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Abstract—This paper presents the body-coupled power trans-
mission and ambient energy harvesting ICs. The ICs utilize human
body-coupling to deliver power to the entire body, and at the same
time, harvest energy from ambient EM waves coupled through the
body. The ICs improve the recovered power level by adapting to the
varying skin-electrode interface parasiticimpedance at both the TX
and RX. To maximize the power output from the TX, the dynamic
impedance matching is performed amidst environment-induced
variations. At the RX, the Detuned Impedance Booster (DIB) and
the Bulk Adaptation Rectifier (BAR) are proposed to improve
the power recovery and extend the power coverage further. In
order to ensure the maximum power extraction despite the loading
variations, the Dual-Mode Buck-Boost Converter (DM-BBC) is
proposed. The ICs fabricated in 40 nm 1P8M CMOS recover up to
100 W from the body-coupled power transmission and 2.5 uW
from the ambient body-coupled energy harvesting. The ICs achieve
the full-body area power delivery, with the power harvested from
the ambiance via the body-coupling mechanism independent of
placements on the body. Both approaches show power sustainabil-
ity for wearable electronics all around the human body.

Index Terms—Body area network, body-coupled power
transmission, body-coupled energy harvesting, energy harvesting,
power transfer, impedance matching, rectifier, maximum power
point tracking.

1. INTRODUCTION

OWERING wearable electronics such as earbuds, smart
band-aids, and electrocardiography (ECG) sensors are
challenging [1]—[3]. The limited battery lifetime incurs charging
overhead, causes service disruptions, and inconveniences the
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Fig. 1. Human body-coupled: (a) power transmission (where the body-
coupled path gain is reported at 33 MHz [13]); (b) energy harvesting.

users [4], [5], which is aggravated further as the number of
wearables increases. To address the issue and allow for sus-
tainable operations, power transmission and energy harvesting
approaches have been proposed.

Near-field power transmission approaches using the inductive
link impose stringent requirements on the alignment and are
typically designed for short distances. A self-localization and
configuration scheme was adopted to alleviate the misalignment
[6]-[8], but the approach applicability is still confined to the
receiving nodes underneath the eTextiles shirt. RF-based power
transmission covers a longer distance. However, when used in
the body area, it experiences ~20 dB path loss degradation
with the antenna pattern distorted, and a further 20-40 dB
reduction in the path gain under non-line-of-sight (non-LoS)
transmission, where the human body blocks the propagation
path (Fig. 1(a)) [9]-[13]. This path loss alone hinders multiple
nodes (e.g., placed >60 cm away) from receiving efficient power
coverage. On the other hand, conventional energy harvesting
approaches are effective only for particular locations on the
body. While photovoltaics harvesting is used for sensors with
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direct exposure to daylight [14], electrostatics-based harvesters
(e.g., piezoelectric and triboelectric generators) operate at joints
or underfoot [15], [16]. Harvesting from EM waves in the air is
subject to the body positioning against the source, again due to
the degradation caused by the body shadowing/blockage [17].

In this work, we use the body-coupling mechanism for power
transmission and ambient energy harvesting to cover the entire
body area. The return path is completed by the parasitic capac-
itance formed via the ground plane-to-Earth ground coupling
(hence, there is no explicit closed loop formed to ensure safety).
For the body-coupled power transmission, the path gain [13]
(measured at 33 MHz) is up to 60 dB better than the 2.4 GHz RF
non-LoS transmission in the body area and is insusceptible to
body blockage (Fig. 1(a)). Meanwhile, the low-frequency EM
wave existed in the ambiance is observed to couple onto the
human body (Fig. 1(b)). Up to 30 dB higher EM strength is
achieved with the body-coupling, as compared to that measured
in the air. While the spectrum of low-frequency EM waves
exhibits potentials for harvesting, the 50/60 Hz wave dominates
and becomes the main source of energy harvesting.

Current attempts of the body-coupled power transmission
are confined to the on-body distance of 30 cm or below [19].
To extend the coverage to the entire human body, key design
challenges induced by the system characteristics need to be
addressed. First, unlike conventional impedance matching with
well-defined electrical nodes, both TX and RX interface with
the indeterminate parasitic capacitance which varies with the
environment, individual, skin-electrode interface and the trans-
mission path. Second, due to the small return path parasitic
capacitance (<1 pF) [10], [20] and thus the high impedance to be
matched with, the trade-off between higher rectifier impedance
and lower IR drop for better rectification efficiency needs to be
dealt with. Third, the maximum load impedance needs to be
dynamically tracked and maintained amidst impedance varia-
tions at the RX (harvester) front-end, to ensure optimal power
extraction. This paper presents the TX and RX [21] ICs for
the powering/harvesting via the body-coupling. In this paper,
the dynamic impedance matching scheme is introduced at TX,
while the detuned impedance booster (DIB), along with the bulk
adaptation rectifier (BAR), is proposed at the RX, achieving the
full-body area power coverage for the first time. The dual-mode
buck-boost converter (DM-BBC) is introduced to ensure max-
imum power extraction despite impedance variations, for both
the body-coupled power transmission and energy harvesting.

The paper is organized as follows. Section II characterizes
the environmental impedance essential in the body-coupled
power transmission and energy harvesting scheme, which guides
the circuit design that follows. Section III presents the system
architecture and overview. Section IV elaborates on the power
transmitter (TX) circuit, and Section V describes the power
receiver (RX) circuit. Section VI presents the on-body measure-
ment results, and lastly, Section VII concludes the paper.

II. DESIGN CONSIDERATIONS

This section presents the characterization of the TX interface
impedance and the RX optimum loading range. This information
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Fig. 2. Measured TX Si; variations due to: (a) human postures; (b) en-

vironmental conditions; (c) individual specificity; (d) skin-electrode contact
conditions.

is essential for design choices, including TX matching strategy
and scope, as well as the RX maximum power extraction scheme
and parameter choice. The characterization is performed using
the TX and RX rectifier design in this work. The body channel
characteristics exploited in this work are similar to capacitive
body coupled communication [18]. With the path loss char-
acteristics discussed extensively in prior arts [10], [13], [20],
[22]-[25], the transmission frequency is chosen to be 40 MHz.

A. TX Output Interface Impedance

The TX output interface is unconventional, with the load
impedance contributed by the skin-electrode contact and the hu-
man body path impedance in its forward transmission direction,
as well as the ground plane-Earth ground parasitic capacitance in
its return path. When treated as a two-port network collectively,
LC impedance matching could be performed to improve power
transmission. Shown by the black curve in Fig. 2, the S
parameter of —23 dB is achieved by the LC impedance matching
(the structure and value selection of which will be elaborated in
Section IV) at the transmission frequency of 40 MHz, on subject
3 in a sitting position wearing a wet electrode. However, due
to the impedance variations induced by posture, environment,
individual and electrode contact changes (the range of which will
be elaborated in Section IV, Fig. 6), the S1; behavior is changed
and is observed to degrade by up to 20 dB at 40 MHz from Fig. 2,
when the fixed LC values are used. Therefore, to enhance the
matching robustness and to ensure sufficient TX output power
in practical scenarios of varying parasitic elements, the dynamic
impedance matching and tracking become essential.

B. RX Optimal Loading

Fig. 3 illustrates the optimal RX loading variations under
different power transmission conditions (e.g., different on-body
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transmission distances) or environmental variations, measured
with the rectification front-end in this design. For the body-
coupled power transmission, the optimal load resistance is mea-
sured to range from 10 kQ2 to 50 k2. For the body-coupled
ambient energy harvesting, the optimal resistance is observed
to fall in a distinct range of around 150 k€2 to 300 kS2. Both
measurements are performed under different environments, pos-
tures, transmission distance and electrode placements in order
to find a range to guide the RX loading design (i.e., converter
equivalent input impedance). To ensure the power extraction
with the optimal efficiency for nodes all around the body, max-
imum power point tracking (MPPT) is performed dynamically
in the aforementioned range.

III. SYSTEM ARCHITECTURE

The system architecture is illustrated in Fig. 4. To improve the
power recovery of the body-coupled power transmission, the dy-
namic impedance matching at the environment interface is per-
formed at the TX. At the RX front-end, the detuned impedance
booster (DIB) and the bulk adaptation rectifier (BAR) are pro-
posed, further enhancing the power recovered and extending
the power coverage to the full-body area. For the body-coupled
energy harvesting, the DIB is disconnected, with the BAR still
in operation for the power recovery. To ensure the optimal power
extraction for both the transmission and harvesting with distinct
MPP ranges, the dual-mode buck-boost converter (DM-BBC) is
proposed to perform maximum power point tracking and load
regulation at 1.1 V.

1265
Dynamic Impedance Matching |
PA_OUT H
Driver H_\c l H
) A %
Ramp gen. ED [7:0] :
AV T
Capbank | Capbank Il H
5 Config [15:0] Lumpe
environmental
X impedance
(R+jX)

Digital counter &
1 Controller*
*implemented off-chip for ample testing flexibility

Frequency_select [7:0]
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IV. POWER TRANSMITTER (TX) WITH DYNAMIC
IMPEDANCE MATCHING

Fig. 5 illustrates the TX block diagram. The digitally con-
trolled oscillator (DCO) generates the 40 MHz square wave,
which then goes through a driver with the output impedance of
50 Q. To enhance power transmission efficiency, the impedance
matching network is introduced in between the driver output and
the electrode interface. While the capbank I offers the adjustable
capacitive element, the capbank II and the off-chip inductor
are used jointly as the equivalent inductive element needed
for impedance matching. This avoids the usage of an inductor
bank [26], which is not only impractical for on-chip integration,
but also bulky for wearable applications when implemented
off-chip, considering the LSB to be in the hundred nH range
at the transmission frequency of 40 MHz.

To maintain optimal power transmission amidst environmen-
tal impedance variations at the TX output interface, the dynamic
matching is performed, which automatically configures the
capbank I and II. Upon the matched impedance where the
driver output impedance equals the equivalent load impedance,
half of the driver’s open-circuit voltage falls across the load.
Therefore, the envelop detector (ED) [27] is used to track the
driver output amplitude (which will be affected by the capbank
configurations), which is then compared with a ramp waveform
for the voltage-time conversion using a digital counter. Such
time information represented by the number of counting
cycles provides feedback to the digital controller and guides
the capbank reconfiguration direction, until the driver output
amplitude eventually approaches half the open circuit amplitude.

The TX-body/environment is considered as a two-port net-
work, with the output interface (incorporating both the forward
transmission path and the return path impedance) measured as
a whole. Different environmental settings, subjects, postures,
skin-electrode interface conditions, and electrode placements
are applied to find the range. As shown in red in Fig. 6, the
resistive component is expected to range from 2 k2 to 30 k€2,
and the capacitive component from 0.1 pF to 7 pF. To ensure that
these potential impedances are covered by the matching network
designed, the two capacitor banks have an 8-bit configurability
with the LSB controlling 50 fF. The off-chip inductor is 2.2 pH.
Fig. 6 (blue) illustrates the coverage designed by the matching
network.

With 65,536 (2% x 2%) possible capacitor configurations,
the 2-dimensional dichotomy-based searching method is
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proposed, to expedite the final convergence (Fig. 7). The poten-
tial environment-equivalent resistance and capacitance ranges
are represented by a 2-dimensional searching plane, with the ver-
tical axis being the capacitive element and the horizontal axis be-
ing resistive. Each point on the plane thus represents one possible
environmental impedance. During the first searching cycle, the
plane is divided into 4 quadrants, with the capbank configured to
match each center point sequentially. Upon deciding the closest
match (by comparing the driver output amplitude against half the
open circuit amplitude), its corresponding quadrant is selected
for further sub-divisions. This process is repeated until the
driver output amplitude reaches half the open circuit amplitude
with £0.15 V tolerance. The maximum searching cycle (i.e.,
plane/quadrant sub-division) is limited to 4, corresponding to
16 times output amplitude evaluation and thus the worst settling
time of 16 ms (where the interval in between two evaluations
is 1 ms). Assuming slower environmental impedance change
(> 100 ms, as the human body movement is generally below 10
Hz), there will not be instability concerning the algorithm. Fig. 8
shows the measured transient behavior of the TX output power
and the driver output amplitude during the searching procedure.
In this figure, a capbank configuration initially matched under
one environmental setting is subject to interface impedance
changes. As a result, the TX driver output amplitude drifts away
from half its open circuit amplitude (1.25 V), and thus triggering
the searching for a new matched capbank configuration and
resulting in a 7.5X output power improvement.

V. POWER RECOVERY RECEIVER (RX) DESIGN
A. Detuned Impedance Boosting (DIB)

Ilustrated in Fig. 9(a), the parasitic capacitance Crrn formed
by the ground plane to the Earth ground coupling completes the
circuit loop and contributes positively to the power recovery.
Generally, below 1 pF, the Crry is the largest environmental
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impedance drawing away the voltage and power from the RX
input, whereas others such as skin-electrode interface exhibits
~100 nF parallel capacitance (using the wet electrode 3M 2237)
and an overall impedance of ~130 € at 40 MHz. Shown in
Fig. 9(b), the RX input impedance is measured to be ~600 (2 at
40 MHz (~10 times lower than the fF-level Cgrrn), resulting in
the low input voltage and power observed at the RX front-end.
On top of the degraded power transmission efficiency, the low
input voltage also leads to low rectification efficiency due to the
threshold drop.

With the Crrx being the dominant factor, the parallel LC
impedance boosting circuit is introduced at the RX front-end.
The inductor resonates with the overall capacitance of both
the external capacitor CgxT and the equivalent rectifier input
capacitor CyNT, to boost the RX input impedance at 40 MHz.
The inductor is 1.2 pH and the capacitor is 6.8 pF, so that
the boosted RX input impedance is measured around 8 k{2
(Fig. 9), which is around the same level as the impedance
of Crrn at the resonance/transmission frequency of 40 MHz.
This not only increases the voltage received at the RX, but
also enhances the impedance matching for more efficient power
transmission. In addition, to cope with environmental variation
widely observed in the body area, we intentionally detune the
LC tank for impedance matching across a wider range. Around
6-10X impedance boosting could be observed across a 2.8
MHz bandwidth, in order to improve its robustness against
capacitance variations due to environmental, individual, or setup
changes.
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B. Bulk Adaptation Rectifier (BAR)

As the on-body transmission distance increases to 120 cm,
the amplitude received after the TRX impedance matching and
boosting will drop below 0.3 V, which is in the subthresh-
old region of a MOSFET. To improve the drain current (i.e.,
conduction current) for higher power efficiency, techniques
to compensate Vi have been proposed [28]. “Static” Vrp
compensation uses a small DC voltage to facilitate gate bias-
ing, which could be generated by an external supply (e.g., a
small battery or harvesters) on a switched capacitor [29], or
internally from the rectifier output (e.g., bootstrapping [30]).
However, while the static biasing increases the forward conduc-
tion current, its indiscriminate Vg compensation also leads to
higher reverse leakage current, which limits the improvement
in the power conversion efficiency (PCE). On the other hand,
the cross-coupled differential-drive rectifier uses the input AC
voltage to “dynamically” bias the gate voltage [28]. It raises
the [Vgg| for MOSFETs in the forward conduction path while
suppressing it for those in the reverse leakage path. With Ip
positively correlated with (Vgs-Vr), the conduction current
is improved with the leakage current reduced.

However, when the input amplitude is smaller than 0.3 V, the
largest “dynamically” biased Vg using the differential-drive
rectifier is smaller than 0.6 V, which is around the MOSFET
threshold. To further improve the power recovery at such low
input amplitudes, more aggressive Vo cancellation is needed.
While most works have mainly focused on compensating Vgs,
we propose the Bulk Adaptation Rectifier (BAR) which adap-
tively introduces the bulk biasing for dynamic Vg alteration at
low input amplitude on top of the dynamic Vgsg.

Fig. 10 shows the operation of the proposed BAR. When the
input amplitude drops below 0.6 V, M5-M8 are turned on, which
connects the bulk of M1-M4 towards Vip and Vs, allowing
their bulk voltages to alter dynamically based on the AC input.
Note that M3 and M4 are deep n-well transistors. During the
half-sine cycle where Vip is higher than Vi, M1 and M3 are
in the forward conduction path and are forward bulk biased.
Their threshold voltage is thus reduced, allowing more forward
conduction current to Vrgct. On the other hand, M2 and M4
are in the leakage path and are reverse bulk biased, with an
increased threshold to suppress the leakage current flow out of
Vrect. The same applies to the other sine cycle where Viy
> Vip. In this mode, the source/drain-bulk DC leakage current
due to the bulk potential adjustment is increased, but still 4-6
orders of magnitude lower than the conduction current. The more
prominent AC leakage due to bulk capacitance (not caused by
the bulk adaption proposed) will be directed towards VrgcT
(elaborated later in the normal mode) before it degrades the
power recovery.

At higher input amplitude (>0.6 V), the dynamic Vgg is
much greater than V. Meanwhile, the body diodes start to
approach their turn-on voltage and cause increased leakage,
making the bulk biasing no longer necessary nor efficient.
Therefore, M5-MS8 reconfigure the bulk of M1-M4 towards
VrecT and ground, similar to the conventional differential-drive
structure. This aligns the body diode towards the VgrgcT, which
effectively avoids leakage via the body diode. The “MODE” is

1267

Mod_el
M8 M1~M4: rectifier switches
M5~M8: bulk adaptation
& leakage limiting
Mod_eI
M7 6
Mode="0" : Normal mode : Mode="1’" : Bulk biasing
e T e eeeececccccccccceccccceccnaaaan -
Bulk biasing operation
RBB:Vu! FBB: Vru| FBB: Vryl  RBB: Vyyl

(M2, M4) Ve (M1, M3) (M2, M4) Vie (M1, M3)

Vim
Vip positive

VIM
Vim positive

FBB: Forward Bulk Biasing =% Current flow path

RBB: Reverse Bulk Biasing

Fig. 10. Bulk Adaptation Rectifier (BAR) operating principle.

N
A
o

- VlP'_' VIN— VRECT_

Voltage (mV)
)
o

'50 T T T T T 1
S 300
B M1V
é 150 A SB
“é, - BArR— e <a i
-150 OFF Y
S 3001 —EBB B FBB M
E 300 BAR M4 VBS
E1
> sgi_B_A_R_" TN O\
o OFF
S.150 \B/
§_3001 REE FBp _REB __ FBB
0 10 20 30 40 50
Time (ns)

Fig. 11.  Simulated source-bulk potentials during the BAR operation.

determined by the comparison between VrgcT and the refer-
ence voltage 0.4 V (assuming the optimal load is achieved by the
next-stage converter), using a duty-cycled dynamic comparator.
The average power is 8.5 nW.

Fig. 11 shows the Vgp/Vpg (for PMOS and NMOS, respec-
tively) behavior using the BAR. With an input amplitude of 200
mYV, the circuit operates in the bulk biasing mode. As compared
to the conventional differential-drive rectifier, the Vgg/Vgg is
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improved for transistors along the forward conduction path, and
decreased for those along the reverse leakage path.

As the RX interfaces with the skin and the parasitic capaci-
tance with the Earth ground, the exact input power is unknown
due to the undetermined source impedance, making PCE calcu-
lation and comparison impractical. Rather, we show directly the
power recovery on human body with and without the rectifier
improvements in Section VI. Fig. 12 here illustrates the ratio
of measured power recovery by the BAR to that when the bulk
biasing is turned off.

C. Dual-Mode Buck-Boost Converter (DM-BBC)

As discussed in Section II, the optimal impedance range for
the maximum power extraction at the RX is 10 kQ2-50 k€2 for
the body-coupled power transmission, and 150 k©2-300 k<2 for
the body-coupled ambient energy harvesting. Despite its range
being measured and estimated, the exact impedance varies with
the environment, individual and path characteristics. With the
recovered voltage ranging from 0.2 V to 1.5 V, a buck-boost
converter is required 1) to have an equivalent input impedance
which dynamically adapts to the harvester impedance in real
time; 2) to regulate the RX load to a constant 1.1 V —the nominal
supply voltage for standard MOSFETsSs in 40 nm.

Several MPPT techniques have been proposed in the literature
[31]-[34]. For a majority of energy harvesting applications (e.g.,
photovoltaics, triboelectric and biofuel harvesting), the MPP
occurs (i.e., the converter equivalent input impedance matches
with the source impedance) when the converter input voltage is
kept at a fixed and pre-determined fraction of its open circuit
voltage (OCV). The OCV could be measured in real time, either
by a replica harvesting circuitry [31] or by periodic sample and
hold on a capacitor [32]. While a replica could reflect the OCV
of the actual harvester for applications like photovoltaics as
long as the identical lighting conditions are ensured, it would
reduce the RX input impedance and contribute to leakage if
introduced in parallel at the RX front-end. The periodic sample
and hold of the OCYV is also not ideal, as it disrupts the harvester
operation. On the other hand, the power monitor loop proposed
in [33] uses T2 (the inductor discharging time) as the feedback
to guide the MPPT direction, based on the positive correlation
between Py and T2 at a fixed frequency. This technique utilizes
only existing parameters and thus does not affect the normal
operation. However, for our application where the harvester
impedance spans from 10 k{2 to 300 k€2, using the power monitor
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loop solely for MPPT would result in an increased T1 (the
inductor charging time) range, degrading the resolution and the
settling time during the mode switching.

To address the aforementioned issues, the Dual-Mode Buck-
Boost Converter (DM-BBC) operating in the discontinuous
conduction mode (DCM) is introduced, as illustrated in Fig. 13.
The DCM time TO is adaptable to the converter input power
Pix (in 4 configurations), and is designed to increase at lower
Pin (elaborated later). Meanwhile, this TO is utilized for the
converter impedance to settle down fast to the mean MPP, after
which the impedance monitor loop (using T2 as the feedback)
[33] adjusts T1 dynamically to fine-tune the MPP, with the step
size of 12 ns and 32 steps in total. The effect of TO and T1 on
the converter impedance is expressed by

ZDMiBBC:QL-Tsw/Tl%2L-T0/T1 (1)

where L is the inductance and Tsw is the switching period.
TO dominates the Tgw by being larger than T1 and T2 by ~7-
4000X in this design, and thus the approximation above. The
relationship between Pry and T2 for the buck-boost converter is
given by

J— Vi -T2 Vin-T1
PIN_VIN'IIN_( our )( l )

T1 oL - Tsw

_T2-Vin - Vour
2L-TO0

Therefore, T2 is positively proportional to Pin. Assuming that
Vin varies slower than 20 ms (10Tswmax), with Vour and
L fixed, and TO maintained the same for each configuration,
T2 then serves as the indicator of Py level to guide the Tl
adjustment direction for MPP fine-tuning.

The converter operates asynchronously to suppress quiescent
current. The pulse generation involving TO, T1, and T2 self os-
cillates [31], [35], as long as Voy drops below 1.1 V (with EN
held to 0, which is decided by a continuous-time comparator)
which indicates the need of power delivery to the load. The
maximum conversion frequency fgw is 1/(T0+ T1 + T2),
where TO dominates. The conversion frequency is adaptively re-
duced under lighter loading conditions, with the pulse generation
halted upon Voyr charged over 1.1 V. T1 and T2 are generated
by tunable RC delay lines [31], [35], [36]. While the duration
of T1 is determined by the MPPT, the T2 duration is decided by
zero current switching (ZCS) [31], [35]. TO is generated by the
tunable capacitor charging by a leakage-based current reference
[37]. The Adaptive Level Shifter (ALS) is introduced so that
PM1 can be fully turned off when Vi > 1.1 V. The schematic is
shown in Fig. 13(d), where the dynamic comparator triggered by
the PHII falling edge compares half Vix against the reference
voltage 0.55 V. Vygr takes on the higher potential between
Vin and Vpp, and is used as the supply for PHI1 generation. A
level-shifter is required here to turn off the header PM1 when
Vvirr is higher than 1.1 V. With several start-up techniques
in the literature applicable [38]-[40], the start-up circuit is not
included in this system.

To improve both the conversion and MPPT efficiency, TO
is first optimized with respect to the input voltage and power,
illustrated in Fig. 14. Itis observed that the optimal fgyy increases
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Fig. 13.  Dual-Mode Buck-Boost Converter (DM-BBC) structure.
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Fig. 14.  TO optimization with respect to input voltage.

under higher input voltage, and vice versa. This is because
that at the rectifier load (converter input impedance Zpy BBC),
the optimal impedance decreases at higher input voltage as
observed in this application (due to higher I,,;, and lower rectifier
impedance). This then leads to higher current into the converter
and thus higher conduction loss. To balance it with the switching
loss for the maximum conversion efficiency [36], fsw needs
to be increased. Therefore, fgyw adapts to 15 kHz and 280
kHz in the power transmission mode, and 500 Hz and 6 kHz
in the energy harvesting mode by changing the TO for better
conversion efficiency. T1 is then determined by (1) to range from
100—480 ns, so that the target Zpy e span could be covered.
The switch sizing is also optimized by balancing the switching
and conduction loss, with larger switches leading to higher
switching loss but lower conduction loss, and vice versa [36].
Fig. 15 illustrates the asynchronous MPPT operation (which
could be implemented and synthesized with standard cells).
Upon T2 being updated by ZCS, the completion status of T2
adjustment under a given T1 is determined. T1 is then updated
only if the T2 is settled and the converter operates at the max-
imum frequency fgw. Comparing the currently settled T2 with

Upon
ZCS:

N a
nverte
frequency?
Y |

T1 register update:
T2_new 2 T2_old - maintain direction
T2_new < T2_old - opposite direction

T2 register update

[ T1register update |
l Store T1 direction I
I
Store T2 register to
T2_old

[

Store T2 INC to
T2INC_old

Fig. 15.  MPPT operation flow chart.
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Fig. 16. Measured DM-BBC total power consumption, switching frequency

and power breakdown at different configurations.

the stored value, T1 increment/decrement direction is stored,
along with the current T2 value and the ZCS decision. Cycle
check is performed at last and ‘T2 unsettled’ is assumed at the
following cycle, should this be the first T2 value under the newly
changed T1.

The power consumption and breakdown of the converter are
illustrated in Fig. 16. As TO increases at lower input power, the
total power consumption is measured to be 7.14 pW, 486 nW,
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Fig. 17.  Chip micrograph of the TX and RX.
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Fig. 18. Measurement setup.

234 nW, and 94 nW under the 4 configurations, respectively. The
reduction is contributed by both decreased switching activities,
and the lower bias current for continuous-time comparators
due to higher delay tolerance at larger TO. The percentage of
pulse width controller (PWC) power takes the dominance as its
active power gradually approaches its quiescent power of ~60
nW, whereas the driver and pulse generation power still see a
decrease (with a quiescent power of 17 nW). As compared to
the recovered power range of >30 pW and 800 nW-30 W
for power transmission, and >1 W and 130 nW-1 pW for the
harvesting, the converter power consumption is affordable.

VI. ON-BODY MEASUREMENT RESULTS

Fig. 17 shows the chip microphotograph of the TX IC and
the RX IC, designed for the body-coupled power transmission
and ambient energy harvesting. They are fabricated in the 40 nm
CMOS technology, with the TX IC occupying 0.21 mm? and the
RX IC 0.29 mm?. Off-chip components required for the design
include the inductor used for TX impedance matching, the LC
tank (1.2 pH, 6.8 pF) for DIB at the RX front-end, and the
converter inductor (47 pH).

Measurements of the power recovery have been performed
on the human body, with the wet electrodes (Red dot, 3M
Ag/AgCl, 2237) used as the interface to couple the electric
field onto and from the skin surface. The measurement setup
is shown in Fig. 18, where the TX is battery powered, and the
USB-powered picoscope is used to avoid additional return path
coupling induced by equipment. The laptop is not connected
with the power line, which is also to avoid the additional return
path parasitic. Both TX and RX PCB are 4 x 4 x 1 cm’.

With the TX impedance matching, the power recovery could
be improved by >3X while the coverage be extended by 4X
(Fig. 19). Shown in Fig. 20, with the TX placed on the subject’s
wrist outputting ~3 mW, the RX power recovery at 15 cm
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apart along the arm is improved from 1.3 W to 100 uW in
this work, as compared to the power transmission using the TX
and a conventional differential drive rectifier of the same size.
Meanwhile, at ~120 cm apart where the RX node is placed
on the other wrist, 1 W could still be recovered, extending
the coverage by 8 times. Fig. 21 shows the power recovery at
RX nodes along the ankle-to-forehead path, with the TX placed
on the subject’s forehead. With the RX placed at 160 cm apart
on the subject’s ankle, slightly higher power (than expected)
is recovered. This could be due to the increased return path
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Fig. 23.  Measured body-coupled harvested power in different environment
and its placement independency.

coupling and was observed multiple times (in measurements and
in a demonstration using a digital watch/calculator) when the
RX was placed closer to the foot or the Earth ground. This work
improves the power recovered at 30 cm from 650 nW to 45.2
1W, and the coverage from 30 cm to 160 cm. The end-to-end
efficiency from the TX output to the RX recovered power is
calculated to be 3.3% at 15 cm apart and 0.03% at 160 cm apart.
Along the non-LoS path of around the waist, the body-coupled
approach delivers 5 W from the front to the back of the body.

Using the body-coupling mechanism to harvest the ambient
EM waves in different daily environments, up to 2.5 uW could
be scavenged, illustrated in Fig. 23. While being environment-
dependent (an intrinsic characteristic shared by all harvesters),
the amount of power harvested is indifferent to where the RX
node is placed on the human body despite slight fluctuations
(Fig. 23). This placement independency is advantageous and
unique, as it allows for the simultaneous energy scavenging by
all wearable nodes, unlike conventional harvesters, which only
operate for specific body area locations/postures.

In comparison with the state-of-the-art power transmission
[8], [32] and harvesting [16], [34], [41] systems for wearable
applications, this is the first work to utilize the body-coupling
mechanism for full-range body area power transmission and
harvesting (Table I). The harvesting scheme scavenges low-
frequency EM waves, which could not be achieved by antenna-
based RF harvesting due to the infeasible antenna sizing. The cir-
cuit techniques introduced allow for power extraction/recovery

TABLE I
PERFORMANCE COMPARISON WITH PREVIOUS BODY-AREA POWERING WORKS
This Work JSSC*20 [16] JSSC’19 [41] JSSC’18 [34] JSSC’14 [8] JSSC’14 [32]
Process 40nm 180nm BCD 180nm 28nm 180nm 65nm
Harvester Body-coupled power transmission Tribo Thermal PV + TEG + BFC + erele.ss-wuelme Far-ﬁeld. RF
& harvesting battery inductive transfer harvesting
Operating Transmission: 40 MHz
Frequency Harvesting: e.g., 50/60 Hz 100 Hz NA NA I MHz 904.5 MHz
Transmission: 3 mW
TX Power Harvesting: N.A. NA NA NA 2.9 mW 20 dBm
Recovered Transmission: 100 pW 2-10uW* <90uW* 1uW-60mW 34uW 231.6uW (<3m)
Power Harvesting: 2.5 pW
Cﬁ:&gg}g Rectifier + buck-boost converter Rectifier + buck Boost Buck-Boost Rectifier Rectifier + boost
. e Fractional Ve Fractional Voc  |Adaptive Ton & Fsw S/H for efficiency
MPPT T0 adaptation + hill climbing [Fixed ratio] [Fixed impedance] | [Known Vpp] NA tracking
End-end Transmission: 3.3% (15 cm); o o
Efficiency 0.03% (160 em) N.A NA. N.A. 1.2% (<20 cm) 0.11% (3m)
Quiescent I 70nA; 73nA; 92 nA; 810 nA 251.5nA N.A. 262nA NA <luA
Coverage Transmission: full body Joints: feet Placements with | Except for human <20 cm facing 0.9-9m off-body
g Harvesting: placement independent ’ heat flow torso sensor node (antenna dependent)
Area (mm?) TX:0.21; RX: 0.29 2.482 1.6 0.5 TX:2.95; RX: 1.46 2
=3 =4 3 by this mechanism in the similar ranges as the conventional ones
H [_Jsubject1 | 3 | L_JPower@Ricaq = 200kQ Yt . . & . ’
e 2 subjoct 2 53 777 Open circuit voltage while being the only one which supports power delivery/ energy
= ubjec = 3F r s . .
g 2 Z g 2% harvesting to/across the entire body.
2 22 ®
° ° =
21 g 18 VII. CONCLUSION
g g1
§ —~ 3 We presented the TX and RX IC for power transmission and
0 2] po

energy harvesting via the body-coupling mechanism. The char-
acterization performed at the TX-environment interface and the
RXloading motivates the circuit design. To mitigate the parasitic
capacitance variation and to reduce the power reflection, the
dynamic impedance matching with environmental parasitics is
introduced at the TX output. At the RX, the detuned impedance
matching and the bulk adaptation rectifier are proposed for
improved power recovery and 8X enhancement in the on-body
power transmission distance. The DM-BBC is designed to sup-
port dynamic MPPT and fast settling during mode transition.
Overall, this work achieves full-body area power transmission
and placement indifferent ambient energy harvesting, providing
a sustainable powering solution for wearable nodes all around
the human body.
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