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$ 1. INTRODUCT ION

I The advent of MOS large-scale integration (LSI) has focused

co nsiderable research ac t iv i ty  into stud ying the compromises involved in

I e f f i c i e n t  i n t eg ra t ed  c i r c u i t  design.  These t r a d e- of f s  may involve  ci rcuit

I size , device parameters , c i r c u i t  speed , and e x t r a  p roces s ing  s t eps .

Avai lab le  c h i p  si ze , ma n u f a c t u r i n g  tolerance , and cost place upper and

I lower l i m i t s  on the range each of these can take . There may a lso be some

concern about requiring severa l voltage sources or complicated clocking

I sequences which cannot be derived on the chip.

I 
At the device level the most expensive parameter in LSI fabrication

is the area. Because of this , manufactur ing technology has concentrated its

I efforts into making small devices. Circuit speed is then determined by the

rate at which these small devices can drive their capacitive loads (e.g. the

I gate of another MOS transistor). It is advantageous to study new circuit

I 
configurations which allow small MOS devices to drive large capacitive loads

in a short time interval. These circuits may then be used as clock drivers ,

I buffer amplifiers , or perhaps just as standard circuit elements.

This thesis examines two circuits suitable for driving large

I capacitive loads. These circuits are shown in Figure 1.1. The pull-up

l 
circuit is current ly in use and promises high speed operation when used

with clocks of several phases. The source-f~11ower circuit , however ,

utilizes less space since the large pull-up capacitor C does not need to

be integrated . In the following chapters a description of the model used

to stimulate these circuits is given along with derivations of pertinent

I
1

• ----s__
~~- -
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I 
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_ _ _ _ _ _ _ _ _ __L I
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(a 

C L 

Out

vin~~~~ III

I C L 
Out

( b)
I •

I Figure 1.1. a. Pull-up circuit
b. Source-follower circuit
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device equations . A discussion of the pull-up and source-follower circuits

follow . Included in these discussions are a circuit analysis , formulation

- of design equations , computer simulation , and a discussion of the results

obtained. The results of the two circuits are then compared and summarized .

I

‘ I
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2. MODELS

Figure 2.1 shows the schematic diagram of a MOS transistor with

the more important assoc iated capacitors. All other parasitic capacitors

are neglected since they contribute approximately only 107 to the total

capacitance [1] . CDB 
and are the junction capacitances associated with

the drain-bod y and source-bod y diodes. C
CD 

and C
GS 

consist of gate overlap

capacitance and the intrinsic gate MOS capacitance. C
GB 

is the gate-bod y

(or gate-substrate) MOS capacitance.

In order to increase the speed of MOS circuits without increasing

the size of the devices , the gate capacitance loads must be made smaller.

This is currentl y accomplished by using self-align ing gate technology . This

teci ii que greatl y reduces the ga te over lap  and o ther cons tan t capac itanc es

leaving the nonlincar intrinsic MOS gate capacitances dominant . The variation

of C S ,  CGD, 
and CGB as a function of VGS for  a g iven ‘ DS is shown in

Figure 2.2. ModiJing these capacitances as constant capacitors may provide

res u lts which  are no t a t al l  in close ~greement vith experimental results.

It has been shown that dynamic and bootstrap circLits generally require a

nonl inear capacitor model while static circuit sim~Ja tion can u s u a l l y get

accurate results with constant capacitors [21

SPICE 2 was ~he circuit simulation program used for all simu lations .

This is a nonlinear analysis program which uses the FET model of Shichman

and Hod ges [3]. This model , shown in Figure 2.3, inc ludes linear ohmic

con tac ts a t the dra in and source , d iode nonl in ear ity ,  junc t ion capaci tance

nonlinearity (varies as the -½ pOwe r of the junction voltage), finite output



1 1
1

I
I
I
I 

C
GD ,‘~~~~~ 

I I 
_ _ _ _ _ _ _ _ _ _

-

~ G~~ _ _ _

rs
~&_ J~.\\’\ C~ S C

SB /

GB FP.5115

Figure 2.1. Schematic of a MOS transistor with dominant capacitors
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Figure 2.2. Nonlinearity of C
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C BS
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FP-51?6

Figure 2.3. Model of a MOS transistor
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conductance (channel-length modulation), body effect (variation of threshold

voltage with a source-bod y b ias ) ,  and constant capacitors CGs~ ~~~~ 
and CGB .

Since SPICE 2 uses a constant gate capacitor model , the resul ts  obtained must

be interpreted in light of the model inaccuracy described above . The

va r iation of drain-source current with respect to gate-drain voltage (VGD) and

dra in - source  vol tage (V DS) is illustrated in Figure 2 . 4 .  The device is

assumed to be symmetrical , the first and third quadrants being images of one

a nother .  Also shown are the d i f f e r en t  regions in which the device can

operate . This becomes important when considering the nonlinear gate

capacitances discussed previousl y .

S imp l i f i ed  equatio ns governing the variation of 1
DS 

w ith ~~~~

VDS, and several device parameters are given by Equation (2.1) [4]

Nonsatu ration region:

1DS = 

~::: (~~)~
2 V

GS
_v

T ) VDS
) ) ( l + XV Ds )

= 
~
[2(V

Gs
_V
T
) VDs)l(1.+~~Ds

). (2 . la)

Saturat ion reg ion :

= 

~:: (~~)(VGs_vT)2(l+xv DS)

= 
~

(V
Gs

_V
T)
2
(l +XV

Ds
) (2 . lb)

where
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1DS 
Nonsoturot ori
Region
VGS >VT I
V

GD
>V T /

Sotu rat ion
Region
VGS > V T
VGD < V1

Reverse
Saturat ion
Region 

V DS

~ 

/
VGQ .

~ /

Reverse
Nonsoturation
Region

FP-5i17

Figure 2.4. Drain-source characteristics of a MOS transistor
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average minority carrier surface mobility in channel

t — thickness of the oxide over channe lox

pe r i n it t i v i t y  of the oxideox

£ = channel  length  in the direction of current flow

W w idth of channe l

V = threshold voltage
T i.~~C /

— 
n ox 1W
2t ox

X = channel-length modulation parameter (2.2)

Since device  geometries can be precise ly  c o n t r o l l e d  d u r i n g  fabrication , it

is important  that  cur rent through a device is propor t iona l to the device

geometry 
(f)

, as shown in Equat ion  (2.1). The diode n o n l i n e a r i t y  is given b y

- ( k T
— I

~~
e -l

where = bu lk ju nct ion saturat ion cu rr ent

kT
—

~~~~~ .026 v at room temperature .

The variation of V
T 

due to the body effect is given by Equation (2.3).

V
T 

VTO + \ (.~ø + VSB 
- .J~ ) (2 .3)

where V~~ threshold voltage at VSB
O

v = bulk threshold parameter
= surface potent ial.

If the device is operated in its reverse characteristics , then in the above

equation s Vc0 replac es V~~ , VDB replaces Vsg , VSD replaces ~~~~ and

replaces 1DS
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t The nonlinear j unction capacitances are governed by

CDB — C
BDO(l 

- 

\I
BD)

½

I C
SB - CBSO(l -

where C~~0 
= zero bias drain-body junc t ion  capacitance

I C850 = zero bias source-body junction capacitance
= bulk junction potential.

I Device parameters vary with different processing techniques and

I 
materials. Typical device parameters are

0 = .7 V

X — .1

— .7 V

= l .OX l0 14
A

RD — 100 ohms

RS — 100 ohms .

15 16 -3
Typ ical processing parameters for doping levels between 10 and 10 cm

are

— 500 cm2/V-sec

t 1000 — 10~~ cm

j  — 5r
5o — (3.9)(8.85 t lo

_14
) — .345 pF/cm

L i W~~ — .2 mu .508 * l0~~ cm

I

. ... .

~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - _ _ _ _ _ _ _ _ _



12

Using these values in Equation (2.2),

= 8 .6 3 x  1o 6 
~~A/v 2 . (2. 4)

Cox (total gate capacitance per gate area) is given by

C0~ 
= — 34.5 nF/cm~ = .222 pF/mil

2
. (2.5)

The junction capacitance per junction area can vary anywhere from 9 nF/cm2

2 . . 15 16 -3
to 30 nF/cm depending on the doping density (10 to 10 cm ) .  Since the

ju nct ion area ( i . e .  the dra in  or source area) is typ ica l l y larger than the

gate , CDBO and CSBO were e s t ima ted  to be equal to the total gate capacitance.

Relationships between L , W , ~, and the total gate capacitance(Cox X WL) may be obtained by usi ng Equations (2 .4 )  and (2.5). It will be

important  to note that  the gate capacitance is minimum when £ W = .2 m u .

For this case $ = 8.63X io
_6 

A/v2 and the gate capacitance is .009 pF.
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3. PULL-UP CIRCUIT

A typical pull-up circuit6 for d r iving la rge capaci t ive  loads is

shown in Figure 3 la. The body of each device is connected to ground . In

order to obtain a basic understanding of the circuit behavior , first the

circui t is analyzed us ing very simple models . This ana lysis will be followed

by an anal ysis using the more complete model described in Chapter 2 and

computer simulation. The following assumptions are made for the simplified

c ircuit analysis: the transmission gate transistor M
T 

is smal l  compared

to the driver transistor M
D, 

C
L 

> Cog, C~ > C0>~
, and all voltage sources are

ideal with infinite rise times. The variation of the threshold voltage due

to the body effect is approximated by AV
T 

½ J V SB . Because of the f i r s t

assumpt ion , all of the capac itors of M
T 

can be neglec ted since they are much

smal le r  than those of M.~. The second assumption allows the drain junction

capacitor of M.~ to be neglected since it is in parallel with CL
. The other

driver junction capacitor can also be neglected since it is shorted to

ground . C
GS 

and C
GB can t hen  be lumped toge ther  and ca l led  C

~~
. The

approxomate ci rcuit  is shown in Figure 3.lb . A typical clocking sequence

and corresponding output  are shown in Figure 3.2. When clock is high

(time interval A and C), the data is transferred to the driver device

and either charges or discharges the ‘memory ’ capac itor C
C

. When 
~2 

is

high (time interva l B or D), the data output is enabled and can be taken

from the drain of M
D
. This circuit is an inverting circuit , a logic one

input (y IN > V
T
) produces a logic zero output (VOUT < V

T
). A characteristic

of this circuit is that the logic zero is not produced until sometime after

it has been enabled .
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CGD 
1C~±~~p4-~:-i r 1€ T

GB .—.~-.. _______ ______________

Cp r ~ + ‘ C 
I—

o ~I I ’ I PN’aV1~ ~~ I
i r 

—

— —r~ L
~ 

V0~

— — I
.
~~~~
. 

~~~~~~

C ~~

( a )

I C00

I MT [ V
01 

~ 
M0V in °

C0 

CL

( b )
FP 517t

Figure 3.1. a. Pul l -up  c i rcui t  w i t h  all capacitors included
b. Approximate circuit to be analyzed
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V. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

In

Vl I I 1
2 1

~~~~~~~~~~ _ _ _

v0~. C D
Vo
—.-

FP 5179

V Figure 3.2. Typical clocking sequence and output
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A. Circuit Analysis

~ ir ing time interva l A , VIN and are both high . MT is turned
on (i.e. conducting) if V

~s 
V
1 

- V~ 
> V

T 
and is operating either in the

satura tion or nonsa turat ion reg ion depending on whe ther VGD 
= V

1 
- VIN is

less than or greater than V
T
. MT charges essentiall y C

G
+C GD since C~ and

C
L 
are very large in comparison. When V~ = VT MD turn s on d ischarging C

L

(there may be a small negative voltage V
D 

lef t on C
L 

f r om previous c ircu it

opera t ion) .  An equivalent model for the circuit during this time interval

is given in Figure 3.3. The current source of MD has the e f f e c t  of keeping

CP +C
L 

discharged to ground . During this interval V~ w i l l  charge up to V
1

where

f v1~ , when v
I~~
(v
T
+ ½~~~~

) >

V
1 

=

~~~~ -
~~~~ (3.1)

Vl
(V
T
+ ‘1~~ 

otherw ise

~:here the ~\V term is due to the body effec t.

Between intervals A and B clock 
~~ 

goes to zero which turns off

M
T 

as long as VT, VIN, and V
G 

are a l l  greater than zero . The clock ~~ goes

high in this interval. The jump of 
~2 

is coupled to the ga te and drain

of MD through capacitive voltage dividers. The change in the gate and drain

vol tages are given by

t
~
VOIJT~~ 

V
2

(C
P

/ (C
P+C

L
)) (3.2a)

neglecting the small effects of C
G 

and CGD~ 
and

t
~
V
~ 

t
~
VOUT (C CD / (C(;D+CC ) )  = V

2 
(C~ / (C p+CL

) )  (C CD/ GD~~ c~~~ 
(3 .2b)
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I
I
I
I
I

1
~~1 V0 C00

I V1~, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

+J (- V0~

(
I’

C0 ‘SO D V C~
1 

C
L1

F P 5180

I
Fi gure 3.3. Equivalent model during t ime interval  A

I
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Dur ing int erva l B , the equivalent model is shown in Figure 3.4. The current

source d ischa rges bo th C
1 

a nd C
C
. Just before clock 

~2 
goes high , V

G
VCD =V

I

as gi ven by Equation (3.1). Just after clock goes high the gate-source

and the gate-d rain voltages of the driver jump to V
G 

= V
1 
+AV

G 
and

V
1 

-i~V~ (C~IC~~) where is given by Equation (3.2). Since M
D 

is

on in i n t e rva l B , CL d i scha rges  w h i l e  AV
G
C
G ~

\V
GDC(;D so t h a t  at the  end of

interva l B VGD = V~ . From these equations it is found that at the end of

interval B V~ = V
~o

Vt
. Thus the discharge of V

G 
just counteracts the

initial jump . MD then stays on during the duration of interval B and
reaches the nonsaturation region as VOUT appr oache s zero .

The 
~2 

cl ock disc ontinuit y f r om in te rva l B to in terva l C are aga in

tran sferred to the ga te and dra in of M
D
. The magnitude of the jumps are

given by Equation (3.2) but the polarities are reversed , for ci ng M
D 

into i t s

reverse characteristics. The jump tries to force V
OUT to a large negative

value but the magnitude becomes so great that it forward biases the drain-

bod y diode which limits its excursion . The clock 
~l 

turns on MT’ since

VGD = V
1 
-0 V

T, and d ischarges C
G 

and the CGD ,CP
+C
L 

combina ti on to

ground . As soon as VGD and V
GS 

. V,.~, MD turns off. If C
L 

is still negat ively

charged , it would discharge through the drain-bod y pn junction. Above -0.6v ,

the discharge through the diode is very slow . The circuit model shown in

Figure 3.5 is valid for this time interval.

Dur ing interva l D both devices are held off. Both V
OUT 

and V
G

follow the clock waveform reduced in magnitude by the appropria te capacitive

vol tage dividers given in Equation (3.2). V
G ~~~ and V

0~~ =
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+

~~ C.. p

Vout

I1+ ~~~C L

I
C
G I  I

FP-5L81

Figure 3.4. Equivalent model during time interval B
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~

______ 

V00~

1+C0 ; C LI -I- - -

FP - 5182

Figure 3.5. Equivalent model during time interval C
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V2

Vout

+

F
F P

Figure 3.6. Equivalent model during time interval D
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where V
~ 

is the almost constant por t i on  of the negative excursion of V
OUT.

At the end of this interva l , the voltage s are returned to their original

va lues .

B. Design Equations

A summary of c i r c u i t  ope ra t i on  is given in Figure  3.7. Inc luded

are s imp l i f i ed  models for  each in t e r v a l and the design equations which are

der ived here . Using the simplified model for intervals A and C it is

ev iden t  that  fo r  a fas t  response V
1 

must be large , the  e f f e c t i v e  res i s t ance

of 
~~~~

. must be small (i.e. MT must be large), and the sum of the gate capaci-

tances must be small. V
1 
may be made large by ch oosing V

1 
so that the first

half of Equation (3.1) is valid .

During in terval B , the current source of the simplified model

sees Cp~
fC
L 
as its load . For a fast discharge in this interva l MD must be

large and C~ must be as smaLl as possible (CL 
canno t usual l y be arb it rar i ly

chosen since it is a system constraint).

cannot be made arb itraril y small because VOUT must be within a

t h r e s h o l d  vo l tage  of V IN d u r i n g  in te rva l  0 (y IN repres ents both the input

var iable  name and the value of the logic one l eve l ) .  Us ing  the fact tha t

VOUT = AV O (JT+V D must be less than  or equa l to VIN~ VT 
and Equat ion  (3.2) it

is found that

V -V -V
c > c  IN T D _ 

(3 7)P — L V
2~~

(V
jN~

V
T~

V
D
)

0 

— — -. — — -. — .— — —.-—-— — 

—
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a
I
I
I Interva l Simplified Mode l Design Equations

MT V14arge
Vi ~~~ VVVJ..CG+CGD M~:Large Conductance4,C C~~C

— 
6 GD

~~~ ~ M~ Large
B M0~~~~~~~~C 

C~ Small

V2
dL c > c ~ N 

- VT - VD ~C~ P 
~~~~~~~~~~~~~~~~~D

V2 (  C~
V~~ C~+C) ’}
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Figure 3.7. Simplified sunm~ary o f c ircuit opera tion
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Equa l it y is taken in order to sa t i s fy  the condition given for interva l B.

cannot generall y be ne gl ected in t he  abo ve eq ua t ion s ince it is typica lly

o f comparable size to VT . A value of -0.5v w i l l  usual ly  be close enough .

During this interva l , V~ will also make a jump given by Eruation (3.2). For

proper device operation this jump must not be so large as to turn the device

on or a diacharge similar to interval B will result. To insure that this

does not happen , AV
~ 

V
T 

or , solving for C~ through Equation (3.2),

C
C

> CGDr (V2 / V
T

)(C
P/(CP

+C
L
))_ll . (3.8)

The conditions set forth for intervals A and C provide motivation

to examine the smallest capacitors possible , the intr insic MOS gate

capac itances. Reference to Figure 2.2 will be useful to the following

d iscussion where C
G 

= C
GS

+CGB . The design equation presented in interval

A is automatically satisfied since C
G

+C GD = C
0~ 

for all regions of operat ion .

During interval B, MD operates in the saturation and nonsaturation regions .

Dur ing the initial jump due to clock 
~2 

going h igh , CGD becomes nonzero while

C
G 
gets smaller. This has the effect of increasing the jump of VGS al lowing

more current to flow through MD~ 
During interval D the device is off. In

th is region of opera tion CGD~~ 
0 while C

G
’
~ 

C
0~ 

fulfilling Equation (3.8).

Thus the non linearity of these capacitors has a tendency to increase the

speed of operation in each interval. These capacitors can be considered as

a type of voltage variable feedback which allows small. r devices to be used

to achieve a specified operation speed .
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C. Compu ter Simulation

The circuit simulacion included the effects of all the capacitors

of both transistors. All the gate capacitors of MT were considered constant
and equa l to th e maximum value of C

0~~
. This can be considered a worst case

I value since larger capacitors correspond to slower response. Rise times of

the voltage sources were 10 nsec. The modeling of the nonlinear MD gate
capa citances as l inear  capa citor s by the simu la tion progra m mus t be examined

I for val id ity in each time interval. Intervals A and C will be accurate if

C
~~~

+C
G 

— C
0~~

. During interval B , 0 <  C GD 
<
~~

Cox and ½ C0~ 
< C

G 
< C0x .

I Average values of C~~ ~~~~ and C
~ 

— C0~ 
were chosen. These averages will

not in general sati sf y Equation (3.8) and results obtained for interva l D

w i l l  not general l y be accurate.

For al l  simula tions of this circ uit VIN = 5v , V1 
5v , and

C
L 

= lOpF. V
1 
was chosen equal to VIN ins tead of larger , by Equation (3.4),

to i l lustrate the dependence of V
1 

on the bod y effect. The variables

remaining to be chosen are C~ , 
~T

’ ~D’ 
V
T, 

and V
2

. Cox is no t a var iable

since it is dependent on $.  The relation between Cox and $ can be found

from Equations (2.4) and (2.5) (where C
0~ 

now represents the to tal gate

capacitance — .222pFXWL). Multiply ing these two equations it is found

that

C
0~ 

— 766 x lO
_6

/ $ ,  for $ < 8.63 x 10 6
, w — .2 mu , Co~ 

in pF.

1
Dividing the two equations yields

C0~ 
— 1030 X 8 , for $ > 8.63 x io 6

, 2 — .2 mu , Cox in pF. (3.9b)
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C~, and V2 are related by Equat ion ( 3 . 7 ) .  It is desirable for V2

to be a large standard value such as l2v. With this value of V
2
, C~, is found

to be (V
D 

- .5v)

7pF , V
T 

— .5v

C ~~ ôpF , V = lv

5pF , VT 
= l.5v

Th e highes t f requency of c ircui t opera t ion is lim ited by the

capacitive discharge of interval B. Because of this , the performance index

chosen to evaluate circuit speed was the time involved to discharge ~~~~ to

during this interval. This value was used because a true logic zero

must be significantly below V
T 

in order  to discharge the nex t stage in a

reasonable length of time .

If MD is made larger to increase the rate of discharge , then

w ill become larger as shown itt Equa tion (3 .9) . M
T 

may then have to be

i ncreased to discharge or charge Cox within the required time . If is

made too large , the capacitors associated with M
T 

bec ome large en ough to

degrade circuit performance . Figure 3.8 illustrates how the discharge time

is a f f e c ted by the ratio 8
D
1
~ T 

for several values of 
~D 

As can be seen ,

a min imum occurs near 8
T 

= 8.63 x 10
6
, the value for minimum MT capacitance ,

and is relatively insensitive to For subsequent simulations , 
~T 

was

chosen to be this value . For small 8
D’ the capacitances of MT become

appreciable and degrade performance when MT deviates from its minimum
capacitance size . The nonlittearities of the capacitances of MT may then
need to be taken into account and may alter the shape of the curve .
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It is expected t ha t  i f  VT is decreased the d isch arge ra te  wi l l  be

faster. This is because V
1 

bec ome s grea ter and the cu r r en t for  a g iven V GS
becomes greater as shown in Equation (2.1). This e q u a t i o n  a lso  shows that

a la rger  dev ice  ( l a rge r  
~

) will cause a larger current to flow . These

relationships are illustrated in Figur e 3.9. The circuit speed is limited at

the fas t end by the clock rise time . The response of V
T 

= l.5v increases

aga in at the low end because the high threshold devices cannot drive the

large C
o~ 

fast enough . The V
T 

= .5v and V
T 

= lv responses cross over at

the low end because the discharges are nearly equal but the lower threshold

device must discharge VOUT to a lower value . From this figure the proper

dev ice size and threshold  vol tage may be estimated for the circuit to operate

at a certain frequ~~ cy.
F

At a 1 megahertz clock rate , interva l B is 500 nsec long . If it

is d€s irable for V to be less than V within the first half of B, then
Ou T T

the figure shows tha t > 50 . Choos ing V
T 

= lv , for illustration , and a

slightly larger 8D of 86.3x 10 6 (W/.~ = 10), the response of the circuit is

shown in Figure 3.10. As discussed previously, this solution is fairly

accurate except for interval D where V
G 

should remain r.ear zero. The

device parameters us€d for this example ar’ the same as those given in the

section discussing modeling . For MT’ since 8T = 8.63 x 10
6 

A/v
2
, a l l  of the

associated capacitors were set to .OO9pF. For M
D C0~ 

was found from

Equation (3.9b) and is equa l to .O9pF. From this value C~ was chosen to

be 
~~

- C0~ 
= .067pF and CGD ~ C0< 

= .023pF . Typical minimum areas of smal l

transistors such as MT are 2 mu 2
. Larger transistors , such as MD may be

made in 4 mu
2
. The size of the pull-up capacitor ~an be found from
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Equation (2.5). W.~ — 6/.222 27 mil2 . Thus for this typical example , the

circuit size is of the order of 33 mil
2 wi th over 8O~ of the area taken up

by the pull-up capacitor.

0. 1 )ii— .~ u ;-SI ti of Results

The major disadvantage of this circuit is due to the forward

bias ing )f the drain-bod y diode. This action injects minority carriers

into th~ substrate which may cause signa l degradation due to the N PN

effect [i} . This can be effectivel y eliminated by plac ing a nega tive b ias

on the substrate. The disadvantage of this , ho~:ever , is the red uc ed speed

due to the body effec t and the requirement of an extra negative voltage

sour ce . The bod y e f f e c t may be partiall y overcome by decreas ing the device

th reshold vo l tage .

Another drawback of this circuit is the integration of the large

pull- up capacitor. From the examp le presented the size of the 6pF capacitor

is W x~~ 27 mil2 while the size of the largest device MD is only 4 m il 2.

The capacitor is almost 7 times the size of the device This drawback may

be pa rti a l l y overc ome if a material with higher permitti vity is used , such

as silicon nitride (Si
3
N
4
-MNOS) [5] . The disadvantage of doing this is the

re sulting slower speed due to the increased Cox .

It is desired to make the zero-leve l pulse of interval B as small

as possible. This is most effectivel y done by increasing V
1
. If it is

possible to lower the threshold voltage of MD whi le  leaving a l l  the other ’s
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constant (perhaps through ion implantation), then higher current is

available for the interval B discharge while the high level pulse of

in terval D w i l l  re ma in w ith in the desired range of V IN .

A pulse is needed during the second half of intervals B and D to

prov ide a data enable for the next stage . It provides a signa l to the

following stage s that is stable. This pulse may be derived on the chip

if .1 clock of twice the frequency of 
2 

is provided.

A possible realization of the driver device MD and the pull-up
capacitor C~ is given in reference [6] .
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4. SOURCE-FOLLOWER CIRCUIT

The approx imati ons used to a id in the anal ysis of the pull-up

c i r c u i t  are also assumed for  the ana lys i s  of the source-follower circuit.

The resu l t ing approxima te model to be ana lyzed is shown in Figure 4.1. A

typical clocking sequence and corresponding output is shown in Figure 4.2.

~hen clock is high (the second half of intervals A and C), data is

t rans fe r r ed  to the ga te of M
D 

by charg ing the gate capacitances of MD~
When clock ~ goes hi gh (intervals B and D), MD is turned on allowing the

data to be taken from i t s  source. This circuit is noninverting and requires

no components other than the two transistors.

A .  C i r c u i t  Ana l~~~~~

Dur ing the second h a l f  of in terval  A , V IN and are both h igh

turning on N
T
. Assume t}i.~ t in the high state all clock or. input voltages

have the same ampl itude V
1
. If ~~~ = Vl

> V
T 

and VGD 
= O < V

T 
them M

T 
is

operating in the saturation region. As the series combination of C~~ and C
L

is charged . MD 
will conduct when V

~s 
= V

G
_V

OUT � 
VT. This will in turn drive

V
0~~ 

to ground from its previous nonzero value . During this interva l , the

equ ivalent model for the circuit is shown in Figure 4.3. The effect of the

current source is to keep C
L 

discharged . VG 
will charge up to V1, where

V
1 

— vl (vT
+ ½~fV1), when MT turns off. V

1 
may be solved from this equation

to obtain

V
1 
= Vl~

VT ~ ½
~
/
~~l~~

\ T + j~~ 
. (4.1)
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Figure 4.1. Approx imate circuit to be analyzed
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Figure 4.2. Typical clocking sequence and output
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Figure 4.3. Equivalent model during time interval A
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Between intervals A and B , 
~ l 

goes low turning 
~
1
T 

of f

(Vcs — _V
I
< O < V

T
). The discontinuity of clock 

~2 
going high is coupled

to the gate and source of MD by the capacitive voltage dividers

A\ GS ~
V
G 

Vl (CGD/(CGB +CGS 
+CGD)) (4.2a)

~~
VO IJT~~~ ~

\Vcs (C cs / (C
L

+ C
Gs)Y~~

V
l

(C
CD /C GB +C cs +C

cD
) ) ( C GS/ (C

L
+C

Gs
) )  (4 .2b)

During time interva l B the equivalent model is shown in Figure 4.4. The

cur ren t source charge s C
L, 

CGB~ 
and CCD wh i le d ischarg ing C

~ s
. At the

beg in n ing of in terv al B , V
~s 

= V
1 
+AV cs and VGD V

1 ~
v
Gs((cGS +C GB )/C GD)

where is given by Equation (4.2). During this interva l charge is

conserved a t the node of V
G 

requiring L
~
V
cD

(C GB +CGD) 
= 

~~
\T

GSCGS . Utilizing

these equations it can be found that at aiy given ~~~~

VGS V
1 
+~~V - VOUT ((C GB + C CB ) / ( C

(B +C~~ +C(;D ) )  (4 .3a)

VGD V
1 

_ A V cs ( (C cs + C GB )/C GD ) + V
O~T

(C
Gs

/ ( C
cB

+C
Gs 

+C GD ) )  (4 .3b)

.~here Av is given by Equation (4.2). These equations show that as

approaches V1, VGS and VGD approa ch V
I 

vl (cGB/(cGB +CGS +cGD
)) and MD

reaches the nonsaturatfon region. Comparing this interval with the

corresponding interval of the pull-up circuit is it evident that charge is

lost through C
GB 

making this circuit inherentl y slower.

The 
~2 

clock discontinuit y fro m inte rva l B to C are again transferred

to the gate and source of M
D

. The magnitudes of the jumps are given by

Equation (4.2) but the polarities are reversed . The model which is valid

during this interval is shown in Figure 4.5. During the first half of this
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~~V1

VG A

II T
FP 51.~1.

Figure 4.4. Equivalent model during time interval B
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V6 C6~ .Vout

ISD J..C68 ~~~
CGD ~~~~~~I$D~~~~

CL

FP 1112

Figure 4.5. Equivalent model during t ime interval C
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interval NT is off while the current source of MD discharges CL . During

this d ischarge , charge is again conserved at the gate of N.0 and as VOUT

approaches zero , VGS and V
~s 

approach V1. During the time clock 
~2 

is

high , MD operates in the nonsaturation region. After C
L 

is discharged ,

clock is allowed to go high . This turns M
T 

on which discharges CGD I CCS ,

and CGB . As soon as VCD VGS
EV

T. 
N
0 

is turned off allowing a small negative

voltage to be developed across C
L 

as M
T 

con t in ues to d ischarge  CGB until

‘C ° This voltage is given by V
D 
where

V
D 

= V
T

(C GS / (C GS +CL)).

During interva l D both devices are off provided that the jump in

does no t cause 4V
~5 

to exceed V
T
. VOUT and VGS follow the clock waveform

reduced in magnitude by the capacitive voltage dividers given in Equation (4.2)

where VOUT = 
~
VOUT +V

D 
and V~~ ~~~~~~~~ After 

~2 
goes low , the voltages

are returned to their original values

B. Desi&n Equations

A summary of circuit operation during each interval is shown in

Figure 4.7. Included are simp lified models for each interva l and the design

equations which are derived here . Using the simplified model for intervals

A and C , it is evident that for a fast response the effective resistance of

MT must be small (i.e. NT must be large), and the sum of the gate capaci tance

must be small However, the time constant s are so small in these intervals
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compared to interva l B that these parameters are not critical in determining

the speed of the c irc uit.

Dur ing i n terva l  B , a large MD will charge C
L 

quickly . It was found

pr ev iousl y that during this interva l ~~~ dr oops by V
l

(C CB ) / ( C CB +C(;S+CGD) as

approaches V
1
. To min imize this droop, and keep the cu rr ent through M

T

laree , CGB 
must he small in comparison to ~~~ and CGD

. Also dur ing this

interva l , the effective threshold voltage increases because of the rising

source voltage and the bod y e f f e ct. This toge ther wi th the VGS droop is the

main factor involved in l imiting circuit speed . Utilizing Equations (4.1),

(3 .2), and ( 4 . 3 ) ,  it can be found that  for ~~~ ~ VT 4
~ 

½V ’~~~ when VOUT = Vl
_V
T

(i .e. M
0 

has not turned off when the desired output is reached), then

Equation (3.4) must be satisfied .

v1:l - CGB
/(C

~~~~GD~~GB
)J ± ~ v3,[l +Crs/(Cc5~~GD~~cB

)
~ 
±~ \‘

1-V 1. (4.4)

To gain some insight into the restrictions placed by the above equation , an

examp le is graphed in Figure 4.8 as the V~~~ curve . For this example

= and C
CS

/ (CGS+cGD+CGB) 
= ~~~

-; t i e  reasons for usin g

these  r a t i o s  w i l l  become c lear  in the next section . The region of proper

operations is in the lower right-hand portion.

Dur ing  i n t e r v a l  D it is required that the jump of VGS not be large

enough to turn M
D 

on. Using Equation (4.2), where VGS 
a 2\Vcs ~T’ 

and

neglecting V
Dl MD will stay off if

CGD ~ (C GB#Ccs ) / ( V
l /V

T~
l ) . (4 .5)
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The anal ysis of the pull-up circuit provides motivation to study

the effects of the nonlinear NOS gate capacitor.c s in this circuit. The

req uire men t s o f in terva l A are sa t i s f ied  s inc~ C~ 5
+C
~ g

+Ct;ij = C0~ 
for all

regions of operation. During interval B, MD 
operates in the saturation and

nonsaturation regions. In these reg ions of operation CGB is very small while

CGD 
become s larger. This not only has the tendency to reduce the V

~.s 
droop

but also increases the initial positive-going V~~ jump . These both have the

effect of increasing the log ic-one rise time of interval B. In interva l D

the device is off. In this region of operation C
GB 

C
0~ 

while  C
GS 

C(;~ — 0

satisfy ing Equation (4.5). Thus , just as in the pull-up circuit , the e f f e c t

of tie nonl in ear gate capacitances is to increas e the overa l l  speed of

operation.

C. Computer Simuiation

For proper circuit comparisons , the initial approxim~’tions used in

the simulation of the pull-up circuit are also assumed here. The capacitances

of NT were ass umed constant and equa l to C
0~~

. The voltage source rise time s

.~re re 10 nsec. The effects of modeling the nonlinear gate capacitances as

linear capacitors must again be exam ined in terva l by interval. During

intervals A and C the mode l will provide accu~ate results if CGB+CGD+C
~~ 

CDX .

1 1During interva l B, 0 < CGB < 
~ 

C~~~, 0 —. C~~ < 
~ 

Co)(~ and 
~

- C0~ 
< C < 

~ 
C0~~.

Average values of CGB C
0~

, C~~ C~~~, and C(.S C
0~ 

were chosen.

These val ues will not generally sa ti sf y Equation (IL .5) and will give false

results for interva l D. During this interval V
0~~ 

and ~~~ should remain
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close to the respective prTvious value s since C
GD ~ 

0 in Equation (4.2).

The remaining variatles that need to be ctas r~a arc V .  V
1
. 

D’ 
and

An important parameter in the r~e rat i , .~rl o f t h i s  c i r c u i t  is the

logic—one leve l pu se t igh t of inter val B. lt may r ach. 
~ 

du ring this

int erva l sine1 the eff1~ctive threshold volt.:ge is increasing ~nd 
~GS ~~

dec reasing . A lthm~h th e device may not turn off , the current can bec . m&-

so small that V0~~1. I~a-~g~ s very little over the r’-rna i ri i.ng port ito of t ime

Figure 4.8 shoic s limiting valu~ s of V
T ~~~ 

V
1 

f ar VO:.T to reach within a

threshold voltage of the final value (VI
_ V
T
) in loss ctan 500 nsec. Iti~

length of time vas cli sen because for t i le  device sizes of i n t e r  si , Vo f .T

changed ~.e ry l i’tle after i..~iis. The safe portioe of the graph to operate

in is belo~- the curve of proper 
~D 

As caa ha scea , VT should be chosce

considerably ~o ’-;s then t e  m ax ima m f ’:nd oa r l i~~r ic or 3er  to achieve a

r~ asonable rise time .

icterval limiti eg t~~e t o t a l  c i r c a i  spc.ed is interva l B. Tee

per formance index chose~ to evaluate tc. t - 1 circu it speed vas the time V0,1

na~~,iod to rise to V
l
_V
T 

ie itv:erva l n. Th’a van s~ i ce of the charging t ime

with respect to the r a t i o  S I ~~, is shc”~a in Fi~~’: r .  4 .~~. Far these siniola-

tians V
1 

5v a nd V
T
= .5.~. Wh -i n t h 3  ratio is small , ‘ho capacitors assoc ia’ ed

with NT become c .mparattve in size to CGB makieg the V~~ dr .top of inte rva l B

more pronounced . For large ratios , response is limited by two fac tors. For

large 
~D’ NT becomes too small to charge the g i c  capacitances of M

~ 
in t~i~

rt qi~ired t ime . jar small 8D’ the capacitors of  M
T ~

te ni longer neg ligibl e

and degrade circ ’ii . t p e r f o r m a n ce .  For this c-~sc. the n’n -1l ineur effects ti th~

gate capacitance may have to b~ taken into acc eint f t  u r e  a c c orj t t  results.
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From this graph the optimum value of 8
T 

is chosen to be max (8.63x io 6 , 6~y’5o} .
Th i s value of ~~. was used for a l l  o the r  s imu la t ions .

The variation of the charging time in interva l B in relation to

is i l l u st ra ted in F i gure 4 .10 for  several V
T 

(V
1

5v). The response is

l imited at the fast end by the clock rise time and increases as decreases.

Thi s circuit is much more Sensitive to threshold voltage changes than the

pull-up circuit. This is due to the dependence of the rise t ime in interval B

on VT 
and the  bod y e f f e c t .  From th i s  curve the proper  device size can be

found for the circuit to operate at a specific frequency.

As an example , let the des ired c lock freq uency be 1 megahertz.

Then i f  it is desired that VOUT be within a thr shold voltage of its fina l

value within lOt, of the cl ock per iod (100 nsec), then  
~D 

= 325 x 10
6 (w/i =

37.5). The corresponding output is shown in Figure 4.11. As di scussed

prev iously ,  this output is valid for all intervals e::ccpt D. During this

in terval V0~~ 
and VGS are expected to remain near ground .

LI. Discussion of Results

As is typical of most MOS circuits , th is ci rcu it w i l l  operate

faster with a higher power supp ly vol tage V
1
. This will also allow devices

with higher threshold voltages to be used ,

The small transmission gate transistor M,1, may be as sm a l l  as 2 mil2.

Using ‘./~ mil as the smallest device length and finding the width of MD from

the required w/L ratio (W 7.5 mil from the example cited ), a typ ical dr iver
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d e v i c e  size w i l l  be on the order of 10 mil
2
. The total circuit area ,

neglecting interconnections , will be close to 12 mil
2
.

A disadvantage of this circuit is the gap required between the logic

one levels  of the two c locks .  From i n t e r v a l  C of Figure  4.11 it can be seen

that this gap can be made quite small (— ~50 nsec) in order to fully discharge

C
L
. This gap may be eliminated if devices and capacitors of correct sizes are

used so t ha t , dur ing  i n t e rva l C , as NT dic~.riarges the gate capac i tances  of MD ,

turning it off , MD has discharged CL. Initial inspection reveals that C~~ and

CGD may be increased to aid in this , 
bu t care mus t be taken so that the device

does not turn on during interval D because of these changes.
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5. SI.TMMkRY

In this thesis two circuits are presented capable of driving large

capacitive loads. These circuits are suitable for dynamic operation and

utilize the nonlinear gate capacitances to allow small devices to drive

loads larger than normal. Both circuits are capable of operating at

frequenc ies above several megahertz for a load capacitance less than or equal

to lOpF .

The pull-up circuit uses devices of standard threshold voltage

levels but requires a large voltage clock for a reasonably sized capacitor

to be integrated . Another voltage source may be required as a substrate bias

to eliminate the NFN effect. A clock of twice the normal operating frequency

is required to derive a data enable signal for the following stages . In the

typ ical example operating at 1 megahertz cited , the total circuit size was

approximately 33 mil
2.

The source-follower is inherent ly a slower circuit due to the bod y

effect. It requLres devices of low threshold voltages if low supply voltages

are to be used . This circuit also requires clocks with gaps between the

r~ speetive logic-one levels to allow for a fast two stage discharge (interva l

C). In the example cited , the devices are larger than the pull-up circuit

devices but the total circuit size is approximately onl y 12 mu
2. This is

approximately the size of the pull-up circuit.
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