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Motivation

Communication of Sensor nodes
e Monitoring
Bio Signature

 J
e Neuro-Implant
{

HBC provides much higher energy
efficiency than 2.4GHz radio.

<100pJ/bit
Data Rate Efficiency
(bps) 100Mm X7
10M |
M HBC
100k BLE
. Power
1 to0u 1m  tom (W)

Hub for Human Body-Coupled Comms '

Neurocardiology Devices ,«/ LIG-Based Bio-Chemical Sensor
+ AFE & HBC T/RX ASIC [ + AFE & HBC TX ASIC

' I
~_ ASIC

- Implantable Defibrilator
- Cardiac / Neuro Recorder

\ - Blood Glucose Monitoring

- Sweat Component Analysis
- Embedded Temp. Sensing

|\ |
< ¥ \
. ] \
Wearable Device

\ \ \
! \ \ .
4/ ‘ \ \ ' | LIG-Based Motion Sensor
+ HBC RX & Edge-ML “//V 1 \ ! j ) + AFE & HBC TX ASIC
\ 4 b

ASIC \ I\ !

= V)

HBC AFE \ | ASIC

SoC | \‘

- Motion / Pressure Sensing
- Gesture Recognization
- Sensory Subsitution

On-Device Power Efficient ML

|
|
t #
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Challenge: Integrating HBC AFE with Digital Processor

Improved
Bio Sianal DSP 50 Logic Density - 350
10 Signa Wavelet X HBC ’
. < - 300
Compress Encoding RX S0 =
— AFE | g 250 E
. HBC R < =
Edge-ML Security T > 8 30 Worse Analog 200 E
2 Performance 150 >
Need FinFE'!' . Analog Design Challenge E 20 1 L 100 g
for power efficiency No work has been reported in <40nm £ o
- 50
10
Sensor Node DSP —— — 4 L o
16nm ASIC r ) ; S e T R
Bio Signal | 180 130 90 65 45 28167
Wavelet TX | HBC
Compress Encoding 1 RX I CMOS Process Node
-’\JL AFE [ : [
Edge-ML || Securty |[-a HEC Lo > Challenge: Advanced nodes have
| .
: I high leakage and low headroom
I This Work !

—_———a No reported HBC transmitter in

f’i‘ Possible for Monolithic Integration

) FinFET nodes
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e The Proposed Sensor Node TRX Design




Overview of the Proposed TRX System

2.5MHz Clock Vix Coidiictor Insulation & Adhesive lBIAS 2.5MHz (300'(
-T Transmitter \ Receiver
SData - DTC - Power ii il" "li F-Alij [I\.. RC Dour
ource '.' Switches E: EE R'ﬁssue 60 Hz AFE : TDC >

: ] 1 H| HPF \

H ; _I == Cooey [] 5
-‘"""""""""""'L: B T T AT A T :l é .'"‘"""“""““““‘: :‘""‘l‘""“““"""".
R e L Human Body Model [2] _/\_/L/\ E_|_|.J—|_ﬂi
¢ fELINSS_EL ¢ o] teeeeaiil e R e s

. . /\/E.\/\ 50/60Hz Power Line
Overview of Proposed HBC Transceiver System Interference

e Reduce pulse-per-bit —— Better encoding scheme (DM-PPM)
High efficiency TX —— Use of High-Q Inductor
e High efficiency RX — FIinFET-Optimized Circuit;

Power Management Techniques
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o High Density Differential-Mode
Pulse-Position-Modulation (DM-PPM)
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Data Rate / bps

Modulation Schemes in Prior Arts

H.Cho YJeon
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ETMode @ »
|.Lee
B.Chatterjee 5 Maity. J5SCC14
1SSCC22 . 5.J.50ng
> 15518 isscco
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N.Cho
® JSSC09
J.Rark
155€C19 T.He
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H.Cho
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100 kbps § - Modak °
J$5C22
N.Medak
cKéc1
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10 kbps J55921 | | |
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Link Power / W

@ Pulse Position Modulation (PPM)
@® Simple Modulation (OOK / ASK)
@® Advanced Modulation (PSK / FSK / PAM)




Modulation Schemes in Prior Arts

H.Cho Y.Jeon 011001
100 Mbps A + Issccim VLSI19
ETMode @ R
).Lee
B.Chatterjee s Mait. ISscci4 _
ISscc22 Jesers  S.song RZ/NRZ Signal
10 Mbps A . . e @ Simple
N.Cho € Low Data Rate
8 j.Park. {5555 €3 Susceptible to Interference
2 1ISSCC19 T.He
g §SSC19 T-BME23 LO LO Clk
’5‘: 1 Mbps A i 1
; DAC ADC
H.Cho
ISSCC15 - )
100 Kbos 4 oHiCMode Modulated Signal @ High Data Rate (>50Mbps)
P '}'5“3222" (PSK/FSK/PAM) @ Good Efficiency for High Data Rate
€ High Power for Mid/Low Data Rate
SR € High Design & Calibration Complexity
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Link Power / W

@ Pulse Position Modulation (PPM)
® Simple Modulation (OOK / ASK)
@® Advanced Modulation (PSK / FSK / PAM)




Modulation Schemes in Prior Arts

H.Cho YJeon
100 Mbps A . 1sScc15e VLSIL9
ETMode
°
fLee
B.Chatterjee . ® J55CC14
1SSCC22 SMaity,” ¢ ) son
» ISSC19  eeccos
10 Mbps + ® o
N.Cho
" ° JSSC09
Q J.Park
2 155€C19 T.He
3 4SSC19 T-BME23
©
= 1 Mbps
®
[a)
H.Cho
ISSCC15
HCMode
100 kbps 1 1 vodak ®
155C22
N.Medak C|k C”(
CiCC21 1 1 O 0 1
0% O . Mmaity L 4 L 2
10 kbps J55Q21 v v
1uw 10 pwW 100 pw 1mw 10 mw Sync. Sync.
Link Power / W LOgiC LOgiC
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® Advanced Modulation (PSK / FSK / PAM) g éior‘:quTthVoefbVé“StiganS% §|Y\Q:g?éng Activity

€ Clock Rate limits Data Rate




High Density Differential-Mode
Pulse-Position-Modulation (DM-PPM)

Proposed Fully Asynchronous Time-Domain Signaling

0.2~0. 6us in 6.25ns steps
Self-Timed Pop Self-Timed Push

FiFoJ%;] oT >—>[>-> —ﬁ ,L»[>—><TDC 3P FIFO

Modulated Signal
(Pulse-Position Modulation)

@& High Data Rate (~15Mbps)
@& Low Power with Even Fewer Switching Activity
® Simple to Design & Calibrate

@ FinFET-Friendly Timing Generation
@& Lower Clock Speed
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High Density Differential-Mode
Pulse-Position-Modulation (DM-PPM)

Selected combination of 1~4 pulses in
each frame encodes 6-bit data DTC+TDC ena b I es
Prior Art [1] /

(CPPM-6b) /\ /\ sub-clock period
?‘%%sé%ulse/\ /\/\ /\j\ /\ resolution.

[Si[s2[s3[s4s5[se[S7[se[SH]s2[s3[s4[s5[se[s7[s8[ST] -
N— Frame #1 N\ Frame #2 ———

——————— (Same Timescale, Same Frame Timg) = =— =— =— — —

Proposed 4—Time'Interval-Encodes 6-bit-Data—p
(DMPPM-6b) ,

Density: : < 64 Available Slots = | [
6 b/pulse ’ \
N\ Frame #1 /\- Frame #2
Longest: 600 ns (Typ.) Shortest: 200 ns (Typ.)

(Dynamic Range Limited) (ISI & RX Recovery Time Limited)
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High Density Differential-Mode
Pulse-Position-Modulation (DM-PPM)

DTC+TDC enables
sub-clock period

resolution.
_ _ How much
Proposed 4—Time'Interval-Encodes 6-bit-Data—p . .
(DMPPN-6b) | : resolution is
BD%?:L:}gé /\ < 64 Available Slots % /\ /\_ a3 ppr opri at e?
\ Frame #1 /\- Frame #2 ¥
Longest: 600 ns (Typ.) Shortest: 200 ns (Typ.)

(Dynamic Range Limited) (ISI & RX Recovery Time Limited)
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High Density Differential-Mode
Pulse-Position-Modulation (DM-PPM)

o
T
=]

— TX
—— RX

~—- 1T+1R

Estimated Energy Consumption (J/bit) _,

1 -]
Proposed 4—Time'Interval-Encodes 6-bit-Data—p p:
(DMPPM-6b) ! \
g%r/!pslﬁgé A - 64 Available Slots —» | [; /\_ =~ K+/DR
\ Frame #1 /\- Frame #2 <
Longest: 600 ns (Typ.) Shortest: 200 ns (Typ.) 0 é 4'1 é 8
(Dynamic Range Limited) (ISI & RX Recovery Time Limited) Encoding Density (bits/pulse)

(@ 2.5MHz Pulse Repetition)
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o Resonant Pulse Transmitter
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Resonant Pulse Transmitter: Concept

[C)i‘.foap Cload Energy Lost in 1 Cycle:
—C O
— —_— \ I EIOSS’
l_ l T / \ Ejoss=Ecioad
CMOS > T

Human Skin is a capacitive load
Driving with CMOS will cause 100% capacitive energy loss.

E,.. = CV?=25p] @ 1.0Vpp per pulse
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Resonant Pulse Transmitter: Concept

Decap

C=oo Cload Energy Lost in 1 Cycle:
—C O
— —_— \ I EIOSS’
l_ l T / \ Ejoss=Ecioad
CMOS > T

Can we do better?
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Resonant Pulse Transmitter: Concept

C=oo Cload Energy Lost in 1 Cycle:
—C O
— —_— \ I EIOSS’
l_ l T / \ Eioss=Ecioad
CMOS > T

..... Damped RLC Envelope

1
T Eloss=EcIoad(2nR/w0L)

=Ecload(2n/Q) << Ecload

RLC Oscillator

Inductor can create oscillation on a capacitor with lower loss per cycle.

E_ = Ecapx(21T/Q) <0.13 x Ecap =3.2pJ @ 1.0Vpp per pulse, Q=50

loss
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Resonant Pulse Transmitter: Concept

D
Cigoap Cloas Energy Lost in 1 Cycle:
—o0" 0—
— — \ I EIOSS’
l_ l / \ Eioss=Ecioad
CMOS > T
Decap

C=00 Open the switch here
(ZVS condition)

_o/o_mnn_,
_| | Pass Gate
T T ¢ Eloss=EcIoad(2nR/U~)oL)
6 é =E10ad(2VQ) << E(joag

ZVS Switching RLC Oscillator f Closs
This Work

p T

The switch can open/close at the peak/valley of the oscillation.
without capacitive energy loss (ZVS condition)
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Resonant Pulse Transmitter: Simplified Diagram

VTX=0'6~1 .6V

=YY Y\ To Electrode
2x V1x Swing Vix VLX£ A Vour
= N
- P due to
i eriiesc I _series R
Vour lf 250um
PASS — - L _ia
L o~ Al [oonm | ResET -I][:: oo A
Pass é Y
= 1 | I
Reset (Force Discharge) ] TX TOP Passgate MOS Reset MOS Tunable Cap.

Deadtime >|—|<
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Resonant Pulse Transmitter: Simplified Diagram

VTX=0'6~1 .6V

=YY Y\ To Electrode
2x V1x Swing Vix VLX£ A Vour
= N
- P due to
i eriiesc I _series R
Vour B 250um
PASS - L _ia
I /\/_T LA A -ﬂﬁ 90nm ——
Pass é Y
= 1 | I
Reset (Force Discharge) ] TX TOP Passgate MOS Reset MOS Tunable Cap.

Deadtime >|—|<

Core switch implemented with a single LVT NMOS
250um width to support up to 5mA peak current.
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Resonant Pulse Transmitter: Simplified Diagram

Vrx=0.6~1.6V =YY\ To Electrode

2x V1x Swing Vix VLX£ A Vour

= N

- P oss due to
Vpsleanouy B 3 } Series R
Vour lf 250um

PASS — [l ]
\v4
Pass
= 1 | I
Reset (Force Discharge) ] TX TOP Passgate MOS Reset MOS Tunable Cap.
Deadtime >|—|<

Discharge switch discharges the residue voltage,
forces the output to OV when idle.
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Resonant Pulse Transmitter: Simplified Diagram

VTX=0'6~1 .6V

=AAAAT To Electrode

2x V1x Swing Vix VLX£ A Vour

_ N

- P due to
Vn=0.2~165V /' - _series R
Vour lf 250um

PASS — | 15um _ia
I /\/_ -I] 90nm RESET -I]ﬁ 90nm EH
Pass é Y
o= 1 | I

Reset (Force Discharge) ] TX TOP Passgate MOS Reset MOS Tunable Cap.

Deadtime >|—|<

16pF tunable capacitor for resonant frequency trimming
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Resonant Pulse Transmitter: Complete Diagram

Passive RC Damper To Electrode

High SRF, Shielded

Voou =0 B~
Vrx=0.6~1.6V = YYN\——9 |nductor, 4.7uH, 110mm?
Input —_—
FIFO Vix Vix I, Vour
Vppa=0.8V Vppr=1.8V Vi [ L
Deadtime Generator C q :}2nthF__
‘ ascoae
Delayline 'ﬂ% 250um -" Shielding VopH
3 -“ 90nm
DTC Reset ‘17 *I:I —ﬂ
Crunel6:0]
TOP TX TOP Passgate MOS Reset MOS
Thick Gate, LVT Thick Gate 7-Bit Tunable Cap.

Complete Circuit Diagram with
DTC, Dead-time Generator, and Level-Shifters (LS)

moe Y - L ¢



Resonant Pulse Transmitter: Complete Diagram

Passive RC Damper

To Electrode
VDDL

High SRF, Shielded

= Vrx=0.6~1.6V Inductor, 4.7uH, 110mm?
o Vix Vix Vour

Vppa=0.8V Vppr=1.8V [ J

Deadtime Generator c q :}2nthF__

Delayline 250um e \Y;
Shielding VbpH

DTC -ﬂ% 90nm

15um

90nm

DTC B Reset ‘]7 .I.'"

Crunel6:0]
TOP TX TOP Passgate MOS Reset MOS

Thick Gate, LVT Thick Gate 7-Bit Tunable Cap.

Circuit near V. has shielding

to support up to 2xVDDIO = 3.6V output amplitude
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Outline

o Low Power Receiver
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Low Power Receiver: FInNFET LNA Design

Single-Stage
Improved + Gain>200
50 - Logic Density - 350
—_— Electrode—p{ BPF +
_ | 3. BPF |—p Digitize
§ 40 F250 E =
E 30 { Worse Analog 200 E [ Feedback
g |Performance 150 > Network
520 100 § :
E 8 Abstracted LNA Design
o 50 from Prior Arts. [1,6~9,10]
-0

180 130 9 65 45 28167
CMOS Process Node *

Intrinsic gain in 16nm is only 10V/V !
Hard to achieve high gain with 1 stage.
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Enable —

VCMFB
- -
VREFN
Voltage
Gain =
2~7.5X

Basic 5-T OTA Impl. in FinFET

Low Power Receiver: FInNFET LNA Design

Single-Stage
Gain>200

Electrode —»

BPF T

BPF

—Jp> Digitize

[ Feedback

Network

Abstracted LNA Design

from Prior Arts. [1,6~9,10]

Gain=7 Gain=7

Electrode —p

BPF

S

BPF

Gain=7

—> LPF

—J Digitize

Proposed LNA Design

Each stage only need to provide 7V/V gain
Latency is negligible from a system perspective.

Total Gain
=340V/V




Enable —

Voltage
Gain =
2~7.5X

Basic 5-T OTA Impl. in FinFET

Low Power Receiver: FInNFET LNA Design

Single-Stage
Gain>200

Electrode —»

BPF T

BPF

—Jp> Digitize

[ Feedback

Network

Abstracted LNA Design

from Prior Arts. [1,6~9,10]

Gain=7 Gain=7

Electrode —p

BPF

S

BPF

Gain=7

—> LPF

—J Digitize

Proposed LNA Design

BPF/HPF Removes DC Offset
Offset trimming not required.

Total Gain
=340V/V




Low Power Receiver: Amplitude Variation Rejection

Amplitude Variation
to Timing Error Conversion

Electrode —p| BPF -D>— BPF -D— LPF TDC

Proposed RX Front-End Design

Amplitude (V)

75n 100n
Time (s)

0 25n 50n
Amplitude variation causes

>4 ns timing error
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Low Power Receiver: Amplitude Variation Rejection

Reusing Tuned-BPF as a

Pass| ™ N differentiator (dV/dt) [4]
Amplitude Variation
oo Causes Timing Error l V2
Vi F
<1 ns RMS Uncertainty | Electrode BPF BPF LPF TDC
V2 .
Proposed RX Front-End Design

-75n -50n -25n 0 25n 50n 75n
Time (s)

(2 Reduces timing error in practical €3 -3dB SNR
setups to enable 6b/pulse Penalty
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Low Power Receiver: Power Gating

Very high power (20uW)
compared to the other stages

Electrode —p BPF {D- BPF ~[> LPF TDC

Proposed RX Front-End Design

moe Y o L >



Low Power Receiver: Power Gating
Low power, noisy comparator

Coarse Detector / High power comparator
f Power Gating /
X~
I

1
Electrode —p{ BPF BPF -D- LPF M
1
|

Proposed RX Front-End Design

Proposed Solution: Use delay to our advantage.
Rising edge is non-critical. Use it to power gate the falling edge
detector.
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Low Power Receiver: Complete Diagram

AFE High-Gain (Noisy) RC One-Shot Vppa=0.8V All Digital TDC TOP

Comparator

In _I1 Power Gating

RCL— VoL
Out 1
l TDC1

Sta" I s 1 (D
Al|Decode
DQ2

+p<_ TDC2 (Identical) DAve

v}
ie

DAV1

A 4
Output FIFO

TDC Interleaver
)
(=]
he}

G

Input Amplifier Tunable  Amplifier Tunable  Amplifier F
High-Pass S0&S1  High-Pass S2 Low-Pass S3

ACK1, ACK2




Outline

® Measurements & Conclusion
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Chip & Test Board Photograph

Receiver
(OEEEET e
REGTinterpose i
| e £ Battery Powered TX Board

Hand Copper Tape
(1emx1cm)

Pov‘ver
ESD Cells Transistor.

Scan Chain
& Unrelated Circuits 5 . Insulating Layer
PCB Photograph (Polypropylene, 2 mil)

Process Node: 16nm

Package: Flip-Chip BGA  Chip Micrograph & Assembly Electrode Structure




Measurements

100m 1 TX Amplitude 2.0V
[ 1l Measured at RX
wn| [l
< | [($o0cm) (~120cm) TX3
o 60m (~150cm)
§ 40m 1
20m |
0

100 py 125 150 g 175 200 p 225 250 py
Time (s)

Measured TDMA Waveform of PRBS Data

Floating PC
with USB
Oscilloscope

BW=15MHz
/N )

(dB20)
S

CLoap = 20 pF Measured Voyr,
Vix=1.0V  Before AC Coupling

Normalized
Amplitude

-50

MUIti'NOde TX Setup 100k ! N}-‘requency (Hz1)0 & HOM

Measured Unfiltered TX Spectrum of PRBS




Measurements

Floating PC
with USB
Oscilloscope

Multi-Node TX Setup

Normalized

100m 1 TX Amplitude 2.0V
1111 Measured at RX
_an] [0
< | [($o0cm) (~120cm) TX3
o 60m (~150cm)
§ 40m 1
20m |
0

100y 125y 150  175p  200p 225p  250p

Time (s)
Measured TDMA Waveform of PRBS Data

3 Ry POB leakage
33 o-r—T/l — = =\ is attenuated
S m

£3

< Croap = 20 pF Measured Vo,

V=10V Before AC Coupling
504 Vix
100 k 1M 10M 100 M

Frequency (Hz)
Measured Unfiltered TX Spectrum of PRBS




Measurements

s 100 m ™1 ™2 X3
S (~90cm) (~120cm) (~150cm)
_4_3 50 m -
o
£
< 0 .
0 100n 0 100n 0 100n
Time (s)
Measured Waveform at RX
Flpatmg PC —~
S ioeope % 100 m ECG 200kbps
e] ol o i .
2 A 0" ‘””""‘“”NHW\HH\ . |} | WUH\\N\IH\II\‘\I\!\M\ | I
Q | =Ll . | I I
5 0 L] o . s - “ = 4Mbv“ ' L ‘ L] L
0 50 m 100 m 150 m 200 m
Time (s)

Multi-Node TX Setup Measured Multi-Node Transaction Demo




Measurements

Input Voltage (Vpp)
0 2.5m 8m 25m 80m
10 1 ] 1 1 - T
ViNs = Toulse "
Arbitrary — -1 i
Waveform = e E 10 gg/llglﬂv‘égrk
Generator épassive AFE t'é 108 : [1] CPPM6b
LPF . Q B 1 b/pU|Se [1] OOK
(Ref. TX) @oMHz) | ChiP (RX) g (2.5Mbps)
— T P, i B NS~ SBb/pulse
c e 10" T aErcies (15Mbps)
£ 25m- /W\_/W r Threshold '
> 0- = I
~ 2 = @ 10" Higher | -61dBm, -47dBm,
E’ 0= L Ju _Juv JU _JL Sensitivity | 7.9mVpp ] 35mVpp
) ’ p ¥ 2 -5 1 1 , 1 L 1
o) 0 100n 200‘:"im:(()£)n 400n 500n 600n 10 70 60 50 40
Input Power* (dBm)
RX Performance Measurement Setup *Input is matched to 1pF @ 20MHz (~8kQ Impedance)

Measured RX Sensitivity vs. Input Power




Conclusion: Power Breakdown

Amp. Stage 3? (Power Gated)
2.4 uW

Other Parasitic Loss TDC

3.52 uW 15.67 uW Amp. Stage 22

Resistive Loss 6.3 uW

Fine Delay Cells Inductor’,

0.28 uW Power MOS, Amp. Stage 12

Gate Drivers and Cryne 10.5 uW

1.65 uW 7.3 uW Amp. Stage 0?
'Inductor loss is estimated using 10.5uW *Amp. power is based on total power
vendor's electrical model measured x simulated percentage
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Conclusion

Paper This Work B.Chatterjee, N. Modak, |S.Maity, J. Park, S.Maity,
ISSCC'22 [1] CICC'21 [6] | JSSC'21 [7] ISSCC'19 [8] JSSC'9 [9]
Technique Inductor Resonance |Adiabatic Switching |Inductor CMOS Push-Pull |Push-Pull, CMOS Push-Pull
Resonance Magnetically
Coupled
Modulation DMPPM6b CPPM (3~6b) OOK OOK OOK NRZ
Demod. Method TDC + DTC CDR CDR CDR Envelope Detect | CDR
Carrier Freq. 15 MHz 20 MHz 0.5~2 MHz |0.05~1 MHz 40 MHz -
Data Rate (Mbps) 2515 7.5~15 0.001~0.02 |0.001~0.02 5 30
VDD (V) 0.8 0.75 0.5 0.5 0.6 1
Maximum 3.3 0.7 10 0.5 - -
TX Amplitude w/o Stress (V)
Best TX Efficiency (pJ/b) 0.85 (6 b/pulse) 4.2 (NRZ CPPM-6b) |169 2779 11.2 349
Best RX Efficiency (pJ/b) 3.2 (6 b/pulse) 4.0 (NRZ CPPM-6b) |3.6 140 4.8 3.27 (w/o Clock)
TX Power (uW) 12.75 63 1.5 247 35.8 2600
RX Power (uW) 48 60 72 14 24 98
Area (mm2) RX: 0.011 0.259 0.13 0.3375 0.12 -
TX: 0.013
Process Node 16nm 65nm 65nm 65nm 65nm 65nm
Sensitivity (dBm) -47 (6 b/p) -65 (OOK) -60 -64 -56 -64
-61 (1 b/p) -52 (CPPM)
BER Target 1E-3 1E-3 1E-5 1E-3 1E-3 1E-3




Conclusion Supports High Data Rate Applications
Paper This Work B.Chatterjee, N. Modak, |S.Maity, J. Park, S.Maity,
ISSCC'22 [1] CICC'21 [6] | JSSC'21 [7] ISSCC'19 [8] JSSC'19 [9]
Technique Inductor Resonance |Adiabatic Switching |Inductor CMOS Push-Pull |Push-Pull, CMOS Push-Pull
Resonance Magnetically
Coupled
Modulation DMPPM6b CPPM (3~6b) OOK OOK OOK NRZ
Demod. Method TDC + DTC CDR CDR CDR Envelope Detect | CDR
Carrier Freq. 15 MHz 20 MHz 0.5~2 MHz |0.05~1 MHz 40 MHz -
Data Rate (Mbps) 2.5~15 7.5~15 0.001~0.02 (0.001~0.02 5 30
VDD (V) 0.8 0.75 0.5 0.5 0.6 1
Maximum 3.3 0.7 10 0.5 - -
TX Amplitude w/o Stress (V)
Best TX Efficiency (pJ/b) 0.85 (6 b/pulse) 4.2 (NRZ CPPM-6b) |169 277.9 11.2 34.9
Best RX Efficiency (pJ/b) 3.2 (6 b/pulse) 4.0 (NRZ CPPM-6b) |3.6 140 4.8 3.27 (w/o Clock)
TX Power (uW) 12.75 63 1.5 2.47 35.8 2600
RX Power (uW) 48 60 72 14 24 98
Area (mm2) RX: 0.011 0.259 0.13 0.3375 0.12 -
TX: 0.013
Process Node 16nm 65nm 65nm 65nm 65nm 65nm
Sensitivity (dBm) -47 (6 b/p) -65 (OOK) -60 -64 -56 -64
-61 (1 b/p) -52 (CPPM)
BER Target 1E-3 1E-3 1E-5 1E-3 1E-3 1E-3




Conclusion High TX Amplitude (2x 10 transistor breakdown voltage)
Paper This Work B.Chatterjee, N. Modak, |S.Maity, J. Park, S.Maity,
ISSCC'22 [1] CICC'21 [6] | JSSC'21 [7] ISSCC'19 [8] JSSC'19 [9]
Technique Inductor Resonance |Adiabatic Switching |Inductor CMOS Push-Pull |Push-Pull, CMOS Push-Pull
Resonance Magnetically
Coupled
Modulation DMPPM6b CPPM (3~6b) OOK OOK OOK NRZ
Demod. Method TDC + DTC CDR CDR CDR Envelope Detect | CDR
Carrier Freq. 15 MHz 20 MHz 0.5~2 MHz |0.05~1 MHz 40 MHz -
Data Rate (Mbps) 2.5~15 7.5~15 0.001~0.02 (0.001~0.02 5 30
VDD (V) 0.8 0.75 0.5 0.5 0.6 1
Maximum 3:3 0.7 10 0.5 - -
TX Amplitude w/o Stress (V)
Best TX Efficiency (pJ/b) 0.85 (6 b/pulse) 4.2 (NRZ CPPM-6b) |169 277.9 11.2 34.9
Best RX Efficiency (pJ/b) 3.2 (6 b/pulse) 4.0 (NRZ CPPM-6b) |3.6 140 4.8 3.27 (w/o Clock)
TX Power (uW) 12.75 63 1.5 2.47 35.8 2600
RX Power (uW) 48 60 72 14 24 98
Area (mm2) RX: 0.011 0.259 0.13 0.3375 0.12 -
TX: 0.013
Process Node 16nm 65nm 65nm 65nm 65nm 65nm
Sensitivity (dBm) -47 (6 b/p) -65 (OOK) -60 -64 -56 -64
-61 (1 b/p) -52 (CPPM)
BER Target 1E-3 1E-3 1E-5 1E-3 1E-3 1E-3




Conclusion High Power Efficiency: 2.2pJ/b assuming 50% TX, 50% RX
Paper This Work B.Chatterjee, N. Modak, |S.Maity, J. Park, S.Maity,
ISSCC'22 [1] CICC'21 [6] | JSSC'21 [7] ISSCC'19 [8] JSSC'19 [9]
Technique Inductor Resonance |Adiabatic Switching |Inductor CMOS Push-Pull |Push-Pull, CMOS Push-Pull
Resonance Magnetically
Coupled
Modulation DMPPM6b CPPM (3~6b) OOK OOK OOK NRZ
Demod. Method TDC + DTC CDR CDR CDR Envelope Detect | CDR
Carrier Freq. 15 MHz 20 MHz 0.5~2 MHz |0.05~1 MHz 40 MHz -
Data Rate (Mbps) 2.5~15 7.5~15 0.001~0.02 (0.001~0.02 5 30
VDD (V) 0.8 0.75 0.5 0.5 0.6 1
Maximum 3.3 0.7 10 0.5 - -
TX Amplitude w/o Stress (V)
Best TX Efficiency (pJ/b) 0.85 (6 b/pulse) 4.2 (NRZ CPPM-6b) |169 277.9 11.2 34.9
Best RX Efﬁciencx $PJ/b) 3.2 (6 b/pulse) 4.0 (NRZ CPPM-6b) |3.6 140 4.8 3.27 (w/o Clock)
TX Power (uW) 12.75 63 1.5 2.47 35.8 2600
RX Power (uW) 48 60 72 14 24 98
Area (mm2) RX: 0.011 0.259 0.13 0.3375 0.12 -
TX: 0.013
Process Node 16nm 65nm 65nm 65nm 65nm 65nm
Sensitivity (dBm) -47 (6 b/p) -65 (OOK) -60 -64 -56 -64
-61 (1 b/p) -52 (CPPM)
BER Target 1E-3 1E-3 1E-5 1E-3 1E-3 1E-3




Conclusion Small On-Chip Area
Paper This Work B.Chatterjee, N. Modak, |S.Maity, J. Park, S.Maity,
ISSCC'22 [1] CICC'21 [6] | JSSC'21 [7] ISSCC'19 [8] JSSC'19 [9]
Technique Inductor Resonance |Adiabatic Switching |Inductor CMOS Push-Pull |Push-Pull, CMOS Push-Pull
Resonance Magnetically
Coupled
Modulation DMPPM6b CPPM (3~6b) OOK OOK OOK NRZ
Demod. Method TDC + DTC CDR CDR CDR Envelope Detect | CDR
Carrier Freq. 15 MHz 20 MHz 0.5~2 MHz |0.05~1 MHz 40 MHz -
Data Rate (Mbps) 2515 7.5~15 0.001~0.02 |0.001~0.02 5 30
VDD (V) 0.8 0.75 0.5 0.5 0.6 1
Maximum 3.3 0.7 10 0.5 - -
TX Amplitude w/o Stress (V)
Best TX Efficiency (pJ/b) 0.85 (6 b/pulse) 4.2 (NRZ CPPM-6b) |169 277.9 11.2 34.9
Best RX Efficiency (pJ/b) 3.2 (6 b/pulse) 4.0 (NRZ CPPM-6b) |3.6 140 4.8 3.27 (w/o Clock)
TX Power (uW) 12.75 63 1.5 247 35.8 2600
RX Power (uW) 48 60 72 1.4 24 98
Area (mm2) RX: 0.011 0.259 0.13 0.3375 0.12 -
TX: 0.013
Process Node 16nm 65nm 65nm 65nm 65nm 65nm
Sensitivity (dBm) -47 (6 b/p) -65 (OOK) -60 -64 -56 -64
-61 (1 b/p) -52 (CPPM)
BER Target 1E-3 1E-3 1E-5 1E-3 1E-3 1E-3
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