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Wireless IMD Applications
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IMD: Implantable Medical Device

" Treat neurological diseases (e.g. DBS) or substitute sensory
modalities (retinal/cochlear implant), high power, large volume

" Battery-powered chest-mounted DBS
- Head-mounted DBS with wireless power transfer




Wireless IMD Applications

Cochlear Implant

Head-mounted DBS with wireless power transfer




Wireless IMD Applications
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" Size/weight of batteries affect animal movements and behavior.
- Wireless power transmission via inductive links

" Inductively powered IMDs for long-term uninterrupted
electrophysiology experiments on small freely moving animal.
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Wireless Power Transmission Efficiency
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IMD: Implantable Medical Device
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With higher IMD power efficiency from the secondary coil

to the tissue:

" The IMD can operate with lower received power from a
further coll distance (small coils implanted deep in the body).

" Small power consumption in IMDs reduces the risk of
tissue damage from heating and interference.

Jow and Ghovanloo, TBIioCAS'07 §5



Wirelessly-Powered IMD Structure

' Inductive | !Adaptive Mod.: {AC-DC Conversion
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Wireless Link Matching  Power Management

Various WPT techniques in every stage of power flow:

" Wireless power transmission link (across the skin)
" Matching and adaptive Q-modulation (inside the body)
" Power management units (inside the body)




Outline

® Optimized Wireless Power Transfer Links
® Power Conversion and Management Circuits
® Low-Power Wireless Data Telemetry

® Conclusions



Outline

® Optimized Wireless Power Transfer Links
- Conventional 2-Colil Inductive Links
- Multi-Coll (3-Coll) Inductive Links
- Q-Modulation Concept
- Q-Modulation Power Management (QMPM)



Power Transfer Efficiency (PTE) in 2-Coll
Inductive Links

® The 2-coil power transfer efficiency (PTE):

Q

Primary Loop Secondary Loop

® PTE is highly dependent on: k,;, Q,, Qs, Q, (load Q)
Qs = Q3Q. /1 (Q3+Qy) Q =R /wylL

® Large R, (Q,): Low efficiency in the secondary loop

® Small R, (Q,): Low efficiency in the primary loop

R.R. Harrison, ISCAS 2007 M. Baker and R. Sarpeshkar, TBioCAS 2007
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Maximizing PTE and PDL in 2-Coll Link

Parameter Sym Sim 80 !
Inductance (uH) L, 1.2 TO 4 ----d-mfmmF ottt e L
Outer diameter (cm) D.; 27 @ : e
Fill factor @, 0.28 60 4ol Ll S N 4 Y A S A M A
L, Num. of turns n, 2 P I .
Line width (mm) w, 12 50 b A VLl ( T N O I R R
Line spacing (mm) S, 35 o I
Quality factor Q, 196 L 40 4.4 o O 1 O SN N 0 1 1 RS O B A W
Inductance (uH) L, 0.058 - ¢ :_ [ )
Coil diameter (cm) Dy, 4 Q. 30 ot UL L s L LLL
L Wire diameter (mm) W, 5.68 o :_ %
2 Num. of turns n, 1 !" I
Line spacing (um) S, 100 20 T--mm T VU T . 0
Quiality factor Q, 151.5 :_ °
coupling distance (mm)  d,, 50 Ly A s o T T T
coupling coefficient ki, 0.032 0 :
Power tran(s(;e)r efficiency PTE 720 10 100 200 1000 10000
0
: Load (Q2)
Power delivered to load —_
MW) PDL 2153 — RL,PTE =200 Q
® PTE and PDL are highly dependent on R, Impedance
® R, is often predefined Transformation

1) Matching circuits  2) Multiple coils

Kiani, Jow, and Ghovanloo, TBIoCAS 2011 10



Maximizing PTE in 2-Coll Inductlve Links

Rs : I5(t)

23Q2Q3L QBL

= _ Ly RL
772—00|I 14 k223Q2Q3|_ QL . ; TC3 §
Primary L;:);o --------- S‘: ;;c-mdary Loop
® Anoptimal load, R pre, to 5 _ Ripre _ Q,
maximize the PTE PR o, (14 kAQ,Q,)M?
Impedance

® R, is often defined by the application
L Y PP Transformation

1) Matching circuits 2) Multiple coills

* More lossy (multipleL & C = More efficient (Q > 200)
with Q < 100) = Easy to match the load

= Smaller size and tunable = [arger size & not tunable

11



3-Coll Inductive Links for Load Matching

\ SKin/Air

Secondary Load
Coil Coil

(k3Q,Q,)(K5Q,Q,,) Qu
[(1+ k223Q2Q3 + k324Q3Q4L)(1+ k324Q3Q4L)] QL

M3 coit = N23l34 =

M. Kiani and M. Ghovanloo, TBioCAS 2011 12



Maximizing PTE in 3-Coll Link

L SKivAIr
I
by

Primary Secondary
Coil Coil

By changing ks,

Optimal ks, (3-Coil)

(and R 3), the I .
1 ’ e .,
3-coil PTE can be L P = 1| ----------------------- . g
kept at maximum 10 oA o R . g O
for a wide range ] | .
200 '
Of Ry 10 100 1000 10000

A 2-coil link does not provide this flexibility, and PTE maximizes
only for a specific R, value.

M. Kiani and M. Ghovanloo, TBioCAS 2011 13



3-Coll Inductive Links for Load Matching

Skin/Air

Primary Secondary Load
Coil Coil Coil

(k223Q2Q3)(k324Q3Q4L) . Q4L
[(l+ k223Q2Q3 + k324Q3Q4L)(1+ k324Q3Q4L)] QL

Problem: k23 and R, change but ky, IS
not adjustable during operation!

14
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A Q-Modulation Based Inductive Power
Transmission Link

Inductive Link

Skin/Air

doovcoosocsccccceae

Secondary Coll
RX

Primary Coll

TX
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Q-Modulation Inductive Link

Inductive Link

Primary CoiIE E Secondary Coil

TX E__E RX

Q-Modulation Parameters

® T,/2and T,,

® Duty cycle: D=2T,,/T,

® Switching at time zero
crossing of I

® Switch resistance: R,

w,L,

Prsw + Frs + Pt R, +R,, (D —lein(ZﬂD)) +R (1-D+ lein(ZﬂD))
T T

16



PTE Comparison between 3-Colil and
Q-Modulation Inductive WPT Links
40 - - :
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Q-Modulation Power Management (QMPM)

Q-Modulation Power Management (QMPM) Chip
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M. Kiani, et al., ISSCC/JSSC 2015 18



Q-Modulation Measurement Results:
Load Variation

=O=PTE without Q-mod -3 PTE with manual Q-mod
== PTE with ADCC =-=D with manual Q-mod
-4 D with ADCC

50
= 40
m —
n S

30
_E (o)
: E
L
= 20 "3_
el
S (@)
3
£ 10 -

0 | | : | | | | |

50 200 350 500 650 800 950 1k
R, (Q)

With Q-modulation, PTE increases by 2x at R, =200 Q!

M. Kiani, et al., ISSCC/JSSC 2015 19



2.4 mm

IR EEELELLLILLLE  [CMOS Technology J0.35um 4M2P
_ Passive Rectifier ™ ,

- | Nominal Load
== ' - | Rectifier Cap (C.) 50 uF
TR
CXO”;( 5/14

4.1/17.1pH

QMPM Die Micrograph & Benchmarking

S
S
N

Publication ] Choi, ISSCC13| Lee, ISSCC12 |Lu, ISSCC13 | This Work
Freq (MHz) 6.78 13.56 13.56
VRrec (V) 5 3.1 4.5

Max Power (W 0.037 0.032 1.45

Meas. PCE (%
Load Matchin NO NO YES

M. Kiani, et al., ISSCC/JSSC 2015 20



Outline

® Power Conversion and Management Circuits
- Active AC-DC Converter
- Reconfigurable AC-DC converter
- Adaptive Regulating Rectifier

- Wireless Capacitor Charger

21



Inductively-Powered IMD Structure

Passive Voltage

Doubler Active Rectifier

Jc

D

Ino:_go:(ve I Active Voltage Doubler | \ Load !
- C, mn Vi : y Vo |VOUT Vbp E (|MD) '
> = w Ll 7S - o :
o 2 N C ! =y ! l
O <= M | ~IN | 99 : '
n < Q.+ 1
8 S = | v A I L |22 = 3 |
= L, L, |C, : \ ' Cr j % | L‘ RL:
o 8 ! 2| veo ! !
T = ' | — _ES>S: |
x 3 c e e m e = Vss ]
X
< > ) |« >
Transmitter Inductively-powered IMD

" Comparator-based Active AC-DC converters enable high
power conversion efficiency (PCE) and low dropout voltage.

22



Full-Wave Active Rectifier

il R Offsetg

C Turn-on
VN1 Q ? Q Vin2 ,&’ ( ) VOUT
”
. )
7 Vini D
Bl B2

-————— e = -

i [Comparator; Vv I':" “:J \ iComparator )
Pt || [ He<<l T
: ) : : +
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[Full-wave active rectifier] [Offset-controlled comparator]

" Rectifying switches are driven by offset-controlled high-
speed comparators at 13.56MHz ISM band.

" Offset-control blocks inject offset currents to compensate for
both turn-on and turn-off delays.

" High measured PCE of 80.2% with 3.12V DC for 0.5kQ load.

Lee and Ghovanloo, TCAS-I 2011 23
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" Comparator-based active voltage doubler for high output
voltage and high PCE @ 13.56MHz.

" PCE = 79% with 2.4V DC for 1kQ load from 1.46V AC input.

Lee and Ghovanloo, TBioCAS 2013 24



Reconfigurable AC-DC Converter

) é

é <Full-wave rectifier> )

<Voltage doubler> (<Active diode>)

D Vout Vinp D Vour
C—+— C—+— 1

>
&
V:’S;= Y

D_ —® *—
\ Iq Dn1 y &LOW Vbrop & IDLos;sJ

Combining two AC-DC mechanisms into a single circuit:

" VD/REC combines two AC-to-DC converters, i.e. a full-
wave rectifier and a voltage doubler, into a single circuit.

" Active diodes driven by high-speed comparators lead to
low dropout and high PCE in both VD and REC.

Lee and Ghovanloo, ISSCC 2012 25



Adaptive Reconfigurable VD/REC

+
Mode selection/J]- VREF

Ingluctive H> i —BGR
o LK Mode 0 "
1 uJ I~ Taad o
. % Vinp Full-Wave Vour LDO b+ Load :
o ’I\-/I‘ Active | |
[ 1G> | Rectifier Vv [C, :‘; 1 :
S T _ 3 =
(- L, Lo Active | R 1C|
Q Voltage TCF B e
© Doubler ' |
| |
= Vi Vss = =e=-
5 Active VD/REC
< - > (/) |« - - >
Transmitter Inductively-Powered Device
Condition |Mode Operation Key Feature

Vout > Vrerrysy| O Full-wave rectifier | High power efficiency (PCE)

Vout < Vrertysy| 1 Voltage doubler High output voltage (Vourt)

" Adaptive mode control for rectificationor voltage doubling
" Extended-range inductive power transmission
" High PCE (70% VD / 77% REC) with active diodes

26



| | vDIREC

Power Transmission Range

Mode change
(REC to VD)

<>~ REC-only

2 3 4 5

REC mode

al
-

Hyst Cmp
window

155I

2 3 4 576 7 8

Distance (cm)

- VD/REC
<>~ REC-only

Mode change
(REC to VD)

0 15 30 45

REC mode

I
[ Fpp—
.

60 75

L}
'VD mode
F"! Ll

Hyst Cmp
window

-------

0 15 30 45

360 75

Orientation (deg)
" VD/REC extends power transmission range by 33% (6cm to

8cm) in coil distance and 41.5% (53° to 75°) in coil orientation,

compared to using the rectifier only.




Adaptive Regulating Rectifier

AC-DC Regulator Reg. AC-DC
D= |+ |1 [I_I — —[ﬂ—_'_-
T T T

Combining AC-DC conversion and DC regulation into a
single structure:

" Adaptive regulating rectifier combines an AC-DC converter
and a regulator into a single structure

" Area & power-efficiency one-step power conversion/regulation
" Overall PCE up to 87% at 2ZMHz without using regulators

H. Lee et al. JSSC 2013 28



Adaptive Regulating Rectifier Concept

Max. turn-on time Turn-on phase control

VIN(AC)
“4

'

REC turn-on
- VREC depends on - Adjustable VREC
peak of VIN(AC) - High PCE
[Conventional rectifier] [Proposed adaptive

regulating rectifier]
® Conventional rectifier:
- Vrec depends on peak of V ey 2 Vgec IS Not adjustable.

" Proposed adaptive regulating rectifier:
- Turn-off timing control = V.. is adjustable.
- High PCE with small voltage drop between Vgec and V yac)-

29



Rectifier Phase Control Feedback

Rectifier Phase Control Feedback

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

Phase / —7[o L‘ ! '
control o= sC !
comparator ";6’4‘ " O |
1 | vory—le I TYNS l
VINP T ==~ P11 .
S Fetear ] '“Wi | ' |
] I !
% ™ VREC VSS — 1T : :
T2 1A = T VREC | ' ':l : :
2] | | L iTurE'ff%: - e el |
D, 5> A | control 1 P7 P81 :
VINNF --65 —————— >~ _LF I'::::::1 Vl : ) :
I AV ] N4 :

Phase [ o o : o \MH N5 i |—| NS — =
control ] . NIEC | PLsStart; Ly ey INV1~3 NG C3| :
comparator 1 | vss | up 'l:ll_l ANESPA>—— ' TReset |
V= =7/ IcmvP2 o R1 N6 N7 | L el

[Adaptive regulating rectifier] [Phase control comparator]

® Phase control feedback can be added to the conventional
comparator to control the rectifier turn-off time.

® Phase control feedback turns off the rectifier after a variable
time delay to adjust V. for a target output voltage.

H. Lee et al. JSSC 2013 30



Regulating Rectifier Waveforms & PCE

CTL 000 CTL 011 - | 1 | CTL= 111 1V
' ' VREC=2.5V

65ns e 65ns
Rectifier Rectifier
 P2on A/  Plon

Rectlfler Rectlfler
! Poon Plon

VINP VINN | VINP VINN [ f o VINP VINN

 » VREF=0.83V | | _ _ | __
e e e VREE= 113v | | VREF=1.53v %JTZMHmz
R v o e ov @ ol @ Twv @ Ty . Toov . 00 [ oV @ v g oV @ 0

When the peak input voltage is constant at 5V:

" The regulating rectifier generates adjustable Vgg- from 2.5V
to 4.6V (3-bit) by adjusting the rectifier turn-on phase.

" The reqgulating rectifier still achieves high PCE of 72~87% at
2MHz when Vgge = 2.5~4.6V and |51 = 2.8mA.

31



Efficient Wireless Capacitor Charger

Inductive ICH

Link VeolL — VIN
= AE—l
3 C1 Charge et cap.
< 1 P [Injection }'L\ | Charger
. cap(Cs) +' il Pos/Neg
g L1 Adap.Cap. ## |H Cap.Bank
g Tuner —1
o GND

" Direct pos/neg capacitor charging from AC coll voltage (Vqq,)

" A charge injection capacitor (Cg) & a capacitor charger
switch generate a fixed amount of charging current (I-.).

" Fixed I reduces switching loss, while C does not dissipate
power, maximizing capacitor charging efficiency (82% @ £2V).

Lee and Ghovanloo, TCAS-Il 2013 32



Wireless Capacitor Charger Operation

Inductive
Link VIN (< VPos.Ca
VCOIL \/\J ‘/—\_, ( p)

&; Char e

< L Inj ectlon

— . Cap (Cs)

) T tI..L Pos/Neg

= Adap. Cap. -l--l- Cap. Bank
8 Tuner

— GND

" Direct pos/neg capacitor charging from AC coll voltage (Vqq,)

" A charge injection capacitor (Cg) & a capacitor charger
switch generate a fixed amount of charging current (I-.).

" Fixed I reduces switching loss, while C does not dissipate
power, maximizing capacitor charging efficiency (82% @ £2V).
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Wireless Capacitor Charger Operation

Iil

Inductive
Link \/\, ﬁ» _/-\_, VIN (= VPos.Cap)
VCOIL T @

O

Charge Cap.
2 L Inject?on ‘t-' | Charger
— . Cap (Cs) -
= T TR Pos/Neg
= Adap.Cap. T | Cap.Bank
8 Tuner 1
— GND

" Direct pos/neg capacitor charging from AC coll voltage (Vqq,)

" A charge injection capacitor (Cg) & a capacitor charger
switch generate a fixed amount of charging current (I-.).

" Fixed I reduces switching loss, while C does not dissipate
power, maximizing capacitor charging efficiency (82% @ £2V).

34



Wireless Capacitor Charger Operation

Inductive
Link VIN (> VNeg.Ca
VeolL J\, ./_\_I ( g.Cap)

&; Char e

< L Inj ectlon

— . Cap (Cs)

) T tI..L Pos/Neg

= Adap. Cap. -l--l- Cap. Bank
8 Tuner

— GND

" Direct pos/neg capacitor charging from AC coll voltage (Vqq,)

" A charge injection capacitor (Cg) & a capacitor charger
switch generate a fixed amount of charging current (I-.).

" Fixed I reduces switching loss, while C does not dissipate
power, maximizing capacitor charging efficiency (82% @ £2V).
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Wireless Capacitor Charger Operation

Iil

Inductive
Link \/\, <IC—H _/-\_, VIN (= VNeg.Cap)
VCOIL T @

@

Charge Cap.
2 1 Inject?on Ly | Charger
— . Cap (Cs) L
O T - ||]| Pos/Neg
= Adap.Cap. T | Cap.Bank
8 Tuner 1
— GND

" Direct pos/neg capacitor charging from AC coll voltage (Vqq,)

" A charge injection capacitor (Cg) & a capacitor charger
switch generate a fixed amount of charging current (I-.).

" Fixed I reduces switching loss, while C does not dissipate
power, maximizing capacitor charging efficiency (82% @ £2V).

36



Dual-Control Wireless Capacitor Charger

4-ch Dual-Control Inductive Capacitor Charger

Cs ,
3._||_Y.D‘ﬂ; . +—

CMPP | DRVP DRVN | CMPN

A&:daapp' VTP_—:’@ -%Epl N:I @ ﬁ VTN
Tuner ~ Eocl |scH VP VN SCH
# Sw I—' é Gl
) XX l ﬁf .
EOC| | RE-| |VcP1 -T VcN1 ] 5-bit
l "T' cTL | |SET J. : ML Dualv«]]::

GEI\;D I Cr1 I Cnz | VINMIDAC
GND T I""Storage Cap Pair

VCOIL

Cap & ] VSTIM

- |Channel
-] Selector

Charge
Monitor

Gl

" Dual-voltage control capability for separately charging
pos/neg capacitors to their designated target voltages

® Capacitor reset function " Adaptive capacitor tuning

Lee and Ghovanloo, TCAS-Il 2013 37



Adaptive Resonant Capacitor Tuner

Adap.Tuning Cap
Envelope Detector vcoiL{Dyn.] VDDH e v iaite

___________ VCOIL |
VCOIL | ! vDD— Bias [ |
—L—¢ ‘ ‘ ' 1 C]_2Cc] 64C) ,
| Y] - uP | € S1_| TT
| -A-| | CMP | = P17 '
P16 . l
N % O I et < = ——t 1&’18 '
| N | D 8 : : ’0 |
| < —m ! | =20 S7 | ’ :
| - | o) ‘ . 4 4
GND | o1 C5 0= | - —| *x ) ] {EDI23:

" Effective resonance capacitance varies during charging.
" Colil amplitude detection & comparison

" Adaptive 7-bit tuning capacitors

38



Adaptive Capacitor Tuner Waveforms

VColL (=2.7Vp) W/ AV:SOOmVi VCOIL (=2.7Vp) W/ AV=150mVi

B S 7 T A A

\V/ei=

Cap charging (552us)

AV=500mV

_ Adapcaptuner B S
s UP .. Deactivated -

don b

@ 1.00v 2 ; a 5.00v ; i 1.00?\/ 1100 5 5.00V ; 5 1.0;\/ 1 {100
R _5.00V 100us b RT) 5.00V 100ps b
[Adaptive cap. tuner deactivated] [Adaptive cap. tuner activated]

" During charging, resonant capacitance variation decreases
the V., amplitude, limiting the proper charging operation.

" An adaptive capacitor tuner keeps Vg, amplitude constant.

39



Capacitor Charging Efficiency & Time

S
> .
c >
o
9 s
= - Meas. eff. ci
o 50 |-A- Simul.eff. -300 3
------ >
=, 40- Lo40 @
& -®- Meas.time =
c 30- -0- Simul.time|[ 180 =
© 20 120

! ! ! !
+1 +1.2 +1.4 +1.6 +1.8 +2
Target charging voltage (V)

" With 2.7V peak AC input at 2MHz, a pair of 1uF capacitor
can be charged up to +2V in 420us, achieving high
measured charging efficiency of 82%.

Lee and Ghovanloo, TCAS-II 2013 40



® Low-Power Wireless Data Telemetry

Outline

Pulse Delay Modulation (PDM)

PDM Transcelver

PDM Measurement Results

41



Dual-Band Data/Power Transmission
Using Two Pairs of Colls

Coaxial coils

Simard and Sawan S. Kelly et al. and W. Liu et al.

Jow and Ghovanloo, TBioCAS 2010 42



Pulse Delay Modulation (PDM) using a
Dual-Band Power/Data Link

® Pulse-Based data transmission using a separate data link by
modulating the zero-crossings of the undesired power carrier
Interference across L,C,-tank with short decaying ringing.

Power Transmission

VDD

k2 Rectifier &
_| ecCtl
Clock RF Power | C; R Lo R> C Regulator %R'-
. 1 2 — 2 —
OCK 1 Amplifier Clock [ Recovered

Koo $\k.,4 / f o Recovery Clock

Data Transmission Voo
j RN
Pulse Rs R4 Pulse Delay | Recovered
ﬁ> Generator |C3 T §L3 L4§ C. Detector Data
ata
“w__ o
P =
Transmitter (Tx) Skin Receiver (Rx)

Kiani and Ghovanloo, TBioCAS in Press 43



Amplitude (V)
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" Zero-crossing timing shift = 2.5 ns
" Signal-to-Interference Ratio (SIR) =-18.5 dB
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Fully-integrated PDM-based Transceiver
Diagram
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PDM Implementation and Test Setup

: " & . N
: - 5
- ;
' -
] )
' v : '
L] ' 3
----------- /",' /
............. R * Std. CMOS
- (T TSMC 0.35-um

® Supply volt. =
1.8V

® Operating freq.
= 13.56 MHz
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® Datarate = 13.56 Mbps ® SIR=-18.5dB

® Distance = 10 mm ® Delivered power = 42 mW
® Power carrier = 13.56 MHz ® Bit error rate (BER) = 4.3x10/

)
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PDM Benchmarking

® PDM advantages:
= | ow-power consumption of data transceiver
= Robustness against power carrier interference
= First inductively-powered pulse-based transceiver

J Data |Power| Data | Tx/Rx |CMOS SIR Die Agea 7
Reference Mod. G Carrier|Carrier| Rate | Power | Tech. (dB) (mm”) ({?f; BER
(MHz) |(MHz) (Mbps)| (pJ/bit) | (um) (Data Tx/Rx)
Ghovanloo, 2004 |pcFSK| 5 | 5/10 | 5/10 | 2.5 -/152 1.5 - -/0.29 5 10~
Hu, 2005 BPSK | 15 10 10 1.12 | -/625 | 0.18 - -/0.2 1.8 10~
Mandal, 2008 |LSK™| 20 | 25 25 2.8 [35.7/1250] 0.5 - 2.2/227 |28 107
Rush, 2012 FSK | 20 | -/5 5 1.25 - 0.8 - - 2.7 -
Rush, 2012 |BPSK| 20 | 48 5 3 | 1962/- | 08 | - 23" 2.7 | 2x10™
Simard, 2010 |QPSK| 5 | 13.56 1 4.16 - - - - - | 2x10°
Zhou, 2008 BPSK | 15 20 2 2 /3100 | 035 | -12° -/4.4 4.5 10”7
Chen, 2013 |DPSK| - 20 2 2 - 0.18 - - 1.8 10”7
This Work PDM | 10 50 | 13.56 | 13.56 | 960/162 | 0.35 |-18.5| 0.34/0.37 | 1.8 |4.3x10”’

" A 1%-order off-chip filter was used to improve SIR to -6 dB. " Including pads.
" Second-order filter was used to improve SIR. " LSK is only used for uplink.
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Conclusions

" Various wireless power and data transfer technigues can be
utilized to power up and communicate with IMDs.

" The wireless power transfer consists of several stages, such
as the power Tx, inductive link, matching circuit, power
conversion and management units.

" Every stage offers the designer with several degrees of
freedom and design parameters, which need to be optimally
combined by considering designated specifications.

" Low-power wireless data telemetry with simultaneous power
Interference are important in information-heavy IMDs, in which
high performance is desired despite limited received power.
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