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Stacking asynchronous circults:

Power
source

Circuitl

Circuit2

Why would we want to stack

them?

A One possible motivation is to
gain power efficiency,
because: Power ~ Vdah
while speed 1/Vvdd

A The other motivation is purely
theoretical, to see what kind of
behaviour we can have for
different power sources

A Basically what sort of
Impedances are asynchronous
circuits?!



Related work

ASome work on stacking QDI circuits was reported at University of
Arkansas:

SuchanekAndrew Lloyd, "Asynchronous Circuit Stacking for Simplified Power Management"
(2018. Theses anbissertations2805 Supervisor: PrafiaDi.

https://www.flintbox.com/public/project/57790

Aln our work we mainly focus on VCO (inverter rings), which offer
Interesting applications by themselves.
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Outline

AExample: Referencéree voltage sensor

AUnderstanding computationaloads

A Asynchronous circuits as voltage controlled oscillators (VCO)
ADischarging a capacitor via a VE®&CO as a switched capacitor circuit!
A Stacking VCOs for capacitor discharge: theory and experiments

A Stacking VCOs for DC voltage sources

A Applications:

A Frequency mirrors
A PWM control



Power efficiency and reqgularity

AModern systems rely. on highly regular (periodic) power sources,
cu KSéy d)\yxﬂSé% e:y %24'05 LJ%%SNJ AYyuz LJ2

AFuture systems will have to operate in a wide dynamic range,
paying the price in efficiency in a particular band

Power

efficiency We have to learn

how to compute

Gblk NNB2g ol yRé aeaff@yunregulated
power sources

G2 ARS 0O0FyRé¢ aeausy

Sporadic Range of aperiodicity

Highly regular
Iy Teg (real) source  of power source

(ideal) source



Traditionalvsenergymodulated view

traditional system energy-modulated system
‘=1 integrated system |
power clk clock ! power vid |
energy supply generat:]r time encray] | supply ? |
source b | | 0 source source ! i
ctr cnmputatlunal ch computational
electronics ! electronics ;

activity leyéls determine power levels power determines\activity

Activity-
controlled Voltage
Impedance controlled

(potentiometer) oscillator



Example: Referendese voltage sensor
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Referencedree voltage sensing

AVoltage sensor requiring only timing reference

Charge-to-Digital | Digital Code
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Apparatus and method for voltage sensing, Newcastle University, GB
Patent Number 2479156, 30 March 2010.



Selttimed counter
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Output count and energy consumption

Code
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But the curious thing was this discharge:

E400
” — LG RARyQ
—_— |
o | 1 [ ; : ~exponential at all!
Tek+ ANk & Stop ti:: I(Ju;i: 4,360ms SAVESREC

So, what was It?
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What is Computational Load?

V
1
~[:l>o—E‘>o—I:‘>o—l:‘>o—I: >OL>Output
47 ¢ ¢ ¢ oscillations

A Use a capacitor as an elementary .. s mmssms -
finite energy storage,and a ring- T | T
oscillatorto serveasa digital circuit
load.

A The Ringoscillator can closely
mimic the switching behaviour of
many closed loop selttimed
circuits
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Circuit model

j z o _ v L X
100‘ |% P LuQ.a | agAucC
g : ‘ CapaCItor

model.

teaa
........

Three states1->2->3
are repeated, where

J K the role of Cpis played
C G :%Cp C C :% A __Cp by every new
T AYOSNISNRa 2
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C N- 1 G
Q :TCIO _—
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Circuit Model: switching process

Charge equilibriuncan be

V drop over time applied:
7 C
/StateS V1 :VO
C+C
Statesl,2 I
V]_:N-VO 1__ / C
Chargindgg K =
V,=Ke Discharging; C+C
Va=K Vg | —_
Y U L N V= Knvo
Vi=K' Vo : | : : n
tO tll t2 o 0o 0 VN — K

Realistic value aidy O p, say0.99 as6 L 6



Solution for Supethreshold

A valid assumption: in supénreshold region we can assume that the
propagation delay is inversely proportional to the voltage, so we have:

Switching Physical
index time (1)
4 4

1 Kl
2 5

K-
n J &

>\.

-
K

S |
pi

?\1

Using sum of geometric
progression, we can
find the solution
relatingV andt
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Solution for Supethreshold

V, = AK Hyperbolic function of time
t(1- K)+ AK

1.2
For super capacitor K is1 o .
Realistic value aj O p

1 1

iIncreasing K

=
o

Normallzed V
=
-

0.4
0.2
0 ; : , —__4
0.0E+D 2 08 4.0E-8 &6.0E-8 8 0E-8 107
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Time (s)



More accurate solution for Sup#ireshold

A general model of gate delay ]
. . 09

propagation 1] is used: o | .

e 0.7

e __ pgVv g

| “pl a |

7 (V ) VTH) B ouid T —
tp ol pC|V Z 03 | | |

N t = 0.2 | simulation result for 5-stage inverters

| $p2 V-V
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Analysis of hyperbolic decays

A For supeitthreshold and| =2:

, O U p

“ % 0o 80 Boop
whered0 ¢no andw ——;ais a decay rate; an important parameter!
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A For arbitraryy d,

W 7 and® ——
A Differential equation:

— cw ; for =2, we can see that- —— G

The oscillator is a voltage (and tim&parying resistor:
Y@ —orY(e q¢n(wo p)



Analysis of hyperbolic decay rates

AFor stack and parallel configurations we then  Series (stack) and parallel
F LILXE & YA NDKK?2 T T aded bni g gonfRyfatidns: YR Y/ [0 X

Q OE‘) W @
AFor stack:
6’(11) 5 Qw 5 Qw ¢ [Cirit1] ¢== [Circuit2]
Q0 Q0O Q0

Andsinced 0 o)

Circuit1 | | Circuit2

=~

we have(-) =(—) +(=)



Analysis of hyperbolic decay rates

AFor stack:
Series (stack) and parallel

(_)_ (_)"_ (_)_ or configurations:

QUOINY
AFor paralleltdo & @ ¢t [Grid] c2=  [Crourz]

A Confirmed by physical experiments wi
discrete CMOS components:
A The value of alpha i§.5 c

A The discharging process for a stack o
two identical circuits is nearl times
slower than for a standalone circuit

[

— | Circuit1 | | Circuit2
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By the way ... .

AFor stack:
_ _ _ Series (stagk discharge rate follows the law
(—) (—) (—) or of the inverse Pythagorean!
d’) (I) Inverse Pythaé:orean Theor¢1..=i2r1a*b=1,2 o
21 ah2 * hbA2=cA2 *hA2 with cA2=aA2 +bA2
(a*2+b*2)/ (a%2* b"2)=1/h"2

b

(1/a*2 + 1/b”*2 ) = 1/h*2

21



Capacitor discharge experiments
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More detalls can be found In:

A. Yakovlev, AKushneroyA.MokhovandR.RamezaniOn hyperbolic laws of
capacitor discharge through seilimed digital loadsint. J. CircT'’heor Appl.,
vol. 43, N0.10, pp.12431262 October2015 doi: 10.100Zcta.2010

Including:
ADerivations of the main theoretical results,

AAnalysis of charge sharing modes due to partial overlap of switching in the
top and bottom of the stack,

ASimulations and physical experiments using discrete components, and
comparisons between experimental and theoretical predictions, as well as

AExperimental measurement of the alpiparameter, whichwas aroundL.5



http://dx.doi.org/10.1002/cta.2010
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Stacking Voltag€ontrolledOscillators
in DC powered circuiténalysisand
Application



Stackconnection of two ringscillators

. We are talking about Q€Ce. about average value of in steady
state

In practice due to shottircuit currentsw is close ta@®w and
does not depend on the number of inverters



Model of an inverter
Topologies of the ring oscillator

I - The model does not take into
10 (ﬂ_‘ELJ 001} ‘i K account short circuit current and
i LG ‘ |E'::CID leakage

The capacitanced@ 0 (¢ p)] ¢

Vi GL G Vm<+> Ce| Gy Increases with increase tgfe number of
| inverters,&




Reminder:
Circuit model with the discharging cap

This is a model of a circuit with constantly
switching capacitors!

The role of a switched cap is played by every
Inverter in turn.

So in the equivalent switching cap ciranitis an
AaSTTSOUADS a6AUOKAY T |

D ® The effective impedance of the circuit becomes
c ¢ Nl ¢ c :NT‘lc ¢,Y where'Q  =1/20 ,
2 P ‘ P p—
+ O is propagation delay of an inverter




Externallyclockedstack

Vo (9 T T wo
VfI(}ll_[:x__[:»__[:x_l—» Ro Vi

_-T:_ — & __T__

Muller Gelement: ©® ww (O ®)W

- After some transient the system will reach steaslisite
defined by

. P p & Y 0
D i 0 d

w 0w Y Q




Possible applications

- Stack with a binary tree
of inverters that allows vin@

adjustingw

_?ﬁ.

@

Vf](:f:: fs I—
——

I

—t—
Lot 1) o

S S
i

L['l%..._t

>0+

- Cascade of two clocked stack®quency mirror)that

decouples the control frequency from the ground.



Main Effects in the Proposed Circuit

- Transient, caused by the frequency change and followed by
a0F0oAT AT I OAZY OAL (dr&ueRcf (0 S NI/ |- f
impedance@d2 f (G 3S¢€

- Steady state with some ripple, whose level depends on
how the oscillators interact and on how well the products
of this interaction are averaged



Application: Puls&/idth Modulation (PWM)

- The general purpose of PWM is to control power delivery
Example: stemlown (buck) converter

Iy SW L lo g v T T,
D - O..--"‘O_._M’Y'\_._-._O 3 M n e
Vin P Vo © On Off On
D I 0 L8] -cé 0 lt-
p]
i _— —_ i © Vi _______ V
= = = = D
(74 EVO VO
o Y S o L
Duty cycle: 'O N v ___ 1y,
L
7 ’ 7 |
(}.) &L) e |w: -
QO av
S lm’n- ]
© 0 DT T




Freqguency controlled PWM circuit

Control odd inverters  Control even inverters Since we control the impedances,

3 ¥ the transfer function will be
[ ] & ] nonlinear
T s _[>°J S [:I; . Let the initial state of the outpube
@ 1 1 t 23001t
VlICLL[‘>o—[l>w---—[>o—---—[>o—[j‘>oi>° &|V2 . Denote the propagation delays of
T | _ PWM

odd and even inverters by and
O respectively, then

T ¢ .

The idea is analogous to currestarved PWM control from:
Controlled by even

I. Vaisband, M. Azhar. E. G. Friedman and S. Kése, "Digitally ~ (‘ ) ~ ) :

controlled pulse width modulator for on-chip power management." 0 € p O Inverters (I-e- byZ)
IEEE Transactions on Very Large Scale Integration (VLSI) ~ c ~

Systems, vol. 22. no. 12. pp. 2527-2534. 2014, O (8 p)O Controlled by odd

inverters (i.e.by 1)



Deriving the transfer function

- In a distinctive supethreshold region the propagation delay of

an inverter is: 5 N ow

(0 )
. Assuming candw L w , weapproximate O
o (¢ po No (e p)O

Q
W

- p Ww
0O O ¢ po (¢ pow]

& 0

o & "0 €& p)

e pw (¢ pow
. Itis evident thafQdepends onQ w © , which should be
found experimentally



Deriving the transfer function

0 & pw fﬁlz@_ —I>°J fzi@_ $I>o_

& pw (E PO wg ,
? ’ fo::2 5
- Inthecaseofy W VI{'CHT_W---—D%---WMA Clv
£ =
(@) qép and tends tor® for £ © H
. The condition otvo  w also allows us to write
W W Q - cE'Q ¢£Q
W 0w O w w Q E p &€ P
such that e, e,
, ce Qw , ce Qw
W N w

ce’Q (¢ pQ ce’Q (¢ pPQ



Deriving the transfer function

0 CEQW o W W
T €Q (¢ pQ. Q¢ po ¢ po]
Substituting . 0% into . R
G¢'Q (¢ p)Q t pw (¢ pw
we obtain a quadraticequationfor . o :
the switchingfrequency Q N2 n m
where 1 1€ 'QQ ) ce Q' Qw

E po G po " W& po G pO
andthe duty cycledependson "Qas
(€ p) QQ qe(e p)aAQ

0 € p)Q (¢ p)AQ t1e "AQ




Keeping the output frequency constant

- The disadvantage of the considered circuit is that chan@ing
we changeQ

. Let'Q ¢ &dndexpress "Qthrough "Q

T p) QQ N oco (@ ¢ pe ¢ pQ
¢¢(w ¢Q&YQ AW p) Q ¢¢(w ¢aOQ ¢ pQ

Q)

00 ' 1
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0.2
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Simulation Results

N 0w C C

RS o i

¢ ==
G —|>o— > G|V
fl—- [| [| [| [| PWM ' 2

- To providé Candw | w we used the standard CMOS
inverter 74LVO4with w  ww

- To provide high switching speed, we used thecalbed static €
element

. Each of the €lementsis connected tmne inverter, while the
footer consists o€ P pnverters
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Simulation Results

Stabilization of the voltagdsr
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Simulation Results

Output frequency and duty cycle as a function of two
equal control frequencies

100 0.55
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Simulation Results

Output frequency and duty cycle as a function of two
different control frequencies
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Both of the surfaces are built using a set of theoretically
calculated points



Conclusions

In capacitorpowered systems asynchronous load causes hyperbolic (rather than exponential!)
discharge; it is much slower than exponential

Stacking in series allows to extend the-tifee at the cost of greater delay

Stackof two ring oscillators is a sedfdjusting system

Largefilter capacitancesnake theinteraction betweenoscillatorsweak and defined as the ratios of
their quasistaticimpedances

To keep the output frequency of the PWM circuit constant we need to adjust one of the control
frequencies

It would be advantageous to have inverting elements with delay strictly reciprocal to

An interesting direction is tdevelopfrequency insensitive computational elements, where the
information is represented by duty cycle (phagave have built a perceptron based on PWM (paper
at DATR2019and RoyabocTransactions, under review)
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