A 0.35-V 5,200-um? 2.1-MHz Temperature-Resilient Relaxation
Oscillator with 667fJ/cycle Energy Efficiency Using Asymmetric
Swing-Boosted RC Network and Dual-Path Comparator

Ka-Meng Lei %, Pui-In Mak *, and Rui P. Martins 12

1 — State-Key Laboratory of Analog and Mixed-Signal VLSI
University of Macau, China /

2 - Instituto Superior Técnico, UL, Portugal .
[
-
B 5L o 15 DR K BB R R i
CES kY
State Key Laboratory of
Analog and Mixed-Signal VLSI

1



Outline

» Introduction

» Theoretical Analysis
»Proposed Architecture
»Measurement Results

» Conclusion

A 0.35-V 5,200-umZ2 2.1-MHz Temperature-Resilient Relaxation Oscillator with 667fJ/cycle Energy
Efficiency Using Asymmetric Swing-Boosted RC Network and Dual-Path Comparator



Duty-Cycling in ULP Radios for Power Saving

a Typical loT Device K

>Duty-cycling the device to save power =3 , &
*As low as 0.1%

e Power Sensor

>To effectively achieve duty-cycling: [m):

. N
» Accurately wake up the device | Pooesr T
. Li-ion
* Low-power in sleep mode Sl =
—_ T A
Erorar = Prrx ® Ton + Psieep X Torr

Sleep | Standby Transmit

» Two methods to wake the device up

(NA-MA) | (MA-mA) (mA)

Ultra- htlon cavvlon
'Wakeup receiver Light-load / Light-load = Heavy-Load

Load current

Fully-integrated timer for miniaturization ... zengetal, TcAS-I20
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Energy-Harvesting for Self-Sustainability
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» Energy harvesting for perpetual operation

» Interim DC-DC converters incur power loss
& cost

Dimension of solar cell:
1cm x 3.8cm —

0

Solar Irradiance (mW/cm?)

054

Output as Voo (V)

0L 02 03 02" |
Directly

powered

Wireless sensor node

harvester
(0.3t0 0.5V)

Thermoelectric
generator

~80mV/K

» Key Challenge: to operate at a sub-
0.5V, I.e. ultra-low-voltage (ULV)?

Dimension of TEG:
0.33cm x 0.24cm
: »

3 6
AT (K)
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Architecture of Fully-Integrated Timer

Relaxation Oscillator (RxO) Ring Oscilllator Frequency-Locked Loop
Voo Ve, EF_r_e99ffy_t9_ Xotage, Convere
R L CLK | |Convertr
5 W E -VI%EF ' 1
¢ T R CLK KT7 VCSV :E Nn)c;r}féeerrllap_ *N
] " Truesdell, SSC-L'18

Accuracy

Accuracy

Area Settling Area ’ ‘ Settling Area Settling

V. Scalablllty V. Scalablhty V. Scalab|I|ty
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Simplified RxO Operation

Vop

Vtop
Vx

Vy
C T R CLK
= Vbot

Svmmetric RC Network
Lee et al. JISSC'20

PO Do

Vx

Voo :

Voo :

Vem = 0.5Vop
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Simplified RxO Operation

Voo Vieo
R = C CLK
Vx
Vy
C T kR CLK
= Vot
Symmetric RC Network Asymmetric RC Network (k > 1)
Lee et al. JSSC'20 [This work]
LR Wi @ kee
A\ Vx N
Vop ........... Vemu
''''''''''''''''''''' Vemp
vee ; T=RC
: | |
T1 T2

Vew = 0.5V
CM DD Vemu > 0.5Vop & Vemp < 0.5Vop
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Theoretical Analysis

_T1
(VCM,D + VDD)e kRC = Vey v,

Iy
(VCM,D — ZVDD)e RC + Vpp = Vemu,

T
(VCM,U + VDD)e “RC = Vem b

_ T2
(VCM,U — ZVDD)e kRC + Vpp = Vemp-

Assume T,=T,,

Vbp — VCM,D) K Vem,p

Voo +Vemp”  2Vop — Vemp
Vem,u Y= Vop = Vemu

2Vpp = Vemu Vop +Vemu

(
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Theoretical Analysis

1
Vn,xy = :
Ojit X < ~
Xy =)
XY T dt 2 5
1 Vemp | Vbp 3 o1 —
Sxy = _E(VCM,D — k + k ) 1 ) 10

»Key takeaway:
*Alarge k favors ULV design
*Alarge k also penalizes the jitter

»k=2.4and Vg, =0.23V (Vpp=0.35V).
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CLKy & CLKy

Proposed ULV Dual-Path RxO

Pulse
c : € , CLK
eneratar ®ry < Boosters
Ok 4—|
NMOS-input amplifier
2
R '|' ¢ A
2 Vi ‘ | | 4| @ CLK
'_‘ CLKH -
kR Vy B —e— CLK
2
kR Si____ VOUt,P
2 O+ T

»NMOS-input + PMOS-input amp. for comparisons in @, ,
»Logic gates to generate the CLK signals
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Amplifier Implementation

. VFB . .
Vsp 1 I—I—I I-I—I
:I M1 |\/|2|: I:
VouN o—e¢ +— Vour VB
Vinpo—l, Vbss3 J—vin A I._ql_._r'.ll—o
M3 M4 out,N VOlJt,P
|\/|5 Vref
Vg ™k, Vbss VB°_|'I:- :I:-
CLKy—
Mg = - -

»3 CS-amp. constitute the NMOS-/PMOS-input amp.

»Simulated gain: >27dB
» CMEB to safeguard the operation
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Amplifier Implementation

- VFB - -
Vsp,1 :II l lr_' r_'
VounN o—g W W +— Vour I_I_I Vrs
Vnp— Voss  JF—Vin . |:L_r:||—o
M3 . Ma out,N I.I-I Vout,P
Ms Ve
Ve °—||:. :.VDSS VB°—|'|._> ll:.
CLKH°—|I_.1

»Min. Vg limited by comparator
*Vsp1 t Vpss t Vpss

»|Voe| > 3V+ (V7 = 34mV @ 120°C)
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Logic Gates

| SR Latc:h R~ \/ \/
»Logic gates turn the output of amplifiers to CLK
»Delay cell to remove the undesired glitches

»Overall delay: vary <1% of the period from —-20 to 120°C
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Delay Compensation

NMOS-input amplifier

A
:"_‘ CLKy

» Temperature-sensitive t;,,, affects RxO's Tqg.
» Raising the amplifiers’ power penalizes the efficiency
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Delay Compensation

NMOS-input amplifier

A
- CLKH

»>Delay « 1/l

» Track the delay and compensate in the RC-network —
Temperature-resilient operation
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Delay Compensation

Delay generator for N-channel

ke T kT ; e— Tosc —> 180

Ry H i CLK ’ i =

D—Ii {> Do—} 5. CLK: X X X X tDNt-I-tDP(N . I)

' knlan /f' N : ‘o 120} delay (N + F Channel) 4
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. CLK :

Mg g @F\J\J\/U\ L =

Moo . T e g — ity e— Pl tpp ee— -20 0 20 40 60 80 100120
Delay generator for P-channel Temperature (°C)

»Delay generators for both channels
»Pulse width inversely proportional to I5\/lgp
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Delay Compensation

A .
R— DegrEdTOSC ----------- » ! Switching pt. with delay O
Ori = High | Or1 = Low % and compensation FH R
 Donfiop i g 2 4 C
S | X :  Switching pt. with delay S1 R T
2 | TN E 7. RC i butwithout compensation 2
= T i / Vx
g T.RCI2 N e :
7. KRC2 | e kR Vy
"""""""""""" ’ oV C= 2S5,
"""""""""" ldelay P W — k_R <---
. > 2 Dy
Time

»T of the RC branches is halved when @, = 1

»Mismatch/Process variations are calibrated through C;,
and C
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Delay Compensation
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»T of the RC branches is halved when @, = 1
»Mismatch/Process variations are calibrated through C;,

and C
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CLK Boosters

OmIER J_

P\ 27

S 4R T ¢

2 Vx 1{ Logic

e CLK
R Vy J Gates | 4@ CIK
2 S
R e
2 (=8

» R4\ Of the switch Is influential at 0.35V
» Leakage current of the switch also matters
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CLK Boosters

CLKy & CLKy

< CLK

Oy € Boosters

oo oo

Logic

e CLK

Gates

- CLK

»CLK boosters to boost the swing (3xVyp)
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CLK Boosters

WF——————————— 10—
E J172MQ V=035V E V=0V :
10 Ve=0.7V _ F Ve=-035V
C <C [ E
3 Z10% 380
—~1Nk g 3 :
10 3 - -4
: '8 10 ]
- 12000 o
35 e L E |
i
-50 0 50 100 150 -50 0 50 100 150
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»Variations of R, (NMOS) reduced by 8600x
»Leakage current reduced from 307 to 0.8 nA at 120°C
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Measurement Results

; - Area Breakdown Power Breakdown

§ RC Network > Clock Booster (4%) Delay Generator Clock Booster (4%)

: : Delay (9%)

- —— PR, i e . Generator (4%)

—-h.in.m ..... a.;mm_-w : C Net\NOI’k Constant g RC Netvvork
~ | Delay Generator e (it ' COﬂStantg (26%) Bias (6%) X 25%)
e - H ' Bias (18%) 0
L.""s:"" _..l_u-urﬁ P Voltage _/'
— i Comparator | Doubler (7%)
it : P Voltage Comparator Comparator

1 = e gt R Sl S
i Constant-gnBias E—ﬂ"’ . Doubler 20% 2%% (49%)
= H Voltage Doubler '
F M e il

>Fabr|cated INn 28-nm CMOS 1P10M process
»Area: 5,200um?

»P=14uW at22°C &f=2.1 MHz (N =7)
»Energy efficiency: 667fJ/cycle
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Measurement Results
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Measurement Results

1000 . .
Count = 52k )
800 Tiiter = 800 pS =
Q600 E
% 400 é
S =
200 §
<
-4 -3 -2 -1 0 1 2 3 4 1 10 100 1000 10000
Period Error (ns) Number of Cycles [N]
»RMS Jitter: 800 ps (0.15%)
> Accumulated jitter: increases « VN up to ~60 cycles
»Long-term stability: 210 ppm (gating time > 0.1 s)

Efficiency Using Asymmetric Swing-Boosted RC Network and Dual-Path Comparator
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Measurement Results

1.2 25
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N
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Performance Summary and Comparison

Koo, Mikuli¢, Liu, Savanth, Lee, This work
ISSCC’17 [11] ESSCIRC’17 [8] JSSC'19 [12] JSSC'19 [9] JSSC’20 [13]
Process (nm) 180 350 65 65 180 28
Frequency (MHz) 0.44 1 1.05 1.2 10.5 2.1
Vop (V) 1.4-3.3 3-45 0.98 - 1.02 09-18 1.4-20 0.35-0.38
Power (UW) 21.3 210 69 0.82 219.8 1.4
Energy efficiency (pJ/cycle) 48.4 210 65.7 0.68 20.9 0.67
Tronge (°C) —201t0 100 —40t0 125 —151t0 55 —-2010 125 —40 t0 125 —-201t0 120
TC (ppm/°C) 169 24.3 4.3 100 137 158
Variation across Vo, 0.04% 0.42% 0.17% 10.54% 2.64% 2.3%
Line sensitivity (ATf/AVV) 0.03% 0.84% 4.25% 10.54% 6.16% 26.8%
Area (Um?) 58,000 40,000 51,000 5,000 15,000 5,200
Period jitter (pS, ) 1,060 - 160 - 9.86 800
Startup time (us) - 18 8 10 - 3.6
No. of samples 100 5 - 7* 15 7
FoM, (dB)A 162 165 174 183 168 181
FoM, (dBc/Hz)* -152.7 (@10 kHz) 1577 (@1 kHz) | -143.4(@ 10 kHz)
#For temperature stability measurement. AFoM; = 1010g(%)
SDeduced from the numbers of cycles to start, which may underestimate the true startup time. ~ * FoM, = PN — 20 log ( fof]; Set) + 1010g(P107:’;;)
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Comparison with State-of-the-art
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Conclusion

»2.1-MHz and 0.35-V ULV RxO in 28-nm CMOS
»Asymmetric RC-network to shift Vo, p and Vg

» Dual-path comparator for comparison

»Open-loop delay generator to compensate the delay
»Active Area: 5,200 um?

»Energy efficiency: 667 fJ/cycle

»FoM,: 181dB

»A promising solution for ULV and ULP IoT timer

ilient Relaxation Oscillator with 667fJ/cycle Energy
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The End
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