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The Internet of Medical Things — lo(M)T

, D D

v" Miniaturized wearable
sensor nodes

v' Communication to a nearby data-aggregator

(e.g., smartphone, smartwatch, etc.) @’)} =

L Ultra-Low Power Operation _ M G
® =
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A Wireless IoMT Bio-Sensor Node
S i
7‘ \\\ :  Near-by :

j base statlon
Transmitter |- . [receiver

. (402 - 405 MHz)

* Frequency stability +£100 ppm/°C over 0 to 55 °C
e Attenuate out-of-band/spurious emissions by 20 dBc

[1]: “Medical Device Radio Communications Service,” in Electronic Code of Federal
== Regulations (e-CFR), vol. Title 47,Chapter I, Subchapter D, Part 95, Oct. 2018.

< IEEE {H: IEEE CICC, Austin, TX, April 14-17, 2019 3




iE CICC

A Wireless IoMT Bio-Sensor Node
- S
: 7« \\\ :  Near-by :

j7 base statlon
Transmitter |- . [receiver

©  (402-405MHz) :

% >
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o Medical Device Radiocommunications Service (MedRadio): 402-405 MHz
o Duty-cycled operation

o Short-range transmitter (<2 meters TX distance)

IEEE (5 IEEE CICC, Austin, TX, April 14-17, 2019 4




iE CICC

€ IEEE {1

Short-Range Transmitter
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| Reference ! {  RF Carrier
: Clock i : Generation

Frequency
i— Synthesizer [——
Power-hungry block \

Short-range PA
(<-17 dBm or 20 uW
output power)

(400 MHz RF carrier)
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Injection-Locked Clock Multiplier (ILCM)

REF@OUT

Fosc = N. Frer Fosc < N. Frgr
AF
e
: Injection-locked
Injection-locked Large b J
REF spur B /
) \ Free-running
Free-runn{gA . REF§>ur
I"“‘ .'~I._
1 1 1 [ ]
Four™ Reer Four FOUT+ Feer Four™ Feer Four Fourt Rer
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Prior Work — ULP Narrowband TX

....JPandey JSSC‘11] \ v’ PLL-free low power TX
: \

Cr).(stal Injectlon -Locked Ring: : PA /EC
Oscillator : i

v’ Fast start-up
X Very sensitive to PVT

W

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

Crystal =,n,eci:j,":,*[f,’c'}‘(;’;";f‘,:'g”oco§ \\ % Constant temperature assumption

scillator : : \
osdil ' Y (closci proximity to huTan body)

) Loss of lock () Large REF spur
% Slow start-up (if calibrated each time)
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Motivation & Proposed Work

Conventional Injection-Locked
Clock Multiplier (ILCM):

v" Robust

REF
x  Power hungry
Proposed open-loop ILCM:
v Low power
v" PVT Robust
v' Fast-start-up REF —»>

Pulse
Gen.

FTL/PLL |«
Fctrl
Pulse
Gen. INJ OUT
DCO Temperature
calib. compensation
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Ring Oscillator Temperature Sensitivity

Current-starved delay cell implementation

Ipco

fOSC X

Constant-voltage bias

x VA
VP"%]; |1oco,1 {

[

I = I¢- V
in_}: out DCO1 s exp(Vgs/Vr)
(Vp <T)

Vn,c:r%' -IM“ l I DCO,1

CL

Constant-current bias

[Zhang TCAS-I ‘11], [Shrivatava CICC'12]

IDCO,const

VP H];plIDCO,const. fosc X C,

in e—

V, 0

_1M

out /
i C;: negative TC

nlIDCO,const. (junction & MOS
oxide cap.)

fosc> PTAT
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Temperature Compensation Concept

—F p
osc=Fpr1ar + CTAT
V, crar o—J[$m, | loco,crar

- 0
......
N -

- Pid

T -y FPTAT (nominal) in ‘-}O—Ol.lt
i
................. > Fcrar (bias dependent)

Vo, craro—]| _1M.. | 1oco,crar

Frequency

Temperature

o Nominally, ring DCO’s free-running frequency exhibits PTAT characteristics
o Introduce CTAT characteristics in frequency control knob

CTAT bias current to counteract the PTAT nature of osc. frequency
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ILCM: Circuit Implementation

REF-: [|INJP

: INJ,N
i (31 MH2)

----------------------

o Min 3-stage ring = larger devices = lower variations
o 8-bit DCO with +25% tuning range
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CTAT Current Generation: Implementation

Mc1
W nVrIn(N) Vpp
Vb,cTaT = — > n

]
Maiie rer.cTar) Irgr,ctat = Vocrat / Rp
=
M Vb,CTAT : E
=B o Low voltage, sub-threshold operation
o o N =24, Ry adds negligibly to CTAT characteristics
= b

N 0
[Choi ESSCIRC ‘14] Adds <5% power overhead
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Delay Cell: Implementation

_GI_:SAT_'E_ PCTATD_;(_'E_ D]]lIDCOCTAT o Pseudo-differential delay cell

o Ipcocrar = Ipcolkl(1 — a;AT)

R e
'eercrar v o . /

Vou D O Vour DCO current at CTAT TC
n;r_lol:n -L'“—_IM‘“1_|:M'M N Mrnz;.”—M f-”‘c""m" k™ frequency
= = mode

D"‘I Vi, crat D—S(" l Ipco,cTaT
Vo, car El [ L m O Mlpl ) MinZ: injection/start'up
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Delay Cell: Temperature Sensitivity

- o Both junction and MOS capacitor
ﬂ—'E_ l Ipco,cTar exhibit CTAT TC

CL = Cro(1 — acAT)

_ 0 Using current-starved delay cell
———0Vin I
avgt, ﬁ)sc « DCOC,‘CTAT
Mn Min2 Vinun L
1= e  Ipcolk] (1 — @AT)

B CLO(l - CZCAT)
Vi, crar D_H% m l Ibco,cTar

TC cancellation independent of Iy [k] (DCO mode)
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Simulated Temperature Sensitivity

Free-running ring oscillator’s Temperature Coefficients (TC)

Nominal TC with different topologies:

TC at corners with proposed topology:

N T T T T T 300 : . : .
E4401___*‘___‘#__QOp_s_t_a_n_t-'\_lgl_tage blasI RN Simulated TCs at corners
§ ____‘___‘____‘__53_’7991'3?}'_1/00____:_ ___;____:____ 250! with CTAT-current bias

Constant-current bias | o — B Oto55 °C
é420t~—~rj(74?) ;fn/(ljc)~~—é|~—~%—~ %—4_:#—4:%_;_;_—_- "S 200! [ - 40 to 100 °C
s L K ________ A T |
s — R S £ 150/
£ 400} T"T"‘l A A 2 S o

___\___\___\____I___ I__ | |y _I____ U
c T To A ---1---CTAT-current bias-| = 100¢
o | \ | | | | | I 0 [
£380) T (05pPmI%)
E i R N I S S S R AR B 50}
o I T T T T S .

| | | | | |

03600 5 10 15 20 25 30 35 40 45 50 55

Temperature (°C)
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e L

AL srpisateta AR Naan

CTAT Gen.

Reference Ladder
(0.4 pW)

CTAT Gen. Opamp Pulse Gen.

IEEE (5 IEEE CICC, Austin, TX, April 14-17, 2019 16




ECICCH
Low TC DCO: Measurements

Temperature sensitivity over multlple chips (DCO tuned to 403 MHz at 25 °C)
—~ 410 T | .
408 R 1---- - e i

D
o
(=)
ot

S
(=)
D

402
400
398
396
394

-40 20 40 60 80 100
Temperature (°C)

Oscillation Frequency (MHz

Fosc drift <4 MHz (401 to 405 MHz) across 0 to 55°C
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# of counts

—<

(S

Low TC DCO: Measurements

Measured distributions across 20 chips

Temperature coefficients

over 0 to 55°C range

OC o Min: 113 ppm/°C
ﬂ::iﬁ%ppr:f/oc o Max: 157 ppm/°C

Avg. TC (20 chips) of 126 ppm/°C
across 0 to 55°C

0

& IEEE {1

110 120 130 140 150 160

Temperature Coefficient (ppm/°C)
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Low TC DCO: Measurements

Measured distributions across 20 chips
(AF: frequency deviation from nominal value at 25 °C)

Free-running oscillation
frequencies

Max frequency deviation
over 0 to 55°C endpoints

10— ‘ ‘ 10 : :
M- 1.47 MHz M - 389 MHz
0 —-205 kHz o-12.5MHz
7)) ] 8
il b
- c
3 o
v o
(T
e o
* H
0

360 370 380 390 400 410
|AFhax| (MH2) Oscillation Frequency (MHz)
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Low TC DCO: Measurements

Temperature sensitivity of same DCO tuned to different frequencies
(AF: frequency deviation from nominal value at 25 °C, F,: Nominal tuned frequency)

1 -5 I I I I I I
| | | | | |
[ | | | ! [
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E:
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ILCM: Measured Output Spectrum

KEYSIGHT PNO: Fast Avg Type: Log-Power  [§ili)
Gate: Off Trig: Free Run
IF Gain: Low
Sig Track: Off

e}
1 Spectrum vJ Mkr1 403.0 MHz

Scale/Div 10 dB Ref Level 0.00 dBm -3.50 dBm
Log

- m ............................ e

Input: RF Input Z: 50 Q Atten- 10 dB
Coupling: AC Corrections: Off  |Preamp: Off
Align: Auto Freq Ref: Int (S)
X/

Injection-locked 41dB

\)f Free-running
|

........ Y
hJ

" ! i

Center 400.00 MHz Video BW 51 kHz Span 100.0 MHz
[#Res BW 51 kHz Sweep 1.00 ms (1001 pts)

403 MHz MedRadio band carrier from 31 MHz reference
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ILCM: Measured Phase Noise

KEYS|GHT Input. RF Input Z: 50 Q Aften: 11dB (e1) |Tnig: Free Run Carrier Freq: 402.999946 MHz
—— Coupling: AC Corrections: Off Preamp: Off IF Gain: Low Phase Noise Cancellation: Off
Align- Auto Freq Ref: Int (5)
X!
1 Graph 'J Carrier Power -3.81 dBm Mkr2 300 kHz
Scale/Div 15.000 dB Ref Value -10.00 dBc/Hz -106.62 dBc/Hz
Log
250 u"'lrrh' “"‘"H!bh-mp_nm
o Wﬂmrm,w ! Free-running
e jection-locked
850 \[ﬂuhﬂ_‘ el g ‘/
@ T W
Lk
100 un“r« lﬁ o v N WWWW‘WMMW% !
115 www”lﬂﬁ ;ﬂ““"“mﬁ D08\ ik 1 "'H“Wn\l Mm
PWW 1 ] 4
130 P o L sy =B e
Reference mrl"lfw il
-145 I I
Start Offset 10 Hz Stop Offset 10.0 MHz

-106.6 dBc/Hz phase noise at 300 kHz offset
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ILCM: Measurements over 0 to 55°C

Worst case measured spectrum and phase noise over 0 to 55°C range

1 Spectrum v Mkr2 434.0 MHz 1 Graph v Mkr2 300 kHz

Carrier Power -3.81 dBm
Scale/Div 10 dB Ref Level 0.00 dBm -33.89 dBm| |Scale/Div 15.000 dB Ref Value -10.00 dBc/Hz -103.59 dBc/Hz
Log ; Log
-100 ¢ ? 250
200 33 dB 30dB . @ ﬁ,gC
- | .- :I (D
WO N e B B Y 550 @55 °C /’
-40.0 y 5 4 0 0t /
500 = O™ ~Waka
9 WV § 850
60.0 4
6 -100 A I
-70.0 .
115
[=ICT o
80.0 @ 2 .5 1-
130
-60.0
145
Center 400.00 MHz Video BW 51 kHz Span 100.0 MHz.
#Res BW 51 kHz

Sweep 1.00 ms (1001 pts)| |Start Offset 10 Hz Stop Offset 10.0 MHz

Carrier to spur ratio (CSR) > 20 dB Phase Noise consistent

< IEEE {H: IEEE CICC, Austin, TX, April 14-17, 2019 23




keg_____________

& IEEE (i}

ILCM: Measured Power Start-up

Measured settling time with step voltage on the supply

B B[] 4] i g
r | Voo
2 “ st 5
5 100 ns
< ——
Settling Time
ILCM Out

Fast settling for duty-cycled operation
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ILCM: Measured Lock Tlme

Measured settling time with reference
injection kick-starting the oscnllator

| seam eanson | seam auu |

ILCM Out

Gated Reference

------

L;
-60.0 ns -400 ns 200 .0
ozou s/ SEE:”‘“”"OO (l“;-@‘;'? <
1]
L

N

-
(9
o

Instantaneous Period Jitter (ps)
(9, ]
o

100}

[, B

0 100 150
Time (ns)

200 250
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:rime(ps)
Period Jitter: |Theasured

~150 ns (4 REF cycles) jitter settling

0.8 1

fTREF/pvl
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Low TC DCO: Standalone Performance

[Zhang [Lee [Lakhsmikumar | [Shrivastava .

Technology 90 nm 180 nm 130 nm 130 nm 180 nm
1 1.2 8.2 1.1 0.7
Frequency 1.8 GHz 10 MHz 1.25 GHz 100 kHz 400 MHz
1
TC (ppm/°C) 85 67 340 14 toe 2
Temp Range (°C) IRANY -20 to 100 40 to 120 20 to 70 b=y
-40 to 100 2
# chips measured 1 — 15 10 20
F,.. Tuning x x x v’ via DCO v viaDCO
87 uWw 80 uw 11 mW 1 uW 93 yW

1 — MedRadio temperature range; 2 — Full temperature range;

Low voltage, supports freq. tuning, supports injection-locking
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ILCM: Performance Summary

C o ssc it |_Ussc 1L tmiocaS
_ ISSCC 18] | JSSC‘14] | JSSC “11] | TBioCAS™13 b

Tech 65 nm 65 nm 90 nm 65 nm 180 nm
1.1 0.8 0.7 1 0.7
ILRO ILRO ILRO PLL TC-ILRO
+ FTL + calibration +EC + calibration
| Freq.(MHz) | 200 900 400 402 403
Multiplier 20 x 9 x 9 x 1340 x 13 x
Phase noise -95™ -100.8 -105.2 -102.1 -106.6
@300k @1M @300k @200k @300k
43 56 44# 45 41* 30°
— 88 ns 250 ns 350 us 30 ns
— — — — 150 ns
130 538 <90 430 107
PVT-robust? Pv VW TV Pv Vv Tx Px Vx Tx Pv Vv TV PvY VW TV

“*From reported PN plot; “Nominal value at room/single temperature; *Across MedRadio temperature range (meeting 20 dB regulation)
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Conclusion

v Open-loop (PLL-free) ILCM

v' Dynamic temperature variations addressed

v 126 ppm/°C Ring with minimal power overhead CTAT-biasing

v 150 ns start-up for duty-cycled operation

v' Best combination of PVT-robustness & low power at
comparable operation frequencies

IEEE (5 IEEE CICC, Austin, TX, April 14-17, 2019 28




iE CICC I,
Acknowledgement

o Equipment purchased through DURIP award from the Office
of Naval Research (award no. NO0014-18-1-2350)

IEEE (5 IEEE CICC, Austin, TX, April 14-17, 2019 29




