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0T Devices

 |oT sensor node applications

P. Mayer et al. SUSCOM 2020

S. Oh et al. JISSC 2015

T. Jang et al. TCAS1 2017
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Challenges in Timer Circuits
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Challenges in Timer Circuits

[I Power

Sleep Active Radio
mW ~hr: ~seC i
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Challenges in Timer Circuits

loT node timers must have:

 Ultra-low power consumption

« High frequency accuracy

* Insensitivity to process, voltage,
temperature (PVT) variations

* Long-term frequency stability (Low
Allan deviation)

ETHzirich

Power
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Conventional on-chip Timers

« FLL based timer 1
v Fosc = MRC
DD
N
Frequency
st%:|~ divider |
\ (/M)
g i
Voltage [H*
Refere%ce I @
Generator H+ E T v
L~ |

*—Non-overlapping|__
-l—_K4_ CLK Generator

T. Jang et al. ISSCC 2016
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Conventional on-chip Timers

 FLL based timer

Voo

1

Fosc = MRC

}‘]}

Frequency

divider
(/M)

7

W

T3

Voltage [

Reference
Generator |-

V1L

Y Y

)

T
+

Issues
* Necessary resistor trimming
« 2-point calibration to cancel out R variation

R = Rp(l + (ZPAT) + Rc(l + acAT) =
= (Rp + Rc) + (Rpap ~+ RCaC)AT

Must measure at least at 2 temperatures

Non-overlapping
CLK Generator

\ ¢—
Csw ﬂ(—

T. Jang et al. ISSCC 2016
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to cancel this contribution
RpraT

R CTAT
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Conventional on-chip Timers

 FLL based timer 1 Issues
Vo Fosc = 3rre » Necessary resistor trimming o
T « 2-point calibration to cancel out R variation
R Fr;?"y;:rcy“ « Additional temperature-dependent parasitic
SW ‘ . .
(/M) due to trimming
I:>—|II
Voltage [
Reference I @
Generator —>_||: T CTRLIO] CTRL[1] CTRLI2]
L i i
» ] Non-overlapping T — T. R |_m " mR
- UNIT
Csw T-L—f_ CLK Generator | % — wW—W--W—W—wW—w--
T. Jang et al. ISSCC 2016 Tf’ Rorar
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Conventional on-chip Timers

 FLL based timer 1 ISsues
Voo Fosc = wrc + Necessary resistor trimming o
T « 2-point calibration to cancel out R variation
R Fr;?,?;:rcy“ - Additional parasitic due to trimming
T (/M) « Accuracy limited by higher-order variations
[>||:
Voltage [*
Refere%ce I @
Generator _>_“: T v
| - AR — 1St order Rerror
\ / cancellation (Qf- -e====-===<c
| Non-overlapping|,_| higer order
CLK G t
Csw ﬂ«— enerator 7 Temp} :> Temp}

T. Jang et al. ISSCC 2016
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Conventional on-chip Timers

 FLL based timer 1 Issues
Vo Fosc = 3rpc » Necessary resistor trimming -
T « 2-point calibration to cancel out R variation
R % Frgi%?;:rcy“ « Additional parasitics due to trimming
W \ (/M) « Accuracy limited by higher-order variations
[>||:
Voltage [
Refere%ce I @
Generator 1M T P ble | ¢
[ ossible improvements
e — * Avoid resistor trimming
o £l N e 2pPing + Use 1-point calibration
Il « Cancel out higher-order variations

T. Jang et al. ISSCC 2016
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Proposed FLL Architecture

e Conventional

1
T]_ VDD FOSC — M_RC
Rprat \-( Frequency
Rerat ﬁ | divider }———-

T, (/M)

Voltage I—-|> I /‘\
Reference — VCO
Generator E__. T \_/

M Non-overlapping
Csw T_L_f_ CLK Generator |

* Trimming and temperature
Insensitivity through R
« Current reuse scheme

ETHzirich
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Proposed FLL Architecture

e Conventional

1
1 * Proposed F.o. —
T1 Voo Fosc = 7o '> T ¢ FCW=RC
Rprar Frequency VTR VCO
- Rs - divider  p——— N
CTAT (/M) Voltage Jl I ——C
T> Reference AN J.- PUMP
- Generator Vi, < l V.
RV;)ltage I--|> | @ VReF A eq Vrer
eference
Generator n ? K/ »\‘E— Non-overlapping |
/' CSW___KQ CLK Generator |
\ . I I 'l' Frequency |
[ “—|Non-overlapping|_|| Mono-type divider
Cow = e CLK Generator non trimmable 1
Il Dsm_ Je<W
« Trimming and temperature

Insensitivity through R
« Current reuse scheme

ETHzirich

* Trimming and temperature insensitivity

through Frequency Control Word (FCW)
 Differential branches scheme
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Resistor Variation

1
R = Ry(1 + aAT + BAT?)

Fosc = zew=re

Nominal value (25°C)

m 1

2 Simulations: 1000

g' 100L Mean: 100kQ) 100
(©

")

T,

O 50 r: 35200ppNy 50
£

-

< 0

90 95 100 105 110
Resistance (k€2)
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Resistor Variation

Nominal value (25°C)

R = Ry(1 + aAT + BAT?)

1% order TC(-15°C to 85°C)

2"‘]I order TC(- 15°C to 85° C)

Resistance (kQ)

J. Lee et al. JISSC 2012
A. Jain et al. ISCAS 2019

ETHzirich

Temperature coeff. (uQ/°C)

0

@ Simulations: 1000 Simulations: 1000 Simulations: 1000
e Mean: 100kQY | Mean: 230.5puQ)/°C | Mean: 1.77uQ/°C? |
%100 100 Oc: 27.2nQ2/°C 100 orc 8.53pQY/°C?
"

© 50 r: 35200ppm 5 op: 2.67ppm  +50 or: 0.08ppm

=

z 9790 95 100 105 110 -230.8 -230.6 -230.4 2302 1.77035 1.7/04 1./7045 1.7705

Temperature coeff. (uQ/°C?)
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Resistor Variation

1
R = Ry(1 + aAT + LAT? Fogc =
O( ﬁ ) 0sC FCW « RC
" Nomlnal value (25°C) 1st order TC(-15°C to 85° C) 2"‘]I order TC( 15°C to 85° C)
Q Simulations: 1000 Simulations: 1000 Simulations: 1000
= | Mean: 100kQY | Mean: 230.5uQ/°C | Mean: 1.77uQ/°C? |
% 100 100 orc: 27.2nQ/°C 100 orc 8.53pQY/°C?
(7))
S 50 r: 35200ppm 5 o 2.67ppm  +50 op: 0.08ppm
:
z 9730 95 100 105 110 -230.8 230.6 -230.4 230.2 1.77035 1.7//04 1.77/045 1.7705
Resistance (kQ) Temperature coeff. (uQ/°C) Temperature coeff. (uQ/°C?)
1

FCW (AT)Ro(1 + aAT) = FCW Ry === FCW(AT) = FCW

nom (1 4+ gAT)
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Resistor Variation

1
R = Ry(1 + aAT + SAT? F, s =
O( ﬁ ) 0oscC FCW « RC
" Nomlnal value (25°C) 1st order TC(-15°C to 85° C) 2"‘]I order TC( 15°C to 85° C)
@ Simulations: 1000 Simulations: 1000 Simulations: 1000
e Mean: 100kQY | Mean: 230.5puQ)/°C | Mean: 1.77uQ/°C? |
% 100 100 Oc: 27.2nQ2/°C 100 orc 8.53pQY/°C?
(7))
S 50 r: 35200ppm 5 o 2.67ppm  +50 of: 0.08ppm
£
z 9790 95 100 105 110 -230.8 -230.6 -230.4 230.2 1.77035 1./7/04 1./7045 1.7705
Resistance (kQ) Temperature coeff. (uQ/°C) Temperature coeff. (uQ/°C?)
1

FCW (AT)Ro(1 + aAT) = FCW Ry === FCW(AT) = FCW

nom (1 4+ gAT)

Temperature insensitivity can be achieved with
a 1-point measurement only
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Proposed Timer Architecture

DSM, | FCWa,nom o
2| Posc = FCWxRswxCsw
RC \P v
osc 0scA > (a POSCB?
:
RC PoscB >
0SC
; Temperatu}re
27°C
DSMB ‘ I:CWB,nom

RB — RO,B(]‘ ~+ aBAT)
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Proposed Timer Architecture

/LTRIMA
FCW, X FCWa nom

DSM, S
2| Posc = FCWxRswxCsw
OI;% ot g nq') Poscs
pTARGH{ TRIM FCW5
RC IDoscB >
OSC
; Temperatu}re
DSM. @ 27°C

“FCW; T - FCWs nom
Rg = Ry 5(1 + agAT) B
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Proposed Timer Architecture

/LTRIMA
FCW, X FCWa nom

DSM, S
2| Posc = FCWxRswxCsw
RC \Posca » Y
olg .
0SC IDosc’B,,, =t
PTARGEL‘,/’
RC IDoscB > "
0OSC :
: i Temperature
DSM. @ 27°C 50°C

“FCW; T - FCWs nom
Rg = Ry 5(1 + agAT) B
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Proposed Timer Architecture

,LTRIMA
DsM, JFYa i o,
i 2| Posc = FCWxRswxCsw
RC PoscA : & OL
~BBPFD Prarbey, .-~ YAFCWa o 1/as
RC IDoscB : i . \\5\
0SC i PR
C PLL> ! ' . Temperature
______ | 27°C_50°C
DSMg | FCW DLFg

Rp = Ryp(1+ aBAT) TTR'MB
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Proposed Timer Architecture

DSMA \

RC \Posca
OSC

O
e

—
P

v v

BBPFD

RC IDoscB
0OSC

e

DSM; |¢

RB — ROB(l + aBAT)

ETHzirich

DL
TTRIMB

-n
>

F

K| B OC 1/(15

Period

A

[~

Posc = FCWxRgywxCsw

. Poscp . =3

PraRGET_ ,,/;AFCWB oc 1/08

|

r.\

"™
. S
N

N

~

. Temperature

27C 50°C
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Proposed Timer Architecture

DSMA ¢

RC PoscA
OSC

RC IDoscB
OSC

ETHzirich

Period

Posc = FCWxRgywxCswy

-
[ ] -
- -

§ TemperatuIe

27°C_50°C
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Proposed Timer Architecture

TRIM,
DSM. FCWa /L DLF,
Posc = FCWxRswxCgw
PoscA | \
@ FDIV UN) bk, " Posga_--
— BBPFD PrarcEr --~ AFCWpg oc 1/AP s

—>

PoscB FDIV (/N) |CLKg
PG >

DSMg | e @>————p)

FCW; T
Rg = Ry (1 + apAT) TRIMg

-
[ ] -
- -

' Temperature
27 C 50°C

O
—
-n
o
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DSM-Controlled FLL

Voo
I I
VcrrL @
Voltage p—
Reference o AT . L Cruwe
Generator 1 l
VRer N eq Vrer
Rsw 21 Non-overlapping |
CSWT_FIQ CLK Generator |
I T = Frequency |
divider [
T
DSM FCW
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DSM-Controlled FLL

Vb
] I
VCTRL @
Voltage —
Reference :I YA I: ICPUMP
Generator 1 l
VR A Verer
Rsw »\‘L Non-overlapping ,
Csz_i& CLK Generator |
1 + Frequency |
divider [
T
DSM FCW

ETH:zirich o
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DSM-Controlled FLL

vCTRL

HWE T Couwe

l

\ VRer
I
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DSM-Controlled FLL

VRl [ L_—dVe ___
e Ve
i::R %:| R
B O N PR = N 7%
LN €
Switched R ' “Switched €

ETHzirich

« Capacitors to reduce the ripple
on Vg and V.

Slide
30



DSM-Controlled FLL

VRl [ L_—JVe ___
! VRqI; |
::R %:|i i:: .\&—
SW | ! ——_Kf?l
LI L A i€l
s:v'vrtzﬁaa'ﬁ “Switched €
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DSM-Controlled FLL

Vop
VB2p
VB3p
Verre
ICPUMP
o [

/AN
VRl [ L—JVe ___
e Ve i
i:'R ] L b
VIRsw [0 T L1 92
i v
Switched R~ Switched C

ETHzirich

« Cascode stages for accurate
mirroring

Slide
32



DSM-Controlled FLL

VDD

« Self- biased through a 1/N replica
I VQP 1
Vear — Ve - Stable across temperature, voltage

Replica [Vesp, Ve and process variations
bias [Ve3n

— > ICPUMP

l VR Ve
\—,&1&2 TG Vr:é% ___________ i
) i::R %]i L e
; ] O R [ wy 7§
LI B 1€ i
Switched R Switched € |
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DSM-Controlled FLI_V

P17 :
NG . VREF
Vize R~ FCcW « Rgy
Vesp Ipy =Ip + €
Ic = (Vger +€v) *Csw * f
TCPUMP
lI1 €; and €, are temperature
IR AT lc dependent and have to be removed
VRl [ L Ve ___
T Ve i
i::R %:| L N
VIRsw [0 T L1 92
e e = o
SwitchedR  Switched C
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DSM-Controlled FLIVD

CHOF

« Chopping minimizes the impact of
the amplifier and mirror offset

CHQP
AT
REF
R ——T]
Vi Ve
o S T S :
E::R :|i i:: '\&_i
BE B F P e § 7Y
e M e

Switched R Switched C
ETHziirich -
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DS M- Controlled FLL

SW|tched R Switched C

|
170 N | e
CHO_PJE Pz CHOP=1 i
@: Ve |
VCTRL '
; Vo IOU'lIR _ VREF1 !
CHOP TCPUMP FCW * Raw .
—> = |
:I I: IRl = IR + € .
|
A IC=VREF2*CSW*fi
|
CHOR - REF . !
VR IR IC VC I
N . O A s B | :
: ] : !
: R B '\&_: |
N R O T D ey ¥ 7Y |
s M LCso” I | |
|

|
SW|tched R| SW|tched C
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DS M- Controlled FLL

|
oa
CHO_Pl;El :
—Ve2e !
@: Ve !
VCTRL l
L —Vean IOUVR __ Vrer |
CHQP TCPUMP FCW=Rsw 1
—> = |
:I I: IRl = IR + €
|
A1 Ic = Vrerz * Csw * [
|
CHO_P> . REF , I
Ve IR 'CYV, !
i . Ve et e : .
i ) i Which signal should be
TRet || 1T '\_k'mi used for chopping?
e e i | .
Switched R Switched C_ | Switched R Switched C
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DSM-Controlled FLL

:FoscA,;.
OSC, | |
CHOP_ CHOP=1
>

DSM, |- EWa . DLF,
F°S°A FDIV UN) by, |
_> ______
— - ___I
I:oscB FDIV (/N) _CLKB i
ST Y

DSMs | =ew, D DLF;
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DSM-Controlled FLL

:FoscA,;. E‘M;O
0SC,_| B
CHOP_ CHOP=1 CHOP=0 B
>
DSM, <FCWA
I:oscA
@ FDIV (/N) ey k.,
—

F°ScB FDIV (/N) HCLKe

DSMB ¢

Slide
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DSM-Controlled FLL

:FoscA,;. I::gscAlq
OSC, | B
CLKA _| CHOP=1 CHOP=0 B
= - s >
oW /LTRIMA CLKA
DSM, [——2 @

« Each PLL reference period is the average
of both chopping phases

F°ScA FDIV (N) ey i,

— —[seprp| 2]
N - -

 The PLL is not affected by frequency
ripples due to chopping

i I

DSMs |+ O—====Ip

O

r

T
v

ETH:zirich Side



Outline

1. Background and Motivation

2. Proposed Timer
1. One point calibration with a nonlinearity-aware dual PLL structure
2. DSM-Controlled FLL
3. Digital Loop Filter with non-linearity cancellation
4.  Example of Operation

3. Measurement Results

4. Conclusions

ETH:zirich Side



Non-linearity aware DLF

FCW,
QPLL)
F°ScA FOIV (/N) by,

BBPFD
— -

FOSCB FDIV (/N) _CLKB
C P >

FCW,

DSM, |

Slide
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Non-linearity aware DLF

« Input: 1 bit BBPFD e Qutput: FCW to FLLs in 5 bits (DSM driven)

CLK
I e T
1] |
CLKB : Frac DSMz :
: FCWB 5 :
: . ‘ iaa
! nteger : .
: I:Cwnom,B :
e DLE B _!
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Non-linearity aware DLF

29 bits proportional path with programmable gain K;

T eTTSTL T . CO.STL TR COSTL TR COSTLSCRCOSTLSTRLSY &0 & & i i i . o S SmR SRR Gmm oEm mm S

iPropotional Path 1KP 5 DLF A !
:t ___________ F(-:Wnom A |
: Integer :
|
: FCW4 :
Y |
CLK . e PFracootal )
,|BBPFD

CLKs e 2of TACTDSM] |
f |
| chB|- | . .@
D—F—
: IntegeF(T> T ;
|
. : i

P R TGt CLTTLPCTLTTLTIL r T DT LM N i e S A
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Non-linearity aware DLF

* 29 bits proportional path with programmable gain K;

29 bits integral path with gain K,

CLK

P S R e e L R e T S R T ST TR ST TSRS ST SN ™= =

iPropotional Path Kea
§ t%bgga

BBPFD

+U P

CLKg

ETHzirich

! Integrator

I

I ;

F E

LK D
i!g't'-gg'@L'P-'gét'h;'a'"-";';"—"';'35 - aes an e

Integral Path

DLF A !
FCWnom,A |

Intege :
FCW,4 |
7 I
____________ .

.........................................................

219FraC DSMg
chB|- ;
P+

IntegeF%

FCWnom’
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Non-linearity aware DLF
« Additional input TRIM for frequency trimming

* Fractional part (24 LSBs) goes to DSM, which is added to integer part (5 MSBS)

Bropotional Path Kear 1 DLFA™
E 1 9 ! I
:E‘.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.' .'.'.'.'.'.'.'::.'.'.'.'.'.'::.'.’é:.’.% é
: Integrator
I :
I
1
I ’
C L K U P !-I Dt-egr_al_lia;ul_______ ________________
—_— BBPFD + e R e T = = == == = - = == - oo 1
CLKs iintegral Path _— 29Frac DSMg] !
| , L + f |
| : B PD—+—
t Integer | :
————— —Q | FCWooms |
iPropotional Path Kes.i ______| DLE B _)
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Non-linearity aware DLF

« How are the integral gains generated?

iPropotional Path Kea | | DLF A
: 1 9 :
: Integrator
:s
l
I ;
CLK iintegral Path .
UP T e
__|BBPFD} S _ ‘
CLKg § ora 29Frac DSMg| !
5 H—e-— ? |
FCWB|— 5
° IntegeF% ] :
. 18 |
: I:Cwnom,B :
__________________________ DLE B _)
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Non-linearity aware DLF

>A
g I:osgB___.
g F _-2TT Fosc(T) —
(®n SOseRT ... P z
Q 7
- P :
Ll //

v .

’. I:oscB,Tx

; """"""" RN ity Ll L L,

Tx Ts(RT) T, Temp

FCW(T) =

ETHzirich

(FCW gr= FCW,,,,,, + TRIM)

FCWpgr « R(T) * C

l

Compensate temperature
variation through FCW(T)

1

l

Fosc,RT * R(T) x C

F —
oseRT ™ FCW(T) « R(T) * C

— FCWRT

FOSC (T)

F osc,RT
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Non-linearity aware DLF

>4 A
— Fosce __. ; FCWg .
5| ol
-=" L. -
o Foscrr PO FCWer . 227
] 7 7
| - e ' e
L o7 L7
v 1
/. Fosca,Tx ,’? FCWBrTX
; |||||||||||||| AERRREE NN Liaiai1 Liggia | > ; |||||||||||||| AERRREE NN Ligaai1 Liggia |
Tx Tg(RT) T, Temp \/ Tx Tg(RT) T, Temp
Fo5c(T)
FCW(T) = FCW pp ——
F OSCRT
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Non-linearity aware DLF

 The FCW function is divided in multiple intervals
« Each interval contains multiple steps

ETHzirich

A
< FCWp

O """ at
H- -7 ¢
FCWerr . e H 5

v | 5

o §

/4 ; s

" : 2" Steps

‘ |||||||||||||| [ AEEEEEE (I EEEE :r. L1l |ﬁ| Ll j
T, Ts(RT) T, Temp
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Non-linearity aware DLF
 UP Is accumulated on 16 bits, 4MSBs are fed to

next stage

« This generates 24 intervals of 212 steps each.

Accumulator
SACC
16[15:0]
CLK Ug | ' 4
, BBPFD Z" 1/6 II)SACC[15:12]
CLKg

ETHzirich

A
< FCW5g
e e
FCWer . e =
i/ ' '
//§ : 212 SACC '
‘ Increments
‘ |||||||||||||| bl .rl ||||| |||||||“'
T, 6. 25 c'Tg(RT) T, Temp
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Non-linearity aware DLF

« UP is accumulated on 16 bits, but only the "

AMSBs are considered. E) SSg[8] 35191
* This generates 24 intervals of 212 steps each. FCWer ==-*5579] |
TSSA[7].-27Y ssal8] | A
P | :
o

Accumulator SSel7] , :

: 2" Spcc |

S ; 5 Increments

Acc et DTN avvevefoomom

CLK 10[15:0] T7'625 CTs(RT) T, Temp

, BBPFD%F n F>Succ[15:12]

CLKg
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Non-linearity aware DLF

* The slope SS is stored ina LUT
* The 4MSBs of S, are used as LUT addresses

* The integral path accumulates the LUT entry
value

Accumulator LUT
Sacc LUTL K A
1P[15:0]  _Jader
CLK upd ,
-1 / L3 °
CLKI BBPFD y4 r P Sacc[15:12]
B LUT; KI,B}
—1 Addr

ETHzirich

FCW

SSg[9
FCWher .. =
d
SSs[7] ,
i 2 Sncc |
Increments
T SN ET T L (. ..... T .ﬁ
T, 6. 25 CTs(RT) T, Temp
- LUTB
SSA[6] SSB[6]
SSal7, SSg[7]
SSa[8 SSg[8]
SSa[9! SSg[9]
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Num. of samples

Non-linearity aware DLF

n . A
Thanks to the very low variation of TC, the = SSs[9]
. . . . U SSB[8] P — H
LUTs are valid for different chips coming from oW e QN
different batches, without the need of e 8] i SSal°l
| , SSal7], -7 SSal8]
changing them Y
i -7SSgl7] : . ;
- igher- ; i 21 S0 |
This approach can also canc_el out higher i |ncremAeC?1ts
order repeatable dependencies o T smvfwm
, T, 6. 25°c'T8(RT) T, Temp
Nominal value (25 C) 1s order TC(- 15°C to 85 C)
__ Simulations: 1000 Simulations: 1000 LUTg
100l Mean: 100kQ |, Mean: 230.540/°C . .
50F r: 35200ppng 50 of: 2.67ppm SSA[7] SS:[7]
SSA[8] | | SSe[8]
0% 95 100 105 110 2308  230.6  -2304 2302 SSa[9)] SSg(9)
Resistance (kQ) Temperature coefficient (uQ/°C) : :
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Non-linearity aware DLF

Accumulator
Sacc E
16[15:0]
CLK UE!’ 4|t
-1 / /s
| BBPFD Z e

CLKg
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Outline

1. Background and Motivation

2. Proposed Timer
1. One point calibration with a nonlinearity-aware dual PLL structure
2. DSM-Controlled FLL
3. Digital Loop Filter with non-linearity cancellation
4. Example of Operation

3. Measurement Results

4. Conclusions
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Example of Operation

« LUTs have been populated as previously described
« The circuit has been trimmed, and the PLLs are locked at 17°C

Temp [°C] 17
U Pruunnnunnnnnnr

Sacc
SSA__SLOPE,[7] = 0.05

SSg_ SLOPEg[7] = 0.12
FCWa

FCW5g

I:oscB

Time >

E'HZUI“/C/’) Slide
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Example of Operation

At time t, the temperature changes to 25°C
Due to the temperature change, the FLL frequencies change, and F

Temp [ °C] 17 | 25
UPLI'IJ'I.I'LI'LI'LI'LI'LI'LI'LI'LI'LI'I.I'
Sacc

SS, SLOPEA[7]—OO5
SSp_ SLOPEg[7] = 0.12

FCW, ¥
FCW5g

I:oscB

to Time>

ETHzirich

oscB

>F

OSCA
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Example of Operation

Foscs>Foscar, SO UP=1 accumulates on S,
The FCWs increase with the step defined by SS,[7] and SSg|[7]

Temp [ °C] 17 | 25
UPLI'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'LI_
Sacc

SS, SLOPEA[7]—OO5
SSp_ SLOPEg[7] = 0.12

FCW A ~E_—-"""""F'

FCW5g

FoscB

Tlme>

ETHzirich
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Example of Operation

Attime t; S,-- updates the integral gain to the LUT [8] entry
The FCWs keep changing, but with a different step size

Temp [°C] 17 | 25
UPLI'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'IJ'I.I E B
Sacc

SS A SLOPEA[7]—005 X SLOPEA[8] = 0.03
SSp__SLOPEg[7]1=0.12 X SLOPE[8] = 0.07

FCWy
FCW5g

FoscB

t1 Time>

ETHzirich
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Example of Operation

« Attimet, F .,=F, .z UP osclillates, and S, does not change. The circuit is locked
 The locked frequency is the same as the one at 17°C thanks to the LUT entries

Temp [°C] 17 | 75
Sacc '

SSA_ SLOPEA[7] = 0. 05 X SLOPE,[8] = 0.03
SSg_ SLOPEg[7]=0.12 X SLOPEB[8]-OO7

FCWy
FCW5g

I:oscB

étz Time>

ETH:zirich Side
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Example of Operation

« Attime t; the temperature changes to 17°C

* Due to the temperature change, the FLL frequencies change, and F_..,>F .5
Temp [°C] 17 | 25 17
UPu1.n.r|.r|.r|.n.r|.r|.r|.n.n.r|.| L
Sacc )

SS A SLOPEAm—O.QS X SLOPEA[8] = 0.03
SSp_ SLOPEg[7]=0.12 X SLOPEg[8] = 007

FCWy
FCW5g

I:oscB

Tlme>

ETH:zirich Side
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Example of Operation

Foscs>Foscar, SO UP=0 decreases S,-c
The FCWs decrease with the step defined by the SS,[8] and SS;[8]

Temp [°C] 17 | 25 | 17
UP LUy L
Sacc e

SSa SLOPEA[7] = 0.05 | X SLOPE,[8] = 0.03 |
SSg SLOPE,[7] =0.12 | X SLOPE,[8] = 0.07

FCW,
FCW;

I:oscA
oscB

ETH:zirich Slide
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Example of Operation

At time t, S, decreases back In the interval [7]
The two freguencies lock again at the same target frequencies

Temp [°C] 17 | 25 | 17
Sacc f— L T
SSa SLOPEA[7] = 0.05 X SLOPE,[8] = 0.03 >< SLOPEA[7] = 0.05
SSg SLOPE,[7]=0.12 | X SLOPE,[8] = 0.07 | >< SLOPE,[7] = 0.12

FCW;g

Fosca K
Fosca lﬁp‘"
. t,, Time
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Example of Operation

The timer requires two resistors with different TC but not necessarily one PTAT one
CTAT

In this example we use two different PTAT

Temp [°C] 17 | 25 | 17
U P Uiy LI .
Sacc — P T
SS A SLOPE,[7] = 0.05 X SLOPE,[8] = 0.03 >< SLOPE,[7] = 0.05
SSg SLOPE,[7] =0.12 | X SLOPE,[8] = 0.07 | >< SLOPE,[7] = 0.12

FCW, b T

FCW;g

Fosca K
FoscB lﬁp‘"
| t,, Time
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Measured Transient

« Smaller integral gain

w
©o
o

= N
— e
S o
N

—_
=
o
L]

—_

i I:oscA
= T oscB

"0 50 100 150 200 250
Time(s)

Frequency(kHz) Temp(°C)
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Measured Transient

« Smaller integral gain

w
©o
o

= N
— e
S o
N

Frequency(kHz) Temp(°C)
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Measured Transient

« Smaller integral gain . Larger integral gain

—~ < 30.0] | | |

O 38.0 g

a oY

Q

x 5

o 20.0

~ 21.0 = . | *

1162 < 116.2 116.01

I L i

> 116.1 o e[ k115,99

c cC L

. = 116

: L
3 116 > —

() " |—— Fosca ()] 0scA

. — e - |7 FoscB

L 115.9 — L 445.9l . | | |

0 50 100 150 200 250 0 50 100 150 200 250
Time(s) Time(s)
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Outline

1. Background and Motivation

2. Proposed Timer
1. One-point calibration with a nonlinearity-aware dual PLL structure
2. DSM-Controlled FLL
3. Digital Loop Filter with non-linearity cancellation
4.  Example of Operation

3. Measurement Results

4. Conclusions
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Die Photo

 We have measured 10 different chips
coming from 2 different batches

« Each chip was calibrated at a single
temperature, and we have used the
same LUTs for all measurements

« Target frequency: 116kHz

1.215 mm?in 180nm CMOS Technology
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Measurement Results

s Line Sensitivity
ces s Q
Temperature Sensitivity % |, o8 o
60r : ©
o | -
N 40 From = 116kHz ; 0.38%/V |-
< Q 1
B / gl ----------------------
- 7 o138 1.84 1.88 192 196 2
<'>" o Voltage (V)
S 40 . J Allan Deviation
= . 2
8— i p 10
= -80r«7 TC: 1.62~8.7ppm/°C 1 g
% 0 20 40 e 80 100 10' <4 ppm
Temperature(°C)
10" 10° 10" 10°

Averaging Time (s)
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Performance Summary and Comparison
This Meng Girleyiik Zhang Savanth| Jang Choi Jeong
Work VLSI2019 ISSCC2018 VLSI2017 ISSCC2017| ISSCC2016| JSSC2016 JSSC2015
[4] [1] [5] [6] [2] [7] [3]
Process (nm) 180 180 180 180 65 180 180 180
Frequency (Hz) 116k 600k 8M 24M 1.35M 3k 70.4k 11
TC (ppm/°C) 8.7 48.69 3.85 | 3.2/14.2 96 13.8 34.3 45
Temp. Range (°C) |-15 to 85| -45 to 125 -45 to 85| -40 to 150| 0 to 150 | -25 to 85 | -40 to 80 | -10 to 90
Line sensitivity (%/V)| 0.38 0.046 0.18 0.03 0.49 0.48 0.75 1
Power (nW) 694 2200 750000 | 200000 920 4.7 110 5.8
Allan deviation(ppm) 4 -2 0.25 -2 2 32 7 50
Energy/cycle (pJ) 5.98 3.67 93.75 8.33 0.68 1.57 1.56 527.3
Area (mm?) 1.2 0.049 1.59 0.17 0.005 0.5 0.26 0.24
Calibration points 1 -2 2 3 -2 2 2 -2
Number of samples | 10 3 12 200/12' 2 1 5 5

'tested at wafer level / including package stress
“not reported
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Performance Summary and Comparison
This Meng Girleyiik Zhang Savanth| Jang Choi Jeong
Work VLSI2019 | ISSCC2018|  VLSI2017 | 1SSCC2017| ISSCC2016| JSSC2016 | JSSC2015
[4] [1] [3] [6] [2] [7] [3]
Process (nm) 180 180 180 180 65 180 180 180
Frequency (Hz) 116k 600k 8M 24M 1.35M 3k 70.4k 11
TC (ppm/°C) 8.7 48.69 3.85 3.2/14.2' 96 13.8 34.3 45
Temp. Range (°C) |-15 to 85| -45 to 125| -45 to 85| -40 to 150| 0 to 150 | -25 to 85| -40 to 80 | -10 to 90
Line sensitivity (%/V)|  0.38 0.046 0.18 0.03 0.49 0.48 0.75 1
Power (nW) 694 2200 750000 | 200000 920 4.7 110 5.8
Allan deviation(ppm) 4 -2 0.25 -2 2 32 7 50
Energy/cycle (pJ) 5.98 3.67 93.75 8.33 0.68 1.57 1.56 527.3
Area (mm?) 1.2 0.049 1.59 0.17 0.005 0.5 0.26 0.24
Calibration points 1 -2 2 3 -2 2 2 -2
Number of samples 10 3 12 200/12 2 1 5 5

'tested at wafer level / including package stress
“not reported
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Conclusions

1. Alow-power on-chip timer, with single point calibration is implemented in
180nm CMOS

2. A Dual-PLL structure, with a non-linearity aware DLF, that controls two
chopped FLLs, leads to a very low temperature sensitivity, and Allan
deviation floor

3. The measured temperature coefficients of the 10 chips is 1.62~8.7ppm/°C
while consuming 694nW at 116kHz
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