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makes‘jitter measurement and analytical analysistifficult (18). oOnly

~

some basic guidelines to jitter reduction will be offered.

Jitter results from noise ‘modulating the. effective threshold

. «

level. One approach to jitter reduction is to reouce‘the.cireuit

" noise using traditional low noise design teéhniques [34,26].‘}Thesg
. co EY
teciniques rely. on the, reduction of the nolse sources. Another

approach to the problem is from a topological point of view. Due to

the nonlinear nature of the fmltivibrator, Voo the capacitor voltage

only affects the threshold circuit when it is near a threshold level.

. Therefore, by increasing the rate - at -which the capacitor voltage

A
approaches the threshold less time is spent 1n ‘the region where it is

vulnerable.to corruption by noise and jitter is reducedJ This is the
" technique used' by Wakayama [12] to achieve a jitter of < 100ppm. For~

a given frequency, therslope of the eapacitor voltage can be increased

by increasing VHYST For low jitter CCOs both techniques should be

-

applied.

A

. . - : \_ D (¥ 3
Another source of frequency jittzr\is from rapid variations in

L L ‘
‘the ' supply wvoltage due to noise on the, supply lines or .poor
° ! «
regulation. To the first order, the Piskarev multivibrator is immune

to power supply variations since the hysteresis voltage in independent

’

of'VCC. But second order efﬁects ‘such’ as the finﬁte output impedance

~

of the'current'sources and mirrors, plus,the_resistive divider gi;med
SRR PRRS -Lve , 2

By Rl, R2 allow‘supply variatibns'to‘ﬁnterétheﬁcircoitgand’contri ute -

extra noise to. the circuit. The most effective means of .reducing the
: . R gv "
effects of.supply variations is external tosthe circuit and involves

ensdring‘adequate decoupiing of supply lines, separation of'digical

It

»
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rate at which V

dﬁtimdl balance of stability and speed will be determined by the

[S -

and analog supplies, and providing good‘supplydregulation.
. :

- ) . L

-

4.6~ Chotce of Hysteresis Voltage

The choice qF the hysteresis voltdge, VHYSI: is a compromise

between minimizing switching delays and ‘improving stability. For a

nysT S° that the

givén ffequency,.jitter can be reducedrby increasing V

c approaches the-thrééhold is increased, this requires
. ‘ ‘ ] \ . ) .. i . .
that VHYST be made;as\large as Bpfélblg.,.Sw;t?hlng_delays-dePend

largely on the amount of voltage the parasitic-nodal capacitance must

be charged/discharqu through (plus the amount of tharging‘curpent -

availéble). Reduced delays dictate that small signal swings be used

throughout the circuig, th%reforg VHYST7

should be kept\smali. The

‘ _ . \
Intended application of the CCO.

RN

4.7 Modifications
T

Applications of CCOs are many and varied; each places different
‘emphasis of the various criteria sucﬁias linearity, range, stability,

and size; no one CCO design 1is, therefore, the best fpr all

L4

applicacions. . Some modifications to. the basic Piskarev multivibrator

will now be prééented that allow it.to be fine-tuned for its intended

use.

. 4.7.1.  Buffer Stage

s

e . - _ ‘
An Important modification to the basic PiskareV'amltivib:ator is

x _ ]
th 'dition of a buffer stage to the threshold circuit to reduce

2 the output on khis critical stage. A simple buffer which



B4
. - ( ~
makes Full ‘use of the circuit topology 1is shown 1in ng4_4 5 and

consists of M13 to M17. 1If additional drive capability Ls required
the output of this stage can be used to drive further invelter stages

. until the de51red drive capability 1s achieved. By proper design of
il

" the inverters’ W/L ratios, i.e. \the ratio should grow by a factor of e
(= 2.7) between stages, increased drive capability can benachieved
with minimum delay [27]. |

The additlon of the buffer’ stage “increases the capacitive loading

>

- at the drain of M2 resulting in increased switching delays -for the
threshold circuit To reduce the capacitlve loading, M16 should .be

kept relaaively small compared to M3 and any additional drive required

.

for the ouput should be obtained .through additional inverter stages.
The output of the buffer stage swings.from rail-to rail, . but

since it is not in the signal path of tﬁe threshold/charge circult,

the increased sw1tching delays due to the large 'swings will not be :

-

detrimental to the circuit’s’ performance (maximum output frequency is,

however, limited by the buffer delays). ES
i 2§

4.7.2 ' Using Buffer Output to Control Charge Circuit
In the basic Piskarev multivibrator the maximum charge current is

limited by the requirement that (from 4.19)

(4.25)

Y

bThisfcondition must be met to'ensure:that the switching voltage across
the threshold differential palr 1s adequate to completely switch the

lucharge circuit differential pair. : v ‘";. L

I 2
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'/iidlfferential pair now’ becomes

¥

7

Increased range for the charge currént can be obtained by moving

the gate of M5 from M2. to the output of the buffer stage (drain of
M17) as shown in Fig 4 6. This prov1des a greater voltage swing with

. which to sw1tch the charge c1rcu1t differential pair ~Now, the entire

charging current can Be switched 'if: ther'following expression is

satisfied:

o - CLoEn T N .
e 2 2
Bnc GV + 7 2 I

U
e

VA further increase in the charge current range can be obtained by

- ' £
GND 1,200 ) % T = P (Voo - Vg prey 0T - (4.26)

u51ng a buffer stage whlch inyerts the output signal ,and ueing this >

5:to drive the gate of M5, -while - the -gate of M6 is driven by the

‘”5capac1tor voltage ' The condition for full switching of ‘the charge

'

: A . : .

R B O S NS T S L y2 N
.. "nC > "GND T TH,HIGH ' = ¢ T Pnc t Yec T VrH,Low . -
"lt should always be checked that-the circuits are still .operating in
v S b _
r3p1nchoff at- the desired current level

‘The - use of the buffer output to drive the charge differential

:’f;”palr introduces additional switching delays which will degrade the

' jhlgh frequency performance _'Thevcurrerr control range, however, 'will

[y

“‘beglncreased:
;4;7.3 f_ Single Supply / Split Supply Operation
The Piskarev multivibrator can "be operated with either a single

‘or Spllt supply The choice s often determined by the availability

jof split supplies in the 1ntended application 1f split supplies arer

~
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“available, then the chih area required to implement the threshold

resistors can be reduced.

The only modification to the basic '‘Piskarev multivibrator .for

split supply operation is the replacement of the resistivwe divider

network formed.by,Ri,R2 with a single resistor of value RSS - Req

connected to GND (Fig. 4.7). Maintaining the same signal swing at V

and assuming constant IT, the total resistance required by the Epltt

i

supply circuit will be reduced‘by a factor of four,comphred to the

‘single supply version. A four fold decrease in the chip area required

N

for fabricating the required resistors is achieved by using of split
supplies. The savings in area can be significant. Consider™

fabricating a 1k0 resistor using 500/square diffusion IZS],vthiS<would3

require 20 squares or an area of 200x10 uz if 10p squares are used.

If the .total area consumed in- fabricating the resistors is held

constant, then for the same V swing, the thre;hold bias current I

can be reduced by a factor of fohr. Such a measure reduces pewer

consumption and incre2¥es the hysteresisi voltage (for the same ~V}

swing) which, in turn, helps redﬁce jitter.

4.7.4 Current Mirror Gain

v

»

small whereas low jiteer requlres VHYST

S

by

(4.28)

T

., Small sgitching gdelays dictate that the swing of V be kept:

to be large In the. basicf

88

Piskarev multivibrator the hystere51s voltage is given approximately R
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"Flgure 4.7 Threshold Settlng ReSIstor(s)
Conflguratlons for Single & Spht Supply
Operatlon o
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‘and the swihg of Vr is given by

roswing = Reglr - - (4.29)

In order to increase the hysteresis voltage without increasing the
swing of V the gain coefficient‘ﬂ of the threshold differential
pair could be 1ncreased which means increased device size for Ml and

.M2. Alternatively, the threshold current, IT , can be reduced while

increasing Req'” This increases the area required for ‘fabrjicating the N

resistors. C 8

An alternate .method is to provide current gain in the current .

mirror formed by M3 and M4. Let ' P
[—W—] -4 [J"—] : (6.30)
- L 4 L 3 ' '
where A 1s the current gain. Now, the effective threshold current

through the'differential pair can_bg reduced by a factor of A thereby
increasing the hysteresis Voltage”without affecting the swing at Vr
‘Since the size of only one device is changed, the area increase will
typically be less than: that required to increase the 8 of M1 and M2,
or the size of the resistors. " The decrease in lT yill reduce . the
control range,vunless the charge differential palr is driven by the
‘buffer output‘as discussed previously.

Increasing the size of Ma will increase the capacitive 1cading on
the draln of M2 and- so some increase in sw1tching delay is expected

The benefit of decreased jitter should outweigh the increased Jelay

. ) ,'. ‘
for most applicatlons

90 -
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4.7.5 Voltage Gain at Input to Threshold Circuit

Ca A

Another method for increasing the hysteresis wvoltage without-

increasing the'éwing at Vr is to provide voltage gain between the

timing capacitor and the input to the threshold circuit. This 1is
illustrated in Fig. 4.8 using a comparator. The hysteresis voltage

3
-

will be given by

(4.31)

?
~
.
[38)
~

)s]
~

S

o)

H .
n
b
~

eq T

.

if’Av (the voltage gain ok'the comparator) is large. The hysteresisi

voltage 1s equal to the swing of Vr" Unfortunately, the addition of
the comparator in the threshold signal path introduces an additioﬁal
switching delay due to its large signal swings and the whole point of
using rzduced signél 'swingsv to improve frequency performance ts

defeated. ' s

Q.BJ)Experimental Verification
The basic Piskarev multivibrator was breadboarded using the ﬁ@&lS
CMOS transistor Arrays from Ferranti Inte}design (14]. First, the

,threshold'circuit was separated from the rest of the multivibrator and

the hysteresis voltage was measured as a function of Req' Then the

entire circuit was reconnected and the -frequency as a function of

current was measured. This provided experimental verification of the

‘basic theory' and concepts of the Pisk-—ev multivibrator. All

measurements were carried out at low frequencies to minimize the

It
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~ Gain Stage . Thresh'ol(j Circuit
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Figure 4.8 Gain Stage at ,Inpu‘f of
Threshold Circuit

(el

- GND— ‘, — |



‘effect of switching delays.

Breadboarding with discrete devices doe? not provide a true
representation of the capabilities of ay wholly . integrated Piskare?
multivibrator. = The use of discrete devices and the plug-in type

breadboard results in excessive parastic capacitances which degrage

the frequency performance. To provide a clearer picture of the

_obtainable rertormance, SPICE>[28],simulations were used to evaluate

<

high fre:uemcy opera:ion. Two areas of interest were Envesciga&ed:‘
(1) "the in luenég on high érequency'performance of using the buffer
stage to cntrol %he charge circuit, and (2) theg?aggé of ffeqﬁency
control that is poésible with this cpnfiguraﬁion. l

The Piskarev multivibrator is intended for integrated cifchic_

~,

93

Lo

applications and verification of its performance in thiSﬂférﬁ<woq1¢“befﬂ"

desirable. CMOS fabrication facilities are availéblg_to'the.stﬁéént""

thréﬁgh the Canadian Microelectronics'Corpbratign‘(CMC)T"With this in’
mind, the core of the multivibrator, comsisting of /the threshold and

charge circuits (see appendix 2) but not‘including:thelbias:genera;ion

circuits nor the R's and C, has been fdesigned, layed 6u;{ 'ahd"

submitted for fabrication in the CMOS1B [29] process available thg?éh
the CMC. The SPICE simplationsrare;basediﬁponFchese desigﬁ§ and this

should pro?ide a check of~§he ;imuiatibn»acéuraqy.- Unfortuﬂéteiy,jdue

to time'qonstraints, thesefdeQiteé willnﬂbt}béiayailaﬁle for testing .-

in time for inclusion in ‘this work. Lo

4.8.k  Breadboard Verificatibn;‘Experimenfsf&ll,?b.Zd, 4.2b

K

>

——

The most important - portion of the:vﬁhegfy deals. with the

/.

prediction of the hysteresis voltagei To tesf-phé acéﬁrécyjiﬁ?ffﬁé\\;;—;

. e
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fJ ‘)“)
o predictédd hysteresis voltage theé ‘threshold circuit of the basic

Piskarev 'multivibrator (Fig. 4.9) was constructed using the CMOS
transitors ‘array‘ available from Ferranti Interdeslgn.d Discrete
resistors and capacitors_wcre uséafto allow increased flexibilty in
" the. experimental eonditlons.‘ The device parameters for the

éxpe;fmental’circuit are found in-Table 4.1,

/ :

The . threshold parameter m th (4.11) has a strong 1nfluenco on the

lhystere51s Voltage and can 'be wvaried through R q" The hysteresis:

.._voltage was,measured (Exp. a.l) for‘a range. of R eq -/18 9.3bkni(with-

N

'IT and ﬂ held constant) and compared with the values predicted by'

(h.21)u ‘This range of R qncorresgonds to a variation of_mch ='1/2 50

_;(the' entire ValLd range for .mth). Good oincidence between the

experlmental and theoretlcal results is obtained over the entlre range

<

(Flg 4 . lO) For osc111ations to occur, the hysteresis voltage must

be greater then zero, or mth < 1/2 (see 4.11) so the minimum value for

’

?Réq is set by the requlrement

. Req o wa
or more generally : e .
o - . ’ & .
2 o o . i -
Req,IT Brz2 . o / (4.33)
. For the test‘eircuit‘R ‘. x,l& kaQ, which-corresponds roughly with

€eq,m

-the x ax15 1ntercept (= 15 kﬂ) of the hysteresis voltage versus R
graph in- Flg 4 -10. Acourate predlction of the hysteresis voltage is

p0551ble over the'entiré range Of'mch’ indicating that the operation
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T;\BLE 41

4.2A, AND 4.28

NMOS PMOS
W/L '310/24 580/24
2 )
B (pA/VT) 110 110
Ve (V) ) 1.25 0.9
1/2
Y (V‘i‘/ ) 1.8 -
R4 0.3 0.3
* = ~
Measured at |ID| 50 pA and IVSBI
- see [25] for method of determining
TyPicAL TRANSISTOR PARAMETERS

device paramecters

FOR Exp.

96
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&
3.0} -
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. . .
2.0 f—— e
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1.5 - .
- , Y
A
o Exp.
10 ] ATheor)ll_-_
Br=110'uA/V2
0.5
/ |
0 o , |
10 20 30 40 S0 60
Piq(KO) ‘

Figure 4.10 Hysteresis Voltage vs.
Threshold Setting Resistance
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A

of the threshold circuit is understood.

The entire multivibrator was now constructed (Fig. 4.1 and Table

4&.2) and the frequency was measuved as a function of current IC’ with
, L : P . , . )

IC Qaried'frOm‘lo‘tQ 100 pA (one decade). The lower limit for thef

current is set by the level which éouldfbe‘acéuratgly measured using
the available test gquipmeﬁt (about}iOuA); and .the. upper Limiﬁ by

.

(from 4.19)

Boc (3

IT;T——

A .

I, =

ﬂnT;

whlch. l1m1ts IC to 4ébout 100. pA max1mgm‘ since ﬁnC = ﬁnT and

IT =~ 104 ﬁA. Two'valdés'of timing capacitor C were used: 220 nF (Exp.

4.2a) and 8.2nF (Exp. 4.2b).

v

The frequency versus . L. charaqﬁeristiq with the 1afge (2éQ 6F5
timing capacitor is shdwﬁ in Fig. 4.11 along with the pfédictedfvélges‘
(from 4.21). Within reasonable error the theoretical and éxperimentaL
iesults cofrespond and show a 1inear rglationshib‘between frequency
~ "and current, as exﬁected. If the experiment is repeated with the

smaller timing capacitor (8.2 nF) and therefore a higher overall

frequency ‘xgnge, the frequency,vefsusbcurrent characteristic becomes
nonlinear (Fig.4.11). Since only the capacitor was changed, the

nonlinearity must be a result of switching delays;(sée_3.l).; The
' S ’

total switching delay of the circuit was measured to be about 30 uS.

-

Subtracting this'deléy from the frequency characteristic shown in Fig.

4.11 returns it to a straightsline.

When the switching delays are inéignificant, as for the case of

98



EXP. # 4.2a | EXP. #-4.2b)
“Rl(kﬂ) 47 47
Rz(kﬂ) 47 ‘47
LB
W U 10 10
C (nF) 220 8.2

TaBLE 4.2

CléCUuT PARAMETERS FOR Exe. 4.2A, 438
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Y 35
6 3.0
5 25
N
T
4 200
¥ S
x - X
:6_ o
3 1.5
oExp. |
ATheo C=220nF
2 sory . —10
‘ . aExp. C onF
=8.
" ¢ Theory "o
Br=110 uA/V2 |
iy — Ar=104 A - —105
VAR , \Req:23 2 kQ
0 - — e 0
10 30 50 70 90 110
I (uA)

Flgure 4, 11 Frequency VS. Control Current
for Basuc Piskarev Multnvnbrator
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C - 220 nF, the frequency characteristic can be accﬁratelyipredicted.
Once «.itching delays become significant compared to the period, the
frequency characteristic becomes ~nonlinear. ’Inﬁeg%ating thev
multivibrator ‘should reduce the parasitic capacitances,ana, therefore
thg‘switching delays, cénsiderably.
| 4.8.2 SPICE Simulation: Experiments 4.3a, 4.3bJ;4.4

Breadboarding is a suitable 1investigative toolj only .at .1ow',
frequencies. To investigatg the Piskarev multibibrAUOr at. higher
frequencies the circuit’s operation was simulated usiné SPICE [28]).
SPICE simulation provides a window on Athe 'perfo}manée that. can
éxpected once the circuit is integrated.

In the basic APiskarev multivibrator the rgnge of frequenFy

control is limited by I, and B ., of the ‘threshold circuit. As

/ .

discussed in Section 4.7.2 an increased\fange of frequency control can

T

be obtained by -using a buffér stage to drive the charge steering -
differentia}'pair. Addiéional‘switchiﬂg delays are expected due.to
thg addition of the_buffér stage in the signal path. éPICE si&ﬁlacionv
will be used to investigate the siénificance of this delay.

The = circuit  wunder ";nvéséfgation consists of the basic
multivibrator with the addition of ;.buffgr stage (Fig. 4.5). T@S
conné;tions for the'charge steering differéﬁﬁial'p;ir will ‘be studied:
(l)‘the éate of M5 is connectéd to theé gate ;f MZ; Qﬁich’is_th;
standard configuration (Fig. 4.5) and will be used as a benchmark
. (Exp; 4.3a), and (2) the gﬁte'of M5 iS.connecte% to the output of the
buffer. (drain of M17) (Exp. 4.3b) to p;ovide ’additional frequency

control range (Fig. 4.6). .  The. inpuf file for SPICE for these



simulations are found in appendix 1.

The two con.igurations were simulated

— . oy ‘
-from 10, to 100 pA.,% The range of control c.rvent was .
limitations (seel Sect 4.4) of the berchmark configuraticn;i"héff

behav1our of the other configuration over a larger current‘range”willi
be addressed later. -For these simuﬁations the timingucapacitor was

set to 10 pF i,,.a value which is suitableh‘for realiZatidn in
intergratedfforuf. The rqsuits, Fig. 4.12, indicate that the‘use of
' the buffer stage "to drive the charge steering circuit increases the
nonlinearity of the frequency versus current characteristic due tb
the increased sw1tching delays The benchmark configurationfhad a
frequency range’ of , about 0,7'9 3.4 MHz,‘ uhile | the buffered
. configuration had a range of about 0. 7 5 2.5 MHz Both, versions have
bnonlinear frequency characteristics due to switching delays, but what
is Slgnlflcantffis that the maximum? frequencyb of the buffered
configuration/has been reduced by about 25 % ‘due to the’additional
delays “of the buffer stage. - AL, the low ~end of the frequency
characteristic “the tuo configurations ‘arg“ approximately equal.

_ ; " .
Therefdre ‘the use of the buffer to extend the.frequency control range
J’degrades the frequency characteristic nqar the upper limits but the
penalty at lower frequencies is‘not as significant For- example for

this set.of circuit parameters 1f the maximum frequency 1is. kept belowv

= 1 MHz the use of the buffer \to 1ncrease the control range ‘does not

Allntroduce a significant delay‘penalty.*‘

The - above. ' results indicate' ~ that: _fqr- frequencies "below

‘approximately 1 MHz ‘the use. of the buffer stage to. drive" he;,current
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steering stage doés not introduce significant additibnal delays.
Using ‘the same extended control range configuraqion' (Fig. 4.6) as
before, but with a larger timing capacitor (1 nF) to decrease to
maximum frequency, the frequency was measuréd over a current range of
IC.ffom 3 to 1000 pA (Exp; 4.4). At current levels much below z.B.MA
the charge/discharge currents become asymmetric and the oscillator
loses its 50% duty cycle. The results (Fig. &:13) indicate that
frequency control is- obtained over the entire range, but swicéhigg

delays are still significant resulting in a nonlinear frequency

characteristic.

{

L

At low frequenciés where the switching delays constitute only a

—~c

4.9 Discussion

small pért'of the total pegiod, the hysteresis voltage (4:12) and
. - ’ .
fréquency of oscillation (4.21) can be predicted with good accuracy,
. ~

£s the portion of the periéa‘ consumed by the switching delay

increases, the effective hysteresis voltage grows (due to overshoot)
) o ‘ ' '

104

and the frequency versus charge current characteristic becomes -

<

nonlinear. At hiéh frequencies, tﬁe‘assumption that at the‘threéhéld
point the charge current’s direction is instantaneously changed, is no
longer wvalid. The delay: between the time the capacitor voltage

reaches the threshold point and time at whigch the direction of ‘e

charge current is reversed causes the voltage of the capacitor to,

overshoot the threshold voltage by an amount proportional to the
'delay. This  results in an increase in the effective hysteresis

" voltage and the subséquent decrease in ‘the oscillation frequency,
: ' /



1000

105

Mmuu R ITIITI"
100 | e A —
- A C 1p=104pA ]
1 - 1 DA R
T - , | Br=104 nA/V?
=z | C=1nF 1
o | Reg=20k0) . 1
YCC
10 F - .
1~/’\J/—\L.fjv«\}‘lll S S 1_:411111 | 1411111_'
b 10 - 100 1000
L(1A)

T .

Figure 4,1%‘ Frequehéy Characterié'fic with

Qnﬁended Control Range

t

—

S~



A wilder range of frequency control can be obtained by using the
extended cgntrgl range pdnfiguraéion (Fig. 4.6) as pompared to the
basic contiguration (Fig. 4,5), but. the maximum frequency of
oscillation will be decreased due to Fhe additionai switching delays,
introduced by the buffer stage. Therefore a tradeoff of the -range of
control with maximum frequency must be made in cﬁoosing Between the
exténded control rénge and basic configurations.

To requce the susceptibility of the hysteresis ﬁoltage to process
and temperjyture variatign the contribution of the term IT / ﬁnT to the
-averall hysteresis voltage (4.12) shduld be minimized. This can' be
accomplished by reducing I, (limited by the stability of the bias
circuitry) and 1increasing ﬁnT “(limited by chip afea), while
maintaiﬂing a constdht swing at Vr (Fig. 4.1). Td4maintain a constaﬁt
swing at V%lthe reduction in IT can be countered{by,phe combination of

increas’ ng Req and the use of current mirror gain (Sect 4.7.4),

Ideally the voltage swing at Vr should be large to minimize  the.

106

influence of ﬁnT on the hysteresis vopltage and to reduce jitteri The

maximum level for Vr is set by either the requirement that M4 remains

v

in pinch off operation (i.e. VCC - Vr,high > [1VGS,M4 - thl) or speed

)
limitationy imposed by, the increased delay of large swings. The
latter limitation is best tested via SPICE simulations.

J ) . : ’ S
= Onée the term IT / ﬂnT is minimized as described above, further

improvements in thermal and process stability of the hysteresis

voltage -can be made by generating the threshold current in the



<
-

&

appropriate manner. Consider, for example, that:

I =
where

'Rbias - Re

- : v N q

i - | ) . o
and VREF is generated from a thermally- stable voltage reference such

‘as a bandgap vpltgge reference [34].. Now, if T / ﬂnT:< ITReq and

m,, < 1 then the effective hystersis voltage becomes.

[

v

and I, and only

which 1s, independent to the flrst order oﬁ Req’\ﬂnT’ T

dependent on the thermal and process sensitivity of.the ‘reference

voltage. For the basic Piskarev multivibratof;‘the frequeﬂcy control

 ;ange is_proﬁortional to IT/ﬂnT (4.21); therefore, the redﬁ@tion of
-this term iIn order to. decrease the sensitivity of the;ﬂnysteresis

i .
voltage to temperature and process variations océurs at the cost of
t :

reduced control range. If a large control range is required and the

cost of a reduceé/maximum frequeney is acceptabde, . the use . of the

buffer stage to drive the current steering circuit can be used to

increase the control range. The buffer stage should be used in most

‘applications, whether or not it is used to drive the current steering
stage, to provide conditioning and load driving capability for the

output signal.

(4.36)

"wyst =V Vrer , | Co (83D
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1 = Vewr/ Rpjas s 635



4.10 Conclusion
At low freq@encies the operation of the Piskarev multivibrator is

well understood and it shows good promise as a simple CCO with good

linearity and range of control. . A variety of modifications are

suggested that allow fine tuning of the circuit’'s performance for’

o o
specific applications. As the frequency incre

108

ases, switching-délaj&

cause the frequency control characteristic  to become nonlinear. A

bette;_.uhderSfandingA of - the souftes' of vghe switching delays . is
- required. It is“uncert;in at this point whethér thé paor performance
’of the Piskarev mﬁlt;vibratbrﬂin_C¢rms of switching'deiayg is inherent
vin its structuré and therefore a fundahenté} limitation, of whether

appropriate choice of the crans}étor dimensions etc., will lead to

improved high frequency performance.
}



5.0 Review of Results-
5.1 * Summary of Results

The source coupled and Piskarev mulgivibrator; .ave not perfofmed
as well as was hoped, especially in terms of the frequéncy control
charaéteristic lineariﬁy. The multivibrators, do however, perform as
predicted by theory. The oeh- - Zour of #he multivibrato?s is
undefsgood and the cause of the nonlinearity is.known. For the source
coupled multivibrator the nonlinearity of the frequenci characteristic
resu1t5‘from mismaﬁches pf the load and threshold devicé B's. This is
a fundamental flaw resulting from the structure; The noplinearityfin
-the frequency characgéristic of the Piskarev muléivibratér is caused
by switching delays. The exact source of thg delays is unknown and
Areqaires further research, until which point it cannot be ascertained
whether or not the delays are fundamental to the structure or can be .
reduced via cafeful uesign. -

The primary 'achievemeng of this thesis 1lies not ,ini the
pgrformahce of the sdurce-toupled and Piskarev multivibraters but in
the ability to understand and acéurately predict their behavioﬁr. An
important p;rt of the work is the approach usea‘to find the hystérsis
vol;ageiof the threshold circuit. The accurate determination of the .

switching points of the threshold circuit is crucial to accurate

frequency calculation. The general approach taken is to use small

]
4

signal analysis to find the currents in the threshold circuit at the
onset of regenerative switching; then use large signal énalysis to
find the threshold voltage. A variety of other approachés have been

proposed [30,31,32,33] for the‘determination of the hysteresis voltage

109



BN

Y
of a simple Schmitt trigger (which ig what the threshold circuig is).
The ‘method p%oposed here, however; provide; a %imple ;nd intuitive
method which 1is widely applicable as evidenced\”ﬁ§ its successful
appliéétion to the ;athey different t&polggies of the’soﬁrce coupled
and Piskarev multivibrators.

For CCO applicatiéns where linearity is ﬁot of prime importance
both the source coupled and Piskarev mulﬁivibrators are worthy of
consideration. The principal advantége of the sou;ce coupled
~multivibrator is its,extreﬁely simple>§nd thus compact structure. The

Piskarev multivibrator is capable of operating over a wide range of

frequencies (almost three decades in the SPICEvélmulation) and has the

%

110

advantage of separate charge -steering and threshold circuits which is a

benefical both in terms of linearity and ease of control, At the cost

of a slight increase in circuit complexity.

5.2 Further Research

' The nonlinearity of the Piskarev multivibratot is a fesult of the
Aswitching delays, the source of these deléys is uncert;in and néeds
furtheriinvestigation. | It .s unknown whether the lafge delhys'are
fundamental to the~’structure or can be be reduced 'tgrough careful
design. Tﬁe major source of the ‘delay is suspected to be‘pafagitic
capacftance 15cated at the gate of M2. This capacitance Eas limited
charge/discharge cufrents, so significant deiays may stlll result even
tﬁough careful attention was paid to minimizing the voltage swings at

this point. ‘The delay at this point is critical since it affects the

speed with which the circuit undergoes regenerative switching. Due to
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chevhighly nonlinear nature of the threshold circuit, analysis of the
. O

S@itching delays is a nontrivial problem.

.

The use of NMOS transitors for both the 1load and threshold -e-

£
devices of the source coupled multivibrator should be investigated.

This will require the circuit to be fabricated in a p-well CMOS

technqlogy to allow the NMOS devices to be placed in separate wells so

that the body effect can be removeds. This is important since any body

-

1Y

effect will result in mismatch of the B8’s. By using all NMOS devices
3t:he'multivibrator? should be capable of increased frequency performance
. (since no slow PMOS devices are used) as well as improved linearity of

frequency contfol due to better matching of the g8's.
e \
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Appendix 1 SPICE Input Files

Experiment 4.3(a) Piskarev Multivibrator

* Basic Piskarev Multivibrator with buffer stage, control

* of current steering stage provided by gate of M2 (see Fig?A.S)
%

WIDTH IN=80 OUT=80. '

.OPTIONS  ABSTOL~1P VNTOL=1U CPTIME=3000 NUMGET-4

+LIMPTS=2000 ITL5=10000

* » : .

* TRANSISTOR MODELS (FROM [29]) A
* .

.MODEL. NTNMOS (LEVEL=2 VTO~=1.0

+KP=30.5E-6 GAMMA=1.4 CGSO=4 .0E-12
+CGDO=4 . 0E-12 CGBO=2.0E-12 RSH=15.0

+CJ=4 OE-8 MJ=2.0 CJSW=8.0E-12

+MJSW=~2 JS=1E-10 TOX=8.5=-10

+NSUB=1E16 XJ=1E-6 LD=.7E-6 @
+U0=750 UCRIT=5E4 UEXP=0{1l4
+VMAX=5E6) .

*

.MODEL NTPMOS (LEVEL=2 VTO=-1.0
+KP=10.2E-6 GAMMA~0.635 CGSOQ=4.0E-12
+CGDO=4 . 0E-12 CGBO=2.0E-12 RSH=75.0
+CJ=1.8E-8 MJ=2.0 CJSW=6.0E-12
+MJSW=2 JS=1E-10 TOX=8.5=-10
+NSUB=2E15 XJ=~0.9E-6 LD=~.6E-6
+U0=250 UCRIT=1E4 UEXP=0.03
+VMAX=3E6)

CIRCUIT DESCRIPTION (REFER TO FIG. 4.5)

* % ok %

*
M1 12 3 5 5 NTNMOS W=100U L~10U AS=1900P AP=1200P

M2 6 4 5 5 NTNMOS W=100U L~10U AS=1900P AD=1200P

M3 6 6 1 1 NTPMOS W~300U L~10U AS=5700P AD=3600P

M4 4 6 1 1-NTPMOS W=300U L=10U AS=5700P AD=3600P

M5 3 3 z§§.wrumos W=150U L~10U AS=2850P AD=1800P

M6 9 11 A0 NTNMOS W=150U L~10U AS=2850P AD=1800P

M7 3 9 1 1 NTPMOS W=300U L=10U AS=5700P AD-3600P

M8 9 9 1 1 NTPMOS W=300U L=10U AS=5700P AD=3600P

M9 5 7 0 0 NTNMOS W=100U L~10U AS=1900P AD=1200P Y

M10 7 7 0 O NTNMOS W=100U L~10U AS=1900P AD=~1200P .
M11 2 8 0 O NTNMOS W=100U L~10U AS=1900P AD=1200P
M12 8 8 0 O NTNMOS W~100U 1~10U AS=1900P AD=1200P
M13 12 12 1 1 NTPMOS W=300U L~10U AS=5700P AD=3600P
M14 10 12 1 1 NTPMOS W=100U L~10U AS=5700P AD=3600P
M15 10 10 O O NTNMOS W=100U L~10U AS=1900P AD=1200P
M16 11 6 1 1 NTPMOS W=300U L=10U AS=5700P AD=3600P
M17 11 10 O NTNMOS W=100U L=10U AS=1900P AD=1200P

116



* % X A X

.END

) ,
. - /
* . THRESHOLD SETTING RESISTORS
* ... -
R1 1:4 40K,
R2 40 4OK
Ca .
i R '
4. .. TIMING CAPACITOR
R E
€370 10P
S l'f:"‘ '
xR v
* " 'CHARGE CURRENT
: | N
 IC 1 8 (CONTROL CURRENT)
*
*
© % THRESHOLD CURRENT
. i
IT 1.7 (THRESHOLD CURRNENT)
.
* -
* POWER SUPPLY VOLTAGE
* ’ .
VCC 1 0 DC 10 : .
TRANSCIENT ANALYSIS
SET INITIAL CONDITIONS ON CAPACITOR
.IC V(3)=0
* -
* PERFORM TRANSCIENT ANALYSIS
* .
.TRAN STEP STOP START UIC
* i ~ g‘,.
* PLOT, THE RESULTS :
* WHERE V(3) IS THE VOLTAGE ON THE TIMING CAPACITOR
ok AND V(11) IS THE OUTPUT OF THE BUFFER STAGE
*
.PLOT TRAN V(3) V(11)
M ,
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Experiment 4.3(b) Piskarev Multivibrator

* Basic Piskarev Multivibrator with buffer stage, control

* of current steering stage (gate of M6) 1is provided by 3
* output of buffer stage (drain of M17) see Fig. 4.6

*

.WIDTH IN=80 OUT=80 , . »
.OPTIONS ABSTOL~1P VNTOL=1U CPTIME=3000 NUMGET=4
+LIMPTS=2000 ITL5=10000

*

* TRANSISTOR MODELS . (FROM [29])
*

.MODEL NTNMOS (LEVEL~2 VTO=1.0
+KP=30.5E-6 GAMMA=1.4 CGSO=4 .0E-12
+CGDO=4 . 0E-12 CGBO=2.0E-12 RSH=15.0
+CJ=4 . 0E-8 MJ=2.0 CJSW—=8.0E-1?2
+MISW=2 JS=1E-10 TOX=8.5=-10
+NSUB=1E16 XJ=1E-6 LD=.7E-6

+U0=750 UCRIT=5E4 UEXP=0.14
+VMAX=5E6)

N .

.MODEL NTPMOS (LEVEL=2 VTO=-1.0
+KP=10.2E-6 GAMMA=0.635 CGSO=4.0E-12
+CGDO=4 . 0E-12 CGBO=2.0E-12 RSH=75.0
+CJ=1.8E-8 MJ=2.0 CJSW=6.0E-12
+MISW=2 JS=1E-10 TOX=8.5=-10
+NSUB=2E15 XJ=0.9E-6 LD=~.6E-6
+U0=250 UCRIT=1E4 UEXP=0.03

+VMAX=3E6)

*

*

* CIRCUIT DESCRIPTION (REFER TO FIG. 4.5)

*

* .

M1 12 3 5 5 NTNMOS W=100U L~=10U AS=~1900P AD=1200P
M2 6 11 5 5 NTNMOS W=100U L=10U AS=1900P AD=1200P
M3 6 6 11 NTPMOS W=300U L~10U AS=5700P AD=3600P
M4 4 6 1 1 NTPMOS W=300U L~10U AS=5700P AD=3600P
M5 3 3 2 0 NTNMOS W~150U L=10U AS=2850P AD=1800P
M6 9 11 2 O NTNMOS W=150U L=10U AS=2850P AD=1800P
M7 3 9 1 1 NTPMOS W=300U L~10U AS=5700P AD=3600P
M8 9 9 1 1 NTPMOS W=300U L=10U AS=5700P AD=3600P
M9 5.7 0 O NTNMOS W=100U L=10U AS=1900P AD=1200P

M10 7 7 O O NTNMOS W=100U L~10U AS=1900P AD=1200P
M1l 2 8 O O NTNMOS W=100U L~10U AS=1900P AD=1200P °
M12 8 8 0 O NTNMOS W=100U L~10U AS~1900P AD=1200P
M13 12 12 1 1 NTPMOS W=300U L~10U AS=5700P AD=-3600P
M14 10 12 1 1 NTPMOS W=100U L~10U AS=5700P AD=3600P
M15 10 10 0 O NTNMOS W=100U L=-10U AS=1900P AD=1200P
M16 11 6 1 1 NTPMOS W=300U L~10U.AS=5700P AD=3600P
MA7 11 10 O NTNMOS W=100U L~10U AS=1900P AD=1200P

*



THRESHOLD SETTING RESISTORS

1 4 4OK ,
4 0 4OK .

X* % % 0T * ¥ *
N =

TIMING CAPACITOR

3 0 10P

CHARGE CURRENT

64l 8 (CONTROL. CURRENT)

THRESHOLD CURRENT

T 1 7 (THRESHOLD CURRNENT)

"POWER SUPPLY VOLTAGE

CC1l 0DC 10 .

TRANSCIENT ANALYSIS = : r

SET INITIAL CONDITIONS ON CAPACITOR

% Kk H ok kD k kN Kk F ok E O E R Ak

.IC V(3)=0

* .
* PERFORM TRANSCIENT ANALYSIS

*

.TRAN STEP STOP START UIC

PLOT THE RESULTS

* % % % %

.PLOT TRAN V(3) V(11)
*

.END

~WHERE V(3) IS THE VOLTAGE ON THE TIMING CAPACITOR
AND V(11) IS THE OUTPUT OF THE BUFFER STAGE
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Experiment 4.4 Piskarev MultivibraCOr
* Basic Piskarev Multivibrator with buffer stage, control

* of current steering stage (gate of M6) is provided by

* output of buffer stage (drain of M17) see Fig. 4.6

* Exterded control range i.e. IC is varied from 3 to 1000 uA -
* and C is increased to 10nF

*

.WIDTH 1IN=80 OUT=80

.OPTIONS ABSTOL=1P VNTOL~1U CPTIME=3000 NUMGET~4

+LIMPTS=2000 ITL5=~10000 ' i
* .

* TRANSISTOR MODELS (FROM [29])

* .

.MODEL NTNMOS (LEVEL=2 VTO=1.0 _ {
+KP=30.5E-6 GAMMA=1.4 CGSO=4.0E-12

+CGDO=4 . 0E-12 CGBO=2.0E-12 RSH=15.0

+CJ=4 0E-8 MJ=2.0 CJSW=8.0E-12

+MISW=2 JS=1E-10 TOX=8.5=-10

+NSUB~1E16 XJ=1E-6 LD=.7E-6

+U0=750 UCRIT=5E4 UEXP=0.14 -

+UMAX=~5E6) :

M .

.MODEL NTPMOS (LEVEL~2 VTO=-1.0

+KP~10.2E-6 GAMMA=0.635 CGSO=4 .0E-12

++2GDO- .. OE-12 CGBO=2.0E-12 RSH=75.0

+CJ=1.8E-8 MJ=2.0 CJSW=6.0E-12 ,
+MJSW=2 JS=1E-10 TOX=8.5=-10 -
+NSUB=2E15 XJ=0.9E-6 LD=.6E-6

+U0=250 UCRIT=1E4 UEXP=0.03

—+VMAX=3E6)
*
* s
*  CIRCUIT DESCRIPTION (REFER TO FIC. 4.6) ’
* . ) .
N | ‘ .
M1 12 3 5 5 NINMOS .W~100U L-10U AS=1900P AD=~1200P
M2 6 11 5 5 NTNMOS W~100U L~10U AS=1900P AD-1200P
M3 6 6 1 1 NTPMOS Wm300U L~10U AS=5700P AD=3600P
M4 4 6 1 1 NTPMOS®*W=300U L~10U AS=5700P AD=3600P
M5 3 3 2 0 NTNMOS W=-150U L~10U AS=28S0P AD=-1800P
‘M6 9 11 2 0 NTNMOS W~150U L-10U AS=2850P AD=1800P
M7 3 9 1.1 NTPMOS W=300U L~10U AS=5700F AD=3600P
M8 9 9 1 1 NTPMOS W=300U L~10U AS=5700P AD=3600P
M9 5 7 0 O NTNMOS W=-100U L~10U AS=1900P AD=1200P
M10 7 7 0 O NINMOS W=-100U L~=10U AS=1900P AD=1300P
M11 2 8 O O NTNMOS W~100U L~10U AS=1900P AD=~1200P
M12 8 8 O O NTNMOS W=100U L~10U AS=1900P AD=1200P
M13 12 12 1 1 NTPMOS W=300U L~10U AS=5700P AD=~3600P
M14 10 12 1 1 NTPMOS W~100U L~10U AS=5700P AD=3600P

M15 10 10 © O NTNMOS W~100U L=10U AS=1900P AD~1200P
Ml6 11 6 1 1 NTPMOS W=300U L-10U AS=5700P AD=3600P



—

1)

£
“\

M17 11 10 O NTNMOS W=100U L~10U AS=1900P AD=1200P
* : .
*

* THRESHOLD SETTING RESISTORS
*

R1 1 4 4OK
R2 4 0 4OK
R UK

TIMING CAPACITOR

-

CHARGE CURRENT

C 1 8 (CONTROL CURRENT) : "

" THRESHOLD CURRENT \ p

T 1 7 (THRESHOLD CURRNENT)

*
*
C
*
*
*
*
I
*
*
*
*
I
*
+* .
* POWER SUPPLY VOLTAGE
*

VCC 1 0 DC 10
(, -
N~
TRANSCIENT ANALYSIS !

* %k Kk o %

SET INITIAL CONDITIONS ON CAPACITOR

/1C V(3)=0

* % X

PERFORM TRANSCIENT ANALYSIS
.TRAN STEP STOP START UIC
PLOT THE RESULTS

WHERE V(3) IS THE VOLTAGE ON THE TIMING CAPACITOR
AND V(11) IS THE OUTPUT Qy THE BUFFER STAGE

* % b % %

2

.PLOT TRAN V(3) V(11)
* .
" _END
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. Appendix 2

Ciréuiés Submit;ed to CMC for Fabrication

" ~

Circuit # 1 Basic Paskarev; ;ee figure 4.1(a) ’_A"ka
N (RE;ERD?gIgicv .| W/L
' \\\\ ‘ 1,2,9,10 1 100/10
5,6,11,12 - | 200/10
. 340 - :"ﬁ' 300,10
7,8’ o 500/10

TABLE A1 DEVICE SIZES FOR CMC.1

NOTE: (1) Rl’R2'C are -external

(2) M1, M2 have no body effect
(3) M5, M6 have body effect .

T (W) IT,IC,set externally
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Circuit # 2 > Basic Piskarev with current mirror gain (3)

(REFERDgglgic. 4.1) s
1,2,9,10 100/10
5,6,11,12 200710
- T : 300710
. 4 | 900/10
7,8 600,10

TABLE A2 DEVICE SIZES FOR CMC2

NOTE: (1) Rl,RZ,C_are external .
_ . - (2) M1, M2 have no body effect
v (3) M5, M6 have body effect

(4).IT’IC set externally
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Cireuie # 3 Piskarev M“ltiV5tta£°r with B ‘fer Stage (see fig. 4.5).
\
(REFERP%XIg?G, 4.6) . W/L
| 12910 ' 100/10
5,6,11,12 200,10
3.4 ] 300,10
7.8 60010 |

13,14 | 300/10 R
15 ' ~100/10
16 600410

17 200,10 .

TABLE A3  DEVICE SIZES FOR CMC.3

NOTE: (1) Ry Ry,

(2) M1, M2 have no body effect : v
(3) M5, M6 have body effect '

(4) IT’IC set externally

C are external



