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A 67-uW Ultra-Low Power
PVT-Robust MedRadio Transmitter
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s The Internet of Medical Things — lo(M)T o

Miniaturized Wearable & Implantable Devices:

EEG
v" Automated, remote monitoring sensor
v’ Early detection/diagnosis Pressure
ECG sensorl sensor
i Glucose

sensor
sensor

Digital
Health

Motion
sensor

Telehealth-care
(Remote
monitoring)
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A Wireless loMT BioSensor ®
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o Medical Device Radiocommunications Service (MedRadio): ~400 MHz

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

o Ultra low power = Duty-cycled operation
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el A Wireless loMT BioSensor Node @

o Fronténd s TN e

base statlon

- [receiver
L > :
<2 meters

Frequency stability +100 ppm/°C over 0 to 55 °C
Attenuate out-of-band/spurious emissions by 20 dBc
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=aiss Conventional Short-Range Transmitter
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gReferenceé :  RFCarrier : : Power :
: Clock : : Generation : : Amplifier : _\\

Frequency

Synthesizer

e ] \

Short-range PA
Power-hungry block (<-17 dBm or 20 pyW
(400 MHz RF carrier) output power)

Key challenge for an loMT transmitter:

Low power RF frequency synthesis
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=it Low Power Frequency Synthesizers

Injection-locked clock multiplier (ILCM):

Fosc < N. Frgr

Fosc = N. Frgr

<L
: Injection-locked
Injection-locked Large - ;
REF spur B /

™

Free-running

| ]‘ s’ waast
— | | I
Four™ Rer Four Fourt Reer Four™ Ree Four Fourt Rer
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=i Low Power Frequency Synthesizers
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RFIC
Conventional ring Open-loop ILCM: Open-loop ILCM with
oscillator based ILCM: [JSSC “11] Initial calibration [JSSC ‘14] [JSSC “17];
[JSSC ‘02] Temperature compensation [CICC’19]
—»| FTL/PLL (€— Pulse DCO Temperature
Fctrl g Gen. INJ ouUT calib. compensation
Pulse
RE F) Gen. [ ot Y PLLree ultra-low power REF —)| Pulse
% \ery sensitive to PVT Gen.
v" Robust x  Constant temperature
% Power hungry assumed (human body)

x  Slow start-up

| ¢
> Loss of lock - Large REF spur

X X X <<

PVT robustness is a major issue

PLL-free, fast start-up

Robust to static PV, dynamic T

Slow start-up (if calibrated each time)
Dynamic V not addressed
Low/moderate power
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Motivation and Proposed Work @

Open-loop ILCM:

Pulse
v Low Power E! Gen. [ N} ouT
x  PVT sensitive

Proposed RF frequency synthesis: IZ\_/:;II;OSZUSt "6"'“""'
v Low power 0° . sinusoids: ‘5““

v PVT robust
270’ 2x frequency SR Ay
multiplication by

edge combining:
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252 PVT Robust Polyphase Generation ®

Ideal case: With P, T variations:

Vo,ideal Vi, Vo,ARC
\, R+AR ARC.s
Vil + Vip ~ 1. . Wt
Vo = 1+ Vo = Voideal jarc.w+)+1
C +AC
(@wCR =1) Vi ( assuming small AR, AC )

Each phasor shifted equally by ARC/2RC and attenuated
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=sanciies: Proposed Short-Range Transmitter Overview
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RFIC
Crystal Polyphase Sine to Digital BPSK Power
Oscillator Filter Square Edge modulator Amplifier
Buffers Combiner -17.5 dBm

50 MHz 0 50 --> 400 MHz

Pout .\\\

High-Q
[Amp. detect. ] 8-phase differential 16-phase 8x Freq. Baseband off-chip
+ chirpinject ) sinusoids (16-phases) digital clocks Multiplier TXData matching
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=sanciies: Proposed Short-Range Transmitter Overview

=0)

Crystal Polyphase Sine to Digital BPSK Power
Oscillator Filter Square Edge modulator Amplifier

S — - 111 | {- - &Y} | T[T -17.5dBm
| >0 MHz . 50 --> 400 MHz Pout N\

! : High-Q
{[Amp. detect. | 8-phase differential 16-phase 8x Freq. Baseband off_chip
+ chirp inject | sinusoids (16-phases) :digital clocks Multiplier TXData m;tching
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=aenss Circuit Implementation: Crystal Oscillator &
e e - PPF integrated within crystal oscillator
Mp1 |:” ' ”‘_‘l Mp2
1?@ il » [Nadeau ESSCIRC’'17] reported PPF integrated with
Vio | Rem | Ran | Vo FBAR resonator for QPSK
26— | ;"soMHzxmAL % | ==20

No power overhead to drive the PPF!
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s Circuit Implementation: Crystal Oscillator @
Rhe Roe  ac-coupled cross-coupled g,,
2] | 2 e -> Avoid latch-up due to high-dc gain
Voo [ R T e T Vi
2C, — ~"éb'ni'n'|iz' 3i'T'A'L'"‘ = 2¢,
= il =
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= Circuit Implementation: Crystal Oscillator @

ER"" R""E « ac-coupled cross-coupled g,,
o B B - Avoid latch-up due to high-dc gain

o] [ e

Chp Chp i
+ 20 S
Vio } Bex 1 R { Vio - Parasitic oscillation mode
20, == ;'":"E"“l""*iz'ﬁ;“?"; —=2q - Due to negative capacitor
S R - Resistive bias to damp these oscillations

_ The 2020 IEEE MTT-S
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zaesss Circuit Implementation: Crystal Oscillator @

RFIC
ke ke « ac-coupled cross-coupled g,,
e T -> Avoid latch-up due to high-dc gain
| [ e
L""T "€F.|',"' "'Eﬁ;' """'=
VX(;l- Rem Rem Vx; mgm n =
¢ « Parasitic oscillation mode
== | oNHETAL HEE e -> Due to negative capacitor
R L | D - Resistive bias to damp these oscillations
« ac-coupled
-> Allows complementary topology

-2 2% g,

The 2020 |EEE MTT-S
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Circuit Implementation: Crystal Oscillator &

L9S ANGELES
th th
Chirp injector . T Amplitude control
M M
- fast start-up gl 'E_, & - lower power
| Chp Chp
+ = -
start v + on Rcm Rcm VXO « }_| _”f
XO
Finject VCmVC”")é YT 2 — :'":r,b'li}l'ﬁz'%'f;\'f"_ —2¢, ’,‘ﬁl_l ____________________ — Pamp >
ar ; I ”l: . 1 | :. L :' ._—l ctr<n> :
f:rLt :]r: W'L%_\é(o = P ~."!“._l._"‘ N - idr<0> -:Ictr<.1:| ________ tTI_ :
L §§ 3 R AL HE
* Frequencies around 50 MHz o PpE - I_’ ----- R
« Swept using a ring voltage-controlled .-é;: """"" 'c':h'
oscillator (VCO) — : « Schmitt-trigger based
Ma ;_H __ __ L. (Mn2 amplitude comparator
= < « Digitally programmable
Rhp Rhp comparison thresholds
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=iz Circuit Implementation: Polyphase Filter @

Passive RC Polyphase Filter (PPF):

8-phase
differential
sinusoids Polyphase sinusoids at 50 MHz:
112.5° (16-phases)
$1=0"

. Temms v"No frequency error
=TGN « No voltage dependence
e ; v Robust to PT variations

' $8=337.5 >

T -

o o
225 202.5
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e Glrcult Implementation: Polyphase Filter
Passive RC Polyphase Filter (PPF):

=D)) )

r
)

 Three inner rings
- 16-phase generation

8-phase
differential

sinusoids 4 Egqyrth balanced ring
(16-phases) ) . . .
1= 0° - phase averaging and maintaining
$2=22.5° : symmetry with loaded outputs

3=45’
() :45 >

112.5°

¢—8=5337,5  Mismatch, systematic imbalances
- small spurs @ multiples of 50 MHz
—> good carrier to spur ratio (CSR) due
to harmonic suppression by PA

_"_I_M—IITM_"_I_W- 180°

0o o
247.5 225 202.5

The 2020 |EEE MTT-S
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=iz Circuit Implementation: Polyphase Filter @

Integrated PPF W|th Crystal Oscillator

8-phase
differential

sinusoids
(16-phases)

$1=0°
$2=22.5°
$3=45"

112.5°

135°

YYY

157.5°

$8=337.5

>

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

PPF loads the crystal oscillator negligibly
No power overhead for driving the PPF
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saass Gircuit Implementation: Edge Combiner

PPF output buffer

=D)) )

4)1:00 -

e > \ Digital Edge Combiner & 2xFrequency
: ] 10 Multiplier

E—Esn . o Dc& T EC} 16- phases : 8- phases . 4- phases ' 2- phases 2700_[>°_;—Ll
_337. ] _

Polyphase - @ 50 MHz I @ 100 MHz | @200MHz | @400MHz 190" o
. . ] PO— ¢’ . ' ' o
sinusoids o ! . 180 —|>o—; L
P4—» 90 o
@ 50 MHz P8 —1180° 2Xx . . _118o I:
P12 —:270° ! ' ' 00 D L
E : Voo
P1—T v ' : 7
Eg:; 19:0°2 X 180 2 X L ' _1270
ini . P13—n2e 2 | 5% > RF+ 180"+ S L
Edge Combining Transient: | w0 2X [ - 10 [
P2—»i ¢ T 1 1 2700'_D0J_|'_.
1 / P6—»o0 5 x Te0 2 X _|_/_) : . 180°
\ P10—>180° 180 . . 20
P1--P16 . : P14—{270° ' 270 : : . 1° DO——O
Polyphase — —— ' ! ! ._|>0J [ —t
clocks P8 Doy P3 —pI 7 _u80
50 MH i . .
B B / 72 % oo L
P16 P _ P15—H20
EC Out <y CombinedPulse ¥
u
e AVAVATAVAYAVAVAYAVATARIR

Low power digital circuits for 8x frequency multiplication
<Tu02A>-<2> ® IS ertions Wcwowave symosim. 20




%%CIFCUIt Implementation: Power Amplifier &
RFIC
A Generic PA:

Pout X V]%D/Rp

« Conventional long-range PAs
- Require down-transformation of the 50 Ohm antenna
2 R, is typically a few Qs

'
TR

:Resonant :
s Circuit

RF

.............. « Short-range PAs

= - Require up-transformation of the 50 Om antenna
2 R, is typically a few kQs

* R, =NR_
« N>1 - losses in impedance transformation network

(as R, comparable to the equivalent parallel
parasitic R,,,-of the impedance transformation)

Losses in impedance transformation network

limits short-range PA efficiency
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Comparison of PA topologies

Output power Theoretical
PA Type
Efficiency 7,,0x

Digital PA o
(Pandey Jssc11]  O-5Von/Rp ek
Class-F O.63VDD/Rp ~100%
Class-E with 2 _1nn0
shunt capacitor 0.57Vp /Ry e
[ ClasssEwith . nz02 19 o
|_shuntinductor____-2%"P0/%e - 100% __

» Conventional PAs intended to deliver high P,

 Low P,,; readily delivered with class-E inverse
[Kazimierzuk JSSC’81]

© Circuit Implementation: Power Amplifier @

Class-E inverse PA

off-chlp\> ----------------------------------- o
u OUT :
RF IN (O. 4V) C;
VDD (0.2V) L :
-- )
JI Pour = mVZDD/Rp =0.058 Vp/Re

v Low 0.2V Vpp
v" No impedance transformation network

Class-E with shunt inductor a good choice for short-range PAs
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(55 ANGELESS Ch|p M icrog raph R(Ffa?[

”L'.1mm——)

R Injector
iy EC & PA

PPF occupies roughly same area as XO
- 2% area overhead for PVT-robust operation

Ultra-low power transmitter in 22 nm CMOS FDX
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=iEs.  PCB Photo and Measurement Setup @

3
33 aweaung we ) =
as

g -~ =
SRR GmamiChie :;“f -

.
& 2= s=
o mie “a
3
.

@ Ra¥Z
®

Short-range communication ~ 1 meter
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N — Measurement Results: Robustness to 3
Temperature and Voltage Variations

5 | | | L 1
p— 1 05 - -
£ =& chip1 .
Q =& chip2
2 —3¢=chip3
c T} chip4 ¥ ]
O —#—chip5 '
s ~»— chip6
k= chip7
& 05 chip8
> —sfe— chip9
9
]
c
]
o
v
S
Ll

40 20 0O 20 40 60 80 100 0.35 04 045 0.5 0.55 0.6
Temperature (°C) Supply Voltage (V)
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=acie: Mleasurement Results: RF Carrier Spectra @

RFIC

1 Spectrum vJ Mkr1 400.00 MHz

Scale/Div 10 dB Ref Level -10.00 dBm -17.39dBm

Log b

-200 — = .-;‘:- i Sn—— ——— SN N A -“:- .

-30.0

400 45d 43 dB

-50.0 (@_300 c) (<~— 9GQC) v

60.0 Y - "\\“ +=

Y % y N

-70.0

-80.0

190.0

-100

J | I I i 1 | | R 1] ' [ | i } 1 PR I al. I 0 l “
Center 400.00 MHz Video BW 5.1 kHz Span 150.0 MHz
#Res BW 5.1 kHz Sweep 120 ms (1001 pts)

Carrier to spur ratio (CSR) > 40 dB across -30 to 90 °C
<TUu02A>-<2> ® IMIS renstonitiowesmosim 26
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Measurement Results: Phase Noise @)
g L Carrier Power 0.00 dBm Mkr1 100 kHz
?_%a;;emiv 10.000 dB Ref Value -60.00 dBc/Hz -108.12 dBc/Hz
-f0.0 = | o~
400 MH2 RF carrier| 100 M % e
[@)_30° C) (@/u O [C
-90.0 /
100 H?%Hrﬂ I K ‘ [
’
m% it AT g
Fi'ﬂ'ﬂrt. il

B | WJIL\L Jlr\,
IV il

-140 /) MM&VHW&W | i A‘uﬂﬁfnﬂhwudﬁwww
e 50 W ZR

T

Start Offset 100 Hz Frequency Offset Stop Offset 10.0 MHz

-110 dBc/Hz @ 300 kHz across temperature
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=aeiss Measurement Results: Received Spectra @
1 Spectrum v’ Mkr1 400.000 MHz| |21QMeas Time (Const) "J
Scale/Div 10 dB Ref Level -40.00 dBm -65.84 dBm| [T-Q
o
500 538 m
269 m
60.0 0 - £
-269m
538 m
-70.0 a —_—
. o EVM =7.34 %rms
-80.0 it
\ | T WL . -2.622 2.622
o | ‘\1 | pf( e 4DomodResuts  v|[TXPower | -50.18cBm ] |
100 w L ] ] n\ i 1 \
' 1 |
‘ ! } 1 Mag Error 6.69 %rms 18.89 %pk
-120 Phase Error 1.74 °rms -5.38 °pk
Freq Error -42.25 Hz
-130 1/Q Offset -11.48 dB
Amp Droop 238.04 pdB/sym
Center 400.000 MHz Video BW 5.1 kHz Span 8.000 MHz
#Res BW 5.1 kHz Sweep 6.40 ms (1001 pts)|

BPSK modulated spectra at 1 Mbps
received at 1-meter distance from the transmitter

<Tu02A>-<2>



\\fﬁ\\\\hh\\h'\? -
=ais: Measurement Results: Start-up Transients

=D)) )

5[0y B0 FNAO 0 v [— v Q0K e< 7| §[@=fwomy foomv |@Fpoomv Janomi |@ ﬂ1 | | -
i IX start- g | \ i XO start up_ ﬁ\} | S -
Er) 200 mv ET> i = L ~
. VDD ON i Chlrp EN
2 : ; szl : | | o » : \ | : | -
. 40 ns (D——}: st s i R . 150 us [
1 | :
. - start -up ! o0

- start-up :

i -600 mY .
1 W l =
1 i
1 ! ! i LY oo mv = + - M
l

TXOuit | XQOut ¥ | -

-125 ns -100 ns 750ns -500 ns 00s 250 ns 500 ns 75.0ns 100 ns 125ns 2 | | -500ps -400 ps -300 ps -200 us -100 ps 00s 100 us 200 ps 300 us 400 ps 500 ps 2|

(JOF - ome <o (f@iow os @723
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CETL Comparison to the State-of-the-Art Q
o Jsscu | TBioCAS'I3 | RFIC'I3 | JSSC'14 | _RFIC'IS | ISSCC’'19 This work RHC
0.7 0.6 0.7/1.2 0.8 1.2 1.2 0.4/0.2
90 130 65 65 90 65 22 FDX
0.04 0.06 0.41 0.08 0.29 0.49 0.03
400 400 400 900 915 2400 400

Frequency Synthesizer

Phase Noise -105.2 -87.9 -69 -100 -100.2 -118 -109

(@0.3 MHz) (@0.3 MHz) (@0.1 MHz) (@1 MHz) (@1 MHz) (@1 MHz) (@0.1 MHz)
<78 - 72 538 224 - 10

Kreq. Vultiphier g 75% 75 gx 60% = 8%
44 : : 56 : : 45
T hwerAmplifier

P,y (dBm) -17 -17 -16 -15 -18 8.4 -17.5

PA Efficiency (%) 30 - 33 9 12.5 - 40

Power (nW) 63 - 80 351 110 - 44

0 CrstalOsyillator/Reference.
45 16 16 100 16 16 50
<12 External External External 32 External 13
- 1 “Tammiter ]
ILRO+EC-PA 2-step ILRO PLL+PA ILRO+PA PLL+PA PO.+PLL calib. XO-PPF+EC+PA
BFSK OOK BFSK QPSK OOK GFSK BPSK
200 1000 80 100,000 3,000 1000 1000

Energy/bit (pJ/bit) 450 160 2375 13 124 606 67

Settling Time (ns) 250 250 - 88 - - 40 150 us(w XO)
Px Vx Tx PV Vx Tx PV VvV TV PV Vx Tx PV Vv TV PV Vv TV PY VY TV
4 4 : v : : x
90 160 190 1300 374 606 67

Global Efficiencv% 22 16 13 4 12 24 27

The 2020 [EEE MTT-S§
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LESANCELESS Com parlson Landscape
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TX energy efficiency (pJ/bit)

—
o

TX power consumption (uW)

Best energy-efficiency (67 pJ/bit) and lowest power

among sub-1mW transmitters
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< >-</> Internatlonal Mic
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Comparison Landscape ®
80 | | I
) ﬂns]holrctzm){ | co:mmumc tion d|stance | )UDQIOTQ e
S 70 [ {metom) R o 2> (100m - e
> | | | I | o -7
| | | [ | e==n"T | » TTeedL
@) 50 - L] o J_ ______ | e SN U L_tme ]
< | | . =7 sscC17 |
@ | short range; A [ ? ] :“SSOCC%]
§ 40 +----- r IoTtnansmltteJrs_-__ﬁz_ﬁ__% ______ — - o
------------- | “Usscha R/ JSS'C 16] | | .
v ; _[This rk_, ' - R . | L
— 30 ;5 ¢ - ’"‘T[R‘H‘c’?si‘—:-——-;—T~—~.—.::::Lf.?.‘::.:lf- ffff
g : [JSS(I 11] - I 0 I | 11SsCc’20]' I I
o 20 +———’— 'i—=———41lssee'w+—'r —————— e po—---- e sE R
- . - “glacc: .
o ’[.[N(I::IC] o é Jt | conventidnal
10 IRH V15— L JJ_SS_J_]_[ISS%C?LOl___[RF 11]____:_____‘h‘igh‘%ufféd'ies__—
ﬁ QUssCy ]JSSE14] [ ' ' '
0 | QIRFIC'T ?[ESSCIRC 19] | | | |
-20 -15 -10 -5 0 5 10 15 20

TX output power, Pyt (dBm)

Highest TX global efficiency of 27 % among short-range radios

in addition to PVT-robustness
<TUu02A>-<2> ® IMS renstonitiowesmposim 32
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PVT-robust Frequency Synthesis
A 67 uW, 27% GE MedRadio Transmitter

v Calibration-free

v' Regulation-free

v Best-reported low power of 67 yW and global efficiency of 27% for short-
range narrowband transmitters was achieved.

Future Work

v Integration with FBAR for higher frequencies e.g., 2.4 GHz BLE
v' Can, in theory, replace ILCMs with small frequency multiplication factor for
several other applications e.g., mm-wave frequency synthesis

<Tu02A>-<2>
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15 ANCELER S The Internet of Things ®
RFIC
* Miniaturized sensor
nodes
Wearables Automobiles
& implants & industrial
- © CE>
e Communication to a nearby data-aggregator A ))) g
0 I b '
(e.g., smartphone, smartwatch, etc.) 72(5::,2?"

Smart C|t|es & homes

P4

M} @ Ultra-Low Power Operation ﬂn
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