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Background
* Available frequency in 2.4GHz and 5GHz is limited

— # of wireless devices is increasing in a dense environment

 WLAN next generation standard(IEEE802.11ax) improves
spectrum efficiency
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Features and challenges of 11ax

* Features of 11ax
-1024 (1K) QAM
* High throughput in narrow band
— OFDMA with non-contiguous CA

* Spectrum efficiency is improved

1024QAM OFDMA
« Challenges (EVM<-37 for 1KQAM)

— Extreme IQ balance over the wide bandwidth (IRR<-50dB)
— Low noise analog circuit (SNR>50)
— Better isolation among TLs (<-50dB)
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Key techniques of proposed 11ax AP SoC

11ax features
* Frequency-dependent IQ amplitude calibration
 Low-noise pure-current-mode TXBB

* Isolated LO distribution circuit among transmission line
— MIMO TRXs required long transmission line

Unique function of proposed SoC

* Interference analyzer
— Interference identification enables robust communication
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Outline

* Block diagram of proposed SoC
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Proposed 11ax AP SoC block diagram

« 4 TRX chains, 2 PLL

* 1Q error compensator

and current modes BB
for 1K QAM

* |[solated LO circuit for

non-contigiuous CA 7 :{m 2%

* Integrated Interference ‘a woeni@KoaclH |5
analyzer to avoid é_%;g?égs Iehaina Front-end
interference 56 Chamg.

PLL1®- LOMIX ILO1 j-"-Featured in this work

International Solid-State Circuits Conference

5G Chain1

2G Chain1

SHN2JID uoiNqLIsip Q7 p3je|os|

DCDC X0
] -~ 11 |Inter-
~ b -~ ADC ference
—— 1l T = |analyzer
X 1
- X
\/ 3— -
5G Chain0 Chain0
2G Chain0 Chain1

VI

with Frequency-Dependent IQ Calibration and Integrated Interference Analyzer

6 of 36



Outline

* Frequency-dependent IQ error calibration
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Conventional I1Q error compensation method

* Linear transformer and FIR filter compensates FI-IQ
error and FD-IQ phase error

* Frequency-dependent IQ amplitude error is not
compensated by using conventional method

Error compensation method §
Phase |Amplitude 71 .
Frequency- Linear(affine)
independent transformer
" —

Frequency-
dependent

FIR filter None® Linear
transformer
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Simple IQ error compensation matrix

* |Q error compensation matrix
— a: amplitude error,3: phase error

(5" 124

1Q error r
Q compensation Q’
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|Q amp./phase error conversion

* Rotation circuit is sandwiched between compensator

— Amp. error is converted from a to a cos 6 — ffsinf
— Phase error is converted from g to fcosO + asin@
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Rotation effects

* |Q amplitude/phase error is converted to phase error
only by rotating the optimum angle
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FD-IQ amplitude error correction

« Cancelling both frequency dependence only in
the phase domain
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Outline

* Pure current mode TXBB
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Proposed current mode TXBB

« OPAMP-less design contributes low noise operation
SNR is improved to >50dB

 Poor CMRR can be compensated by carrier leak cal.

Performance comparison (simulation)

Current | Voltage
mode mode*

SNR [dB]

Suppression™ [dB]

Area [um?]
*Voltage mode circuit is based on [3] and
. simulated in a 28nm CMOS
Cal Palals)l(ve **600MHz suppression
DAC “LPF VSS
Current mode TXBB (Qch is not shown)
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Outline

* |[solated LO distribution circuit

© 2018 IEEE 28.1: An 802.11ax 4x4 Spectrum-Efficient WLAN AP Transceiver SoC Supporting 1024QAM
International Solid-State Circuits Conference with Frequency-Dependent IQ Calibration and Integrated Interference Analyzer 15 of 36



All possible operation modes

* 4x4 transceivers has 4 configuration

* Isolation of -50dB is necessary among each
transmission line for EVM of less than -37dB
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LO distribution schematics

* Proposed schematic supports all configurations

» 2 stages are turned off at each frequency boundary
for better Isolation among transmission line

H>D>> < :Buffer EI mux[o] [SHndm <Jon <o S
Inssllnss o e
-/ \ ./ ./ L/ \__/ ./ \_/
VYV VV VV VYV \/ VYV VV VYV
[ chain3 | | Chain2 | | Chain1 | | Chaino | [ chain3 | | Chain2 | | Cchain1 | | Chaino
LO distribution schematics 4x4 mode
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LO distribution schematics

* Proposed schematics supports all configurations

» 2 stages are turned off at each frequency boundary
for better Isolation among transmission line
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LO distribution schematics

* Proposed schematics supports all configurations

» 2 stages are turned off at each frequency boundary
for better Isolation among transmission line

<|on Jon = off

SeI>1> < :Buffer EI:MUX

<H<<H<K
.--I r-l
-/ \ ./ ./ L/
VYV VV VV VYV

[ chain3 | | Chain2 | | Chain1 | | Chaino | [ Chain3 | | Chain2 | | Chain1 | | Chaino

SYNO

[ SYN1 |
[ sYNoO |
SYN1

LO distribution schematics 1x1 + 3x3 mode
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Outline

* Interference analyzer
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Background of interference analyzer

* Interference such as microwave oven and other
wireless in the 2GHz/5GHz band limit WLAN
channel and degrade throughput
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Concept of interference analyzer

* Time-frequency-analysis-based identification enables
optimum transmission strategy
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Proposed interference analyzer

* Three parallel detector
— Wideband detector: WLAN
— Narrowband detector: BT, radar

— Microwave oven detector: MW oven (including inverter type)

FFT

Outputs ...

Wideband detector H:I

Narrowband detectorl-_ti:

| Freq. domain‘
Power calc. ||: :

' Differentiator

Median filter I
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detection mapHLi
creation ¥

Tlme domain
Microwave oven(MWO) detector
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Time domain calculation

 Differentiator and median filter detect the inverter
type MW oven signal

a Inverter type
v, MW oven WLAN
ADC Outputs .., S ' : ' —
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Frequency domain calculation

* Frequency detection is done by detecting rapidly
changed waveform

_ Detected area:
Power calcu. _ Diff. power calcu. Power and differentiated
in each freq. domain in each freq. domain power are large

Freq

Freo

Time Time Time Time
1. Time detection 2. Power calc. in 3. Diff. power calc. 4. Time-freq. map
each cell in each cell
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Outline

 Measurement results
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Measured RX image rejection ratio

* Image rejection ratio is decreased after 1Q
calibration
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Measured phase noise of SYNO

* Phase noise is not degrade even if the other PLL is
operated and non-contiguous spectrum are measured
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Measured TX 1K QAM constellation
¢ 1K QAM with EVM of -38.1dB is modulated

E Keysight WLAN - Modulation Analysis = I
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Measured TX Downlink-OFDMA

 TX output spectrum are successfully measured.
EVM is less than -37.99dB
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Measured RX-OFDMA EVM

 EVM of less than -34.3dB are measured

RX OFDMA average EVM [dB]

=37
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Frequency [MHZz]
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Measured sensitivity

* 11ax signal is successfully measured with sensitivity
of -57.7dBm (5GHz band), -64.2dBm(2.4GHz band)
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Chip micrograph

« 28nm CMOS process
« Chip size is 44.6mm?
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Performance comparison

-64(TX, at 5MHz)

This work ISSCC2017[1] | JSSC2017[4] | ISSCC2014[5]
4x4 4x4 2x2 3x3
WLAN standards 11abgn/ac/ax 11abgn/ac 11abgn/ac 11abgn/ac
Process [nm] 28 40 40 40
2.4G -42.1(n,64QAM,-5dBm) NA -40 (20M, -41 (HT40,
' -42.5(ax,40M,1KQAM,-5dBm) Floor) -5dBm)
TX EVM [dB]
5G -38.4(ac,80M,256QAM,-5dBm) -36.5 -38 -37 (-5dBm)
-38.1(ax,80M,1KQAM,-5dBm) | (ac,80M,MCS9,Floor) | (20M,Floor)
-78.4(g,54M) _ _
RX | 24G ~64.2(ax,40M, 1KQAM) 77(LG,54M) 78.3(54Mbps) NA
sensitivity 65.4(ac,80M,256QAM) 62(ac,80M
dBm -bo.4\ac, ; —bZ(ac, ; _
[aBm] SG ~57.7(ax,80M,1KQAM) MCS9) 66(MCS9) NA
-53(RX, Ave. over 80M)
Image rejection ratio -58(RX, at 5SMHz) -61(TX,at NA NA
after cal. [dB] -61(TX, Ave. over 80M) 5MHz)
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Outline

 Background

* Block diagram of proposed SoC

* Frequency-dependent IQ error calibration
* Pure current mode TXBB

* |solated LO distribution circuit

* Interference analyzer

 Measurement results

* Conclusion
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Conclusion

* 11ax compliant AP transceiver SoC is proposed

* Frequency dependent IQ amplitude calibration
compensate the IRR less than -50dB

* Current-mode TXBB improves the SNR > 50dB

 |solated LO distribution circuit are presented for
better isolation larger than 50dB

* Interference analyzer detects MW oven signal
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An ADPLL-Centric Bluetooth Low-Energy
Transceiver with 2.3mW Interference-Tolerant

Hybrid-Loop Receiver and 2.9mW Single-Point
Polar Transmitter in 65nm CMOS

Hanli Liu, Zheng Sun, Dexian Tang, Hongye Huang,
Wei Deng, Rui Wu, Kenichi Okada, and Akira Matsuzawa

Tokyo Institute of Technology, Japan

28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar
Transmitter in 65nm CMOS



Outlines

* Introduction and Prior Art
" Proposed BLE TRX

* Measurement Results

= Comparison & Conclusion
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Outlines

= Introduction and Prior Art
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Introduction
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Prior Art: Hybrid-loop RX

X *
Yo KD DCTL
RX l: j av; Freq. Ka*Vyisturp
Input | NA° MIX LPF+PGA
Ref O——{ ADPLL I DCTL . KD FDCO
eo?égknce—r HappLL(S) | )t
(50MHz) > Hoi ofs
— oL p(s) — DbDL
. . \ A
DOL: Diatter Damoaviation ey [DEMOD [H. Okuni, ISSCC 2016]

© Good energy efficiency of demodulation(dual loop digitization)
© Good in-band and out-band blocker tolerance

® Limited dynamic range of digitization loop
® Suffer from unknown carrier phase
® Large ADPLL power consumption
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International Solid-State Circuits Conference Transmitter in 65nm CMOS 50f40



Outlines

* Proposed BLE TRX
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Conventional 1/Q RX

0.5mW 0.2mW  0.3mW

RX DATA

01001...11

‘3.6mW

Two down-conversion paths, LPFs, PGAs, and ADCs(1.4mW)

© 2018 IEEE 28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar
International Solid-State Circuits Conference Transmitter in 65nm CMOS 7 of 40



Single-Path RX

100kHz PLL Loop-BW

Ph dF
S S T S Y
1.1mW 0.02mW

* Narrow loop-bandwidth of ADPLL limits the convergence speed
 Still require an ADC with good dynamic range
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Proposed Hybrid-loop BLE RX

1.4mW 26MHz

Ref. Doubler

Wide Loop-Bandwidth ADPLL | RX DATA
w/ DBB, phase and freq. syn. —>

01001...11

« Greatly reduced RX power consumption (1mWw) ‘Z.GmW
« Enhance ADPLL loop-bandwidth using reference doubler
 Enhanced loop convergence time

 Enhanced dynamic range when using ADPLL as ADC

© 2018 IEEE 28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar
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LNA

PA

Proposed BLE TRX

26MHz

Mixer Ref. Doubler
LPF 'l Wide Loop-Bandwidth ADPLL | RX Data OU:
+PGA w/ DBB, phase and freq.syn. | - ---- --
01001...11
FCW(18bit)
-&« LO
Q T/RX Selection

i T/RX Selection

Single-Point TX Data IN
GFSK Modulator <

01001...11

 Reused wide loop-bandwidth ADPLL for TX
* Improved TX EVM performance by single-point modulation

© 2018 IEEE
International Solid-State Circuits Conference

28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar

Transmitter in 65nm CMOS
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Challenges of Proposed TRX
* Hybrid loop RX

— Phase-and-frequency tracking to synchronize LO phase and
incoming carrier phase
— High dynamic range when using ADPLL as ADC

— Wide loop-bandwidth ADPLL with low power operation

* Single-point modulation TX
— Wide loop-bandwidth ADPLL with low power operation

« ADPLL
— Wide loop-bandwidth (>4MHz)
— Good in-band phase noise (<-100dBc/Hz)
— Good fractional spurs (<-40dBc)
— Low power operation (about 1mW)

© 2018 IEEE 28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar
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ADPLL with LO Synchronization

Analog @ Digital
< . >

. 5MHz loop-BW ADPLL

LO | reused as ADC
Vee : Channel imi
| LPF : Sym. Timing
+PGA q;> —’@ {ADPLLI ‘(n’)\ Select FIR Recovery
Mixer out i
FCW Phase and Frequency ! Demod
Synchronization Path '
° ’\“S“ Timing l
Dig. FiIterl— | Error |«
Detector RX DATA
© Halving RX blocks in baseband
© No ADCs(LDOs, bias circuits and clock buffers)
© Enhanced convergence time(<8us)

International Solid-State Circuits Conference

Transmitter in 65nm CMOS
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Reuse ADPLL as ADC

a

Ponlt) (1)
t VCO 0 T
V/—\V/\ > | Input Range PGA 0utput>»g@_, V/&’/\V/\ t

Baseband Raw
Data 1Mbps

 PGA/LPF output inputs into varactor, and varies frequency

[H. Okuni, ISSCC 2016]
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Reuse ADPLL as ADC

Open-loop Operation:
ADC Path(Phase to Digital Conversion)
>

/ \ o () O (t
/\ t VCO PGA Output ouT . OUT( )
V V g Input Range 94: (\/\ Div. | TDC t
Baseband Raw \
D D_.(n
Data TMbps Frequency ’ CTJO\\:::))de Dig. Filter our(")
ouT
TDC
Voltage

Quantize Range
Highly Nonlinear Gain

@ Limited dynamic range by varactor linearity

® Waste of TDC range and resolution

® High power ADPLL with poor phase noise and spurs
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SNDR of ADPLL-based ADC

« Varactor Linearity

 TDC Linearity
Large Input ) SNDR =s)p ACR/Blocker etc.

« Varactor Gain

* TDC Resolution
Small Input -————ssssss) SNR =) Sensitivity etc.

® Larger varactor gain causes much poor linearity(poor SNDR)
® Smaller varactor gain stresses TDC res. and linearity(large power)
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Enhancement of Varactor Linearity

M /\t’I veo
V V Input Range

@ r(t) D .(n
PGA Output’<> >-; out ADPLL | OUT( )
y ‘

Closed-loop Operation:

Pre-distortion Path
Ves(t)

. MSB(8b)

< V" \ !f\ SMHz wide loop bandwidth

 Employ DAC feedback path at varactor input
+ Effectively cancelled due to large loop bandwidth

© 2018 IEEE 28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar
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Enhancement of Varactor Linearity
) /\t’l vco

V \/ Input Range V.t

EI High Gain

Integrator
®our(t) D, .(n
PGA Output’m é; out ADPLL | OUT( )
~/ | '
Pre-distortion Path
VFB(t) 4. ............
Frequency DAC . MSB(8b)
Used portion A
Voltage «
> V
Highly Nonlinear Gain
* Only residue signal at varactor input
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Enhancement of Varactor Linearity

[ /\t VCO tl ... . o (t) i
> ] ngh Galn : m I
\/ V anm Range Viunelt) I Integrator Doyr(n)

PGA OUtpUt’m }ﬂ; (DOUT('I:) ADPLL DOUT(n)
~N | g
Pre-distortion Path
Ves(t)
4. ............ MSB(8b)
DAC =

© Enhanced varactor linearity
© Benefits from TDC resolution improvement(ADPLL also requires)
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Enhancement of Varactor Linearity

26MHz Ref.

!

PGA Output Pour(t) Dyyy(N
— 5@ o > ApPLL |2}

- A

al

_ FLL Path(12b)

Pre-distortion Path
Ves(t) and PLL Path

MSB(8b)
DAC ¢

* Reuse DAC feedback path as PLL path
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Enhancement of TDC

0. 057TI—°U°0°—> C\S\YM >2TL‘

PGA Output {) Ooslt) Divider Ol
P@—b >
¥¢Dlv(t) l
FCW —/->| Control

- 2m is equal to one oscillator period
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Conventional Phase Quantization

0. 05n1—°o°v°—> ﬂﬂ >2n

PGA Output m Dour(t) D'V'der Proc(t) TDC w/

Y > over 2m range
q)DIV(.I:) I
FCW —/->| Control

PLL Path

)

@ Poor TDC resolution and linearity
@ Large power consumption [H. Okuni, ISSCC 2016]
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TDC Requirement:
« 2ps Res.(-110dBc/Hz)
* 0.5% INL (<50dBc)

|TDC > 1mW




Enhanced Phase Quantization

0. osni—%ﬁoﬁa o.osni—avava—t>

PGA Output q)OUT(t) DIVIder D,-I;\C ¢TDc(t)> TDC w/ zps Res'
- 0.1m range
Donlt)

tlzn- q)DTC(t)
FCW —/->| Control I IZn
I t
>
PLL Path

)

© Enhanced TDC resolution(2ps) and linearity
© Wide loop bandwidth operation with good in-band PN and spurs
© Lower power consumption
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Measurement Results

4 SNDR(dB) —a— Conventional
—4i— Proposed
45
Min. Required SNDR 18dB
35
for -3MHz ACI Improvement
25
4b =» 7b as ADC
15
o Input Amplitude(dBFS)
>
-40 -30 -20 -10 0
TDC-Resolution Dominated Varactor-Linearity Dominated
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RF

Mag.(dB)1

V VTUNE
BB LPF ; St @ )
Mixer +PGA @

Interference Immunity of Hybrid-loop

Lo Analog Loop
—

4th-order

Open Loop TF

© 2018 IEEE

or SY o™ /  Analog Loop:
 Narrow-bandwidth high-order LPF
to suppress blocker power

48dB

-80dB/dec.
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Interference Immunity of Hybrid-loop

VTUNE
ADPLL X
? "@" wi 5MHz Bandwidth |

<
< DAC

Mag.(dB)$ —
Digital PLL Loop

9dB Improvement

f  Digital PLL Loop:
 Wide-bandwidth ADPLL to stable

-20dB/dec.  hybrid loop at blocker power
-80dB/dec.

More than 57dB blocker immunity over 3MHz
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Outlines

» Measurement Results
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ADPLL Phase Noise

“ T T e IRequirement:
:;g « >4MHz bandwidth

o ol PLL | » <-40dBc spur
50 1gIta oop On
e P . <-100dBc/Hz in-band PN

-70
-80
400 » 5MHz bandwidth
20 . <-50dBc fractional spur

a0 "+ -110dBc/Hz in-band PN
160
-170

1K 10K 100K 1M 10M
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10

10
-20
-30
-40

-50 °

-60
-70
-80
-90
-100
-110
-120
-130
-140
-150
-160

-170 '
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Phase Noise w/ Hybrid-Loop On

Carrier 2445750197 GHz ~ -9.5548 dBrm

Digital PLL loop on

t
-110dBc/Hz@300kHz

1K

10K 100K 1M

10M

10
0
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100
-110
-120
-130
-140
-150
-160
-170

1K

HHHHHH

Carrier 2.4495750166 GHz -9.5566 dBm

Hybrid-loop on
w/ BLE signal input

Tl f%\wum\dw

-95dBc/Hz@300kHz ,%
~0.8dB Int. PN degradation

et

10K 100K 1M 10M
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Phase and Frequency Synchronization

2" : : ‘ ' ! ' ! ! ' T ' 1| Horizontal settings Py ? : ' ! ' ' T ' T ‘ T ' |__Horizontal settings
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Data Demodulation and Sensitivity

TX Data:

RX Sensitivity

]_ﬂ ﬂﬂHH| H\ H s BER vs RX Input Power

Horizontal settings 1 4
es: 200 ps /5 GSafs n

¢ len: 200 kSa RT

ti

"PGA Monitor Out(DPSK data)

Level: 1855V

A A b i 5 "\ ion:
AL LT Vi ¥ " " F o ¥ 44 A\ I A Triggersettings
e 48 ¢ 4 [ L g ] . Mode:  Auto 0 1
1 f Type-A: Edge £ Ch - 2

BLE Requirement

-101000000101001()”_10111100101110111ooommv,d | @ - l
- = S gp' SalThiOF | &’0 08
7RX Recovered Data Out oy Y-

|Sd SDUde
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Interference Tolerance

ADPLL w/o DAC feedback(Open-loop): (~4b ADC)
RX ACR Performance

0 49

L®) .
€, \ -3MHz ACR does not satisfy
O .

s A 4 the BLE requirement

2 20 O O

(¢))

¥ 19 A

S

c 0 A Conventional (Open-Loop)

% 1 A O BLE Spec.

£-10 0 0

2.20

"3 2 4 0 1 2 3

Adjacent Frequency(MHz)
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Interference Tolerance
ADPLL w/ DAC feedback(Closed-loop): (~7b ADC)

~ RX ACR Performance RX Blocker Performance
40 1
e o ¢ =10 This Work
c ® =
R 3°Q A o o O
0 A e =
.q_,, 20 O 0O Q -10
)
% 10 " n%_ -20
® Proposed (Closed-Loop) “ .
g 0 ¢ A Conventional (Open-Loop) _3 -30 BLE ReqUIrement
g 10 A 0O BLE Spec. 8
T 0 0 m 40
€-20 -50
-
= -3 A a? 4 0 1 2 3 500 1500 2500 3500
jacent Frequency(MHz) Frequecny(MHz)
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TX Eye Diagram and Spectrum Mask

Eye Diagram
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10dBidiv  Ref 10.00 dBm
Log

Mkr1 2.434 00 GH
-11.345 dBm

0.00

-10.0

Spectrum M

=200

r
<

ISK

-30.0

-40.0

-50.0

e WW
-70.0

L

dl
«

-60.0

Wide ADPLL loop BW

for single point mod.(~6MHz) ]

Center 2.434000 GHz
#Res BW 100 kHz

#VBW 300 kHz

Span 10.00 MH
Sweep 5.00 ms (1001 pts

28.2: An ADPLL-Centric Bluetooth Low-Energy Transceiver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar

International Solid-State Circuits Conference

Transmitter in 65nm CMOS

33 0f 40



Power Consumption Break Down

3. 1mW TX@-3dBm Output

N

1.9mW

-
(&)

TmW

o
)

0.2mW

Power Consumption(mW)

o

ADPLL PA DBB
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2.6mW RX@Max. Gain

N

-
()

1.1mW

0.7mW
0.5mW

l 0.3mW

ADPLL LNA+Gm LPF DBB
+Mixer +PGA

Power Consumption(mW)
o
o -

o

iver with 2.3mW Interference-Tolerant Hybrid-Loop Receiver and 2.9mW Single-Point Polar

Transmitter in 65nm CMOS 34 of 40



Chip Photo
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Outlines

= Comparison & Conclusion
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RX Comparison

This Work | ISSCC 16[1] | ISSCC 15[4] | ISSCC 15[5]
Technology 65nm CMOS | 65nm CMOS | 40nm CMOS | 55nm CMOS
Intearation Level RF+ADPLL | RF+ADPLL RF+PLL | RF+PLL+DBB
9 +DBB +DBB +PMU +PMU
RX sensitivity -94dBm -90dBm -94.5dBm -94.5dBm
RX ACR 1/31/36 dB | N.A./24/29 dB | 2/32/N.A. dB N.A.
RX 'B(ffzkggoﬁl'_f;a"ce -1dBm, -6dBm, -18dBm, 4.5dBm,

- m, - m, - m, - m,

! 13dB 22dB 28dB 9dB
2003~2399MHz,

-12dBm, -16dBm, -28dBm, -9dBm,
2484~2997MHz, 1dBm 0dBm -13dBm >9dBm
3000~12750MHz)

Power Analog 2.3mW 9.omW 6.3mW 11 2mW
- ZMm
Consumption DBB 0.3mW 0.5mW N.A.
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TX Comparison

This Work VLSI 16[2] ISSCC 15[3]
Technology 65nm CMOS 28nm CMOS 40nm CMOS
: 1-Mbps 1-Mbps 1-Mbps
Data Rate & Modulation GESK GESK GFSK
TX Architecture Single Point Two Point Two Point
Supply Voltage 1V 0.5/1V 1V
FSK Error(EVM) 1.89% 2.67% 4.8%
TX Output Power -3dBm 0dBm 0dBm -2dBm
Power Analog 2.9mW omW 4.7mW 4.2mW
Consumption DBB 0.2mW N.A. 0.2mW

© 2018 IEEE
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Conclusion

The proposed BLE TRX achieves 2.3mW in RX mode
and 2.9mW in TX mode.

ADPLL works as ADC, and interference performances
are improved by DAC feedback technique.

Phase and frequency tracking loop by ADPLL
improves hybrid-loop RX sensitivity.

Single-point modulation mitigates calibration
requirement and improves the EVM.
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Outline

Introduction

The proposed BLE/BTS radio

— Phase-tracking RX with hybrid loop filter
— Frequency-Modulation (FM) interface
— Digital-assisted automatic calibrations

Implementations
— Receiver
— Transmitter

Measurement results
Conclusions
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Bluetooth for loT

1000
—~ ®
S ®ISSCC 9 B 5
£ S~o AProduct IUEtOOth
= 100 © 3\3 CC2541
5 0%~ 0" NRF52832
a NRF51822 S~ A
S 10 DA1458x/[S6CC'15 A ‘
= @3~ ARL78/ISSCC'15 -
O
. A3 23mwW L
1
2000 2005 2010 2015 2020 ‘ 7

Year

« BT5: 2x higher data rate, 4x longer range, 8x longer packet to improve
broadcasting capability

 Requirements:

— Low-power and low supply voltage for long battery life time
— Small die area and low BOM for low cost and module size
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Longer battery life time

Discharging curve of a

voliage(v) 1,5V Alkaline coin battery =7 =7
16 , 1¥1.5V | | 115V
(\
\ =7 Buck- B
_ | o . uck
14 AN ki | boost
\ po 6.2kQ
s X oad | 125V 0.95V
\ 3kQ ‘ [ LDO ] l [ LDO ]
1.0 load
\ Reduce 1.1V 0.8V
08 voltage
1.1V radio 0.8V radio
0 200 400 600 800

Discharge Time(hrs)

C

Reduce RF supply from typical 1.1V to 0.8V

)

« Extend battery life up to 50%
« Simplify DC-DC design (no boost) & improve efficiency + wide range of energy source
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Outline

* The proposed BLE/BTS5 radio
— Phase-tracking RX with hybrid loop filter
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Prior-art: phase-tracking RX

LNA Mixer LPF

ADC Dpem. freq.

- >R\

out (1b)

~d

Digitally-controlled
oscillator (DCO)

Carrier
freq.
tracking

e Pros: e Cons:

— Low supply voltage
— Low-power
— Low-area

© 2018 IEEE

—

Liu., ISSCC’17

— Limited Adjacent-Channel
Rejection (ACR)

— Sensitivity degraded due to
lack of frequency control
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The proposed BLE/BTS radio

Matching 10101100 """

Network J_ ’

— l@ |- RX digitel

; /\ o = " cro | | arc| |PHv.DBB
: 1 clk loop filter

o X0

: TX mod.
11 Class D R RX demod, ___F

Matching PA

Network E
oA O R—P

Kgeo cal.
Divider-less snapshot ADPLL

Digital |0 Interface

* Phase-tracking RX with hybrid loop filter for interference resilience
« Digital TX: divider-less snapshot ADPLL to define initial frequency + Class D digital PA
« Digital-intensive front-end and digital baseband enabling automatic calibrations
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Adjacent-Channel-Rejection (ACR)

“ LNA  Mixer ALF ‘ Comparator Error sources Solution

| RF 1 ox 3 s TP Pres Analog loop
] N T Interference residue filter (ALF)

F)int,bb

‘ Signal 2
‘ : Due to DCO X
Interference Liu., ISSCC’17 i slide-lobe energy

DCO side-lobefinterference impact
Signal + Interference

— Pintbb

Psig,bb

SNRjpt =

DC 2.4GHz Frequency P int.bb
‘/ SNR_ _c_ie__gradation! !

4 F
DC 2 4GHz requency

-
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Proposed: Hybrid Loop Filter

LNA  Mixer ALF Comparator

PSLE i DCO side-lobe noise :

Error source Solution i N i

i | Without DLF ;

Pres Analog loop ' | with DLF :
Interference residue filter (ALF) E E
’Dint,bb E E

Due to DCO Digital loop ; a
slide-lobe energy filter (DLF) v F_ requency;
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Design trade-offs in hybrid loop filter

LNA  Mixer ALF Comparator

RF —I>l®i \ 4
fC“(

2 DLF

fclk
i SNR degradation (dB) E
; 5 ! Analog loop | Attenuation | Pres | Delay
: ; E filter (ALF) t © ®
T il : : Digital loop | Attenuation | Pg ¢ Delay
y : ; : filter (DLF) t © ®
1 MbpS O5|JS E E}l [ ) : ’ tl.f;r..'[:‘ (TL:';,-mtr_‘I) :
2Mbps | 0.25115 0 025 05 0.75 1
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DLF with Loop delay compensation

LNA  Mixer ALF Comparator

RF W | 4,
1:clk

2 DLF

Loop-delay ||«
—P L‘ compensation

tcmp

fclk
» Key of DLF: I—» |/ i
— Reduce DCO side-lobe f :
— Minimize loop delay {  phase(H) N E
_ : e i
* High-pass : :
_ i group f i
— Inherent negative delay i delay(H) mgatwe solay

.......................... -l
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Digital Loop Filter (DLF) architecture

RX digital loop filter (transposed structure)

] Integral [ /"

: Uz I \ %aq%b1—>11 Derivative:T eo

: i D > z i 1 0
Comparatorout_.: ProportlonaL ; 6 R $_az " ] 7

1| Derivative | 1.7 a
> %1— 3—}T—b3 g
3—84 —i

-----------.1.

 Side-lobe filter: 4" order Chebyshev notch filter
* PID (Proportional, Integral, Derivative) compensates delay
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Measured DCO side-lobe energy (SLE)

Wdlay  Ref4000cBm e Ref 40,00 dBm

. I.IE e spy Y TP I.I-.J
b /ﬁ‘n\ = -]; |
© Ta— T 43 de 14 P— .

W (RN

ler MGHE T apnoMICenter ZHORE | i
es B 20 kHz VEW 2KHz Sweep 358.7 maRes BW 20 kHz VBW 2 kHz Sweep 558.7 me

DLF=OFF DLF=ON

-3dB
SLE_219=-33.5dBc —) S| E 2"9=-36.5dBc

SLE 3'= -41.5dBc =——295-p SLE_3=-47.6dBc
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Outline

— Frequency-Modulation (FM) interface
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ADPLL-based FM interface

Kago Cal. 2" point E
Divider-less snapshot ADPLL

* Define initial frequency
« Enable the frequency deviation (k,.,) calibration
« Hardware/calibration reuse between RX/TX

© 2018 IEEE
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Frequency deviation (k,.,) calibration

LNA  Mixer ALF Comparator « DCO gain (kdco) suffers from

- 3 —\r A PVT variations
‘> X e | fox « Can be calibrated thanks to

L= the ADPLL
—> _x- tDLF

-80

o
o

©
O

+
N
w
)
-~
I
N

i

1

|

1

1

[ |

]
]
1
i
[ |
1
1
1
Sensitivity (-dBm)

-250kHz

Ko Error(%)

Impact on TX Impact on RX
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Outline

— Digital-assisted automatic calibrations

© 2018 IEEE
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Digital-assisted automatic calibrations

LNA  Mixer ALF Comparator
RF ‘ > 1 ® 3 ‘ 4 | >
fclh:
2 DLF
b\

Problem Solution
DC offset error DC offset calibration
Coarse frequency offset error Coarse frequency offset

calibration (CFO)
Dynamic frequency error Automatic frequency calibration
(AFC)
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Outline

* |Implementations

— Recelver
— Transmitter

© 2018 IEEE
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RX architecture

LNA Mixer TIA Type-ll Chebyshev
— low-pass (3" order)

2
s

Matching
Network

Comparator

fclk

Loo-¥ L¢d 2o

T
v

LO
buffer

* To ensure 0.8V operation
— Inverter-based LNTA to maximize gain with low-power

— Passive mixer with low-pass at TIA input forms bandpass
profile to enhance Out-Of-Band (OOB) blocker performance

— 1b ADC
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Digital TX: ADPLL

FCW Modulation
| data
69: Kpeo cal. l I
: High freq. path 3! J[ DCO
iLowfreq.path ] ¢ ] buter
—| s DPLL loop filter %
<
PHRe PHE: N
fore |, «— loop gain
calibration I
CLK_REF ‘ ‘ Y. He, 1SSCC’17
DTC »| TDC Snapshot |

* Divide-less snapshot 415uW DPLL
* Low supply voltage and small area
« Enables the K, calibration reuse between RX/TX
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Digital TX: Class-D PA

PA un.it cell, x8 PA output

élin %t:put | /fc;m‘ ff'czo

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

A. Ba, RFIC'14

 Digitally reconfigurable output power
« Max. 1.8dBm output power with 30% efficiency
* On-chip matching

© 2018 IEEE
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Outline

Measurement results
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Die photo

40nm CMOS

Small core area (including on-chip matching): 0.8mm?
— 3 on-chip inductors

All circuits measured at 0.8V supply

© 2018 IEEE
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Blocker performance (ACR, OOB)

40— 20—

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

g

c 3

= m : :

5 = ’ E

-d—'- s '10"'" B :' (i [
& 2 | 5 s |

S = -

§ % -20 "'0"ThIS‘;'WOI'k' R
5 = |A[1] ' 5

= [1]

-30

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

x[2] . . .
sofmfl
- BLE spec. : :

5 1 i ; j
_ 1%00 1500 2000 2500 3000 3500
Adj. Channel number Blocker frequency(MHz)

« With -67dBm GFSK desired input signal
« 2~7dB ACR improvement compared to prior-art
* On-par OOB performance without image issue
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Sensitivity performance

; —— -88——
81 r cho call N

DC offset caI

Varlatlon of

Varlatlon of

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

Sensitivity (-dBm)
Sensitivity (-dBm)

; H , , :
-15 -10 -5 0 5 10 15 -96 : '
K., Error(%) %0 40 20 0 '20 40 60

DC offset Error(mV)
-95dBm/-92dBm at 1Mbps/2Mbps
Automatic calibration ensures the performance
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Packet-based operation in real time

I "
1 PLL | RX '°°pi E DC offset E Waiting for packets i BLE packet
:|00k| close ! i Cal. | !
. OO ' >
: M#szggfﬁ.& @5343”3505“_‘_ S 13;2822'083"” f 1Ezu,u; EEE Msognagajn, MYE?%%?JBP 'T'Ef‘ﬂfagnaéé'fafginﬁﬁw u 1520: 10003 Trigd? 1,
I ! Signal ] | _.
: T T det. flag ;e |
: :mw&‘“r .L.._._....._._.h:retar;;ble Hpmbinsbispisiemmisinl | Preamble (10101010) |
o I N Y D et. fla ‘ - ' i
| it e - 0 *?—*“h*"*’*"ﬁ..rm.f;‘ih = R
I+1 [ )L | LI\IHJ LU [ ARSI AR IR 1Ll | N 8 8 . . ‘
: LN oo (TG
| ; | |
, : o R
I ] ]
R ——
 DBB enabled packet-based operation
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Power consumption

o Everpy Dot RXs WSCCISSCIVS)

=70 ()] ° @ @ FSK/PSK RXs ISSCC/ISSC/VLS!
'E' g o8 o @ FSK/PSK RXs product
% 80 ~‘\ ::i o @ < : & LiThis work \ ‘
— I N @ %% cgs s 4%
£ Ne 9 0 o Best sensitivity
3 -0 P i A -
2 Shot &R . FOM
§ -100 Q& P @ 9 ' L o = LNAMX = LO buffer = LPF/CMP = XO = DCO = Dig. Loop filter
§ / N o ©

-110 \~ @ .

RX FOM 2 180dB N © ° RX power (max. gain):
420 Ny . ° 2.3mW@0.8V
1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

Energy Efficeincy (Ppc/Data rate, nl/bit)
FOM = -sensitivity-10 X log(Pp./Data rate)
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Performance summary

This work [1]J. Prummel | [2] T. Sano [3] X. Wang F.W. Kuo
ISSCC’15 | ISSCC’15 ESSCIRC’16 JSSC’17
Standards BLE BT5 BLE BLE BLE BT5 BLE
Data rate 1Mbps | 2Mbps 1Mbps 1Mbps | 1Mbps | 2Mbps 1Mbps
Supply voltage 0.8V 0.9V~3.3V 1.1V 1V 1V
Technology 40nm 55nm 40nm 40nm 28nm
Integration level RX/TX/partial DBB SoC RX/TX SoC RX
Zero-IF Low-IF Sliding-IF Sliding-IF High-IF
RX architecture phase-tracking Cartesian Cartesian Discrete-Time
Image rejection. No image No image 70dB 35dB 42dB
RX ACR (2nd /3rd) 18/30dB | 18/29.5dB - 32/-dB >17/27dB -
RX worst-case OOB -17dBm -9dBm -28dBm - -25dBm
TX max. Pout 1.8dBm 2.3dBm 0dBm 1dBm 3dBm
TX Freq. Error 2% 1.4% - 6% 2.67%
Radio area 0.8mm? 2.9mm? 1.1mm?2 1.6mm? 1.9mm?
RX sensitivity -95dBm*| -92dBm* -94.5 -94.5# -93# -8 5# -95#
RX FOMgg\** 181.4dB | 180.4dB 174dB 172dB | 179dB | 170dB 180.6dB
Power cons.
RX font-end| 2.3mW | 2.9mW 11.2mW 6.3mwW 5.6mw 2.75mwW
TX front-end| 6. 1mW | 6. 1mW 10.1mW 7.7TmW 9.4mW 3. 7mWi#
RXDBB| 0.74mW | 1.1mW - 0.6mW

© 2018 IEEE
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* Based on BER,

# Based on PER,

** RX FOM=-sensitivity-
10 Xlog(Ppc/Data rate),
## at 0dBm output power
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Conclusions

« ABTS/BLE radio in 40nm CMOS is presented using
— Single-channel phase-tracking RX with a hybrid loop filter
— ADPLL-based FM interface
— Digital TX

* Featuring
— BTS5-compliant
— Lowest supply voltage 0.8V
— Best RX Figure-Of-Merit (FOM) 181.4dB
— Small core area 0.8mm?
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A 0.45V Sub-mW All-Digital PLL in 16nm FinFET for
Bluetooth Low Energy (BLE) Modulation and
Instantaneous Channel Hopping using 32.768kHz
Reference

Min-Shueh Yuan?!, Chao-Chieh Li!, Chia-Chun Liao1,
Yu-Tso Lin', Chih-Hsien Chang', Robert Bogdan Staszewski?
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Outline

0 Motivation

— Focus on frequency synthesizer for Bluetooth Low Energy (BLE) in
the most advanced CMOS (i.e., FInFET)

— Elimination of crystal oscillator (for further energy reduction)
— 0.45V operation (for energy harvesting)
— <1mW power consumption

O Proposed Structure

— All-digital PLL (ADPLL) with combined 2-point modulation and
channel hopping

[0 Measurement Results
0 Conclusion

© 2018 IEEE
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Current Paradigm

O Frequency reference: crystal oscillator (XO) of
tens of MHz

O Wide PLL bandwidth of >100kHz to quickly settle
DCO to a new channel and suppress low-frequency
DCO phase noise

O ~1V supply voltage with high power consumption




O Burns ~100uW during continuous operation

Crystal Oscillator at Low Duty-cycle

O Hence, must shut down periodically
O Restarting is energy intensive: ~1mW over ~1ms

Power ! -
consumption FLLsampling period=
A ”]:_/fXO
P e HitHH [t TITIE
£
LN
=
Z
5
%4
Q)
(V]
(a1
T S N
0 I Sleep > < Sleep >
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Power consumption (W)

>

F’p W
p Pxo.st=1mW
- so'to5,w_[RTRNETIN
71l

Ti

e(s)

H
Dp= 250 ps

[5] R. Thirunarayanan, et al. [IEEE TMTT
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New Paradigm

O Eliminating XO by resorting to 32.768kHz real-time
clock (RTC)

— NEVER shut down
— Ubiquitous in all loT hosts for TX/RX scheduling
O But, 2 new challenges:
— Slow settling due to ~1kHz PLL bandwidth
« Comparable to entire BLE packet of ~0.5ms
— Difficulty of precise frequency hopping and modulation




Proposed New .

Paradigm

O Replace conventional FCW,p O
channel settling with

band Settllng_ (Clocked at fgrer = fxo)

O Close-loop locking on (e fo=8..40MHz)
middle CH20 after
power up and staying  FCWcu

—» CKV

there

I:CWCH 20

O Instantaneously hop

. FCW,,, &
the DCO resonance via M

a 2-point modulation
(CIOCkEd at fREF - fRTC)

(e.g., fRTC = 32.768kHZ)
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Acquisition of BLE Channel Hopping and Modulation

O 80MHz band span with 2MHz of channel separation

[0 Modulation index of 0.5

freq CHA40, 2480MH; ..3250 kHz
—t — 4
B | _—_ Ho GFSK frequency
CH20, 2440MHz 250 kHz modulation
< > 80MHz Band
— ’ | = CH1,2402MHz |
- 250 kHz
< > ¢ >
Normal lock to CH20 Frequency hopping: CH1~CH40 >t
TX_START | | I
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2-point Modulation (Background)

O Most popular technique for short-range wireless
O Modulating data fed directly into DCO

O Compensative data fed into phase detector

O Requires knowledge of DCO gain (Kycp)

— Kpco accuracy of few % needed for “ALL PASS” modulation

Afop

compensation
path

L |9

z-1

1/f,

[6] R. B. Staszewski, et al. IEEE TCAS-II
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How to Leverage 2-point Modulation for
Instantaneous Channel Hopping ?

O Lock to middle CH20 (2440MHz) after power up and stay there
O Instantaneously hop DCO resonance via 2-point modulation

> CKV

(CIOCkEd at fREF - fRTC) I I 2 | I
(e.g., fRTC = 32.768kHZ)

D28.4: A 0.45V Sub-mW All-Digital PLL in 16nm FinFET for Bluetooth Low Energy (BLE) Modulation and Instantaneous Channel Hopping using 32.768kHz Reference



Frequency Hoppingand MJ_I-M_(IJ__rcH_3_c“= Bird,s Eye VieW Of the

Modulation Control (SRAM) | CH20 p======f==

CH1 CH10 t
" Pr d ADPLL
Y]
2| )| rew opose
g
= FCW,,,.
E CH-20 fR
* * KDCO
+(@)
FCWos PAE
OTWenzo * two-point
FCWey, OTWpy, modulation
%)
y Digital Loop Filter !
Reference Rr n Pe h Filtered ¢ =f)(\ PVT,COAR,FINE
Accumulator < . \C/ .
32 :G-SrSCkH 7Rv A Variable 4
) z fq Accumulator<g<
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If fz | Kpco OVer Estimated...

O Longer hopping settling due to large hopping frequency error
O Modulation index too large

Frequency
hopping

© 2018 IEEE

CH40
N

~ CH30
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fey+ 250kHz

fon

f
A

GFSK Data Modulation
l_l $-~~‘

vtoolﬁgh
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index

CH20
CH1 _7 CH10
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Frequency Accuracy of Hopping and Modulation

O Hopping frequency range from CH20
— (CH-20) * Afoy (=2MH2z) = OTW 00 * Kpco
— OTW_ oo = (CH-20) * Afoy I Kpeo
= [(CH'ZO) * AfCH / fR] * (le KDCO) = FCWCH-ZO * (fR / KDCO)

O GFSK modulation range of £250kHz
— OTWey = FCWey * (fr / Kpco)

Precise Ko is @a MUST
for precise hopping and modulation !
Currently, previous packet information thrown away.
Why not learn K., from previous packets ?

© 2018 IEEE
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el e . Bird’s Eye View of the

Modulation Control (SRAM) | CH20 f==—===f==4 =
CH1 CH10
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s - Filtered cb:l c .
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FCWey, OTW,y, modulation
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LMS-Based Calibration of DCO Gain (Background)

O Adapt K, forcing filtered @ to zero

Afop

compensation [6] R. B. Staszewski, et al. IEEE TCAS-II

Aty path IR Filter
¢E = F|Itered<1>E /,
1/f, :Qx Gradi?nt Initial Load
p Filtered ;> 53"‘2'9"
I 0
Delay I

Zero- edgef
Data Fc‘?’ :I> crossing |{-1, +1}
R detector
fa / Kpcoln] = fr / Kpco[n-1] + u *V[n]
VIn] = (filtered ¢¢[n]) * sign(FCW)
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DCO Gain Calibration via Hopping Perturbation

O Leverage hopping perturbation as the modulating data
applied to LMS loop

O Adapted K,.o of hopping tuning bank on the middle CH20 of
2449MHz

' [\ CH40

Frequency \EHBO CH20 Gradi?nt Initial Load
hopping 7éCH1 CH10 . y fR

Filtered ¢E'>| Sampler

? Kbco
Filteredp, O ———> t
Delay I M
CH edgef
. . - . =

Gradient(v) O T 3 5t ;. —psign(CH-20) |{-1) +1}

0 T ? Q 9

fe / Koco
error (%)

>t fe / Kocoln] = fr / Kpco[n-1]1+ p *V[n]
VIn] = (filtered ¢¢[n]) * sign(CH[n] - 20)

o Calibrated value
o o

fr / Koco 0 | ? 1
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. - y .
reenoronnene | oo Bird’s Eye View of the

T T CH1 CH10 .
| froun, ! gt Proposed ADPLL
s Filtered ¢ .
3 »| Calibration
S FCW 120 —
O fr
Ll
* * Koco
A\ 4
FCWna0 6;
5 OTWet20 * two-point
FCWFMA OTWpy, modulation
"X)
y Digital Loop Filter 3
Accumulator ‘ " %4 .
32 :gsckH 7R\, 1 Variable 4
’ Z Accumulator<ge
FREF
fo, e =128 CKV 1'2
LO out
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Transformer-Based DCO

O 1:2 transformer for passive voltage gain
O Impedance transformation to generate finer resolution

o+ L
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2w Al LC
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Fine 128b

g i |
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Hop1 8b

+—]| |—o/o— EREPY
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FM 128b

I—o/o—l
I I—o/o—
VDD
Vg
PVT 32b
Hop1 8b
|—0/o—|

s o I

+

4
|
|
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Transformer-Based DCO

O 1:2 transformer for passive voltage gain
O Impedance transformation to generate finer resolution

2]
o

1 :
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A oo

1
Joco = S JIC

o+ _|
o o— |+

o o 1
sbabalalalor Jalglel oo L
— > D 2 - g >0 % o 27~NLAC
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s o -4
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Transformer-Based DCO

O 1:2 transformer for passive voltage gain
O Impedance transformation to generate finer resolution

I
|
1 B 1
[ I 1T 11 1"217 Joco =5 JTC
Q-l-0%1-£ NS o b5 L2 _ 1
gﬁg\“[‘éﬁ_:ﬂ\j}_gég > gij@’%égg RAREY NI Ye
TTTT TP TTT d 2c | |
C.C. Li, ISSCC'17, 19.6 1 | Af(f)=-2x (L -AC)f

Babaie, ISSCC'13 |
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Cubic Factor of DCO Gain vs. Frequency

O Cubic curve model at wide frequency span
O Almost linear DCO gain variation for BLE 80MHz band span

N4 |
N I ]
25 ~3 Linear fit
£ 105 |
(4]
(L)
_ 20 > 10
N =3
i S 95
15 = 2.4 2.45 2.5
3 Frequency (GHz)
£10 0.04 |
2y S
° = 0.02 I Error of linear fit
L
5 £ - 0
e § 0.02 \ /
c', - -
O .E - \_/
S -0.04
0.5 1.5 2.5 K 2.4 2.45 2.5
Frequency (GHz) Frequency (GHz)
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nternational Solid-State Circuits Conference D28.4: A 0.45V Su Digita

Frequency Accuracy of Hopping and Modulation

O Hopping frequency range from CH20
— OTWey.50 = (CH-20) * Afcy / Kpeo
= [(CH-20) * Afcy / fr] * (fr / Kpco) = X * FCWey 50 * (fr / Kpeo)

O GFSK modulation range of £250kHz
— OTWgy = Y * FCWey * (fr / Kpco)

To compensate the K-, non-linearity effects by
multiplying FCW with a reverse factor to get an
“Effective Flat” DCO gain over frequency range !!

b-mW All
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reenoronnens |y o Bird’s Eye View of the
Proposed ADPLL

COL  CHIO
fr fem ICH(ChaneI Number)
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y Digital Loop Filter 3
Reference Rr n o D\- Filtered ¢ :fx\
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Compensation for Cubic DCO Gain Variation

O Almost linear K,o(CH) variation compared to Ky cpao
O Compensated by reverse linear factor of X(CH)

KDCO (f) - ZﬂZ(LACT)f3

Ko ()

K
d DCO(f) — 6ﬂ_2(LAcT)f2 —
df
dK 1o (f o)
KDCO (CH) = KDCO,CHZO T COdf -
_ KDCO,CH20(1+3fCH _fCHZO)
CH 20
|
X(CH) =

[1+3(fCH _fCHzo)/fCHzo]
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DCO Gain Variation
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Kpco Non-linearity Compensation Schemes

O Cubic compensation with linear factor X(CH)

O Segmentation technique compensates binary-weighted
mismatch error

OTW PRE OTWH OF OTW - f
FCWai-20 >< > — 2
OTWri \

.
OTWCHED ; LY
/ “
fr _ X(CH) LUT / AN
No non-linearity No channel - P / \
ANty &  Kocoaio -~ 1! - \ / N
compen sation co mpens ation Py < A\ /
\
K A i
oeo X(CH) Error(LSB) \
105} NO channel A __
. \, compensation ‘C;pensated
1] _
f N Binary ;
LN of oY 2™ 1 5
; : : 095 - e ......... ; CH Cﬂde 'CH
H H - h’ : . i
CH1 CH20 CH40 e o Y ———
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Frequency Hoppingand

Modulation Control (SRAM)
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Voltage-doubler for TDC

O ADLL logic runs | .,y | DOUBLER
at sub-threshold T .
of 0.4V VX s1 ‘ | S4 z Multi-phase
O TDC resolution s2 / s o a z% clock generator
enhanced by the 1 WL | S —
voltage-doubler CKV — 8
— 11.8ps resolution TDC-CE 1 o TDC
on V1X of 0.35V 5
J;Iml_l_( —/_ | GCKV_H Dc Dc DC _________ DC
D = D | D |28
o5 o8 oo o5
Jﬁ.lﬁﬁf’én ” FIN_H |' |'
s = 17
5 —\_ :: Q128é(;cKVB_H DC DC DC {>C
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Measured Spectra of GFSK and Full-band
Hopping

(3 extreme channels)

GFSK Frequency Modulation

CH1(2402MHz)

-10l. BLE ........ hanenennd heaeseee CH20(2440MHz2)
Spectrum ; CH4D(2480MH?) |:
-20}- Mask . L. L e ST

dBc
~
o

-3 -2 =1 0 1 2 3 4 5

Span (MHz)

(All 40 channels)

Center Freq 2.440000000 GHz

Input: RF

PNO: Fast —»— 1rig:Free Run
IFGain:Low Atten: 16 dB

Avg Tvpz Log-Pwr
Avg|Hold: 100/100

Mkr1 2.440 0 GHz

AR

#Res BW 100 kHz

#VBW 1.0 kHz

Sweep 780 ms (1001 pts)
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Measured 3-Channel Hopping

« Settling w/i and w/o DCO compensations

Rag 2182278 V o
125 - - | SYNCNOT 91 == = e r e
[ Tnal Licenge CH2S FOUND) Trd License _
m g L“'"L et s Lo o |
~520us
s -
[ =1 wfi compensation
CH20 {/
e
25 | 3 X
I w/o compensation
CH15
e
125
| L ! | | it
Suat-3125u8ee S1p 1 6883 mSee 19 E: QA :
Tigh! Delay-10 e mguny| |-312.5uSec 2.3125mSec
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Measured Near-Instantaneous Hopping

O Settling time <0.1us
— Limited only by test equipment time aperture

Rng 3162278 ¥ Rrg 316.2278 m

DATA? 125 BYNG HOT FOUND
CH25 " CH25
—\pwﬂ—u—h\ﬂ—v—\-\.ﬁ_n.d—\—'—i/\_/ i --n-—r—-r%—;—-—-—-rvl
Hopping Time < 0.1us
. (12.5MHz measure bandwidth, - (Zoomed out)
102ns aperture |
P ) 10-channel
(20MHz)
Ky 0.5us 25
L — p
v |\ CHs ~ CHI1S il ]
128 |I L T T T
iz 125
el Delay-10 uSec LAt T Tomies T
Trg Ch 1 Dhelay-10 uSec Trigld1 ¥
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Measured Demodulated TX BLE Packet
and its Frequency Deviation

Rng 3.162278 V
0

BLE
preamble

kHz

BLE packet

- 1-l1- pr




Measured TDC Resolution and Phase Noise

M

(S5}

Carrier Freq: 2.440000122 GHz

. éarrier Freq 2.440000122 GHz ! i e ‘::::.::n'
O 1/f3 corner is ~ 140kHz ot A A MSSS, T Fre R

IFGain:Low

Mkr1 500 MHz

10 dRidiy  Ref 45 dBe/Hz Carrier Power 4.55 dBm 1.393 p s
16 Log
fw%
p—
n Er"l L,
1 g
c 1.393ps jitter
512 '
2 RN
0 10 M
= 1/ 140kHz \T_Q . il
a R .
= 8
10,0 kHz Frequency Offset 1.00 GHz
6 MKR MODE TRC X Y FUNCTION FUNCTIONWIDTH FUNCTION VALUE
0 3 0 35 0 4 0 45 0 5 ; N |[2 50006&_:‘32 132% dgcsz RMS Noise 1.00 GHz 1393ps
N |2 1 z 68 dBc/Hz
' ' ' * ) Kl N | 2 1.00 MHz -104.0 dBciHz
A N | 2 10,0 MHz -124,2 dBciHz
Input voltage (V) N2 100 MHz 132.3 dBclHz
4 N | 2 1.00 GHz -134.1 dBc/Hz
4 N |2 10.0 kHz £1.31 dBciHz
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Power Consumption

L ADPLL logic at 32kHz Power Consumption (0.923mW)
now consumes the

least power
0 Further power 6% ~ © Digital(53uW@0.4v)

reduction must come
from DCO

= DCOBuffer_Divided-
by-2 (87uW@0.45v)

® Doubler_TDC_High-

speedDigital(138uW
@0.35v)
[0 No power wasted for
crystal oscillator!
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: [1] [2] [3] [4]
Performance Thiswork | j55c'17 | 1sscc’17 | 1sscc’13 | Isscc’12
Architecture ADPLL ADPLL ADPLL ADPLL Analog
Ta b | e TDC TDC TDC+DTC TDC CP-PLL
16nm
Technology FinEET 28nm 40nm 40nm 90nm
VDD(V) <0.45 1 1 1.3 1.2
Reference(MHz) 0.032 5-40 N/A 26 24
Output(GHz) 2.1-2.5 2.05-2.55 1.8-2.5 2.4 1.7-2.48
RMS Jitter (ps) 1.39" 1.23 1.98 0.98 2.66
Power (mW) 0.923 1.4 0.67 4.55 1.1
FOM® -237.5 -236.7 -236 -233.6 -231
Core Area (mm?) 0.24 0.24 0.18 0.075 0.75
Channel Hopping
Settling Time(us) <0.1 15 11 N/A <40
TDC 7.8@0.45v
Resolution(ps) |11.8@0.35v 12 N/A 7 N/A
*FOM=10*10g[(0%e1)* (Poc/ IMW)]

** Integrated from 100kHz to 1GHz
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Die Phoo

OTSMC 16nm FinFET T &«

[0 Core size is
0.024mm?*
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Conclusion

O Proposed new paradigm: Elimination of conventional XO
— Instead, use 32kHz real time clock
— Reducing power, size and cost of loT solution

O Near instantaneous channel hopping while maintaining
the best-in-class performance at sub-mW power
consumption

O Ultra-low voltage (0.45V) operation for BLE frequency
synthesis of loT application

© 2018 IEEE
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Thanks for your attention !
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A 0.2V Energy-Harvesting BLE Transmitter with a
Micropower Manager Achieving 25% System Efficiency
at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS

Jun Yin !, Shiheng Yang %, Haidong Yi !, Wei-Han Yu?, Pui-In Mak !
and Rui P. Martins 2

1 — State-Key Laboratory of Analog and Mixed-Signal VLSI

University of Macau, Macao, China /£
2 - Instituto Superior Técnico, University Lisboa, P
Portuga| Féﬁﬂiﬁgg?g:ﬁéggﬁiﬁha%

State Key Laboratory of
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Outline

> Introduction

»Proposed energy-harvesting BLE transmitter
* Micropower manager
* ULV gate-to-source-feedback VCO
ULV Class-E/F, PA with embedded 3"-harmonic notching
* ULV Type-I PLL with REF spur suppression

» Experimental results
» Conclusion
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Energy-Harvesting for Wireless Sensor Tags

054
Thin-Film BLE Standard

< Thermoelectric
>8 Generator /" | D SIS Nsys: 25% Pout: 0dBm
@ 0.25 ~80mvik T D)
© - \l/
3 ‘ Directly
= powered
© Beacon Tag

0 ' )

0 3 6

» Energy harvesting for high self-sustainability

» Large instantaneous power of transmitter = large harvester
area

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Duty-Cycling in ULP Radios (Power vs Latency)

g‘ 700 P, = Pout Tactive + P
3 \ in = slee
o © 600 Nsys Tactive+TsIeep P
= -
g S0t P.. = 30pW (Area = 1cm?)
‘ = 400 =
, = Pyeco = 100 W
o 300 [
Vstore — N I § 200
' g [
:.' P % —
Energy- | Vstore = 100 \
ﬁ m) | harvester —1—>|Beacon Tag Poyt=-3dBm

02% | T 06— 20 30 40 50

System Efficiency nsys (%)

» Enquire a long sleep cycle to recover the power
» System Latency (Tje, / T,ciive) b€ reduced by improving ng

28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System

© 2018 IEEE )
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Power Management Scheme

General Scheme

hEnerg:(- Vstore Vb
arvester =
(e.g.0.2V) % Converter l lLoAD Nsys = Nrx X Npc-pe
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Power Management Scheme

General Scheme

hEnerg:(- Vstore Vb
arvester =
(e.g.0.2V) % Converter l lLoaD Nsys = Nrx X Noc-pc

Proposed Scheme [W.-H. Yu et. al., ISSCC’17]

Energy- Vstore DC-DC Voo
harvester _T_ ? If ILOAD1 >> ILOADZ

(e.g.0.2V) T

Nsys = Nix

Ultra-Low-Voltage Ultra-Low-Power
RF Circuits High-Voltage Circuits
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Proposed ULV BLE Transmitter

» 99% of power is
directly provided

by Vipp en

»CP,—CP, serve all
internal bias and
supplies for PLL
and mode control

© 2018 IEEE
International Solid-State Circuits Conference

—

Vo eH
aamm Energy Harvester
T fR';F FM Data
vy Micropower Manager TPLL-Based Transmitter
0NV @196mA VooLL Vo
1V @ 2pA N TT |
¢—CP1 94— BGR—= Vgias . ype- —B Vout
T
Vooem VRerpm = / = l{'
0.55V @ 54pA
CP. —>@ ® Voo pLL Veias (Active) | Vnec (Sleep)
1V Vop,cTRL
CP; = »\/pp,CTRL T
_________________ -1 Test Modes, PLL and Ctrl
CPl—21V Ve ~ VCo CJc_mtroIs

Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS
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Micropower Manager (CP,)

2-Stage 2-Parallel Rectifie VBis
VopeH | o Vbppum
P[P H BoR| \
I I I Cae ! Out+¢p !
x2 T Ty » In- Out+! 2Vpp;EH
Veerpu i = : ~Vbp,EH
I VA — VDL I
I : %" .I
Ring-VCO 8-Phase CLK : = : o
[Out'l'cp, Out'cp,...] Y i (] | DD,EH
+ g Out- | ~VbpeH
Voo < Oty |
J-. .. - L
e - v

»Vpp pm @and Power consumption are regulated by controlling the
frequency (O/P swing) of the bootstrapped ring-VCO

»Multi-phase clock to reduce the switching ripple at V

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Micropower Manager (CP,_,)

j 10-Phase CLK @ 1 8-Phase CLK

Vbb,pm

:I | VRerPM ‘—‘I |

VREFPM

[W.-H. Yu et. al., ISSCC’17]

» Vo e & Vpp cre are regulated by controlling the bias current
(frequency and O/P swing) of the ring-VCOs
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Proposed Always-On CP, for Negative Voltage

———————————————————————————————————————————————

| |opk A HE
| | Level N japping | @1 | ?I‘E 1 1 }'
@ _,| Level |__ | Non-overlapping - E oY p

Shifter Phase Generator . ‘ L
3 kHz T l S R X2,
I
VneG

»The leakage current of VCO and PA is reduced from 2.58pA
(Vyee= 0V) to 27nA (V= —0.17V)

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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ULV VCO - Prior Art

Trifilar-Coil VCO Gate-to-Source Feedback VCO

Voo

Vo Vop
N L}- Vp — T v /\/ \/\V T
_l G+ G-
Vs Kes M1 M14_.II II._. M2
J” » r Ses Mad 1| M
LGg ELS _ .kN. ono
| Lsf e @ Lo TLS
- il * il
I Vs = Ve -
[C. —C. Li et. al., ISSCC’17] [A. W. L. Ng et. al., JSSC’06]
» Trifilar-Coil DCO » Gate-to-Source Feedback DCO
© Large loop gain, good phase noise, low © Avoid M, , into deep triode region at
frequency pushing low Vpp
@ M, enters deep triode region at low V,, @) Static current at the bias voltage V,
© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Proposed Diff. Gate-to-Source-Feedback VCO [1]

Vs Ve Vs Ve
L A j\Td\
e _
T 8 Berr[9:0]
Vens(Active) | | §—y Ve | —i M v M
Vies (Sleep) = Vs, Vsr
La11 La12 S St
s am el : :
Vst ka™S, & ka Vs LA21? — Blat Lo . 7 Ela
*" ka *" ka
Vertically-Coupled I,'AM ® Loz = 180° = 1800
Transformer o7 o

o

*# Dey [6:0]
» Gate-to-source cross-coupling together with the transformer
coupling to balance the differential outputs

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
International Solid-State Circuits Conference Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS
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Proposed Diff. Gate-to-Source-Feedback VCO [2]

VCO V Waveform

: L Ve Vs  Ves
pelRtalma
T 4 Berre[5:0] —NT Vovma
| v I
Veans (Active) / .—‘N\—C.F%”"—. Vtu (0.47V) |- — — - —— —7—\ =150mV
Vnec (Sleep) = Veas (0.39V)F — — — — |-
M V (0.2V) — — — = d
Vs.t kA.\». “ *ka Vs DDEH AT /\

GND T >
Vertically-Coupled IfA21 = Loz 0.78Vyp 027V 0.51Vpp
Transformer o7 o =TT

T "8 De[6:0]

»M, , is prevented from entering deep triode region

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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VCO Transformer Design

La11,12: AP

dm Ka Ngs
1+ gm|[Zs|

Loop Gain: Ajgop =

»Large |Z,| (L,,,) helps boosting

we. %
%
NS : | |Vs| but degrades A,
» Stacked transformer helps
keeping a large A, by increasing
y k, (=0.76) even at a large turn-
S- <O : :
0“VS+ La21,22: Metal 10 ratio N (=\/ La11/LaA21=5.6)

International Solid-State Circuits Conference Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS
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ULV Class-E/F, PA

Vot » Directly driven by the VCO
¢ 1 In
» Differential Class-E/F, PA for high
output power and efficiency
S

ch Voo ¢ [M. Babaie et. al., JSSC 2016]

L
T » Low HD,

V.0 oV .
d fIJI z “|d¢ Ve » SW,, for power down (e.g. switch to

VG.HEM3 M“F_‘II_' Ve  the receiver mode)

é.SWPA » How about HD;?

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Proposed Inside-Transformer HD, Suppression Technique

Z»>with a high V.%“‘ y
impedance ¥ 1 oL Vi D1=100pum 2.4GHz 3 x 2.4GHz
0
at 3fo Cr ve. —25 w/0 LyCn
o
Ly =
[ E
Transformer ° L 357
w/ LnCn Notch kBC, Voo, La1 = | W
at 3f; ‘ D= 100|Jm |
180pm’ " GND -13
Vod— -2 Ve 1234567 8
o R Y1 Vout Frequency (GHz)
Vo> | s M c] e Vo
T 3 "
1 Simulated HD; is improved by 19dB

International Solid-State Circuits Conference Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS 16



foiv 4

Analog Type-l PLL [k.Longet.al., Jssc’16]

Master-SIave Sampling Filter (MSSF)

N

S2 Verre
fREF'@D—o—o/ l 3/ o l H@""'fout
: - I"

P (DZE Harmonic
: : Traps
Nonoverlap Generator

! !

Multi-Modulus Divider |«

Vx |
D1 50% |
Input Va —/ a8 \ /_
Feedthrough ¢, —l |
v I
Verr —
...... T,
Clock Feedt'h'rough &  TReF t

Charge Injection

»Type-l PLL with Master-Slave Sampling Filter (MSSF)
* Low power and small area (small C, and C,)
* Spur limited by non-ideal behavior of switch S,

28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Proposed REF Spur Suppression Technique

5% Duty Cycle (onc) of @1

50% Duty Cycle (oic) of P1
] _

Vx Vx [] [] ] [
D1 . 50% D1 15%
Va \ / \— Va —A 2
U _[ [ U, _L
Verre _\/\J s/\l_ Verr w ______ T “Viipas w
Trer t ) Trer i

1st harmonic Fourier Coefficient of VctrL = Vripple ®

~ * sin( Ooc * )

»Small duty-cycle (ap:) of @, helps suppressing the REF spur

2018 IEEE
nternational Solid-State Circuits Conference
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ULV Analog Type-I PLL with a Reduced Duty-Cycle @,

Master-Slave Sampling Filter (VS SF)

frer 'ﬁD—D \‘x a% 1c :IT- ::/: o V}fL
Ic1 T g‘
o o  FMData
fov 4 Clcl>ck Bootstrapping

il e e it el

Multi-Modulus Divider

@AW | Duty-Cycle Control Logic Sk BT

<

» Spur reduction tradeoffs the settling time

Theoretical
Spur Improvement (dB)

(&)

———————————————————————————————

I I I I I I I I
- B Y U | e
. B b h 1

.~ Measured :

510 20 30 40 50

Duty Cycle (aoc) of D1 (%)

» 5% duty-cycled clocks are generated by utilizing high-frequency
outputs of multi-modulus divider - negligible power overhead

© 2018 IEEE
International Solid-State Circuits Conference
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Chip Microphotograph

1.5 mm

= —— 7 s IR
=F = EREEEE = »28nm Standard CMOS
ol = =
ol |} R .

=) == >Met all density rules

& .~

2 A =

: i, : » Active area: 0.53mm?

mi =

Y Y
HPM VCO & PLL PA
(0.21 mnv’) (0.15 mm?) (0.17 mm?)
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Startup of the Micropower Manager

14— — »The startup time can be
o 12 | 5na- le overlapped with the state-
S (W YonereL of-the-art BLE crystal
" Voo,pm oscillator: 50 to 400us
= 08 jo
6 0.6 N VbppLL P:wer A With fast start-up function
— A ' RX\TX y~"""""~""""""""""™"™"™"™""7™"77 TN T T
% 0.4 Veias R g 1268 BLE
/_ = dadaverising
g 0.2 Startup Time} < packet
G — | ~400ps
> 0}
Vhes = -0.17V (always on) Patccp b =
-0. ime
02 0 02 04 06 0.8 1 cepe )
Time (ms) [D. Griffith, et al., ISSCC’16]

International Solid-State Circuits Conference Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS

21



Voltage (V)

Output Voltages against V,, ¢ (0.2 - 0.3V)

1.5

4 > Limited Ring VCO tuning range in
CP, -> vary with V, -,

B Vg e >Lock.e9| Ring VCO in CP, 3 low
_ Vool L a sensitivity with Vi, ¢,

—? 4] - L
I —d—v—. € > BGR output > lowest sensitivity

| | BIAS !
Ve ,

| —4— —+ & >V, .:-017t0-0.22V

0.2 0.25 0.3

Voo,eH (V)
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Phase Noise of Free-Running and PLL Iocked VCO

Frequency Pushing: 29.7 MHzV || 40 |

This Work:
5% Duty Cycle &4
(Jitter=5.16 pSrms)
Ppc=400pW

Voges=0.15V
PDC=670|.IW R @ 'BD,EH

-100} @ Voo,en=0.2V
: Typical:
-120 | - 50% Duty Cycle @1

N
N
o

Ph.ase noise (dBc/Hz)
=

Phase noise (dBc/Hz)
8

1/f3 6orner:

_1 40 | @ 242GHZ, 150kHz I (Jitter= 42.9 psrms)
- - - 140 - - -
1k 10k 100k 1M 10M 1k 10k 100k 1M 10M
Offset Frequency (Hz) Offset Frequency (Hz)

»VCO TR: 2.236~2.596GHz (14.9%) » Power of PLL loop: ~30pW

» V/CO phase noise@2.5MHz offset: » PLL RMS lJitter:
*-127.7dBc/Hz @V, ¢y = 0.2V (670uW) *42.9ps @ 50% duty cycle of @,
*-125.6dBc/Hz @V, ¢y = 0.15V (400uW) < 5.16ps @ 5% duty cycle of @,

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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PLL Reference Spur and Settling Time

AMkr2 1.00 MHz

AMKr2 1.00 MHz
-47.872 dB

X1

47dB

2A1 l

»PLL REF spur is reduced

10deiciv__Ref 0.00 dBm -33.092 dB 0B/l Ref 0.00 dBm
Typical: T This Work:
OfF at: 242GHz - 33dB O/P at: 2.42GHz
(50% Duty Cycle ) ) (5% Duty Cycle @)
Center 2.428000 GHz Span 10.00 MHz Center 2.428000 GHz
Res BW 91 kHz VBW 91 kHz Sweep 5.000 ms (1001 pts) Res BW 91 kHz VBW 91 kHz

Span 10.00 MHz
Sweep 5.000 ms (1001 pts)

by 14dB

»PLL Settling time is ~30

International Solid-State Circuits Conference

s at an initial freq. offset of 30MHz

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Power Efficiency and Harmonic Distortion

10dBidiv__ Ref 4 De'embedded Pout=0dBm @VDD,EH=0.2V

1

-6.00

HD.=-49.6 dBm

o HDs= A4 dBm g b pec: 415 dBm

0] it e it ik St S—— Pttt il ek Se— 6%51""
-56.0 Q

-66.0

-76.0

23

-86.0

Power Efficiency (%)
N
~

Start 2.000 GHz Stop 8.000 GHz
20 . Res BW 750 kHz VBW 750 kHz Sweep 10.00 ms (1001 pts
0 .2 0 '25 0 '3 WY i S5 ChelAl &1 E0dB : ]
3 r r4 .
V V a1 f {A) 4884 GHz|[{A) 4929 dB (PCBlconnector loss included)
DD,EH | |

»P_ .= 0dBm, np,= 30%, »HD,=-49.6dBm, HD,=-47.4dBm
Npasrvco= 25% @ VDD,EH= 0.2V @ P_,=0dBm, VDD,EH= 0.2V

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Transmitter Performance (Open-loop modulation)

10 dBidiv  Ref 9.00 dBm
Log

_ Normalized at 250 kHz
1 Dl C - 1.2
B S00m - -
: — tonl 600m _‘
2 300 \—/— FSKError —\
21 ‘ , o / A
\ -300m f =2.20%
. ' [ -600m
# vl -900m _
-41.0 "- i AN -1.2 —
510 r’uhj Start -1 sym Stop 1 sym

 1Mbps ' /. < | 425 ps >
VYT Modulation i

-81.0
m = 0-5 0 ! L
Center 2.457170 GHz Span 10.00 MHz Fre qu eﬂlcy Drift: < 5kHz
#Res BW 100 kHz VBW 100 kHz Sweep 5.000 ms (1001 pts) Left0 s Width 425 us

» FSK error = 2.20%
» Frequency drift <5kHz (within 425us BLE packet)

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Active and Sleep Power Against V; ¢

3.97mW @ Vpp,en=0.2V 9.9mW @ Vpp,en=0.3V

Micro-power Micro-power

Manager Manager
(inc. PLL) (inc. PLL)
PA PA
9.17nW @ Vop,en=0.2V 45nW @ Voo ,en=0.3V

Micro-power
Manager
(inc. PLL)

Micro-power
Manager
(inc. PLL)

PA

© 2018 IEEE 28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
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Comparison with State-of-the-Art

Parameters This Work JSSC'16 JSSC'17 ISSCC'15

Key Techniques MPM + ULV VCO & PA + | Dual-Vj + Class-E/F, PA+ | Dual-Vpp + Function-Reuse | Class-D PA+LC-DCO +
Type-1 Analog PLL LC-DCO + ADPLL DCO-PA + ADPLL ADPLL

CMOS Technology 28 nm 28 nm 65 nm 40 nm

Active Area (mm?) 0.53 * 0.65 0.39 0.6

O/P Matching Network Fully On-Chip Fully On-Chip Partially On-Chip Partially On-Chip

HD,/HD, @ P, (dBm) -49.6 / -47.4 @ 0 dBm -50/-47 @ 0 dBm -43.2/-47.6 @ 0 dBm -49/-53 @ -2 dBm

Modulation Error 2.2% (GFSK) 2.7% (GFSK) 2.29% (HS-OQPSK) 4.8% (GFSK)

Supply Voltage (V) 0.2 0.5(DCO) /1 (ADPLL & PA) | 0.4 (DCO-PA) /0.7 (ADPLL) 1

TX Power Consump. (mW) @ P, 4@0dBm* 3.6 @ 0dBm 4.4 @ 0 dBm 3.45 @ -2 dBm

TX Power Efficiency (%) @ P, 25@0dBm* 28 @ 0 dBm 22.6 @ 0 dBm 18.3 @ -2 dBm

Sleep Power (nW) 5.2 N/A N/A N/A

VCO PN @ 1MHz offset (dBc/Hz) -119 -116 to -117 -116 -110

VCO FoM @ 1MHz offset (dB) 188.4 188 to 189 N/A 183

PLL Power Efficiency (mW/GHz) 0.29 0.57 N/A 0.39

PLL FoM #(dB) normalized @ 2979 2316 N/A 2909

IMHz f

PLL Largest Spurs (dBc) =47 -60 -42 -38

* Included a fully-integrated uPM. [5-7] have not included

the loss, power and area of the power-management units.

28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS
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1 sec
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1mW 1MHz
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Conclusions

» A BLE TX fully-integrated a micropower manager to enable
ULV operation down to 0.2V in 28nm CMOS

* ULV gate-to-source feedback VCO -
670uW @ V= 0.2V and -127.7dBc/Hz PN @ 2.5MHz offset
* ULV class-E/F, PA with embedded 3"¥-harmonic notching -
-47.4dBm HD, with no extra area
* ULV Type-I PLL with a 5% duty-cycled clock for MSSF =
14dB lower REF spurs with negligible extra power

28.5: A 0.2V Energy-Harvesting BLE Transmitter with a Micropower Manager Achieving 25% System
Efficiency at 0dBm Output and 5.2nW Sleep Power in 28nm CMOS
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Applications enabled by smart sensor nodes

LAGEES-C
 Yras)

(

f';‘s{\e -

0
E‘CO O—"
Infrared
@ Vibration

Smart Cities

Unattended ground sensors
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Smart sensor node lifetime

_10
RF/ambient g
No wakeup Stay on > 8
]
= 0K
2
—
g 41
(=)
=
o 2¢
WuRx WuRXx %
Self-Discharge Self-Discharge @® 0
. . 0 1
Transmitter Transmitter 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

© 2018 IEEE
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Event-driven smart sensor nodes

Ambient | Sensing Units, _ TRx
Signatures | » infrared 1 Memory Transceiver
: '
\\ + | Radiation E { RE
' ' Embedded
i i ' Wakeu
CE E Vibration E Plc;w.c:r | up+Dsp p
i | Acoustic | ! + FPGA / /
' [
E Chemical | ; t t y
. ]
¢ [ Magnetic —>|Wakeup Receiver|+

Sensor Field

c0 ° ©° )
009 0y,
Source
o O\‘O‘JO\
(o) o Destination
Data Sink

« Ubiquitous, persistent real time environmental monitoring

« Operation over extreme time scales and environmental conditions

© 2018 IEEE

International Solid-State Circuits Conference
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WuRx front-end architectures

- Heterodyne RX Tuned Front End RX
E Q E Bali)si(ga'i.)tzll"d Y Baseband
Detector : Envelope \ ..
>QP By S B § B BTN
PLL 1@

e Traditional radio reciever architecture e Input LNA for increased sensitivity

e Highest sensitivity e High sensitivity
e Highest power e RFLNATrequired
“Uncertain IF” RX Detector First RX
Y Baseband s ’
Envelope Digital 'V v l'~~ Baseband |0
@ @} : @ DELEIaE Proc%s:ing E E :'Gfg’_ Prt?ci:%ist,:ilng E
L----------------------
e Unlocked oscillator into wideband IF e Lowest DC Power consumption
e High sensitivity e Moderate sensitivity
e RF Oscillator required, IF gain e No gainrequired at RF frequencies

stages required

© 2018 IEEE
International Solid-State Circuits Conference 28.6: A -76dBm 7.4nW Wakeup Radio with Automatic Offset Compensation
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System Architecture
This work: Detector First RX

E ---------- E r ED BB Amp Comparator
Ejl—i—__ : 2 _H_ 2 Ges 2 5 B band 6
- 5 aseban C
. I ] Correlator 1
L-?---?r---: ‘ h.4 feik
Matching Clock fei fclkJ Automatic Offset
Rogers 4350B CMOS Chip feik
Q 27 dB passive 306 pv/mvz2 © -
X gainat 151.8 MHz 3 2] gensitivity RF 5 B 25dBof 3 [g]
= Q. to BB 9 baseband gain ¢ nr-t
£ o
= Q O
Automatically offset §_ 5] Correlator with > [&]
controlled comparator 3 X error tolerance S [
o S
O O

© 2018 IEEE
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Envelope Detector comparison

* Optimal RX sensitivity requires: Dickson Passive Detector
1. High OCVS (Vyo/Pe) D

2. Low output noise levels
s 1 s

3. Low bandwidth reception

e High Voltage Sensitivity e High output impedance
0 e Zero Power e Zi vs. Conversion Gain
LLI Optimal for Ppc <100nW
E Active Common Source Common Drain
e Detector Active Detector Active Detector
(&) .
o Cross over point g | - o Low Voltage
= : , e Medium Voltage 1 Sensitivit
8 PaSS|Ve (>1 00 nA) ¢ Sens|t|v|ty e Zi Vs FliC}l(el'
getector —<.Zivs. Flicker D Noise
| | | | | Noise | )
D— e High Power
-l e High Power X J
Common Source Bias Current

© 2018 IEEE
International Solid-State Circuits Conference 28.6: A -76dBm 7.4nW Wakeup Radio with Automatic Offset Compensation 70f20



Matching-network ED codesign

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

: _ RRectz RQ
. — Two independent design variables
; available
E * Rp ™~ DC channel impedance of diode

Ra=~ QwolL//Rsub R:e.c:t.~;.|'-\;|)./N * N~ Number of diodes

Crect = Css.N e Qutput SNR is a monotonically
SNR.-. . — NppPinRp Ry increasing function of R,
out —
- (RD+NRp)\/4kTNRDB — Increase Q factor

— Decrease capacitance

| Rp
SNROpt X k Rp Nopt — R_
p

© 2018 IEEE
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Baseband/Dickson envelope detector codesign

Front end noise sources

* |In order to overcome input (AW VnRein VNDide h
. T S — W VnBBA V. ..-X ./NR
referred baseband noise: - R nBBAmp |V per D
o-'GBB,'—‘:H

— VnDet>VNAmp 4‘_/ VnAmpoc /I/ID
* For detector output impedance Vno=(Vn rr)HtRrect(w)+k(Vn rF)2 +

we f|nd that: \_ VN Rect(w)+VIRefAmp(w) y

— Rorect = NRp Detector transient

response estimation N\

— Where Rq is the shunt resistance of
RF resonator nl1Rp

OouT

© 2018 IEEE
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Baseband Amplifier Design

Simulated Baseband
Amplifier Gain

Input Cascode : Output Stage

Power
supply filter

_ Sets upper AC

: ¢ @20}
: : 2 .\
. s cutoff  coupling : C 15/ A
: Sets lower: | e | . I'":. - —Q o g 10+ ci=15pF W\
+ cutoff L : : f ' o I 2\
: s;---lufz-z_l O-IG- E 4 E: E E T 102 104
: : ' = " ' Frequency (Hz)
. Sized for . ' " = ' 1 .. . I
' 1/f noise decee-- ' 1: eaeaa .—eea | Simulated Noise Contributions
' i ..... — ' Referred to Comparator Input
it x10° *==BB Amp Noise
ﬂg == Rect. Noise
. . ] ] T 6l == Total Noise
* Introduction of low frequency transmission zero rejects <Y
: =4
interferers o
: - 52
 DC power level set by output noise of rectifier Z
07300 102 104
Frequency (Hz)
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International Solid-State Circuits Conference 28.6: A -76dBm 7.4nW Wakeup Radio with Automatic Offset Compensation 10 of 20



Comparator design

Fine offset control -olﬂ- Coarse offset control E
Input 5
preamp b aq -D°I-D°-¢

- CLK - DFF
' + AVRF-Vorset = =feeccccccccas
Latch for CR __ Kickback i ey .
regeneration | .....J7}.- ¢ _ reduction v Wy D Q _}ogparator
. . Regen. | utput
B B amp | DFF

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

© 2018 IEEE
International Solid-State Circuits Conference 28.6: A -76dBm 7.4nW Wakeup Radio with Automatic Offset Compensation 11 0f 20



Clock source

5 Stage current starved ring oscillator Unit gain unit cell

? % ? _________________ i —
ﬂ««uwmgﬁ o gy ] |
| s N L
A /lf /lf /lf s awoue i L _ —

e External bias sets device bias and operation frequency
* Operates from 50 Hz to 10 kHz

© 2018 IEEE
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Digital backend

Comparator

Output B DFCFI

D Q 1D Q D Q
> DFF ... PDFF > DFF False Positive

Counts

8-bit Shift Register erted { = : V+@—‘D_
Correlator with False Ref Code Q[ q_ q q Error

.o Threshold
Positive Error Tolerance
Only Tolerate -D_D Wake U
? ? False Positive [ P
Ref Code o—+ Errors
o” J g G o
—(+

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

e Rejects fluctuations due to PVT variation dynamically

* No input RF signal required for calibration

Interferer
induced offset

Interferer
induced offset

Comparator Output False Positive
Rate with Automatic Offset Control

p(VIX) D N -8 |k — Est. Value
{ |\ \Thermal/ } } * 2g6 3¢ Chip#1 Meas.
! . Drift /! A S %5 Chip#2 Meas.
1 ]
! /) | 82,
I' " " R \ © =" Desired False Positive |
, oo, \ © Q3] ¥ Rate at 1.5%
HIRYVZEIRN ¥ ~ \
/ b /! / © 2 r * -
,l ' /:/ \\\ © LcE ’ \é_é;'_‘:
OV Optimum VRF Vv 50 100 150 200 250 300 7R

Decision Voltage
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Zero Threshold (THRz)

Automatic Offset
Control Algorithm

_7/

RESET
T
SAMPLE N RESET

INCOMING COUNT Z

SIGNAL
SAMPLE

INCOMING

SIGNAL

COUNT Z++

WAIT THR_O
CLOCK CYCLES

COMP_THR - -
ESET COUNT_Z
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Measurement setup for power and sensitivity

seenasptisbssadsrer @
-.. it & Observability

; Tcw-‘l_: Power Supplies
s —r
- E Keysight B2902A
observability > Dual Channel
Il & o Source Meter .
—_—— o > Receiver Power
T - - .
& o “ Supplies
- o Keysight B2902A
& g [=] Y Dual Channel
=13 151.8/433 MHz S 2|2 Source Meter
|| g .2kbps wakeup Tapped Capacitor >|>
' Input Matching —_—
& .
Ch ) A eysig -
Envelope A ® O—-< 3 804A Digital
Keysight M8190A = Storage
Detectar BB Amp cgmparatgr Dlgltal Lnglc Arbitrary Waveform Oscilloscope
= = Generator Chz = | RESREERREmEE
= : - g e T L L T BT B SR Rty
E
=
L=
b=
w
* Chip fabricated in 130nm RF CMOS process
© 2018 IEEE . . . 15 of 20
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Sensitivity measurement results

. Wakeup Receiver Sensitivity DC Power Consumption
o 10 i j 8 | Faise Wakeup Rate <t/Hr Oscillator = 0.3nW
n Level Shifters = 0.7nW
é’ - 107" Correlator = 0.8nW
4 g 151.8 MHz Offset Controller = 1.0nW
> 8 ) 433 MHz
= 0 10 Baseband Amp = 2.0nW
'8 a)]
-8 ] 0_3 10-3 Sensitivity
o Comparator = 2.6nW

-80 -78 -76 -74 -72 -70
Input RF Power (dBm)

Total =7.4nW
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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) Qh
S 0.2 | ' ' I Comparator Offset " :tg"
=0.15 | 4130 ~
o A T WHMWW” i H'MHNIH’M Ji3® O
© - U Q
% Baseband Amplifier Outpu o®
> 06 | Comparator Out
s
c 0
2 q Wakeup Signal
w %
0
0 2 £ 6 8 10 12
Time (S)
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107 Prob. of Missed Detection (PMD) 2107 Bit Error Rate (BER) *Carrier-to-interference ratio (CIR)=

Comparison to the state of the art

. Jiang Roberts Sadagopan Salazar Abe Pletcher
This Work | \sscc7 11| 1sscete 21 | RFIC17 131 | 1ssccs | visia [issccros
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 ywW 45.5 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'pateii'f"ergy Pl 37 pJ 37 pJ 15 pJ 28.8 pJ 146 pJ 9900 pJ 910 pJ | 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 76 dBm"'|-71dBm"'| -69 dBm’ -56.5dBm? | -61.5dBm? | 97 dBm? | -87 dBm? |-72 dBm ?
Sensitivity with CW | ¢ 42| /A N/A N/A 585dBm* | -94dBm® | -84dBm®| NA
interference
Die Area 1.95 mm? 6 mm? 2.25 mm’* 1.1 mm?* [0.0576 mm®*[1.27 mm?*| 0.1 mm**

@ -3MHz offset, 10° BER. °CIR=-31dB/-27dB @ +/-5MHz offset, 10 BER °CIR= -40dB@ -3 MHz offset, 1% packet error ratio (PER)

* Active area

© 2018 IEEE
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Conclusions

 Demonstration of -76 dBm sensitivity with 7.4 nW DC power
consumption

e 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 WuRXx
— Achieved 15.8mV/nW OCVS at 151.8MHz and 6.3mV/nW at 433MHz
— Total analog DC power <5 nW.
— > 30dB envelope interference rejection

2018 IEEE
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An Increasingly Interconnected World

Connected devices (billions)
30 2016 2022 CAGR

Lo .
2 5 Wide-area loT

Short-range loT

| | PC/laptop/tablet 0%

1
E Mobile phones 3%

2017 2018 2019 2020 2021 2022

5-year projection of global growth of wirelessly-connected devices
[Ericsson Mobility Report, 2017]
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An Increasingly Interconnected World

Tablets, phones, watches,
home appliances, ...
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An Increasingly Interconnected World

] y
- L &
L)
b &
3 o' .. L C‘b
@ - *
Hh B ®
o @ 2 |
7 @ o = ®
@
@ o o 5
® e @,

Tablets, phones, watches, Connected, unobtrusive,
home appliances, ... ubiquitous networks of nodes
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The Evolving Internet of Things

Wi-Fi BLE
Bluetooth LoRa
Cellular ZigBee

>
Increasingly

Interconnected



The Evolving Internet of Things

‘Tabesh, VLSI 2014]
‘Tabesh, JSSC 2015]
[Charthad, TCAS 2016]
Rekhi, UFFC 2017]

Wi-Fi BLE
Bluetooth LoRa Wireless

Cellular ZigBee Power [N
%

Increasingly
Interconnected
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The Evolving Internet of Things

Wi-Fi BLE ﬂ

Bluetooth LoRa Wireless
Cellular ZigBee Power

Increasingly
Intelligent

Tabesh, VLSI 2014]
Tabesh, JSSC 2015]
'Charthad, TCAS 2016]
Rekhi, UFFC 2017]

Increasingly
Interconnected
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The Evolving Internet of Things

New algorithms, Wake-Up

devices, MEMS, ... Receivers

Wi-Fi BLE ﬂ

Bluetooth LoRa Wireless
Cellular ZigBee Power

Increasingly
Intelligent

Tabesh, VLSI 2014]
Tabesh, JSSC 2015]
'Charthad, TCAS 2016]
Rekhi, UFFC 2017]

Increasingly
Interconnected

© 2018 IEEE
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Wake-Up Receivers

. N
| |
L A i+ Keeps main node off until
{1 > Main Data |
! Transceiver | ¥ output E needed
|
1 y i
i TA . . i+ Continuously listens for
- ctivate receiver I ]
: : signature
| |
! »| Wake-Up !
i Receiver i+ Allows intermittent operation
| |
1 1

[Cheng, TCAS-I 2017]
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Wake-Up Receivers

[Pletcher, CICC 2007]

RFinput  BAW input

N/ match
X Envel Vbaseband
| FEA Detector
X Vref,dc
Baseband ¢ N\
digital £ ADC > <:)GA
output
2
Gain control
ADC
reference
Sens =-56 dBm
Power = 65 yW
© 2018 IEEE

International Solid-State Circuits Conference 28.7: A 14.5mm? 8nW -59.7dBm-Sensitivity Ultrasonic Wake-Up Receiver for Power-, Area-, and Interference-Constrained Applications 10 of 39



Wake-Up Receivers

[Pletcher, CICC 2007]

RFinput  BAW input

[Jiang, ISSCC 2017]

N match
». Envelope Vbaseband o
~_ |FEA Transformer Envelope Digital
Detect . Comparator 4V
o T Viefdc Filter Detector P Correlator T
[ 1
L : - Baseband Slgnal
Baseband 6 \ e :> E J () |—+I ) 0 detected
Igita + A I 4
output ADC > <)GA EJ 2X sa/m\pllng l
2 25 dB passive gain k"'"/ 4 dBSNR
Gain control w/ high-Q filtering Reference  Relaxation mprovement
ADC -
@ reference ladder oscillator
Sens =-56 dBm Sens = -69 dBm
Power = 65 yW Power = 4.5 nW

© 2018 IEEE
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Area as a Resource

[Pletcher, CICC 2007] [Jiang, ISSCC 2017]

wwg

Coupling High-Q
Region Transformer
A
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Our Approach

 Antenna size ~ wavelength for efficient signal extraction
[Wheeler, Proc. IRE, '47]
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Our Approach

 Antenna size ~ wavelength for efficient signal extraction
[Wheeler, Proc. IRE, '47]

 Change mode of communication to ultrasound
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Our Approach

 Antenna size ~ wavelength for efficient signal extraction
[Wheeler, Proc. IRE, '47]

 Change mode of communication to ultrasound

* Low carrier frequency 2> high-impedance interface

© 2018 IEEE
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Our Ultrasonic Wake-Up Receiver

Competitive sensitivity (-59.7 dBm)
Low-power operation (8 nW)
Small size (14.5 mm?)

Robust to RF and US interference



Precharged CMUT as Antenna

JM%—W* Trapped
5 Charge
= |
. Oxide \

Silicon —p
Poly-Si —

[Min-Chieh Ho and Pierre Khuri-Yakub, IUS 2012]

Cross-section of capacitive micromachined ultrasonic transducer (CMUT)
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High-Impedance Interface

200 | | | | Fitted from
° gz neaered auta | ® Trapped charge leads to
w0 [T« | resonant behavior
= bl Qcyur =90
2 ol * Frequency can be chosen to
e |ReiZm} achieve high impedance
g_ 0;_ - - \ Frequency of
= I |operation . .
50 [ Im{Zy,) peret - High impedance replaces need
h - - " :
100 | , e - for power-hungry gain
-150 \ - d
55,5 56 565 57 575 58 585 59 595 60 ¢ No extra area needed

Frequency (kHz)

Precharged CMUT impedance
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Block Diagram of our WuRX

e VDD - 05 V
- WMW AVAVE 1TUL |
Hybrid Ripple- “Signature aketp
Cancelling ED _t _ Dotoctor Data Out
— Track- - Self-Timed
—— and- e = |me 1 ]
Qpias Hold Comparator : ¢
-1 Reference : T i
Ladder e GELE R <}----- 0SC
Precharged ) ) -
CMUT | il CMOS Chip a4 4 )
—p— Signal/Data
One-Time Programmable Logic ~>-- Clock/Timing
Calibration
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Hybrid CS-CG Ripple-Cancelling ED

Ratiometric
biasing to combat
pseudoresistor
variation

-=> Afundamental

Mcs, Mcg: deep N-well
devices with body tied
to gate (not shown) to
avoid drop in A

—
PMOS
pseudo-R

conversion
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Hybrid CS-CG Ripple-Cancelling ED

I
Nominal simulation results |

100 mV___ |
rms

10 mV ;
rms

1mV

rms |

Ripple

100 pV

rms |

10 pv

rms |

10 kHz 30 kHz 100 kHz 300 kHz 1 MHz
Carrier Frequency




Hybrid CS-CG Ripple-Cancelling ED

I
Nominal simulation results |

100 mV___ |
rms

10 mV ;
rms

1mV

rms

Ripple

100 pV

rms |

10 pv

rms |

10 kHz 30 kHz 100 kHz 300 kHz 1 MHz
Carrier Frequency




Hybrid CS-CG Ripple-Cancelling ED

[
Nominal simulation results

100 mV
rms

10 mV
rms

Margin for

Ripple

1mV : .
rms imperfect
cancellation
100 uv__ | l
Frequency of
operation
10 erms . | | |
10 kHz 30 kHz 100 kHz 300 kHz 1 MHz
Carrier Frequency
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Sampling

/ Envelope of
CMUT output

CMUT ringing up T, =3 ms
(~Q cycles)

© 2018 IEEE
International Solid-State Circuits Conference 28.7: A 14.5mm? 8nW -59.7dBm-Sensitivity Ultrasonic Wake-Up Receiver for Power-, Area-, and Interference-Constrained Applications 24 of 39



Sampling

I — B r
”~

Sampling at ~4x data rate allows near-full
utilization of CMUT bandwidth at 10> BER/MDR
without crystal reference or clock recovery

__f L
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Configurable Signature Detector

Wake-Up Signature Hierarchy

Q,
N \ {>_Wake_up 1001 101 <— Parents
of L — |
: | 1001001 1001010001 <= Children
\ Signature select

N

f From Qo Q1 DATA Q38 Q39 Data Out
Comparator ) D Q D QF———— D Q D Q ) (BER Measurement)
> Q > Q > Q > Q
To From
Comparator 40-bit shift register Oscillator

R

)
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Configurable Signature Detector

1001 101 < Parents

1001001 1001010001 <— Children

Transmitted |
Signature il:_l__:]Chipi l:_._—@
< _Parentnode | | | Child node _
1001001
1001010001 v
101
1001 v X




Configurable Signature Detector

Transmitted
Signature

U

1001 101 < Parents

1001001 1001010001 <— Children

DET () | DT )

 Parentnode | | | Child node | Children nodes cannot

1001001
1001010001

|:> be awoken without
\/ \/ also waking up all

parents within range

101
1001
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Wireless Characterization: Setup

External clock (BER measurement only) 0.5V

Fluke ‘
Free-space | ~ =~ ~—_— — | 8808A
— 1 | omm

Iine-of-sightlink: I

* "D: Chip ||
Iy =
|

| .
Pro-Wave 500ES430* \ / TI— Arduino | | Post-
US WuRx , Due processing

Digilent
AD 2

*Off-the-shelf broadband ultrasonic transducer, not optimized for signature transmission
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Wireless Characterization: Results

N
o

N

-—
T

® BER

= MDR, 101
¢ MDR, 1001
A
v

Bit Error Rate (BER)/
Missed Detection Rate (MDR)
o
(8]

Sensitivity Degradation (dB)
()

MDR, 1001001
MDR, 1001010001

® BER=10"

10 ‘ J 0 | | ‘ | J
-63 -62 -61 -60 -59 -0.75 -0.5 -0.25 0 025 05 0.75
Incident Power (dBm) Frequency Offset from Nominal (kHz)
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Interference Tests

1 -
Cl
CIR Test CW 1071
Modulated carrier interferer ?
o ‘ CNR
LL 2
Ll 10 /
CNR Test 107 |
Modulated carrier In-band 2”?2’,‘{,;
. noise 10_4 | Pi?c,carri?r = '?7'8 qu |
< > 25 -20 15 10 -5 0 5 10
fnew Carrier-to-Interferer Ratio (CIR, dB)/

Carrier-to-Noise Ratio (CNR, dB)
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CMOS + CMUT Micrograph

_f(_ CMOScmp

;... ._..‘--——d
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Precharged CMUT

1.5 mm
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Comparison

30 < Jiang "17 b b
AN | AN Sadagopan "17
‘? 20 i \\ \\ \\\ \\
= This Work N \
! v "Oh '13 N
ﬁ NE 10 - N ‘o EIRobeﬁtQ 16
AN
m g AN Manga1 17 A FOM =
0- Py a
® 1 . Fuketa 7 Sensitivity - Power? - Area
P ; N AN
whd
S €107 L TN \ / / )
2 - . M“QEI'“ 13 g @ Large Long  Unobtrusive,
5 @ -20 N A \IJ_‘:rl o . wake-up lifetime  ubiquitous
» o “_ Yadav'13 B . ~_ distance operation
# =307 AN AN AN
o O RF AN AN AN =
:T:, -40 - A Ultrasound N M= N
All Active Area Included N Salazar'15 .
-50 | x 1 N ! N

1 nW 10nW 100 nW 1 W 10 yW 100 uW 1 mW
Power Consumption
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Comparison

Yadav Salazar Roberts Fuketa Jiang Sadagopan This Work
JSSC 13 ISSCC ‘15 ISSCC ‘16 TCAS-II ‘17 ISSCC “17 RFIC ‘17
Technology 65 nm 65 nm 65 nm 250 nm 180 nm 65 nm 65 nm
Wake-Up Medium usS RF RF usS RF RF UsS
Carrier Frequency 40 kHz 2.4 GHz 2.4 GHz 41 kHz 114 MHz 2.4 GHz ~57 kHz
Data Rate 250 bps 10 kbps ~8.2 kbps 250 bps 300 bps 2.5 kbps 336 bps
Power 4.4 yW 99 yWw 236 nW 1 W 4.5 nW 365 nW 8 nW
Sensitivity* -85 dBm -97 dBm -56.5 dBmtt -82.1 dBm# -65 dBm -61.5 dBm -59.7 dBm
Area 1.24 mm?2 0.06 mm? 2.25 mm? 201 mm?2 906 mm? 187.5 mm? 14.5 mm?
FOM** 48.8 dB 50.5dB 54.5 dB 60.9 dB 37.6 dB 72.5dB 30.0dB
Wireless Test? Yes Not shown Yes Yes Not shown Yes Yes
Interference Test? Yest Yes Not shown No No Yes Yes
mggﬁﬁeﬁg'ps Not shown Not shown Not shown Not shown Not shown Not shown 2% (wTri?e_ss)
(electrical)

Not Included in Area m;;iﬂisndg‘fcggp Anterna, SMD gr;i?l?r?g Off-chip L/IC/R*|  Antenna

*BER =103, no coding/correlation, where available

#Estimated
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**Sensitivity-Power?-Area, dB re: 1 nW? mm?; lower FOM is better
TLimited to interference present in ambient environment
#Transducer area included
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Comparison

Yadav Salazar Roberts Fuketa Jiang Sadagopan This Work
JSSC 13 ISSCC ‘15 ISSCC ‘16 TCAS-II ‘17 ISSCC “17 RFIC ‘17
Technology 65 nm 65 nm 65 nm 250 nm 180 nm 65 nm 65 nm
Wake-Up Medium usS RF RF usS RF RF us
Carrier Frequency 40 kHz 2.4 GHz 2.4 GHz 41 kHz 114 MHz 2.4 GHz ~57 kHz
Data Rate 250 bps 10 kbps ~8.2 kbps 250 bps 300 bps 2.5 kbps 336 bps
Power 4.4 uyW 99 uyW 236 nW 1 uW 4.5 nW 365 nW 8 nW
Sensitivity* -85 dBm -97 dBm -56.5 dBmft -82.1 dBm#* -65 dBm -61.5 dBm -59.7 dBm
Area 1.24 mm?2 0.06 mm? 2.25 mm? 201 mm?2 906 mm? 187.5 mm?2 14.5 mm?
FOM** 48.8 dB 50.5dB 54.5 dB 60.9 dB 37.6 dB 72.5dB 30.0dB
Wireless Test? Yes Not shown Yes Yes Not shown Yes Yes
Interference Test? Yest Yes Not shown No No Yes Yes
Multiple Chips Yes
Measured? Not shown Not shown Not shown Not shown Not shown Not shown 2% (wnrele_ss)
(electrical)

Not Included in Area m;;iﬂisndg‘fcggp Anterna, SMD gr;i?l?r?g Off-chip L/IC/R*|  Antenna

*BER =103, no coding/correlation, where available

#Estimated
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TTWith coding

**Sensitivity-Power?-Area, dB re: 1 nW? mm?; lower FOM is better
TLimited to interference present in ambient environment
#Transducer area included
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Comparison

Yadav Salazar Roberts Fuketa Jiang Sadagopan This Work
JSSC 13 ISSCC ‘15 ISSCC ‘16 TCAS-II ‘17 ISSCC “17 RFIC ‘17
Technology 65 nm 65 nm 65 nm 250 nm 180 nm 65 nm 65 nm
Wake-Up Medium usS RF RF usS RF RF (V3
Carrier Frequency 40 kHz 2.4 GHz 2.4 GHz 41 kHz 114 MHz 2.4 GHz ~57 kHz
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Power 4.4 yW 99 yWw 236 nW 1 W 4.5 nW 365 nW 8 nW
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mggﬁﬁeﬁg'ps Not shown Not shown Not shown Not shown Not shown Not shown 2% (wTri?e_ss)
(electrical)

Not Included in Area mZ?:EiSndgu,ngp Anterine, SMD Qgttiﬂ?:g Off-chip L/IC/R*|  Antenna

*BER =103, no coding/correlation, where available

#Estimated
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TTWith coding

**Sensitivity-Power?-Area, dB re: 1 nW? mm?; lower FOM is better
TLimited to interference present in ambient environment
#Transducer area included
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Conclusion

Ultrasonic wake-up enables:

High-impedance interface = competitive sensitivity
No active gain at carrier = low-power operation
Small operation wavelength - mm-sized system
Narrowband US w/ signature - robust to interference

14.5mm? 8nW -59.7dBm ultrasonic wake-up receiver
for the next-generation loT

© 2018 IEEE
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1 Design Motivation
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Application Scenario

Drug Delivery 1 Medical Implants
ll Deep Brain j Cochlear
|| Stimulators —> = — Implants
= 1
ll - Cardiac
I ciic ~ J Defibrillators/P
| IStimulatorsL) ACEMAkers

Stomach Implant Il

|I Foot Drop \é&

|| Implants

Drug Releasing Chip

/ /
. (8 J!@% Insulin
< Pumps

1 Access to tiny spaces

1 Alleviate surgical pain Picture Sources: [1,2]
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DARPA SHIELD (Kerry Bernstein)

1 The “Dielet”:

Dielet
, —

» Hardware root of trust
Reader » Inserted into IC packaging

» Checked by Reader Machine
» Short range (~1mm)

» Tiny, cheap, and foolproof

Picture Sources: [3-5]
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Design Challenges -- Power Transfer
T —'S' o

11/10 smaller means 1/100 power efficiency

Picture Sources: [6,7]

ower-Harvesting 116umx116um “Dielet” Near-Field Radio with On-Chip Coil Antenna



Design Challenges -- Downlink

Reader I

I

111
Modulated Tone <

1 Modulation degrades power transfer

Reader Coil Antenna

1 Large decap is required

 Proposed Technique: Channel Reuse
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Design Challenges -- Uplink (1/2)

Reader
i Huge Tx power§ d Weak signal-to-blocker ratio (SBR)
i T T\_i._ Strong Power ; 3 Poor signal-to-noise ratio (SNR)
: ‘ > X TN Miniature Radio
: Strong | N iy :
i s i)
: E o :
E 'i' Weak Signal

J Proposed Technique: IM3 Isolation
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Design Challenges -- Uplink (2/2)

Reader 3 No crystal

1 Drifting noisy on-die oscillator

1 Poor signal-to-noise ratio (SNR)
Miniature Radio

---=

‘Weak Signal SYX

Carrier Oscillator

’
*

U Proposed Technique: Wireless IM2-Injection-Lock (IM2-IL)
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State of the Arts

On-Chip RF Antenna Ultra Small RFID

Chip (p —chip)

J*rnhhnnlnrrn'l'l

[Usaml RFIC ,2004]

[Biederman,JSSC,2013] [Tabesh,JSSC,2015]
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io Size
~100um Dielet

~100um x

Targeting Rad

Picture Source: [13]

10 of 49
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Outline

d Proposed Radio System
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System Architecture
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Working Flow -- Downlink

Port#3
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Working Flow -- Uplink
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Conventional RFID Downlink

Power Recovery

e I
Vdd-Unre
75% ASK —:— Rectifier DC Limiter I 2 1 I :
| T Reference I | Vdd-Reg | |
l | Generator Requlator | _I_ | POR ||
| o |
| I |
S P N RO =
r T T T WddReg T T T T T T |
I 9 [Tabesh,JSSC,2015]
: . | . EN-Mod |
Envelope Pul<e P Decod State [ |
_:_ Detector IS RN AR Machine |EN-Pulser] |
| Demodulator |
e e o o o — T ——— ————— ———— — —— —— — — —I

1 Large decap

1 For loosely coupling: Low data rate & Low power efficiency
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Conventional Uplinks

Backscattering

[Shirane,JSSC,2015]

\V4

RF-DC VREG

o'y

IS MHz

Dual Antennas

FSK

[Dagan,JSSC,2014]
silicon chip
power
RF harvester management
e e B
T Csrox i
S S bias} __
v v
TX carrier S
RX data in data out TX

=

2.45 GHz

00K

control logic

4 Backscatterlng results in poor SBR and SNR

d Dual antennas take a large die area
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Proposed Two-Tone Technique

Uplink Spectrum «———
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Proposed Two-Tone Technique

Uplink Spectrum «———
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Proposed Two-Tone Technique

Uplink Spectrum «——
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Proposed Two-Tone Technique
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Proposed Two-Tone Technique
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Outline

] Circuit Details
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On-Chip Antenna
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Miniature Bandgap
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Carrier Oscillator
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Decap Optimization
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Outline

J Measurement Results
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Testing Chip
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Tx-Rx System
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Carrier Oscillator w/ Wireless IM2-IL
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Uplink by Direct Backscattering

© 2018 IEEE
International Solid-State Circuits Conference

Keysight Spectrum Analyzer - Swept SA E@
F | RF 50Q DC | | SENSE:INT| | 11:13:56 AM Aug 30, 2017
Marker 1 23.033000000 MHz Avg Type: Log-Pwr TRACE|1 2345 6
NEE PNO: Wide Trig: Free Run Avg|Hold:>100/100 TYPE|A VAR
IFGain:High #Atten: 0 dB DET|S NNNNN

1 dBidiv Ref -111.30 dBm
Log

Mkr1 23.033 MHz
-115.152 dBm

-112

-13

Vlery Poor SN

R due to Ultn

a-Small Antenng

-114

iMSG

1
-115
116 | [l LULJr[llmllllﬂth' '” r
vz WAL | J] uu| bl 1l ||IJ||. m L(“..,Ll l\‘ L,I:IL JHH
N ]lTTlH” [ '|"'H bR K I Ly Wl(]
-118 | ; I | ¥
-119
-120
Center 23.0400 MHz * Span 1.000 MHz
#Res BW 1.0 kHz VBW 1.0 kHz Sweep 8.267 ms (1001 pts)

STATUS

28.8: A 5.8GHz Power-Harvesting 116umx116um “Dielet” Near-Field Radio with On-Chip Coil Antenna

42 of 49



Uplink w/ Proposed 2-Tone Technique
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Performance Comparison

(1DL: Downlink, UL: Uplink
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