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‘ . < " ABSTRACT .
- The use of an MOS capacitor as an integrated load element in ’

dynamic inverters is reviewed and a particular approach (direct cas- -

cading) to its application is demonstrated. Experimental n-channel

%

- capacitor pull-up shift registers are demonstrated to operate with \

multi-phase clocks at frequencies up to 34.5 MHz which is about twice

<

the limit of conventional MOS dynamic circuits fabricated with the same

v

Si-gate process. A substrate bias 'is used to-eliminate minority carrier

1 + ]

linjection which was previously~reported to &imit the high_frequehgy
- performance. ' X \
. A novel two-level self- allgned p01y51?1con gate process is
geveloped for designing and fabrlcatlng hlgh?r performance capaq;tor -
. pull-up circuits. Computer 51mulat10n resulTs show a marked 1mpFove-

“ment in the performané@ of.capacitor pull-up|one-bit shift registers
)

implemented with the dékploped process. DisTussions'on system appli-

. ) ‘_\ . . ﬂ’f!

| cations show that capacitor pull-up circuitrﬂ is capable of very high
\A

*

* frequency operation (>60 MHz) and low power ﬁissipation. A 1024-bit
N ? , \
shift register-requires 23 hw at 1 MHz. Comﬂarisons to other circuits

are madc and poss1b1e furthgr work is discussed.

-

-
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CHAPTER 1«  » ) - L

: INTRODUCTION

1.1 HISTORICAL INTRODUCTION

-

This thesis investigates the use of an MOS cépacitor as ;n
integfated circuit load element in dymamic MOS LSI logic circuits. .
This possibility was first mentioned in a paper by Luscher and Hof- ’ -
bauer [1], in 1966, in their attempt at making frequency dividers with-
very low power consumption while maintaining simplicity of structure
and ease of fabrication. dlater, Krebs and ﬁyder [2] described the use
of such a load for inverters in circuits éﬁploying two or more clock
phases. This was followed by a pap;r'by Crawfor& and Bazin [3] in
which the analysis of this new circuitpy was considered in detail.

Figure 1.1 shows the schematic of a capaqit{ve-load shift register bit

used by Crawford and Bazin in their analysis. The circuit had a L
transmission gate,'driveﬁ by.the same clock, in seri§5_with the inver-

ter. This transmission gate samples the output level og the inverter

and holds the 1ﬂgic state on the input of the following stage. The

shift register requires two-phase non-overlappiﬁg clocks with two

incérters and two transmission gates per bit. Shift registers were

built and successfully operated using a p-channel, metal-gate process.

Theoretical calculations showed that the upper speed limit of this

: . . . ko
type of circuit was in the 25-30 MHz range with the technology then

l ‘
available, Howevef, the maximum observed frequency of operation was

5 MHz, with the upper frequency limit attributed to injection of -

4 -




Figure 1.1. The origiﬁal proposal of Crawford and Bazin for
the capacitor pull-up inverter circuit.

~
-

. minority carriers into the substrate which resulted in severe signal
R e

{LH degradation.

No further work was published after Crawford and Bazin on

\

capacitor pull-up circuitry.

1.2 PRELIMINARY INVESTIGATION

In September 1972, the author, as part of his M.Eng. Thesis,
started a preliminary investigation of the speed capability of tapac-
itor pull-up MOS dynamic logic and its overall suitability for LSI

circuit design [4]. The investigation involved the breadboarding of

i




‘Both p-channel and n-channel-discrete MOSTs were utilized for the in-

‘Figure 1.2. The circuit schematic of the dynamic capacitor,
~ : . *
pull-up inverter used with overlapping clock
pulses.

\ -
\ .
capacitor pull-up inverters, among other things, in the manner shown

in Figure 1.2. Here, the load capacitor, CL’ replaced the load trans-
istor in the more conventional MOS logic circuits. Logic levels are
obtained with capacitor divider action bqfween CL and .the MOST drain

e

. o
capacitor, with the MQSTﬁﬁcting as an ON/OFF switch allowing for the

-

capacitors to maintain a charged state or to, discharge to ground.

verter driver transistor, Q. A computer program was written, using
. .
the TSL program Simul 8 , and hence simulated results were obtained

for the inverter operatien. By changing the values of the discrete

* This program is available in the Computlng Centre fac111t1es of

Carleton Unjversity




.discrete devices proved promising, an attempt was madc to design an

- other integrated clrcuit was a 16-bit shift register with one serial

- the capacitor pull-up circuit, using the configuration of Figure 1.2,
i

capacitor C,, various experimental results werc obtained. The simula-

L)

L
ted results compared favourably with the experimental results. One of

the main observations was that an optimum operating condition was for
the capacitor divider ratio to be set equal to 1/2. For this ratio,
the discharge time of the capacitors was minimum. The investigation

was extended to bit delays achieved by the direct cascading of four

"

inve;ters and the use of overlapping clock pulses. Also, in the con-
text of a general logic application, a modulo-8 counter was success-

.

fully breadboarded with discrete devices.

Since the investigations of capacitor pull-up circuits using

integrated version of a shift register by cascading a few one&b;t
delays. The process chosen was an n-channel silicon-gate process.

Two separate circuits were designed. One was‘a 10-bit sﬁift register
with one serial input and 10 parallel outputs. This was designed sé

as to allow the characterization of each bit delay separately. The

input and one serial output, Ba;ed on thes¢ designs, approximate
theoretical results were presented and expected frequency limitations .
were discussed. This formally concluded the author's M.Eng. Thesis.

The two ICs were subsequently fabricated and form part of the

continuing work of this thesis.

1.3 PURPOSE OF THESIS

N

As a resylt of the investigations reported in the M.Eng. thesis,

)

[ C s
was secn to have significant advantages over the configuration of
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Crawfor4 and Bazin. In partlcular, the inverter ﬁould be much smaller

because of the absence of charge-sharing problems‘ i.e., the capacitance

1

C1 in Figure 1.1 must be large enough so that whcq charge is distributed

+ LI

between Cl and C2, the output signal is still lar%e enough to drive the

transistor QS" Further, the problem of charge in%ection to the sub-
3 . | .

strate is much more gomplicated in the configurativn of Crawford and
Bazin, |
s , \

The preliminary work established that the c?pacitor pull-up

N -y

inverter, in the configuration of Figure 1.2, is pqtentially capable of

very high -speed and has an overlapping clock requifrment which is more

©
»~

suited to high speed operation than the clocks used|by the more common
dynamic MOS LS1 circuits.

The purpose of this thesis was .therefore to ?arry forward the

\
- development of the circuit technology and process t?chnology of capaci-

tor pull-up circuits to the p01nt where the potentxﬁl advantages of
speed and simplicity of operation could be’ reallzed\and to q;tempt to
investigate and hopefully overcome the limitations qf the circuit,

o !

i

particularly in terms of the ‘area required .to implewent it.

-

1.4  THESIS SUMMARY - B \ \

- 1

x

Chapter 1 contains thé introduction to the thesis.  The theory

and analysis of capacitor pul}-up circuits-are described in Chapter 2
The basic model-of the integrated capacitor pull-up -inverter, as well

&= AN
3s all discussions of the design and operation of the.devices that -

are presented, pertain to a standard n-channel silicon-gate process.
¢ . ' o . -

Computer simulation results are also‘presented. In Chapter 3, the = |

~ -




experimental results obtained from the shift registers built using

the standard n-channel process are presented. In Chapter 4, the basic

m;del prefented in|Chapter 2 is extended to develop and justify an
improved capacitor pull—uﬁ process. The. basic type of process is
sketched and the main differences between it and the standard n-channel
silicon_ggte process are noted. ' -

»

Experimental and theoretical results on those parts of the

-

process which depart from standard ;ilicon~gate technology are presented

in Chapter 5. On the assumption of such a proce;s; the design of three
T different/shift—registers is diséMssed. Using standard and measured
parameters for the model, computer simulgtions of the functional be-
haviour of the circuits are presented. Based on these simulations, a
comparison is hence made between circuits designed with the new process
N and with the standard silicon-gate process.

- In Chapter 6, comparisons are made between %apacitor pull-up

and other circuits, wherg these are feasible. Applications to general

logic are discussed, and the power-delay characteristics of capacitor

[

pull-up inverters designed with the standard silicon-gate n-channel
process and with the more optimum process described in Chapter 4 are

‘ compared with the power-delay characteristics of 12L inverters. Con-

"clusions and suggestions for further work are presented in Chapter 7.

r ' N N
- 4 ' \




THEQRY AND ANALYS1S OF CAPACITOR PULL-UP CIRCUITS

2.1 INTRODUCTION
\

The original motivation for this work was to find a digital
logic circuit which operates on the same clocks and the same process
parameters as CCD's, to be used for peripheral logic on a CCD chip,

saving the necessity for a separate set-up for clocks. However, in the

" course of this study, it was realized that this logic circuit has

general interest also.

A particular approach was used in the present study Fgwpxploit
the capacitor pull-up circuit. The use of overlapping clocks in the
logic circuit removes the requirement for a transmission gate. How-
ever, extra stages are needed to obtain signal isolation. By using a
suitable substrate bias, the substrate charge injection problem can be
avoided. The purpose of this Chapter is to discuss the theo}y of
operation, design and computer simulation of an MOS éapacitor pull-up
integrated circuit using overlapping clock pulses.

It is useful at this point to discqss the philosophy of the
conventional dynamic MOS LSI inverter. Aside from the capacitor-pull- e

P ol

up inverter of this thesis; all dynamic MOS LSI inverters operate on

a precharge principle, i.e., the inverter is precharged to a high level

by charging the load capacitance of the output node through a load

transistor or clocked equivalent.! The logical output of the inverter

is then developed by conditionally discharging the precharged output




-

7a.

node to ground according to the logic input. This technology requires
four phases, to allow ‘enough logic levels to perform a general logic.
| At least somc of the four phase clocks in most types of four
phase logic are non-overlapping. This means that the duty cycle of
these clocks will be 25%. If éne assumes a certain capability of rise
and fall time for the clock-generating circuits, it is evident that

such clocks cannot be generated cleanly at as high a clock rate as

clocks with 50% duty cycle, which are the clocks required by capacitor

pull;:b circuits (note Figure 2.5).
| A major problem of precha¥ge type dxnamic logic is that the pre-
charge cycle takes time to be achieved, in particular, since the load
transistor is generally operating with a much weaker channcl than thel
input transistor. This leads to a longer time constant for the pre-.
charge than the conditional discharge. Since thisvprechargc cycle is
not present in the capacitor pull-up circuit, such a circuit is there-
fore }nherently capable of a higher frequency of operation.'
Adﬂitiongl problems of precharge-type MOS logic are caused by
the necessity to shield the inverter from the precharge cycle of the
previous inverter, until its output is valid, which is time consuming.
The basic capacitor pull-up inverter will be discussed in
Section 2.2 with the aid of a simple model. Section 2.3 présents the
circuit description and operation of a four-phqse'shift register one-
bit delay. The design of two shift vegisters Jsing Avstandard n-channcl
siliconegatq process is discussed in .Section 2.4. .Compﬁker sipulation
results of the functional opération of a one-bit shift register, togetpcr‘
with experimental verification, are presented in Section 2.5. Conclusions
-

arc discussed in Section 2.6,

¥
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Figure 2.1, Schematic of MOS capacitor pull-up inverter.,
Y i 'ui
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2.2 THE BASIC CAPACITOR PULL-UP INVERTER

Figure 2.1 shows a schematic of the.basic MOS capacitor pull-
up inverter. CL 1s the integrated load element capacitor replacing.
the pull-up resistor in the more common inverter circuit. Cy repre-

v

sents the total capacitance, exclusive of CL’ loading the drain, D,

- of the driver MOST, Q- The input signal,‘Vin, is applied at the

/

.gate, G, of the driver transistor. When the clock pulse is applied,

-

capacitive divider action Between,c and Cy results in a potential
appearing at node D; which is dependent on Vin‘ 1f Vin is high, i.e

Vin is greater than the threshold voltage VT’ a transient inrush of

Ld
current from the source brings node D to ground in a time t,,,as shown

-




YOITAGE
]
-~
(@
|
J

- Figure 2.2. (a) Low Vg, for a logic ZERO
(b) High V. for a logic’ONE
(c)-Clock pulse voltage, V¢.

in Figure 2.2 (curve a). The approximately exponential decay to ground

is determined-by the transistor channel ON-resistance and the"capaci-

tive’loading (€1 *Cg)s [4]. Hence, a high V. produces a low Vout
- i.e. an inverter action. Alternatively, if Vin is low and below
threshold, the input MOST is OFF and the rising clock pulls up the

‘potential of the output node according to the capacitive voltage divi-

‘der ratio {CL/(CL+C0)}, Figure 2.2 (curve.b). Thus, a .low V;n Pproduces

-

a high Vout’ again an inverter action, The shape of the high Vout
pulse is similar to the clock pulse, Figurg 2.2 (curve c), reduced in
“height -by-the capacitive divider ratio. The high output is valid only

while the clock is high.

a







