventional static CMOS and

various differential CMOS circuits is carried out. Two forms of static differential CMOS circuits are

analyzed, namely, DCVS logic and DSL logic. All these circuits are simulated to determine the

propagation delay, static power dissipation, logic low and high voltage levels. The results from

various circuit techniques are compared for varying device sizes and conditions of operation.

4.2 Test Arrangement

To analyze and compare the performance of various CMOS circuit techniques, a cascaded

chain of ten 2-input NAND gates are used as shown in Fig. 4.1. Note that one of the inputs of

each NAND gate in this figure is tied internally to a logic high level of 5 Volt. The other input is

connected to the output of preceding gate. Unlike conventional static CMOS circuits, the differential

•
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CMOS circuits require complementaty inputs and produce complementaty outputs. Hence, for

differential CMOS circuits, the input and outputs lines of Fig. 4.1 represent complementaty inputs

and outputs respectively. The circuits are simulated using a public domain version of SPICE

(spice3e). Level 2 model parameters for a 2-layer metal 1.5 J.Ull n-well CMOS process are used for

all simulations. These model parameters are given in Appendix A. All simulations are carried out at

the temperature of 27°C (default temperature in spice3e). The length of all devices is kept to the

process minimum, i.e., 1.6 J.Ull for all simulations, unless otheIWise specified. All circuits are

analyzed for various device aspect ratios (W/L ratios) by using variable device widths.

A structured approach is adopted for simulation of the cascaded chain of Fig. 4.1.

Description of only one NAND gate of Fig. 4.1 is written using the subcircuit fimction of SPICE.

Then the whole cascaded chain of Fig. 4.1 is modeled in a main SPICE program by making 10

references to the subcircuit. In all the simulations, propagation delay between the output of the first

gate and the output of the ninth gate of Fig. 4.1 is measured. Static power dissipation is measured

for all the ten gates.

4.3 Analysis of Conventional Static CMOS Logic

The circuit diagram of a 2-input NAND gate using conventional static CMOS logic is shown

in Fig. 4.2. The digits represent the node number assignments for SPICE subcircuit description

which is given in Appendix B.
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The results of SPICE simulation on the cascaded chain of Fig. 4.1 using the static CMOS

NAND gate of Fig; 4.2 are given in Table 4.1. The notations Wn and Wp refers to the widths of the

n- and p- devices respectively in lIDl. From the results, it is clear that static power dissipation of

conventional static CMOS circUits is about tenths of nanowatt for VDD = 5 volt.

Table 4.1: Simulated performance of conventional static CMOS circuit

Propagation Static Power Logic Low Logic High Dimensions
Delay Dissipation Output Output
t.J P" Voltage Voltage

VI Vh
(nsec) (nwatt) (volt) (volt) ().lID)

1.99 0.795 0 5 Wn=WIJ=2
1.86 0.795 0 5 W=5Wn=4n ,

The logic low output voltage is zero volt and logic high output voltage is 5 volt (for VDD= 5

volt) for each of the two sets of transistor dimensions. So, conventional static CMOS circUit

technique gives correct output levels regardless of gate geometry ratios of both the load and driver

transistors. Thus, conventional static CMOS is a ratioless logic family. This is because the load and

driver transistors are never on simultaneously under steady-state conditions. Also, it is clear from

the values of logic low and high voltage levels that static CMOS logic has a high noise immunity .
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4.4 Analysis of Static Differential Cascode Voltage

Switch (DCVS) Logic
The circuit diagram of a 2-input static DCVS NAND gate is shown in Fig. 4.3. This circuit

is used as the basic block in the cascaded NAND chain of Fig. 4.1. The digits in Fig. 4.3 represent

the node nwnber arrangements for SPICE subcircuit description which is given in Appendix C.

The simulation results of the cascaded chain of Fig. 4.1 using the static DCVS NAND gate

of Fig. 4.3 are shown in Table 4.2. It is clear that the static power dissipation of the static DCVS

chain is very low and comparable to that obtained for the static CMOS chain. Also, the output logic

low and high voltage levels are shown to be zero volt and 5 volt respectively. Thus, static DCVS

circuits retain the high noise inunUnity of static CMOS circuits shown earlier. However, as shown

in. Table 4.2, the propagation delay through a cascaded chain of 8 DCVS NAND gates is

approximately double the delay obtained for the static CMOS chain.

Table 4.2: Simulated performance of static DCVS circuit

Propagation Static Power Logic Low Logic High Dimensions
Delay Dissipation Output Output

1<t Pss Voltage Voltage
(nwatt) VI . Vh

(nsec) (volt) (volt) (urn)

4.17 1.14 0 5 Wn=Wn=2
4.45 1.45 0 5 W =5Wn=4n ,

•
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4.5 Analysis of Differential Split-Level (DSL) Logic

The circuit diagram of a 2-input DSL NAND gate is shown in Fig. 4.4. Note that the

complementary input and output nodes of this gate are open source and drain respectively.

However, when connected in a cascaded chain as in Fig. 4.1, the open drain outputs of one gate are

loaded by the cross-coupled nMOS-pMOS load at the inputs of the next gate. The only exceptions

are at the input of the first gate and the output of the last gate. An extra cross-coupled nMOS-

pMOS load is connected at the output of the tenth gate of Fig. 4.1. The complementary signals are

applied to the open source inputs of the first gate of Fig. 4.1 using two nMOS transistors as shown

in Fig. 4.5. Thus, the circuit shown in Fig. 4.5 acts as an interface between conventional static

CMOS and DSL logic.

The simulation results of the cascaded chain of NAND gates of Fig. 4.1 using the DSL gate of

Fig. 4.4 as the basic block are given in Table 4.3. It shows the simulation results on propagation delay

through eight NAND gates, output logic low and high voltage levels and static power dissipation at

various reference voltages ranging from 2.5 volt to 5 volt, i.e., full power supply voltage. Apart from

the simulation results for device lengths equal to the process minimum, i.e., 1.6 1IDl, results are also

obtained for the logic n-transistor's length equal to about half the process minimum. As explained in
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Table 4.3: Simulated performance of DSL circuit

V,.r td P" vI(••) vh(•• ) vI(lIO) Vh(llO) Dimensions
Set
No.

(Volt) (nsec) (mW) (mV) (Volt) (mV) (Volt) ().Ul1)
5.0 3.70 0.0083 1 5 1 4.00
4.5 3.20 0.397 80 5 52 3.45 L,,~Lp~1.6
4.0 2.78 1.08 230 5 141 3.06 Wn=Wp=2

Set 1 3.5 2.47 1.96 465 5 260 2.60 (for all devices)
3.0 2.56 3.37 886 5 430 1.85
5.0 5.35 0.0027 0 5 0 4.01 L,,~Lp~1.6
4.5 4.80 0.360 26 5 17 3.50 (for all devices)
4.0 4.20 108 78 5 50 3.07 Wm1=6, Wm2=4

Set 2 3.5 3.62 1.96 157 5 91 2.60 Wm3=2, Wm4~2
3.0 3.20 3.00 272 5 141 2.16 Wm5=6, Wrrm=6
2.5 3.30 4.10 450 5 191 1.70 Wm7~4,Wm8=4
5.0 1.97 0.0027 0 5 0 4.03 L.ru.- L.ru.- Lm,- ~ - 1.6
4.5 1.80 0.365 17 5 5 3.55 Lm5=Lrrm=Lm7=Lms=0.88
4.0 1.67 1.05 55 5 15 3.08 Wm1=6, Wm2=4

Set 3 3.5 155 1.94 110 5 28 2.60 Wm3=2,Wm4=2
3.0 1".45 3.225 194 5 51 2.16 Wm5=6, Wrrm~6
2.5 157 6.6 414 4.73 79 1.39 Wm7~4, Wm8=4

chapter 3, this reduction of logic n-transistor's channel length to below the process minimum is

possible at the optimum Vref of approximately 3.5 Volt, since the maximum drain to source

voltage (VDSm",,) of these transistors is only VDrJ2 at this value of reference voltage.

It is seen from Table 4.3 that the static power dissipation in the DSL chain is much higher

than those in conventional static CMOS and static DCVS chain (as given in Tables 4.1 and 4.2

respectively). However, the static powet dissipation (P,,) reduces with increasing Vref- This is

depicted in Fig. 4.6 for the results of Set 1 in Table 4.3.
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The logic low voltage levels from the results of Set 1 in Table 4.3 at both the internals nodes

and I/O nodes of the NAND gate of Fig. 4.4 are plotted against Vref as shown in Fig. 4.7 and Fig.

4.8 respectively. It is clear that the logic low voltage levels reduce with Vref thereby providing

higher noise immunity with increasing Vref-

The variation oflogic high voltage leve~ obtained from the results of Set 1, in Table 4.3 at

the I/O nodes of the DSL NAND gate (Fig. 4.4) is shown in Fig. 4.9. It shows that the logic high

voltage at the I/O nodes increases with increasing Vref- Again, the noise immunity improves with

increasing Vref' Note that the logic high voltage at the internal nodes of the NAND gate is

independent ofVref. and is equal to the power supply voltage of 5 volt as shown in Table 4.3.

The variation of propagation delay (as obtained from the results of Set 1 in Table 4.3)

across eight DSL NAND gates is plotted against Vref in Fig. 4.10. This shows that the propagation

delay is minimum at a Vref of about 3.5 volt which is approximately equal to the optimum Vref of

(Vnol2+VT) for Vnn = 5 volt.

As explained earlier, the results confirm that although the static power dissipation reduces

and noise immunity improves when Vref is increased beyond the optimum value of 3.5 volt, the

propagation delay increases.

For minimum geometry devices, the minimum delay of2.5 nsec at Vref= 3.5 volt (shown in

Fig. 4.10) is 25% higher than the delay for conventional static CMOS chain (1.99 ns) as shown in

Table 4.1. However, as shown in Set 3 of Table 4.3, when the channel lengths of the logic n-
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transistors in Fig. 4.4 is reduced to 0.88 lJID (about half the process minimum of 1.6 lJID) then the

delay at Vrer=3.5 volt is only 1.55 nsec. This is about 75% of the delay obtained in static CMOS

case as shown in Table 4.1.

4.6 Comparison of the CMOS Logic Families

From the discussions of Sections 4.3 to 4.5 it is clear that conventional static CMOS and

static DCVSJogic have neg1igible static power dissipation and very high noise immunity. However,

the propagation delay in static DCVS is more than double the amount of delay in conventional

CMOS. This contradicts with the comments made in the original paper [3] about the speed

advantage of static DCVS over conventional CMOS. Clearly, the results obtained in the present

work shows that the problem of output settling in static DCVS circuits outweighs its advantage of

having lower input gate capacitance loading compared to conventional CMOS. It was shown in

[5] that static DCVS is slightly slower than conventional static CMOS. However, the results

presented in this thesis shows that static DCVS is more than 2 times slower.

The most important results presented in this thesis are those on DSL logic. In the original

paper on DSL logic [6], it was claimed that DSL would be 5 times faster than conventional CMOS

even if channel lengths of the logic n-transistors are not reduced. However, the results presented in

Sections 4.3 to 4.5 shows that even at the optimum reference voltage, DSL logic is slightly slower

than conventional CMOS. However, when the channel lengths of the n-transistors in the logic trees
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are reduced to almost half the process minimum, then DSL logic is slightly faster than standard

CMOS. Moreover, reducing the channel length to half the process minimum means that'the logic

swing at the I/O nodes ofDSL gates cannot be higher than Vnn /2 in order to avoid the risk of

drain-to-source punchthrough [6]. Therefore, the reference voltage can not be increased to more

than the optimum value of (Vnnl2+VT ). Thus, the idea of keeping the quiescent power low by

making Vref equal to Vnn during inactive periods as proposed in [7] can not be implemented if n-

devices of reduced lengths are used. Nevertheless, at the optimum Vref (3.5 volt in this case), the

quiescent power dissipation ofDSL circuits is very high compared to other CMOS logic families.

Also, the noise immunity at optimum Vrefis quite low.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions
Static DCVS logic was claimed to be much faster than conventional static CMOS [3].

However, it was shown in [5] that static DCVS is slightly slower than static CMOS. But the results

obtained in this thesis shows that static DCVS is more than 2 times slower than static CMOS. This

is a finding not reported before.

DSL logic was shown to be faster than static CMOS by all previous researchers [5], [6].

However, the results given in this thesis have shown that this is not the case. It was claimed in both

[3] and [5] that DSL is faster than static CMOS at optimum reference voltage even without the

reduction of the channel lengths of the n-transistors in DSL logic trees, but the present work has

shown that it is slower. When the channel lengths of the logic n-transistors are reduced to half the

process minimum then DSL logic is shown to be slightly faster than conventional static CMOS.

However, it was claimed in [6] that with reduction of channel length of the logic n-transistors, DSL

logic can be 10 times faster than static CMOS.

The high quiescent power dissipation of DSL logic coupled with its low noise immunity and

little or no speed advantage over static CMOS may not make it as attractive for VLSI

implementation as claimed in the original paper [6]. However, it must be emphasized here that the
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accuracy of the results presented in this thesis is limited by the accuracy of the models employed

in spice3e which was used for all simulations carried out during the course of this work.

5.2 Future Work

Although static DCVS logic suffers from the disadvantage of high output settling times, its

input gate capacitance loading is 2 to 3 times lower than static CMOS [3]. Hence, the fact that

static DCVS logic is more than 2 times slower than static CMOS (as shown in this thesis) sounds

unusually low. Also, despite the use of differential logic trees and the half VDD swing at the I/O

nodes ofDSL gates at optimum Vref, DSL logic has been shown to be slower than static CMOS in

this thesis. As mentioned in the previous section, the accuracy of the results given in this thesis is

limited by the accuracy of spice3e which is a public domain version of SPICE. Moreover, only level

2 model parameters were used in all the simulations carried out during the course of this work.

Therefore, it would be useful to check the results obtained in this thesis using a commercial version

of SPICE, preferably HSPICE. Also, higher level model parameters may be used in future

simulations to account for higher order terms in the drain-to-source currents in MOS devices [1]

thereby giving more accurate results.

The performance of other recently proposed CMOS logic families, such as Complementary

Pass-Transistor Logic (CPL) [14] and Enhancement Source-Coupled Logic (ESCL) [15] may also

be investigated.

With the tremendous increase in the complexity of VLSI circuits in recent years [16], testing

. has become an important aspect in the design of VLSI chips [17]. Therefore, investigations into the

testability of various CMOS logic families would be another important area of research.
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Appendix A

Spicemodel parameters for a 2-layer metal 1.5 JUIl n-well CMOS proc~

.model nenh nmos LEVEL=2 lD=0.325U TOX=250E-IO NSUB=2E+16 VTO=O.7
U0=510 UEXP=O.22 +UCRIT=24.3K DELTA=OA XJ=O.4U VMAX=54K NEFF=4.0
RSH=55 JS=2U CJ=130U CJSW=620P +MJ=O.53MJSW=O.53PB=O.68+CGD0=320P
CGSO=320P

.model penh pmos LEVEL=2 LD=O.3U TOX=250E-IO NSUB=5E+16 VTO=-Ol.l
UO=210 UEXP=O.33 +UCRIT=5IK DELTA=OA XJ=O.5U VMAX=47K NEFF=O.88

, ' '

RSH=75 JS=IOU CJ=490U CJSW=590P +MJ=OA6MJSW=OA6 PB=O.78CGDO=320P
CGSO=320P
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AppendixB

Spice description of a cascaded chain of ten 2-input NAND gates using
conventional static CMOS logic

>l<maincircuit description
CASCADED CMOS NAND GATES (10 stages)
>l<Filename is nand.mos
vdd 1 0 5
.options acct reltol=O.OOOI
xl 1 0 10 20 cmosnand
x2 1 0 20 30 cmosnand
x3 1 0 30 40 cmosnand
x4 1 0 40 50 cmosnand
x5 1 0 50 60 cmosnand
x6 1 0 60 70 cmosnand
x7 1 0 70 80 cmosnand
x8 1 0 80 90 cmosnand
x9 1 0 90 100 cmosnand
xlO 1 0 100 no cmosnand
.vin 10 0 pulse(O 5 IOn 2n 2n 23n sOn)
.include subnand.mos
.include ..Imodel
.tran 0.5n 60n
.print tranv(20) v(100) i(vdd)
.plot tran v(20) v(100) i(vdd)
.end

>I<Subcircuit description for single 2- input NAND gate (using minimum process lengths
>I<and widths)
.subckt cmosnand 1 0 2 5
>I<File name is subnand.mos
. ml 42 0 0 nenh 1=1.6u w=2u
m2 5 3 40 nenh 1=1.6u w=2u
m3 521 1 penh 1=1.6u w=2u
m4 5 3 1 1 penh 1=1.6u w=2u
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vb305
.ends cmosnand

'" Subcircuit description for single 2- input NAND gate (using lengths and widths for equal
'" rise and fall times)
.subckt cmosnand I 0 2 5
'" File name is subnand.mos
ml 4 2 0 0 nenh 1=1.6u w=4u
m2 5 3 4 0 nenh 1=1.6u w=4u
m3 5 2 1 1 penh 1=1.6u w=5u
m4 5 3 I I penh 1=1.6u w=5u
vb305
.ends cmosnand

71

•



1

Appendix C

Spice description of a cascaded chain of ten 2-input NAND gates using static
. DCVSlogic

>l<main circuit description
CASCADED DCVS NAND GATES (10 STAGES)
>l<Filename is nand.dcvs
vdd 105
.options acct re1tol=O.OOl
xl 1 0 10 20 30 40 dcvsnand
x2 1 0 30 40 50 60 dcvsnand
x3 1 0 50 60 70 80 dcvsnand
x4 1 0708090100 dcvsnand
x5 1090100110120 dcvsnand
x6 10110120130140 dcvsnand
x71 0130140150160 dcvsnand
x8 1 0 150 160 170 180 dcvsnand
x9 1 0 170 180 190 200 dcvsnand
xl0l 0 190 200 210 220 dcvsnand
.include subnand.dcvs
.include ..Imodel
va 10 0 pulse(O 5 IOn 2n 2n 23n 5On)
van 20 0 pulse(5 0 IOn 2n 2n 23n 5On)
.tran 0.5n 60n
.print tran v(30) v(40) v(190) v(200) i(vdd)
.plot tran v(30) v(40) v(190) v(200) i(vdd)
.end

>l<Subcircuit description for single 2- input NAND gate (using minimum process lengths
>l<and widths)
.subckt dcvsnand 102478
>l<Filename is subnand.dcvs
ml 7 8 1 1 penh 1=1.6u w=2u
m2 8 7 1 1 penh 1=1.6u w=2u .
m3 7 3 6 0 nenh 1=1.6u w=2u
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m4 6 2 0 0 nenh 1=1.6u w=2u
mS 8 4 0 0 nenh 1=1.6u w=2u
m6 8 S 0 0 nenh 1=1.6u w=2u
vb30S
vbnSOO
.ends dcvsnand

* Subcircuit description for single 2- input NAND gate (using lengths and widths for equal
* rise and fall time)
.subckt dcvsnand 1 0 2 4 7 8
*File name is subnand.dcvs
ml 7 8 1 1 penh 1=1.6u w=4u
. m2 8 7 1 1 penh 1=1.6u w=4u
m3 7 3 6 0 nenh 1=1.6u w=Su
m4 6 2 0 0 nenh 1=1.6u w=Su
mS 8 4 0 0 nenh 1=1.6u w=Su
m6 8 S 0 0 nenh 1=1.6u w=Su
vb30S
vbnSOO
.ends dcvsnand
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AppendixD

Spice description of a cascaded chain of ten 2-input NAND gates using DSL
logic.

'" main circuit description
CASCADED DSL NAND GATES (10 STAGES)
'" File name is nand. dsl
vdd 1 0 5
.options acct re1tol=O.OOOl
mm1 10 13 0 0 nenh 1=1.6u w=4u
mm2 20 1400 nenh 1=1.6u w=4u
xl 1011 1210203040 ds1nand
x2 1 0 21 22 30 40 50 60 dslnand
x3 1 0313250607080 dslnand
x4 1 0 41 42708090 100 ds1nand
x5 1 0 51 5290 100 110 120 dslnand
x6 1 061 62 110 120 130 140 dslnand
x7 1 071 72 130 140 150 160 ds1nand
x8 1 0 81 82 150 160 170 180 ds1nand
x91 09192 170 180 190200 dslnand
xlO 1 0 101 102 190200210 220 dslnand
.include subnand.dsl
.include ..Imodel
va 13 0 pulse(O 5 IOn 2n 2n 23n sOn)
van 14 0 pulse(5 0 IOn 2n 2n 23n sOn)
.tranO.5n 60n
.print tran v(30) v(40) v(190) v(200) i(vdd)
.plot tran v(30) v(40) v(190) v(200) i(vdd)
.end

'" Subcircuit description for single 2-input NAND gate (using minimum process lengths and
"'widths)
.subckt dslnand 1 0 5 623 1011
'" File name is subnand.dsl
ml 5 4 2 0 nenh 1=1.6u w=2u
m2 6 4 3 0 nenh 1=1.6u w=2u
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.
m3 5 3 1 1 penh 1=1.6u w=2u

m4 6 2 1 1 penh 1=1.6u w=2u
m57 5 0 0 nenh 1=1.6u w=2u
m6 10 8 70 nenh 1=1.6u w=2u
m7 11 600 nenh 1=1.6u w=2u
m8 11 9 0 0 nenh 1=1.6u w=2u
wef4 0 3.5
vb805
vbn900
.ends dslnand

'" Subcircuit description for single 2-input NAND gate (using lengths and widths for equal
'" rise and fall time) .
.subckt dslnand I 0 5 623 10 11
'" File name is subnand.dsl
ml 5 4 2 0 nenh 1=1.6u w=6u
m2 6 4 3 0 nenh 1=1.6u w=4u
m3 5 3 I I penh 1=1.6u w=2u
m462 II penh 1=1.6u w=2u .
m5 7 5 0 0 nenh 1=1.6 w=6u
m6 10 8 7 0 nenh 1=1.6 w=6u
m7 116 0 0 nenh 1=1.6 w=4u
m8 11 900 nenh 1=1.6u w=4u
wef403.5
vb805
vbn900
.ends dslnand
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