ASLEEP YET AWARE:
NEAR-ZERO POWER RF WAKEUP RECEIVERS
WITH AUTOMATIC OFFSET COMPENSATION
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Applications of Near Zero Power Sensors
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Applications: Emergency Response
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Applications: Smart Homes




Applications: Community Resource and Personal
Health Managemen
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Applications: Inventory Tracking
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Applications: Smart Agriculture
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Applications: Autonomous Vehicles
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Smart sensor node lifetime

10

——— ISIeep =0 nA

RF/ambient
No wakeup Stay on

Sensor Node Lifetime [Years]

WuRx WuRx
Self-Discharge Self-Discharge . : 1
Transmitter LLElE s 10° Activity Factor (N) [#Events/Hr] 10

- When considering a sensor node utilizing ~10mW on power life time
can be extended by years utilizing nanowatt level WuRx’s
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Event-driven smart sensor nodes
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- Ubiquitous, persistent real time environmental monitoring

- Operation over extreme time scales and environmental
conditions
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WuRx front-end architectures

Heterodyne RX
Y % RE x GiF

PLL v

Envelope
Detector

e Traditional radio reciever architecture

e Highest sensitivity
e Highest power

“Uncertain IF” RX

Baseband
Digital
Processing

Us S
S

e Unlocked oscillator into wideband IF

¢ High sensitivity

Baseband

—  Digital

Processing

¢ RF Oscillator required, IF gain

stages required
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Tuned Front End RX
T

e Input LNA for increased sensitivity
¢ High sensitivity
e RF LNA required

Detector First RX

. ...................... '
LS Baseband |0
[} Envelope ~ L.
0 % Detector -'lffg’- P D'glta.l :
0 rocessing
]

e Lowest DC Power consumption
e Moderate sensitivity
e No gain required at RF frequencies




System Architecture
This work: Detector First RX
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Envelope Detector comparison

« Optimal RX sensitivity requires: Dickson Passive Detector

1. High OCVS (Vp/Pge) D—T il
: = 1 1 1
2. Low output noise levels 1 | L ... 11 T 1_q
. . L
3. Low bandwidth reception - T T
e High Voltage Sensitivity ¢ High output impedance
a e Zero Power ¢ Zi vs. Conversion Gain
w Optimal for Poc <100nW
E Active Common Source Common Drain
..g Detector Active Detector Active Detector
@ Cross over point . o Low Voltage
® (>100 nA) * Medium Voltage Sensitivity
o Sensitivity e Zi vs. Flicker
tector : : .
e e Zi vs. Flicker Noise
Noise o Hi
D_'l e High Power High Power

Common Source Bias Current
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-
Matching-network ED codesign

Matching-network ED on 130nm )
on Rogers 4350 PCB _ CMOS Chip - For optimal output SNR:

D':___I : E; : * RRectz RQ

" " J_ ' - Two independent design variables

vl % % " I E available

i:,: ....... = --.E--EE.-F.--F. .: « Rp~DC channel impedance of diode

Ra= QwoL//Rsub Rrect = Ro/N « N~ Number of diodes
Crect ~CssN - Output SNR is a monotonically
SNRoy: = Nitp PinRp Ky increasing function of Rq
(Rp+NRy){/4kTNRpB . Increase Q factor

- Decrease capacitance

Rp
SNRop: « k /Rp Nopt = ==
p
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Baseband/Dickson envelope detector codesign

Front end noise sources

- In order to overcome input [ A _Vnrrin YN25* R
referred baseband noise: l\,\: . VneBamp [V 5roc \/NR)p
=~ —g—' S
* VnDet>VNAmp — 4—/"' VnAmpOC \/710
- For detector output Vno=(Vn re)HiRect(W)+k(Vn rF)2 +
impedance we find that: \- e e O )
* Rorect = NRp Detector transient
- Or that: Ropeq ~ NRq —_response estimation —/
- Where R, is the shunt vy '\’XV"‘° °'\’|¥V“\QM“E'° ouT
resistance of RF resonator nhRo o 2 n-1 n E
' Cc Cc Cc Cc| !
=i‘. ............ QO ===
= T N2RC
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-
Baseband Amplifier Design

--------------------------------------------------------------------- ' Simulated Baseband
Input Cascode Output Stage Amplifier Gain

30

a 25 [ RERES
: 1 5 ‘I“

'® 10[~-c=15pF
O 5|— ci=10pF

Power
supply filter .

i Sets Iower- ---------- ' l

Sets upper AC
cutoff  coupling

cutoff L : — Cu=5pF
3_;---?:'__ oo 102 10
' Frequency (Hz
Sized for |0 N Nq, Cy (t ,b) )
. Secaaad ' imuiate olise vontriputons
1/ noise E Referred to Comparator Input
--------------------------------------------------------------------- 8 x10°° :-EB ?n:\lp Noise
2, —Total Noise
 Introduction of low frequency transmission §4 4
zero rejects interferers 2,
 DC power level set by output noise of rectifier 2 .

100 102 104
Frequency (Hz)
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Comparator design

Flne offset control < E Coarse offset control

N 5 ;
; VIN' : Input | |_D
el k- I:Ilo—a—": preamp : Q _[>¢,|.[>,, o
: L : ! i CLK-> DFF
E_ . ' 4+ AoVRF-Vomset = =q=====cc---2d E
{ Latch for Gik Kickback 5 VDL
' ! = ' ' T comparator
+ regeneration | -.... Jh----- , reduction L Vy > ol D
' : Regen. ! Output

: L 0
CLK ' "

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

- Current reused between latching stage and preamplifier
- 9 bits of offset control allowing for ultra wide trip voltage range

'
qlilE UNRERSTY |



Clock source

5 Stage current starved ring Unit gain unit cell
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- External bias sets device bias and operation frequency
- Operates from 50 Hz to 10 kHz
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-
Digital backend

Comparator
Output

8-bit Shift Register
Correlator with False
Positive Error Tolerance

Ref Code o—+

o—1D Q

> DFF

D Q
> DFF

Inverted
Ref Code

D Q
> DFF

D Q
> DFF

False Positive
Counts

N,
i |
VA -9

T Y

0 99 U

4 /’ +
9 Error

Threshold

Only Tolerate
False Positive
Errors

‘0’ +

2 3\
—d)

False Negative Counts

- Asymmetric error tolerance increases robustness without
degrading false alarm rate

- <1 nW DC power consumption
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Automatic offset control algorithm

+ Rejects fluctuations due to PVT variation Automatic Offset
dynamically lControl Algorithm
- No input RF signal required for calibration 7/ SAMPLE / cggffgz
SIGNAL

Comparator Output False Positive

Interferer ) Interferer Rate with Automatic Offset Control
induced offset induced offset

p(VIX) N
| “Thermal ;
! v Drift [ 1

SAMPLE
INCOMING

* Est. Value
¢ Chip#1 Meas.
Chip#2 Meas.

o N

Comparator Output
False positive rate (%)
w & o

¥

Desired False Positive |
Rate at 1.5%

WAIT THR_O

\ ! \ CLOCK CYCLES
! !
L ! : ,E’ 2 \* o - *
1 : e COMP_THR - -
OV Optimum Vrr ' 50 100 150 200 250 3ooﬁ{zssn coum_z/ / COMP_THR+ /L
Decision Voltage Zero Threshold (THRz)
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Measurement setup for power and sensitivity

Observability
Power Supplies
Keysight B2902A
> Dual Channel
© Source Meter )
S > Receiver Power
E = Supplies
a o | Keysight B2902A
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151.8/433 MHz > 9 g Source Meter
.2kbps wakeup Tapped Capacitor >|>
Input Matching T R
I l I Network ! :
Ch1 ; Wakeup Keysight.D.SO-S
Envelope b ; $3 cMosChip out 804A Digital
Keysight M8190A oA S Storage
Detector BB Amp Comparator Dlgltal Loglc Arbitrary Waveform g Oscilloscope
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Sensitivity measurement results

0 Wakeup Receiver Sensitivity DC Power Consumption
8 10 ! ) i : False Wakeup Rate <1/Hr Oscillator = 0.3nW
7] ] Level Shifters = 0.7nW
.‘Eﬁ < 10" | 1 Correlator = 0.8nW
5 2 151.8 MHz : Offset Controller = 1.0nW
> 8 0 433 MHz
apd
=4 107 1 Baseband Amp = 2.0nW
2o 1 .
o] al 10-3 Sensitivity
o 10°
(a1 Comparator = 2.6nW
-80 -78 -76 -74 -72 -70 Total = 7.4nW
Input RF Power (dBm)
V.
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-
Automatic offset compensation and interferer

rejection measurement results

Fully-Integrated Automatic Offset Control Demonstration

Offset -75dBm -68dBm -75dBm Wakeup -72dBm

Control Wakeup Interferer Starts (Below Wakeup

Reset (Success) (3MHz from Sig) Threshold) (Success) 9.
~ 0.2 | Comparator Offset 7
S5 0 &

. l
“é., iy i s WH IR IHHM.HW[[ W T HM . é:,
% Baseband Amplifier Outpu ®
> 06 Comparator Out
©
> 9 '
> 1+ Wakeup Signal
0
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Comparison to the state

e
of the art

This Work Jiang Roberts Sadagopan Salazar Abe Pletcher
ISSCC’17 [1] | ISSCC’16 [2] | RFIC’17 [3] ISSCC’15 VLSI’14 |ISSCC’08
Technology 130 nm 180 nm 65 nm 65 nm 65 nm 65 nm 90 nm
Carrier Frequency 151.8MHz | 433MHz 113.5MHz 2.4GHz 2.4GHz 2.4GHz 925.4MHz 2 GHz
Power Consumption 7.4 nw 7.4 nw 4.5 nW 236 nW 365 nW 99 pW 455 yW 52 yW
Data Rate 200 bps 200 bps 300 bps 8.192 kbps 2.5 kbps 10 kbps 50 kbps | 100 kbps
D'Ss'pate‘:)i'f”ergy PE L 3703 37 pJ 15 pJ 28.8 pJ 146 pJ 9900 pJ 910pJ | 520pJ
Non-constant Envelope |Integrated Auto Offset 2-Step
Interferer Rejection Control Loop N/A N/A N/A N/A Wakeup N/A
Out-of-band Interferer High-Q FE High-Q FE Matching High-Q FE N-path filter 2-Step MEMS
Rejection Method Transofrmer Transformer Network Co-Design P Wakeup Filter
Sensitivity -76dBm*|-71dBm*| -69dBm®* | -56.5dBm? | -61.5dBm? | -97dBm? |-87dBm?|-72dBm 2
sensitivity with CW | 76 ygm 2| n/a N/A N/A 585dBm* [ -94dBm® |-84dBm®| N/A
interference
Die Area 1.95 mm? 6 mm? 2.25 mm?* 1.1 mm?* [0.0576 mm?*|1.27 mm?*| 0.1 mm?*

1102 Prob. of Missed Detection (PMD) 2107 Bit Error Rate (BER) *Carrier-to-interference ratio (CIR)= -30dB @ -3MHz offset, 10° PMD *CIR=-20dB
@ -3MHz offset, 10° BER. °CIR=-31dB/-27dB @ +/-5MHz offset, 10° BER °CIR= -40dB@ -3 MHz offset, 1% packet error ratio (PER)

* Active area

* Comparison made at initial publication of this work in February 2018
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Comparison to the state of the art (cont.)

-50 | T T I — T T 11 i T
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Conclusions

- Demonstration of -76 dBm sensitivity with 7.4 nW DC power
consumption
- Utilizing novel offset compensation algorithms calibration
can occur without power hungry RF test circuit
- Suppresses non-envelope interference
- Front end detector choice is a critical design parameter for

development of ULP WuRx
« Achieved 15.8mV/nW OCVS at 151.8MHz and 6.3mV/nW at 433MHz

- Total analog DC power <56 nW.
- > 30dB envelope interference rejection
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Front-end RF modeling

|N (o 0 —O— —O VmC O
ARG e ] o Sl fcpa,
MiT M MTM; My~ M, ST DT 2
ouT
woL L —ou
= C1—|— C2—|— Cn RD RD :: ICpar
i o__'r*ﬁ ) T L.
Detector Schematic Single Stage model at RF
. 2Y; C;
Yss = jow(Cpgr + 2Cp) + Z/RD — m/N Vp = V""C-i——lZC
i D

- Parallelization of single stage diode detector
- Utilize lumped linear network theory to find Z,, and V,
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Detector baseband response modeling

Detector expressions

(i) 2 Fo " ré_ X |_<|_§_ N
- A L A ouT N 2
R ol I[ff; WMo - o.[,\(?\: WH—o Vosig.e = Nip Z Vb
Vi Ay A'&. T Vi — Ro Ro Ro_l_Ro
FI—@- p— ci| ¢ C.| ©Cn ~
li li Ci i 0O vnOut 4kTypNRp
° = ° = Single stage expressions
Single Stage model at Equivalent baseband output 2
I, = upG.V,
Baseband i = UpbchnVp

12 = 4kTy G,

- Utilizing diode voltage found from RF models we apply a current
source in parallel with each diode to find output

- Detector noise sources appear in parallel with signal sources
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-
Measurement setup for interference

Keysight B2902A
Dual Channel
3 - Source Meter
o ~
148.8 MHz .2kbps Sl 2
Interferer Signal interferer =] =] Keysight B2902A
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Measurement results for RF-FE

Detector OCVS Versus frequency
28
- 45 Stage Low VT Dickson e
rectifier utilized: g
- Utilized RSCE to decrease § S H
RD to ideal value g
o 100 151.8 433 1000

« ~15mV/nW sensitivity Frequency (MHz)
. Response to -77 dBm input RF signal
- ~45kQ shunt impedance ' ' . - '

- ~ 650fF input capacitance

o
-
(3.}

o
-—
'

o
-
w

(=]
-
-

Front End Output Voltage (mV)
o
S

-0.2 -0.1 0 0.1 0.2
Time (mS)
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-
Simplified sensitivity analysis

- Under the condition C,,, > NCp

. 2 __ NupRpRpPRF _
* Vopc = NVi"up = Rp+NRp where Ry = QpLgeswo
NupRpRpPRF . :
« SNRyy: = . where optimizing w.r.t N gives:
(Rp+NRp)/4kTNRpB

* Nopt = };—i and SNRy,¢ < ppPin /Ry and SNRy,; is independent of R; at

Nopr

- 0
L R/IRGINIA



Full sensitivity expressions

« Assumption: Q, is independent of L .
» C,=NC,+C;
UpPinRpQnd Q
+ SNRope = —=—————i Mope = 4
2\/(Q1nd+QD)vn2QP "

Qp: a)OCPRD; QD — a)OCDRD; QD = a)OCDRD

where
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