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Abstract—Short-range wireless power and data transmission
offers a viable mean to power up implantable medical devices
(IMDs) with a wide range of power levels and communicate with
external units across the skin. To optimize wireless power transfer
(WPT), it is key to improve efficiencies in every stage of the power
delivery path from external power sources to the IMD, while
maintaining robustness and safety against load variations, coil
misalignments, and nearby conductive objects. This paper reviews
various mechanisms for WPT with focus on link structures and
circuit techniques for wirelessly-powered IMDs. Moreover,
advanced IMDs require wireless data telemetry (WDT) for
wideband bidirectional data communication in the presence of the
strong power carrier interference. This paper also discusses
several modulation schemes and transceiver circuits for low-
power, carrier-less, and robust WDT.

I. INTRODUCTION

Wireless power transfer (WPT) is one of the few viable
methods to power up implantable medical devices
(IMDs) or recharge IMD batteries across the skin without direct
electrical contacts. There are several IMD applications with
various power requirements such as microwatts in neural
sensors, milliwatts in neural stimulators and cochlear implants,
and watts in artificial hearts [1]. High power transfer efficiency
(PTE), robustness against load variations, nearby objects, and
coil misalignments, and extended power transfer range are
highly desired in all of these applications.

More recent IMDs demand higher performance to enable
sophisticated treatment paradigms, such as retinal implants for
the blind or bidirectional cortical brain-computer-interfacing
(BCI) with sensory feedback for amputees or those suffering
from severe paralysis [2], [3]. These IMDs require higher
power to handle more functions on a larger scale under variable
environmental effects and loading conditions. Particularly
when stimulation is needed through a large number of
electrodes at high rates, power level is inherently high and less
dependent on the power consumption of internal circuits [4].
Therefore, the power consumption of the new IMDs is going to
be at least an order of magnitude higher than the traditional
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Fig. 1. Generic wirelessly-powered IMD structure with emphasis on key
blocks for efficient WPT.

IMDs, such as pacemakers [5]. As such, achieving higher PTE
becomes essential to keep the temperature rise with strict safety
limits [6]. In most cases, supplying IMDs with primary
batteries will not be an option because of their large volume,
limited lifetime, replacement hardship, and cost [7].

Figure 1 shows the block diagram of a generic wirelessly-
powered IMD with emphasis on key blocks for efficient WPT:
the transcutaneous power is commonly delivered through an
inductive link, matching circuit, and power management unit.
A power transmitter (Tx), which is supplied by an external
energy source, drives the primary coil, L,, at the power carrier
frequency, f,. An AC signal is induced across the secondary
coil, L3, because of the coils’ electromagnetic flux coupling.
The receiver (Rx) resonance circuit, L3Cs-tank, boosts the AC
voltage, while the matching circuit adaptively optimizes the
link resonance and quality (Q) factor against the surrounding
tissue parasitic, coil coupling, and IMD loading variations. The
L3;Cs-tank is followed by the power management unit for
AC-DC conversion and voltage regulation to supply the rest of
the IMD. The power management circuitry and the IMD core in
Fig. 1 have been modeled as an AC resistance, R;, in this paper.

Considering power losses at each stage of the power delivery
path, the total PTE, 7.1, from the external energy source to the
IMD core can be calculated as,

Nrotat = Nrx X Nz X Nskin X N3 X Npmu» €Y)

where #nrx, 1112, fskin, N3 and npyw are efficiencies of the power
Tx, primary LC-tank, transcutaneous powering through skin,
secondary LC-tank, and power management unit, respectively.
The wireless link efficiency, 7z, can be represented as #z> x
Nskin X W13, While 77pyp typically includes efficiencies of the AC-
DC converter (e.g. rectifier) and regulator.

Achieving higher overall PTE (#7u:) 1s very important in
wirelessly-powered IMD applications because it allows them to
operate with smaller received power from a larger coil distance.
Moreover, lower transmitted power reduces the risk of tissue
damage from overheating and interference with other devices
[8]. In the IMD applications, the transmitted power level and
link efficiency (i) are typically limited due to the energy



absorption in the skin and the size constraint of the implanted
secondary coil (L3). Therefore, various WPT techniques should
be adopted in every stage of the power flow, particularly across
the skin (wireless link) and inside the skin (matching and PMU
in IMDs) to efficiently deliver as much energy as possible to the
target IMD. This also improves the overall PTE, WPT range,
low temperature operation, and robustness.

In addition to WPT, wireless data telemetry (WDT) is one of
the most important functions in a group of IMDs, particularly
for neuroprostheses that substitute sensory or motor modalities
that are lost due to an injury or a disease. Well-known examples
are the cochlear implants and visual prostheses, which need a
large volume of data from external sensors to the IMD [9].
Another example is invasive brain-computer interfaces, which
collect a massive amount of data from the central neural system
and transfer it to the outside of body to control the patient’s
environment or prosthetic limbs after signal processing [10].

In these IMDs, high-bandwidth WDT must be achieved at
the lowest possible carrier frequencies because of significant
electromagnetic-field absorption in the tissue, which increases
exponentially with the carrier frequency [11]. This requirement
rules out the majority of commercially-available wideband
wireless protocols, such as Bluetooth or WiFi, which operate at
2.4 GHz. There are also specific standards, such as Medical
Implant Communication Service (MICS), operating in the 402 -
405 MHz band, which can only offer a limited bandwidth (300
kHz) [12]. Therefore, utilizing a pair of loosely-coupled coils is
the most common method for establishing wideband WDT in
IMDs. Achieving low-power consumption, small size, and
wide bandwidth as well as maintaining robustness against
external interferences, relative distance variations, and coil
misalignments are major challenges in establishing WDT links.

In this paper, we review various WPT schemes with focus on
wireless link mechanisms and circuit techniques for matching
and power management units in IMD applications. We also
explore recent WDT techniques that enable wideband and
robust data telemetry between IMDs and external units. Section
I introduces several wireless link mechanisms and their
adaptive matching techniques. Section III presents various
power conversion/management circuits in IMDs, such as AC-
DC converters, regulators, and chargers. Section IV discusses
recent WDT techniques for low-power telemetry with IMDs,
followed by conclusions in Section V.

II. OPTIMIZED WIRELESS POWER TRANSFER LINKS

A. Three-Coil Inductive Links

Figure 1 shows WPT via a conventional 2-coil inductive
link, in which both LC-tanks are tuned at f,. The inductive link
PTE is mainly dependent on the mutual coupling between the
coils, k»;, and their quality factors, O, = wL:/R; and Q3 =
wLs3/R3, which all depend on the geometries of L, and L3 coils.
The link PTE can be found from,

77 — k223 2 Q3 L Q3 L
2—coil . 4
1+k5,0,0;, 0,

where O = R;/wLj; is often referred to as the load quality factor,
031 = 030:1/(03+01), and the first and second terms represent
the power loss in R, and Rj3, respectively [13]. It can be seen
from (2) that large k23, O, and Q3 are needed to maximize the
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Fig. 2. Lumped circuit model of the 3-coil inductive link with two coils in the
IMD side to improve the PTE by R, transformation [16].
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PTE. However, for a given set of Q>, 03, and k23 values, there is
an optimal load, Ry pre = wL3Q; pre, which can maximize the
PTE. Oy, pre can be found from,

O = G :
’ (1+k530,0,)"
The R; value, which depends on the IMD power consumption,
is usually defined by the application. Therefore, the 2-coil links
might not achieve the optimal Oy, prg in (3) for a given R;.

The magnetic resonance-based power transmission in the
form of a 3-coil inductive link has been proposed to maximize
the PTE for a certain R, by performing impedance
transformation [14]-[17]. The 3-coil link, shown in Fig. 2, adds
a new degree of freedom (k3s) compared to its 2-coil
counterpart by adding load L4 coil. This can transform any
given R; to the optimal load in (3), which is required to achieve
high PTE in the loosely-coupled L,-L; link. The PTE of the
3-coil link can be found from,

Mooy = (k223 2Q3)(k324Q3Q4L) .&’ (4)
T A+ k0,0, + k50,0, 1+ £5,0,0,)1 0,

where k24 has been safely neglected in comparison to coupling
coefficients between neighboring coils (k23 and k34) [16]. For a
certain R;, the optimal choice of k3, that maximizes the PTE of
the 3-coil inductive link can be found from,

> 1/4 > 5 1/4
b = [1 +/%QZQ3J _ ((1 2001+, /R,) ] )

‘ 00, 0;0;

Figure 3 compares the PTEs of 2- and 3-coil links vs. R; for a
design example in [16]. Since the optimal Q; prz in the 3-coil
link is adjustable with k3, based on (5), the optimal PTE has
been maintained for the 3-coil link in a wide range of R; (10 Q
~ 1 kQ). However, with a 2-coil link the optimal PTE has been
achieved only for a specific Rz pre = 200 Q that satisfies (3). It
should be noted that at small coupling distances (d>3), where k>3
is relatively large, the 2-coil link requires smaller Oy, przin (3),
which is relatively easy to achieve. Therefore, for short distance
inductive power transmission, which is the case in most
transcutaneous IMD applications, the conventional 2-coil
inductive link that is properly designed can be very close to the
optimal choice [16].

A3)

B. Adaptive Matching Techniques

The problems with 3-coil links are that they add an additional
coil in the Rx, which adds to the size and cost of the IMD, and
more importantly they cannot dynamically compensate for R;
variations during the operation. In IMDs, R; can change during
the operation while the optimal &34 in (5), which depends on the
geometries of L; and L4 and their relative distance (d34), can
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Fig. 3. The PTE comparison between 2- and 3-coil links vs. R, showing that by
ks34 adjustment, the optimal PTE can be maintained in the 3-coil link [17].

only be adjusted during the design and IMD fabrication.

As an alternative to the 3-coil link, several groups have
suggested to use off-chip matching circuits to transform R;
[18]-[20]. Different types of matching networks such as =«, T,
and L can be designed for inductive links. In order to achieve
high PTE, the L-match network has mostly been implemented
for inductive links in the past by only using one inductor and
one capacitor at the output of the L;Cs-tank in Fig. 1. In practice
with R; variations during the operation, a network of switched
capacitors and inductors, which are often off-chip due to the
low-frequency operation of inductive links (MHz and below),
is required to dynamically transform R;, which again adds to
the size, cost, and power loss in the IMD.

These dynamic matching issues involved in the use of 3-coil
links and matching circuits have been the motivation behind the
Q-modulation technique for adaptive and efficient inductive
power transmission when R; varies significantly during the
operation [21]. In the Q-modulation inductive link shown in
Fig. 4a, the current in the series L3Cs-tank (/3) is sampled, and a
switch (SC) shorts the L3Cs-tank for the duration of 7, at the
zero-crossing times of /3 once in every half-cycle of the power
carrier (7, = 1/f,). As shown in the switching diagram of Fig.
4b, by closing SC during @, and therefore shorting R;, the
high-Q L;Cs-tank stores the maximum energy (proportional to
I3), that can be transferred from Tx. During @,, SC is opened
and the L3;Cs-tank is connected to R; to deliver its stored
energy. Therefore, Q. and the amount of the transferred energy
to R, can be controlled by the duty cycle of the switching
waveform, i.e. D =27,,/T,.

The equivalent Qs; of the switched L3;Cs-tank in Fig. 4a can
be found by calculating the ratio of the stored energy inside the
L;Cs-tank to the average power dissipation of the secondary
side in the steady state,

o,L,

Ostes [D—sin@aD)/ 27+ R, [| - D+sinRaD) / 2]
where Ry, is the switch resistance [21]. It can be seen from (6)
that when D increases from 0% (i.e. no Q-modulation) when
only R; is connected to the L3Cs-tank to 100%, when only Ry, is
connected to the L3;Cs-tank, Q3. 1s improved from
@pL3/(R3+R.) to @,L3/(Rs+Rsy). Thus, D can be adjusted
dynamically during the WPT operation to achieve the optimal
O pre in (3), in the presence of R;, variations.
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Fig. 4. (a) A Q-modulation inductive link for dynamic transformation of R,
and (b) the switching waveforms to control O3, by adjusting D = 27,,/T,[21].

III. POWER CONVERSION AND MANAGEMENT CIRCUITS

Various power conversion and management topologies can
be used following the WPT link: AC-DC converters, regulators,
and battery/capacitor chargers. The choice of power conversion
structure depends on design specifications, such as operating
frequency, power conversion efficiency (PCE), peak input
voltage, dropout voltage, delivered power capacity, and size.
The PCE of the AC-DC converter is a key factor in improving
the overall power efficiency of IMDs because the entire
received power from the wireless link needs to pass through
this block. Since AC-DC output voltage changes with coil
distance variations and misalignments, a low-dropout regulator
(LDO) often follows the AC-DC converter to provide constant
supply voltage to the IMD.

A. Active AC-DC Converters

Passive AC-DC converters have simple structures using
diode-connected transistors. However, they suffer from large
voltage dropout and power loss because of MOSFET threshold
voltages (Vrw), resulting in low PCE [22], [23]. Several
Vra-compensation techniques have been proposed to reduce the
forward voltage drop by adjusting effective Vry in passive
AC-DC converters [24], [25]. However, they still suffer from
issues such as sensitivity to process variations, leakage, and
reverse currents.

In order to increase the PCE further by decreasing transistor
dropout voltage, comparator-based active AC-DC converters
with synchronous switches are considered the most promising
solutions [26]-[28]. Figure 5 shows the block diagram of an
active voltage doubler employing active diodes in which main
switches (N; and P;) are driven by high-speed comparators
(CMPx and CMPp) [28]. CMPx compares Vyp with Vs and
controls the switching of Ni. When Vyp < Vs, CMPy output
goes high, N; turns on with a low dropout voltage, Vpswi), and
Cv is charged to Vinpeak - Vpsavyy. Similarly, when Vip > Vour,
CMPp output goes low, P; turns on with a low dropout voltage,
Vsper), and charging current flows through a low-resistance
path to charge the load, RoCo. Therefore, after a few cycles,
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Fig. 5. Block diagram of a comparator-based active voltage doubler to achieve
higher PCE and lower dropout voltage [28].

A
N

Vour 1s charged up to ZVINpgak - VDS(N]) - VSD(P]), and the total
dI'OpOllt Voltage, VDmp, is limited to VDS(N]) + VSD(P]). This VDmp
is much smaller than the dropout voltage of the diode-based
passive voltage doubler, Vgsay + Vsaer), leading to higher PCE.

To maximize the PCE in active AC-DC converters, the pass
transistors (e.g. N; and P; in Fig. 5) need to turn on and off at
proper times at high frequency, such as 13.56 MHz in the
Industrial, Scientific, and Medical (ISM) bands. If they turn on
too late, the forward current conduction time, during which
power is delivered from the LC-tank to the load, will be wasted.
On the other hand, if the pass transistors turn off too late,
reverse current flows from the load back to the LC-tank when
Vvp < Vour, severely degrading the PCE.

Various comparator topologies, which optimize the timing of
the active rectifier switching and maximize the PCE, have been
previously reviewed in [29]. More recently, an active rectifier
with cross-coupled latched comparators was proposed in [26],
which utilized a pair of four-input common-gate comparators.
These comparators are capacitively cross-coupled to drive the
rectifying switches, reducing the reverse leakage current at
13.56 MHz. Another active rectifier in [27] used comparators
with switched-offset biasing to compensate for the delays at
13.56 MHz, while maximizing the PCE. The comparator also
utilized a peaking current source to reliably control the reverse
current over a wide AC input range. Moreover, a high-
frequency active voltage doubler was reported in [28], which
used offset-control functions in its comparators to control both
turn-on and turn-off timing. It achieved high PCE (~80%),
while generating 64% higher output voltage than its input
amplitude at 13.56 MHz

B. Reconfigurable AC-DC Converters

Active rectifiers require higher peak inputs than their outputs,
which may be temporarily unavailable at large coils distances
(d23) due to the weak coupling of the inductive link. On the
other hand, active voltage doublers/multipliers are capable of
generating higher output voltages than their inputs, but their
PCEs are generally lower than that of active rectifiers with
similar size of pass transistors. In order to address such
limitations, adaptive reconfigurable AC-DC converters have
been proposed for robust WPT through inductive links over an
extended range [30], [31].

In [30], both voltage doubler (VD) and rectifier (REC)
modes are integrated into a single structure, while employing
low dropout active synchronous switches, leading to high PCE.
Moreover, by utilizing an output voltage sensing circuit, the
reconfigurable VD/REC can adaptively change its operating
mode to either VD or REC depending on which one is a better
choice for generating the desired output voltage. This helps the
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Fig. 7. Conceptual diagram of the reconfigurable VD/REC converter in which
a full-wave rectifier and a voltage doubler are combined using active diodes.

VD/REC to accommodate with a wider range of coil couplings.

Figure 6 shows the block diagram of the WPT link that
includes the reconfigurable VD/REC. The VD/REC converts
the AC input voltage, Vv = Vive - Vinw, across L3Cs-tank to an
automatically adjusted DC voltage, Vour. If Vi falls below a
certain level, which is determined by comparing a portion of
Vour with a reference voltage, Vzer, using a hysteresis
comparator, the VD/REC operates in the VD mode (Mode = 1).
Since the voltage doubler generates desired Voyr with much
lower ¥y than the rectifier, VD/REC can still provide sufficient
Vour to the load even with decreased Vy. On the other hand, if
Vv increases above Vggr + hysteresis window, VD/REC will
operate in the REC mode (Mode = 0) and achieve higher PCE
than the VD mode while generating desired Vour.

The reconfigurable VD/REC can be a combination of two
separate AC-DC converters, a rectifier and a voltage doubler, in
which the operating mode, REC or VD, can be selected based
on the input or output voltages. Figure 7 shows the conceptual
diagram of the reconfigurable VD/REC converter which
consists of the full-wave rectifier and the voltage doubler with
active diodes. The full-wave rectifier requires two diodes, D,
and D», and a cross-coupled NMOS pair, N; and N, while the
voltage doubler needs only two diodes, D; and Dy;. In order for
VD/REC to include both structures, D, is shared, and D, and N,
have enable functions. N; operates as part of a cross-coupled
pair in the REC mode, while reconfigured as an NMOS diode,
Dni, in the VD mode. Vv and V) are shorted through a switch
in the VD mode. The VD/REC utilizes active diodes, D;, Da,
and D, which can dissipate less power than passive diodes,
leading to higher PCE in both operating modes.

C. Hybrid AC-DC Regulators
Despite their high PCE, the DC output voltages of the active
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AC-DC converters are highly dependent on coil misalignments
and coupling variations, which significantly affect the AC input
amplitude. If eliminating these variations is left to a linear LDO,
as shown in Fig. 6, it will results in additional power loss,
especially when the input voltage is much higher than the
desired output voltage. Recently, several researchers have
proposed hybrid structures that combine the AC-DC converter
and the voltage regulator. They are capable of generating a
regulated output voltage through one-step adaptive AC-DC
conversion, which increases the overall power efficiency,
reduces the chip area, and decreases the number of large
off-chip filtering capacitors [32]-[34].

Figure 8 shows the simplified voltage waveforms of the
conventional and regulated AC-DC rectifiers depending on
their turn-on topologies [33]. Conventional rectifiers aim to
generate the maximum output voltage, Vzec, from the AC input,
Vv, at high PCE. Thus, they turn on as long as Vv > Vzec, as
shown in Fig. 8a. Consequently, Vzec becomes dependent on
the Vv amplitude, and it is not internally adjustable. In Fig. 8b,
Vrec can be adjusted by controlling the turn-on time around the
peak of V. If the turn-on period is reduced, the lower forward
current reduces Vzec as well. However, the large voltage drop
between Vi and Vigece during the turn-on period results in large
power loss across the rectifying transistors, resulting in low
PCE. To adjust Vgec while maintaining high PCE, the rectifier
turn-on phase can be controlled as shown in Fig. 8c. In this
method, the rectifier starts turning on when Vi > Vggc, similar
to the conventional rectifiers. However, its turn-off timing can
be controlled to limit the forward current. Therefore, Vzgc is
adjustable depending on the rectifier turn-on phase, while small
dropout voltage between Vv and Vzec provides high PCE.

A time-controlled AC-DC converter in [32] utilized two
converter cores that detect the output voltage and adjust the
rectifier turn-off timing, as shown in Fig. 8c, through the
comparators, digital controller, and switch drivers. Therefore,
the turn-off timing is adaptively controlled by target output
voltage. It needs an additional full-wave rectifier to supply the
converter cores.

The adaptive regulated rectifier in [33] utilized a phase
control feedback loop, which can be added to the conventional
comparators to control the rectifier turn-off timing and output
voltage level. It also performs comparator-based active AC-DC
conversion for high PCE. Figure 9 shows the schematic
diagrams of the adaptive regulated rectifier that utilizes active
switches, P, and P,, driven by phase control comparators,
CMP; and CMP». The reference voltage, Vzgr, controls the
transition times of comparator output voltages, Vo; and Vo2, in a
way that the rectifier turn-off timing can be adjusted to change
the turn-on phase and consequently the Vzec level, as shown in
Fig. 8c. This regulated rectifier results in small output voltage
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Fig. 9. Schematic diagrams of the adaptive regulated rectifier with active
switches driven by phase control comparators [33].

change (< 3mV) against input amplitude variations, ensuring
the line regulation capability.

More recently, a resonant regulating rectifier has been
proposed in [34] for resonant wireless power transfer at 6.78
MHz. By sharing the secondary resonant coil in the inductive
link, this rectifier can perform switching-mode regulation. It
also employed both continuous and discontinuous conduction
modes for different output power levels from 0 to 6 W.

D. Wireless Capacitor Chargers

Large capacitors can be utilized as temporary energy sources
and buffers to augment the wirelessly delivered power when it
is interrupted or insufficient [35]. Capacitors can also be used in
neural stimulation by storing charge and injecting it into the
tissue periodically at high efficiency [36]. Thus, it is important
to rapidly and efficiently charge capacitors in IMDs that use
this mechanism directly through wireless power links. Unlike
rechargeable batteries, capacitors are not constrained by
specific charging profiles. Therefore, various circuit techniques
can be utilized to improve capacitor charging efficiency
through an inductive link.

Figure 10 shows the wireless capacitor charging system in
[37], which efficiently charges positive and negative capacitor
banks directly from the AC input voltage, without requiring
AC-DC converters, regulators, or current sources. The
L;Cs-tank is followed by a series charge injection capacitor, Cs,
providing an input voltage, Vi, to a capacitor charger. The
capacitor charger consists of switches driven by high-speed
active drivers to connect Vv to either positive or negative
capacitors. For example, when the coil voltage, Vcou, increases
and Vv is less than the positive capacitor voltage, the capacitor
charger turns off, and Vv becomes floated. Thus, Vv also
increases along with Vcorz. When Vv exceeds the positive
capacitor voltage, the capacitor charger connects Vv to the
positive capacitor voltage, which remains relatively constant,
while Veon continues increasing. Thus, the voltage variation
across Cs generates a positive charging current, +/cy, for each
carrier cycle to charge the positive capacitor.

The amount of /¢y can be controlled by adjusting Cs, Vo
amplitude, and f,. Charging the capacitors with fixed /¢y can
minimize switching losses in the capacitor charger. Moreover,
the voltage drop across Cs, which operates like an ideal current
source, does not dissipate power, improving the capacitor
charging efficiency. As described in Fig. 1, a capacitor tuner
can be utilized to compensate for the L;Cs-tank resonance



TABLE I
VARIOUS AC-DC CONVERTER SPECIFICATIONS

Publication | 2012 [26] 2014 [27] | 2013 [28] 2012 [30] 2013 [31] 2010 [32] 2013 [33] 2013 [34] 2013 [37]
s by 0.18 pm 0.35 pm 0.5 pm 0.5 pm 0.35 pm 0.18 pm 0.5 pm 0.35 um 0.35 pm
CMOS CMOS CMOS CMOS CMOS CMOS CMOS BCD CMOS
Active Active Active | Reconfigurable |- Reconfigurable ), - AC-DC AC-DC Wircless
Rl rectifier rectifier voltage VD/REC Ix /2% regulator regulator regulator capacitor
doubler REC VD 1x 2% charger
Vin, peak (V) 1.5 1.5~4 1.46 3.7 2.15 1.5~4[12~25 3.5 5 N/A 2.7
Vour(V) 1.33 1.19 ~3.52 2.4 3.1 3.1 1.27~4 1.25~2 2.5~4.6 5 +1~+2
VCE (%)" 89 79 ~ 89 82.2 83.8 72.1 |85~90| 65~80 36 ~57 50~92 N/A 37 ~74
Ro (kQ)™ 1 0.5 1 0.5 0.5 P,=4mW | I,=28mA | P,=34W Cap = 1puF
/f» (MHz) 13.56 13.56 13.56 13.56 13.56 1 2 6.78 2
Area (mm?) 0.009 0.186 0.144 0.585 1.42 0.1 0.3 5.52 2.1
PCE | Sim. N/A 84.2 ~90.7 80 81 75 N/A N/A N/A 78 ~ 94 N/A 77 ~ 88
(%) | Meas. 81.9 82.2~90.1 79 77 70 81~84| 61~76 68 ~ 90 72 ~ 87 55 63 ~ 82

* Voltage conversion efficiency (VCE) = Vour/ (Vinpeax X multiplication factor), ** DC load resistance after the power management unit.
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Fig. 10. Wireless capacitor charging system through an inductive link [37].

capacitance variations during charging period to maintain Vcor
amplitude constant at its peak.

A wireless capacitor charger in [38] aims for rapid charging
through the inductive link. It utilizes a three-tap secondary coil
and its control system to modify secondary inductance and
resonant capacitance, which can adjust the optimal load
impedance for the link. This enables the maximum power
delivery with dynamically-optimized load impedance during
capacitor charging interval, minimizing charging time. Table I
summarizes the specifications of various AC-DC converters,
regulators, and chargers introduced in this section.

IV. Low-POWER WIRELESS DATA TELEMETRY (WDT)

Sending data wirelessly from the external unit to the IMD is
known as the forward telemetry while dataflow in the opposite
direction is often referred to as back telemetry.

A. Single-Carrier Forward/Back Data Telemetry

A simple option for forward/back telemetry, which has been
used in most of todays’ IMDs, is modulation of the power
carrier for transmitting data. For forward telemetry, amplitude
shift keying (ASK) has been popular in the past because of its
simple modulation and demodulation circuitry [39]. This
method, however, is not robust against inductive coupling
variations, which motivates the use of frequency and phase
shift keying (FSK and PSK). A phase-coherent FSK was
proposed in [40] to increase the data rate to 2.5 Mbps. However,
this method occupies a wide bandwidth (> 5 MHz), which is not
available in high-Q inductive links. A few groups have
developed circuits based on binary and quadrature PSK [41],
[42], which require smaller bandwidth compared to FSK.

The conventional method for back telemetry is called load
shift keying (LSK), which is similar to the backscattering
method in RFID tags, good for data rates up to 0.5 Mbps [43].

An improved LSK method has also been proposed in [44] to
increase the data rate to 2.8 Mbps. However, LSK requires
strong coupling between the coils, and it entirely shuts off the
power transfer to the IMD during the data transmission periods.

B. Multi-Carrier Data Telemetry

The main advantage of using a single carrier for both power
and data transmission is the relatively robust coupling between
power coils, which can lead to more reliable data transfer.
Another advantage is the space saving by reusing power coils
for data transmission. In high-performance IMDs that require
wider bandwidth, however, separating power carrier from the
data carrier is desired because increasing the frequency of the
strong power carrier can cause interference and safety issues
due to excessive power loss in the tissue. To achieve high PTE
and high data rate, a high frequency data carrier, f;> 50 MHz, is
required for the data link while f, can be kept below 20 MHz
[11]. This has led to the use of dual-carrier power/data links as
shown in Fig. 11a with each carrier linking a separate pair of
coils [45]-[47].

A major challenge in dual-carrier designs is the
cross-couplings between the two pairs of power and data coils,
which need to be miniaturized as they are housed inside the
small IMD. In particular, the strong power carrier interference
can dwarf the weak data signal on the Rx side and make data
recovery quite difficult. In other words, to achieve a low
bit-error-rate (BER), a large signal-to-interference ratio (SIR) is
needed in the data Rx. While several innovative coil designs
have helped with reducing the coils’ cross couplings [48]-[50],
it is still necessary to filter out the power carrier interference at
the Rx input electronically [51].

The data carrier has recently been substituted with a series of
narrow pulses in near-field, similar to far-field impulse radio
ultra-wideband (IR-UWB), to further reduce the data Tx power
consumption and increase the data rate [52]. In order to reduce
the inter-symbol interference (ISI), however, the bandwidth of
the Rx LC-tank has been increased by reducing its Q-factor that
makes it highly vulnerable to the power carrier interference.

In order to achieve high data rates with a high-Q LC-tank on
the Rx side, Pulse Harmonic Modulation (PHM) has been
proposed in [53], sending a series of sharp pulses, which timing
and amplitude have been carefully selected to reduce the ISI in
the Rx coil. To transmit each bit “1”, the PHM Tx generates a
sharp pulse at the onset of the bit period to initiate a ringing



TABLE II
BENCHMARKING OF INDUCTIVE TELEMETRY LINKS

Publication 2004 [40] | 2005 [41] | 2008 [44] | 2010[45] | 2012[46] | 2012[46] | 2008 [47] | 2013 [51] | 2013 [55] | 2015 [56]
CMOS Tech. (um) 1.5 0.18 0.5 - 0.8 0.8 0.35 0.18 0.35 0.35
Modulation peFSK BPSK LSK QPSK FSK BPSK BPSK DPSK PHM PDM
Distance (mm) 5 15 20 5 20 20 10~15 - 10 10
fuand £, (MHz) 5/10 10 25 1356&1 | /5&5 48 &5 20 &2 20 &2 66.5& - | 50 & 13.56
Data Rate (Mbps) 25 112 2.8 4.16 125 3 2 2 20 13.56
LIt Hoen /152 625 35.7/1250 y . 1962/- /3100 . 345/294 | 960/162
Cons. (pJ/bit)
SIR (dB) - - - - - - 12 - - _18.5
Tx/Rx Area (mm?) | -/0.29 0.2 22022 - - 23 44 - 0.1/0.5 | 034/0.37
BER 10° 10° 10° 2x10° - 2x107 107 107 87x107 | 4.3x107

* A first order off-chip filter was used to improve SIR to -6 dB.
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Fig. 11. (a) Block diagram of a dual-band inductive power and data
transmission link using the PDM scheme. (b) PDM operational waveforms.

response in the high-Q Rx LC-tank. A second pulse is then
generated with specific amplitude and delay with respect to the
initial pulse that suppresses the residual ringing across the Rx
LC-tank to expedite the end of the bit period. No pulses are
transmitted in this scheme for bit “0”. This method allows for
reaching high data rates in excess of 10 Mbps without reducing
the inductive link Q-factor, which helps to extend the range and
reject the power carrier interference to some extent [54], [55].
However, PHM operates only when the SIR at Rx input is
sufficient, i.e. SIR > 0 dB.

Recently, a new carrier-less data transmission scheme, called
Pulse Delay Modulation (PDM), has been developed for
simultaneous data and power transmission [56]. The novel
aspect in the PDM is the utilization of undesired power carrier
interference across the Rx input to deliver the data bits even
with SIR <0 dB. Figure 11a shows a PDM-based link, in which
two separate links are used for power (L;-L;) and data (L3-Ly)
transmission. In the presence of narrow pulses across L3;Cs-tank
for data bit “1”, a ringing appears across the low-Q L4Cs-tank
due to k34 at the resonance frequency of the tank, fz, as shown in

dashed gray in Fig. 11b. Without data pulse ringing, the
induced power carrier interference across L4Cs-tank is a clean
sinusoid, shown by the dashed black waveform in Fig. 11b. The
actual received signal, ¥z shown in solid black, however,
results from the superposition of the data and power
components. PDM has successfully shifted the zero-crossing
times of the superimposed waveform, Vz, for a bit “1”, which
can be easily detected on the Rx side. The PDM transceiver in
Fig. 11a has achieved a data rate of 13.56 Mbps with a BER of
4.3x107 across a 10 mm inductive link, while the power link
has delivered 42 mW of regulated power to the load at the same
frequency. Table II compares different methods for inductive
power and data transmission.

V. CONCLUSION

Various wireless power and data transmission techniques
that can be utilized to power up and communicate with IMDs
and other appliances in the near-field have been reviewed. The
wireless power transfer consists of several stages, such as the
power Tx, wireless link, matching circuit, and power
conversion/management unit. Every stage offers the designer
with several degrees of freedom and design parameters, which
need to be optimally combined by considering specifications in
a designated application, such as power efficiency, supply
voltage level, coupling distance, delivered power capacity,
operating frequency, coil misalignments, and device size. In
addition, low-power and robust wireless data telemetry (WDT)
in the presence of power interference becomes important in
information-centric IMDs, in which high performance is
desired but the received power is limited. Several efficient
WDT techniques have been introduced, which can be adopted
to handle wideband bidirectional communication with IMDs.
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