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Wireless, batteryless, and miniaturized implants promise transformative therapies for
various neurological, psychiatric, and cardiac disorders. Beyond conventional battery-
powered bulky implants with leads, miniaturized implants promise drastically reduced
infection risk and surgical complexity, and improved patient acceptance and precision.
Despite significant efforts on wireless power transfer (WPT) for implants, most
demonstrations are not sufficiently reliable to sustain practical usage, when misalignment
between the external hub and the implant persists due to motions, respiration, and heart
beating, as well as the restricted device orientation during implantation (e.g. in spinal
cords or vessels). The power transfer efficiency (PTE) of WPT degrade drastically under
misalignment, rendering the system unstable and unusable (Fig. 17.1.1). Transmitting
higher power is a simple way to power a misaligned implant but is restricted by safety
limits, heating, and battery lifetime of the external device. It can be improved by
introducing closed-loop regulation that adjusts the driver's power based on the implant’s
feedback [1,2]. However, this approach is only effective for smaller misalignment without
addressing the fundamental efficiency drop. Recently proposed magnetoelectric (ME)
WPT improves misalignment tolerance over existing inductive and ultrasound methods
due to magnetic flux concentration effects [3]. Additionally, ME WPT at acoustic
resonance (100s of kHz), is not subject to tissue absorption, reflection, and/or scattering
issues met by RF, ultrasound, and optical WPT methods, allowing a miniaturized implant
to receive high power at large depths reliably and safely [4]. However, ME WPT still
cannot tolerate large rotations and lateral offset. On the other hand, multi-coil inductive
WPT has made significant progress towards omnidirectional charging [5]. But existing
multi-coil WPT are designed for high power applications (W to kW), with large TX/RX
coils and high coupling coefficients (k>10%). Adopting these methods in miniature
implants is nontrivial because the critical coupling sensing at the TX side cannot work
with the tiny mutual inductance of mm-scale coils. Moreover, mutual inductance (M)
among the TX coils degrades overall PTE. A 3D coil array cancels M effectively [6], but
its spherical structure is bulky and incompatible with a wearable device for powering
implants.

To tackle these challenges, this paper presents an Active Echo (AE) technique to achieve
closed-loop omnidirectional WPT using a ME transducer weakly coupled to a multi-coil
TX array (the equivalent coupling coefficient k <2% is estimated from TX-to-ME voltage
transfer ratio). The key idea is to actively send a short echo signal from the implant,
which allows the external hub to locate the implant and adjust power allocation within
the multi-coil WPT array for magnetic field steering. By aligning the AE coil and ME
transducer in the implant (physically perpendicular), we find that the ratio of coupling
coefficients between AE and each coil in the external hub automatically equals the optimal
current ratio of the multi-coil array for WPT, eliminating the need to explicitly obtain the
implant’s coordinate and calculate the multi-coil power allocation (Fig. 17.1.1). Moreover,
the propagation of EM waves can be neglected in the quasi-static magnetic field
assumption, so the multi-coil control only requires two polarities for the phase to
approach the optimal point, simplifying the AE sensing and multi-coil control. To realize
AE effectively and efficiently, we designed custom AE TX and RX chips in 180nm CMOS.
We further demonstrate a complete system including a 14.2mm?® ME powered and
controlled bio-stimulation implant, a compact external hub including the custom AE RX,
an M-canceled multi-coil array for both power transfer and AE sensing, and off-the-shelf
GaN coil drivers and controller.

Figure 17.1.2 shows the block diagram of the external hub and the implant, and the
implant’s operation flow. When AE is activated, the implant turns on the pulse TX to drive
a small LC tank for several cycles. Meanwhile, the external hub switches to AE sensing
from WPT mode, and the echo signal is captured and processed to produce PWM control
of the multi-coil in WPT. The mutual inductance (M) between the TX coils adds current-
dependent imaginary parts to the impendence, degrading the power efficiency (Fig. 17.1.2
bottom right). In typical inductive coupling, slightly shifting the operating frequency
compensates for the loss. However, the acoustically resonant ME transducer suffers
greater energy loss when not operating at the exact resonant frequency. We observe that
there should exist an optimal relative position for stacked coils, where the magnetic flux
in the overlapping and non-overlapping regions cancels. HFSS simulation of a three-coil
array confirms that stacked coils achieve a smaller M than parallel placement and avoid
WPT dead zones at the boundary of coils. More importantly, decoupled coils allow
simpler independent control of the coils.

Figure 17.1.3 presents the TX and RX circuits for Active Echo (AE). Based on the
harmonic suppression principle [7], we designed the PA to produce a 3-level waveform,
which results in a cleaner sine wave in the LC tank with lower high-order harmonics and

less driving power. To suppress even-order harmonics, the inputs to the H-bridge PA
must be non-overlapping with the same duty cycle and 180° phase shift. A self-biased
fully differential VCO stage is designed to meet the requirements [8]. A programmable
duty cycle adjustment block before PA shapes the signal. On the RX side, prior work on
closed-loop ME WPT regulation [2] uses a separate pick-up coil for feedback from the
implant, which works at a far-away frequency for lower interference. This approach is
not suitable for our system because AE requires the pick-up coils to be perfectly aligned
with the power coils and integrating them will complicate M cancellation and assembly
of the multi-coil array. Here, since the TX driver’s supply voltage is comparable to that
of AE RX, we share the same coils for WPT and AE sensing in time division. With trade-
offs among AE coil size, output power on the implant, self-resonant frequency of TX coil,
and interference with the ~340kHz ME frequency, we designated AE to 1.35MHz. While
WPT must be halted during AE sensing, the narrow AE window has negligible impact on
the overall power transfer and operation of the implant. To capture the weak AE signal,
we designed an inverter-based LNA with high gain and noise efficiency, followed by PGA
and BPF. A peak detector and a single-slope ADC then extract the amplitude. Peak voltage
sampling and comparator autozeroing are done simultaneously on a single cap. To
extract the polarity (phase) of the signals, we first choose the strongest channel as the
reference because in many scenarios one or two RX channels may not receive signals
with sufficient SNR. Then we use digital logic to judge the polarity of received signals in
other channels. Here, the channel with the fastest ADC conversion time is also the
strongest one because of the reverse ramp signal. As a result, the polarity judgment only
takes a few AE cycles.

We fabricated the two chips in 180nm CMOS and integrated them into a complete
wireless system including a 3-coil TX array (Fig. 17.1.2). The 3-level PA produces
symmetrical 3-level waveforms (Fig. 17.1.4 top left), achieving 30dB suppression of 3
harmonic with 2.2dB fundamental tone reduction, and up to 27% power savings, over a
baseline 2-level PA. The measured mutual inductance between two coils matches the
simulation well, allowing us to find an optimal position with minimized coupling. The
performance of the RX AFE and 7b ADC are measured (Fig. 17.1.4 middle), yielding an
end-to-end rms noise of ~3 LSBs. This is sufficient for our 40-level PWM control of WPT
drivers. The full system operation is shown in Fig. 17.1.4 (bottom), where the implant
cycles through wireless charging, downlink programming, and four tasks (here task 1 is
AE, task 3 is stimulation, and tasks 2 and 4 are skipped). The waveforms show biphasic
stimulation at 100Hz and 50Hz, and the process of an AE task, including initialization,
16-cycle echo, and ringing down after stop.

We evaluated the closed-loop WPT performance of the complete system in-vitro through
porcine tissue (Fig. 17.1.5). When the coupling coefficient of one channel is much smaller
than another (the empirical threshold is 8), this channel will be turned off because PWM
control has limited precision in these cases and the static power of a channel is more
significant. We manually swept coil current configurations for Case 2 and 4, proving that
AE obtains close-to-ideal current configurations with <2% PTE loss from the absolute
optimum. In Case 4, when the implant is above TX3 and rotated by 30°, our system
shows 66% higher PTE than using TX3 coil only. Fig. 17.1.6 presents PTE under angular
and lateral misalignments, comparing our AE adaptive control, three coils with identical
power and phase, and a single coil at the origin. AE consistently outperforms the others,
especially under large misalignments. At 90° rotation from the perfect alignment, AE
offers 6.8x higher PTE than the single-coil baseline, proving its omnidirectional WPT
capability. Considering the voltage compliance of the logic-rule implant chip, we keep
the total TX power under 0.5W, which is well below the driver power allowed by IEEE
Std (i.e., 17.6W at 340kHz [2]). At 90° rotation, the implant still receives 4.45mW,
sufficient for its operation. A comparison table with prior miniature biomedical implants
is in Fig. 17.1.6. Die micrographs and summaries of the two chips are in Fig. 17.1.7.

Acknowledgement:

This work is supported by the National Science Foundation (NSF) CAREER program
(2146476). The authors would like to thank Huan-Cheng Liao, Zhiyu Chen, Fatima T.
Alrashdan, Yan He, and Xi Hu for technical discussions and support.

References:

[1]J. Tang, L. Zhao and C. Huang, “33.6 A Wireless Power Transfer System with Up-to-
20% Light-Load Efficiency Enhancement and Instant Dynamic Response by Fully
Integrated Wireless Hysteretic Control for Bioimplants,” ISSCC, pp. 470-471, 2021.

[2] Z. Yu et al., “A Wireless Network of 8.8-mm?® Bio-Implants Featuring Adaptive
Magnetoelectric Power and Multi-Access Bidirectional Telemetry,” RFIC, pp. 47-50, 2022.
[3] Z. Yu et al., “Magnetoelectric Bio-Implants Powered and Programmed by a Single
Transmitter for Coordinated Multisite Stimulation,” JSSC, vol. 57, no. 3, pp. 818-830,
2022.

[4] J. Chen et al., “A wireless millimetric magnetoelectric implant for the endovascular
stimulation of peripheral nerves, “ Nat. Biomed. Eng, 6, pp. 706-716, 2022.

[5] H. Qiu, T. Sakurai and M. Takamiya, “A 6.78-MHz Multiple-Transmitter Wireless
Power Transfer System With Efficiency Maximization by Adaptive Magnetic Field Adder
IC,” JSSC, vol. 57, no. 8, pp. 2390-2403, 2022.

3 e« 2024 IEEE International Solid-State Circuits Conference

979-8-3503-0620-0/24/$31.00 ©2024 |EEE



ISSCC 2024 / February 20, 2024 / 1:30 PM

Cardiac o Magnetoelectric WPT[3] 1 Vorver POWer & Downlink Data Trans Cstore
Pacemaker R 0
© High efficiency in mm-scale LUT-based JEgXcalaay
Wetglas™ © Lower operating frequency Controller k, Power Management
© Better misalignment-tolerant -
P r— P Arxizs 919293 Rectifier | LDOs | V-ref | DC-DC
i Applied magnetic field ® Not omnidirectional k
g Ti -l—vLDO W Vino
: - Ul
Misalignment dueto |  Hy Multi Coil WPT[5] Polarity CLK & Data [—>[— PUF
. H isali Detect —_
Endovascular * Body motion i ME[] ng © Omnidirectional i i Recovery |28 gy
implant = Respiration H Ny CH3 ENTrons =| £
- \ X Pl Hy © Power efficient h2 Vipo.1x 51 3
g ‘ T - :eadn beating I < — @ k sensor needed, difficult CHT Vo T s @ =
o G \ | Q- Hardtocontrol | i ideal in ME weak coupling case: - 5= | "
i 4 | orientation during | ! <l © Mrissue Single\ |0R Feak Col *Hl Pulse TX | S!Imulatorl
larty implantation i J ADC —H Detector - Electrode

Optimization goal: ae Arx1c0s(@1): Arx2C0S(@2): Arx3c0s((s) = Kr: ks ke Received power regulation: Vgx o< Vrect

Optimized Magnetoelectric Power Delivery

) el ® Prossdue) C1EG ) PO )(Aclszzzﬁz"zm?aim,> .
—| TX Driver :l-l = kn— IEI: Vi = Zridri + ZIMMTU([T}(
: =z Implant i =
B RX Chip 7 ki SoC i {|[ Useless for implant power delivery =0
g 8 M?:?:IZ"C ‘ Resonant freq shift for different I 5 rss élr;:’;(ﬁ“s
. H Notch defined EN window. H
g = @ Optimization goal: |: |o: I3 = kai: kre: krs ENows L ":‘"”"‘;}ﬂgopc; :1 20 -.—\\ ,}’::? -:: 5 “F
S [—{ T Driver :|-| =h kri @ Active Echo based coupling sensing VCOupu V’ “w
© «| RX Chip ® Power/Sensing combined coil array '\:/A"“‘ anmmamp: ket > ke i :.‘_o: im:lv r :nc;ll n
@ ® Fully integrated implantable stimulator :2 AN il ZHG
= i ?. Initial for freq stable H CenterToCenterDlstance (mm)

Flgure 17.1.1: The misalignment challenge in wireless power transfer to mm- scale Flgure 17.1.2: Diagrams of the system comprised of a mm-scale implant and a
implants. Principles of the Active Echo-enabled omnidirectional magnetoelectric compact external hub; operation flow of the implant and Active Echo process; and

(ME) power transfer and a picture of the prototyping implant. mutual inductance cancellation in TX coil array.
3-level Low Power Pulse TX 3-level PA Output Waveform Spectrum and Power Level of 3-level PA and 2-level I!I“Betwun Two TX Coils vs. Distance
wlo Loading 2 3evel PA Save2i% |
wlo LC leading \ / "—"7,\/' 0 Zlevel PA g% 60 0
7 \vor/ Von_ | & 3 A g
|/ €5 e 3 0y
Fannl = £ . 2
wii LC leading m\vop VON’ \ % I |in-phasd ¥ opposite-phase- . =
40 50 NS
Same fundamental tone ) ! ‘ & @ - — 60
oyt- K
Same duty cycle: P 3rd harmonic suppression: | 60 -60 3
180 phase dift 7% power saving E OMVZT(E‘; ’ 1120
L A 0 1M 2M 3M 4M 5M 50 _ 100 16 24 32 40 48
: Multi-channel Active Echo RX Frequency (Hz) Update Freq (Hz) Center to oenterdlst'anoe !mm)
Prior Art: Separate pick up coil for uplink sensing[2]: This work: Power/sensing combined coil 55 RX AFE Gain & Noise o 128 Peak Detector + ADC Linearity
: )
H " Scenario: Vaxi > Vaxz > Vrxs; 120,20, @=pi = = ]
FDD: less interference H TX Driver ‘ ‘ %50 &) 90 é § 96
Two coil cross coupled RX Chip Vext — 5 /U ———\._\3\ Y H
. H = © 45 100 8 S64
Bulky for multi-coil system §  ED¥TDD: ess interference Voo — g A e NN\| . 2 3
Multi-coil scaling friendly Ve — s Input st nose 1oy & 32 1 Input frequency @1MHz
o T I S s > e Output noise: 3.2mVrms 120% = 0 Counting frequency @400MHz
o 3
A Vious zoe Po oy Bervotor Vot 100k 1 10M 2000m  4000m  600.0m 8000m 10 1.
Switch-free  Vbiast g:glﬂ; Ref CLK | Samelef Vewt «— Auto-zero Frequency (Hz) Input Voltage (V)
HiZ i1s0 Voo Stops Select | |9 i e ———
H PGABPF Clkeer | Polarity (g Sample VAC1 VACH
EI' Vet clki =) >— |- :Convert __: s - = il e ol !
H K Sample |, Stop1 H1 counting window-> C* ) Downlink )TS) Charging Stimulation:
{EN sense Vg > L >— B mplitude:
H Stop2 __CH2 counting window-> PW: 0.4ms . VAC Notch defined Active Echo trans window
H Ve D_m>_°"" =P P STIM1 10ms ¢ 20ms "IN N e e e T
= = = = Stop3 H3 counting window-> IS A N—— T A s
nver Hi i
w0 [Rmom | Ak Ol oo J224 i O FLPITTIIL III ‘ A Y
Vw—' Sample CLKet Largest channel selection Vrxt ‘ : Difference phase
Convert \ k) Stop - I P!
eOIverl [ @=0 |
Rupass Z=RSTN o 050 m . H T st
¥ Voo T i gl
: v o 05l Vexe !
Vblas2 Sample ' RSTn:1->0 Phase out sample J inbuts
*C: Charging phase; TS: Task sequence Interference from coil driver
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Figure 17.1.7: Chip micrographs of the implant’s SoC and the RX chip, the
stimulator’s specifications, and a summary of RX performance.
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