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Abstract— This paper presents a wireless power and data
telemetry circuit fabricated in a 180 nm CMOS process. The
uplink data telemetry employs a push-pull-based quadrature
(Q) modulation scheme that separates data and power
transmissions onto the in-phase (I) and Q paths of the inductive
link. By pushing or pulling energy from the secondary LC tank
when the I-path power carrier is at 180°, a distinct data carrier
is generated in the Q-phase. This orthogonal separation of
power and data carriers effectively minimizes the impact of
data transmission on wireless power transfer. The push-pull
modulation inherently achieves both phase-shift keying and
amplitude-shift keying to encode data using three symbols,
enhancing the data rate. The proposed scheme transmits one
symbol every two carrier cycles, breaking the trade-off
between data rate and power transfer efficiency in
conventional load-shift keying (LSK)-based telemetry. The
back telemetry achieves a data rate of 10.17 Mbps on a
13.56 MHz inductive link with a power consumption of 98 pW,
resulting in an energy efficiency of 9.63 pJ/bit.
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1. INTRODUCTION

Implantable devices show promising potential in
scientific  research, therapeutic development, health
monitoring, and brain—machine interfaces [1], [2]. To make
these devices fully implantable and reduce their invasiveness,
they often incorporate wireless power and data transmission
technologies. Wireless power eliminates the need for
batteries, while bi-directional wireless communication
enables the device to receive user commands via downlink
(forward data telemetry) and transmit digitized physiological
data via uplink (back data telemetry)—without the need for
physical wires. Considering the stringent constraints on
power and area at the implant side, both the downlink
receiver and uplink transmitter must be highly efficient.
While the downlink typically carries low-rate control signals,
the uplink must support high-speed data transmission to
continuously stream large volumes of real-time physiological
data. Thus, the uplink has attracted growing attention in
research focused on developing efficient, robust, and high
data rate (DR) transmission methods.

A single inductive link, thanks to its high efficiency and
low cost, is the most commonly used approach in recent
wireless implantable devices for enabling both wireless
power and data transmission. In such a configuration, as
shown in Fig. la, a power amplifier (PA) drives a primary
LC tank (L, and C;) to resonate at a specific frequency (e.g.,
13.56 MHz), thereby generating a magnetic field. This
magnetic field induces an AC current in the secondary LC
tank (L, and C,), which is then converted to a DC supply to
power the rest of the circuits in the implant. To transmit
physiological data, conventional back telemetry commonly
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Fig. 1. Conventional back data telemetry over a single inductive link using
(a) LSK modulation and (b) frequency-splitting method.

employs load shift keying (LSK) due to its simplicity and
low power consumption [3-6]. Specifically, a switch is
closed to short L, when transmitting a data “0,” and opened
to transmit a data “1.” As a result, the voltage on the primary
coil, V11, exhibits different amplitudes depending on the load
associated with each bit. This allows the back data to be
easily recovered by monitoring the amplitude of V1,. Despite
its simplicity, LSK has two key limitations. First, shorting
the coil causes energy loss across the switch, significantly
reducing power delivered to the load (PDL) and power
transfer efficiency (PTE). Second, its maximum DR is
inversely proportional to the link’s quality factor, creating a
trade-off between DR and PTE. To reduce energy loss, [6]
proposed an energy-recycling modulation achieving 41%
energy savings, but the DR-PTE trade-off limits its data
transmission speed to less than 1 Mbps. In [3], cyclic on-off
keying (COOK) breaks the DR-PTE trade-off and achieves
6.78 Mbps at a 13.56 MHz carrier but still results in
substantial energy loss from periodic coil shorting.

Given the limitations in LSK, recent studies have
explored leveraging the frequency-splitting characteristics of
inductive link to separate the power and data carriers, as
illustrated in Fig. 1b [7], [8]. This approach also extends the
link bandwidth, enabling high DR and high PTE
simultaneously. By combining frequency-splitting with
quadrature phase shift keying (QPSK), [7] achieved 200
Mbps on a 390 MHz data carrier. However, this method
requires the coupling coefficient (k) of two coils to exceed a
critical threshold (kc), imposing strict constraints on coils’
alignment and distance. In addition, the positions of the two
split frequency peaks are strongly dependent on the value of
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Fig. 2. Proposed back data telemetry using push-pull-based quadrature
modulation scheme.

k, making data transmission highly sensitive to variations in .

To address the limitations of conventional designs, this
work proposes a push-pull-based quadrature modulation
scheme. The push-pull operation separates power and data
into two orthogonal paths: the in-phase (I-phase) for power
and the quadrature-phase (Q-phase) for data path. When the
I-phase power carrier reaches 180°, energy is either pushed
into or pulled from the secondary LC tank. This operation
generates a Q-phase signal for carrying back data, effectively
separating power and data paths without requiring specific &
of two coils. Additionally, the push-pull scheme forms a
novel ternary constellation by leveraging both phase-shift
keying (PSK) and amplitude-shift keying (ASK), thereby
improving the DR. As a result, it avoids energy loss from coil
shorting and breaks the traditional trade-off between DR and
PTE. The proposed scheme achieves a state-of-the-art DR of
10.17 Mbps among all reported designs using 13.56 MHz
carrier.

II. SYSTEM ARCHITECTURE AND CIRCUIT IMPLEMENTATION

Fig. 2 shows the block diagram of the proposed wireless
power and data telemetry circuit and the overall wireless
system. A PA drives the L, and C;, resonating at 13.56 MHz,
to deliver wireless power to L, and C,. A voltage doubler
converts the received AC power into a DC voltage, Vpgr,
which is then regulated to a supply voltage, Vpp, by a low
drop regulator (LDO) to power the remaining telemetry
circuits. The back data telemetry, which consists of a
switched-capacitor (SC) modulator and a timing control
circuit, transmits the data by inducing and modulating the Q-
phase data carrier. The data receiver picked up the modulated
signal at PA side and decode the data using an in-phase and
quadrature (I/Q) demodulator.

Fig. 3 illustrates the concept of the proposed quadrature
modulation scheme. As shown in Fig. 3a, applying an energy
impulse to an initially unexcited LC tank is able to generate
an oscillating signal at its resonant frequency. Initially, the
voltage across the LC tank, Vic, is zero. After applying the
positive impulse, Vic rises to ¥y and begins to drop as the
capacitor starts charging the inductor. Consequently, the
induced resonating signal has an initial phase of 90°. As
shown in Fig. 3b, when the impulse is applied at either 0° or
180° of the 13.56 MHz I-phase carrier (with 180° chosen in
this design), the resulting oscillation retains the same
frequency while shifting 90° relative to the I-phase carrier.
This generates a Q-phase data carrier that is superimposed
onto the inductive link with the I-phase power carrier.
Because the back data is solely modulated on the orthogonal
Q-phase signal, the amplitude of the I-phase power carrier
remains minimized affected.

To enable data modulation on the Q-phase carrier, we
implement a push-pull scheme that inherently realizes both
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Fig. 3. (a) LC tank response to impulsive energy. (b) Generating a Q-phase
signal from the power carrier via impulse.
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Fig. 4. Timing diagram of generating three symbols via push-pull scheme.

PSK and ASK. Unlike conventional binary modulation, this
approach supports ternary signaling with three distinct
symbols: “-17, “0”, and “+1”. Fig. 4 illustrates the detailed
concept and timing of the push-pull modulation scheme. For
data “1”, an impulse pushed energy into the LC tank,
resulting in a Q-phase signal with a -90° phase difference
relative to the I-phase carrier. For data “-1”, impulse pulled
energy from the tank, producing the Q-phase signal with a
+90" phase difference relative to the I-phase carrier. When
the input is “0,” impulse is not applied. In this way, data “0”
can be distinguished from “+1” based on the amplitude of the
Q-phase carrier, while “+1” and “-1” are differentiated by
their phase. As a result, this scheme uses ASK to represent
data “0,” and PSK to encode data “+1”. The push-pull
operation occurs every two carrier cycles to reduce inter-
symbol interference. With two cycles per symbol and ternary
signaling, the proposed scheme improves the DR to 1.5 bits
per two carrier cycle.

Fig. 5 shows the detailed circuit implementation of the
proposed back telemetry which includes a SC modulator and
timing control circuitry. In the timing control block, the zero-
crossing detection circuit identifies every negative-going
zero-crossing point of V1, and generates a 6.78MHz clock
signal. The clock signal is then provided to pulse generation
circuit, which generates four control signals: @ps, @p, Dcn,
and @pys, depending on input data. These signals directly
control four switches in the SC modulator to perform push,
pull, or do-nothing operations. Fig. 6 illustrates the detailed
timing of the SC modulator’s operation. To transmit data
“+1”, the SC modulator pushes energy to the secondary LC
tank. When V1, crosses zero with negative slope, @ps goes
high while @cy remains low, connecting a capacitor, Cps and
C, in parallel. Since Cps is pre-charged and the voltage on C,
is zero, a small amount of energy is pushed into the LC tank
through capacitor charge sharing. After a short delay, @ps
goes low and @cy goes high, allowing Cps to be charged to
Vper in preparation for the next energy push. To transmit
data “-1”, the SC modulator pulls energy from the secondary
LC tank. A few ns before V1, crosses zero from positive half-
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Fig. 5. Schematic of the timing control circuit and SC modulator.
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cycle, @pr. goes high while @pis remains low, connecting Cs
to an uncharged Cpr. This causes C; to share its charge with
Cpr, effectively pulling energy from the LC tank. Once
charge sharing is complete, @p. goes low. Subsequently,
@pis goes high to discharge Cpr, preparing it for the next
energy pull. When input data is “0”, all switches remain
open, and no operation is performed on L, and C,. As a
result, the Q-phase signal continues to decay in amplitude
while maintaining the same phase as the last energy push or
pull operation.

III. MEASUREMENT RESULTS

The wireless power and data telemetry circuit was
fabricated using TSMC 180 nm CMOS process. The die
micrograph in Fig. 7 shows its floor plan with a silicon area
of 1.15 mm x 1.2 mm. Fig. 8 illustrates the bench-top testing
setup. L; and L, were identically implemented using AWG-
18 copper wire, achieving approximately 2 pH inductance
and a quality factor of 180. C, and C, are 68 pF capacitors in
0603 package. To wirelessly power the circuit, a function
generator (AFG31000) is used to excite the primary LC tank

1.2mm

Fig. 7. Micrograph of the wireless power and data telemetry circuit.
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Fig. 8. Diagram of the bench-top testing setup.
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Fig. 9. Measured transient waveform showing the push-pull-based
quadrature modulation scheme.

with a 13.56 MHz sinusoidal signal. To demonstrate the
operation of the proposed push-pull scheme, an oscilloscope
(MSOS5B) is used to probe the Vi, along with the pulse
signals, @ps and @pr generated by the telemetry circuit. A
fixed 3 kQ resistor is connected to the Vpgpr to emulate load
current. Meanwhile, Vpgr is probed to measure the real-time
PDL through the inductive link. In addition, another
oscilloscope (MXR254A) is utilized to probe V1, and digital
I/Q demodulation is performed using Keysight 89600 Vector
Signal Analyzer (VSA) software to verify successful data
transmission.

Fig. 9a shows the transient waveform of the telemetry
circuit, including Via, @ps, @rr, and Vogr, to demonstrate the
operation of the push-pull quadrature modulation scheme. L,
receives wireless power and generates V1, with an amplitude
of approximately 4 V. Correspondingly, the voltage doubler
produces a Vpgr of around 3 V. A pseudorandom ternary bit
stream was fed to the telemetry circuit. The signals, @ps and
@pL indicate energy push and pull operations for transmitting
data “+1” and “-1”, respectively. Fig. 9b zooms in on
specific data transmission events. When @ps goes high, the
pre-charged Cps pushes energy into C,, resulting in a “pump”
on V1. When @py is high, the empty CpL pulls energy from
C,, causing a sudden drop on Vi,. Switching action does not
occur when the input data is “0”. To reduce inter-symbol
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interference, the telemetry circuit transmits one data symbol
every two carrier cycles. Considering the three-symbol

modulation (encoded using two bits), the resulting DR is
10.17 Mbps.

To verify the successful push-pull-based data modulation
of the proposed back telemetry, we performed Fast Fourier
Transform (FFT) on the demodulated Q-phase signal. Fig. 10
shows the resulting power spectrum when a wideband
pseudorandom bit stream is transmitted. The spectrum
exhibits a strong and continuous energy distribution from
approximately 30kHz to 6MHz, consistent with the
expected bandwidth of the pseudorandom signal, thereby
confirming successful data modulation. In addition, the
wideband spectral content indicates that the transmitted data
bandwidth is not limited by the quality factor of the inductive
link. We also captured the constellation diagram, as shown in
Fig. 11. Since the push-pull modulation scheme separates the
I-phase for power transfer and the Q-phase for data
transmission, the constellation points appear only along the
Q-axis. The three distinct clusters correspond to the data
symbols “+17, “0”, and “-1”, demonstrating the effectiveness
of the proposed modulation scheme.

Table 1 compares the performance of the proposed
wireless power and data telemetry circuit with state-of-the-art
designs. The proposed push-pull quadrature modulation
scheme enables the lowest symbol duration of just two
carrier cycles. Consequently, it achieves the highest data rate
of 10.17 Mbps among designs operating at a 13.56 MHz
carrier frequency. This back telemetry consumes an average
power consumption of 98 puW, resulting in an energy
efficiency of 9.63 pJ/bit.

IV. CONCLUSION

This paper presents a wireless power and data telemetry
circuit, equipped with a novel push-pull-based quadrature
modulation scheme, enabling high-speed uplink over a

13.56 MHz inductive link for implantable device applications.

The back telemetry uses a SC modulator to push or pull
energy from the secondary LC tank when the I-phase power
carrier reaches 180°, generating a separate data carrier in the

TABLE I: PERFORMANCE COMPARISON WITH STATE-OF-THE-ART WIRELESS
POWER AND DATA TELEMETRY CIRCUITS

q ISSCC TBioCAS JSSC JSSC JSSC
R ThisWork | 2025(7) | 202476] | 2023(5] | 20194 | 2016[3]
Process 180 nm 65 nm 180 nm 180 nm 180 nm 65 nm
Data Push-Pull LSKw/ Current- | Load-Induced
Transmission Quadrature | Frequency- LSK Modulated |Resonant-Shiftf  COOK
Scheme Modulation Splitting LSK Keying
Modulation c°mb;"’,ngPSK QPSK, | Binary LSK, | Binary LSK, | Binary FSK, COOK,
Scheme and ASK, 4 Symhols | 2 Qumbols | 2 Symbols | 2 Sumbols | 4 Symbols
3 Symbois ’ = SYMD0S | S SYMOS 1 £ SymRes
Carrier Freq.
(MH2) 13.56 390 5 1356 30 1356
Carrier Cycles per 2 39 74.62 13.56 6 4
Symbol i . :
Dot one thepgy | 67871047 | to0s200 | GRS << 5/5 [ 338/678
Bit Error Rate <1010 <105 <106 2.1x106 4.2x107 9.9x108
Power
Consumption (W) 98 N/A N/A 630 395 64.44
Eneray per Bit 263 087 NA >630 79 95
Requires Specific k No Yes No No No No
WPT Power Loss
e oD T No No Yes No Yes Yes

Q-phase. In addition, the push-pull operation realizes
simultaneous PSK and ASK, enabling ternary symbol
encoding that improves both spectral efficiency and DR. The
data telemetry transmits one symbol every two carrier cycles,
achieving a 10.17 Mbps DR over the 13.56 MHz inductive
link without compromising its PTE. Our push-pull approach
effectively breaks the conventional trade-off between DR and
PTE, enabling high-speed uplink over an inductive link. With
average 98 pW power consumption, the data telemetry circuit
achieves an energy efficiency of 9.63 pJ/bit.
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