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Abstract—This paper presents SIMFONY, a health-monitoring
system based on the Single Inductor Multiple Function technique.
It enables key functionalities, including high-efficiency human
body communication (HBC) at 8.9pJ/b system-level; with an un-
derlying resonance, TX block achieves 2.8 pJ/b; a wakeup radio;
Li-ion cell to 0.6V and 1.2V power rails conversion (SIMO) with
85% peak efficiency; and a voltage-boosting, constant-current
LED driver delivering up to 150mA for photoplethysmogram
(PPG) applications. These functions are achieved with only one
high-voltage (HV) tolerant node and by reusing HV switches
across operating modes. Finally, together with an on-chip in-
ference engine, SIMFONY demonstrates a proof-of-concept bio-
signature-based key generation for encryption across multiple
body locations.

Index Terms—Human body communication (HBC), Wearable
health monitoring, SIMO

[. INTRODUCTION

Secure, continuous collection of physiological data can
enable personalized models for wellness monitoring and early
detection, ultimately paving the way toward proactive and
data-driven healthcare. This work targets a compact biosensing
platform capable of long-term data collection, communication,
and local processing under severe size and battery-life con-
straints [1] (Fig. 1). Such a platform needs to support sensor
interfaces, communication, and on-chip inference simultane-
ously, with long standby battery life. This paper proposes
SIMFONY, which combines five functions: HBC TX, HBC
RX, WUR, SIMO power conversion, and PPG LED driving by
time-multiplexing a single inductor and reusing key switching
and resonant components. This technique extends the single-
inductor, multiple-output (SIMO) concept introduced in [2]
to additional non-power functions (i.e. HBC and sensing)
enabled by a dedicated arbitration mechanism and validated
by measurements.

II. PROPOSED INDUCTOR-BASED ARCHITECTURE

HBC application operates with human skin: a capacitive
load with an appropriate electrode design. As shown in Fig. 2,
prior arts have explored the possibility of inductive resonating
with the capacitance to achieve passive gain RX, and low
power TX [3]. Surveys have shown that 10kHz ~ 35M Hz
is a suitable band for HBC communication [4], with 5M H z
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Next, Fig. 2 highlights two major power conversion step
required by such a bio-sensing platform: buck conversion from
a lithium-ion battery to the required 0.6V core voltage; and a
boosting converter required for driving an LED. They can be
implemented efficiently with a inductor. L = 15 H achieves
a good balance of operating frequency and output power.

In summary, a discrete inductor is a key enabler for low-
loss, high-energy-density power conversion, but it is also one
of the bulkiest components in miniature wearable systems. To
resolve this issue, we propose a inductor-sharing system. Fig. 3

yielding the lowest loss [5]. Accordingly, L = 15uH is shows a high-level diagram of the system, along with numeral
selected. callouts for circuit descriptions in later sections of this paper.
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III. CIRCUIT IMPLEMENTATION
A. HBC Transmitter (TX) mode

The HBC-TX mode (Fig. 4) operates in a novel series-
resonance mode, with the inductor resonating with the load ca-
pacitance (primarily from the electrode-human skin interface)
to produce single cosine pulses for a 6-bit-per-pulse (6bpp)
pulse-position modulation (PPM) datalink [6], [7]. To enable
low-power wakeup radio receivers, each data burst begins with
a continuous wave (CW) preamble.

The inductive resonant circuit has multiple advantages,
including state-of-the-art power efficiency (2.8p.J/b), up to
2xVDD (> 4V') amplitude, and an inherent bandwidth limita-
tion that reduces out-of-band air emission. To maximize TX
amplitude, 2xVDD-capable bootstrapping switches [8] (D,
) are employed as high-speed pass-gate elements, turning on
in < 1ns to minimize loss. In contrast, the pull-down switch
® has much relaxed timing requirements (> 400ns) and can
be implemented with a small thick-gate transistor for high-
voltage tolerance and low capacitive loading. A 20pF" tunable
capacitor (® is added for frequency trimming.

B. HBC High-Speed Receiver (HSRX) and Wakeup Radio
(WUR) Modes

The high-speed HBC receiver (HSRX) and wakeup radio
(WUR) modes [9] (Fig. 5) reuse the inductor as a part of
a shared input band-pass filtering circuit. In HSRX mode,
the resonator Q is reduced to meet bandwidth requirements,
whereas WUR benefits from a high-Q resonator to passively
amplify the CW wakeup tone. A tunable resistor 3 adjusts
the effective Q to support both modes.

Measurements show that short-term resonant frequency drift
due to capacitance variation within a TX burst is < 1Ins
RMS; however, burst-to-burst peak amplitude variation can
still introduce > 4ns timing error with naive detection.
To reduce amplitude sensitivity, the tunable capacitor (&
is reused to implement a tuned high-pass-filter-based peak-
to-zero-crossing conversion, similar to a laser range-finding
application, reducing timing error to < 1.2ns RMS at a cost
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of 3dB SNR [10]. The PPM pulses generated by the TX DTC
circuit are digitized by an RX TDC circuit into the payload
(Fig. 5).

C. LED Driver Mode

Many biomedical sensors use LEDs for illumination; in
particular, photoplethysmography (PPG) uses LEDs with VF
up to 3.4V, requiring voltage boosting, high peak current,
and amplitude-controlled current. The proposed design uses
an inductor-based boost-converter approach [11], [12] (Fig. 6)
instead of relying on an external HV source like prior arts.
Peak current is controlled by the on-time of charging switch
®, with dI = (Vppr/L)dt. By controlling the on-time with
a synchronous counter, the LED peak current is controlled by
the switch’s on-time.

D. SIMO Mode

Converting from a commonly used 3.3 ~ 4.2V lithium-
based chemistry battery to the 0.6 ~ 1.2V supply voltage
using an LDO would yield very poor conversion efficiency
(< 18%). A SIMO DC-DC converter with two outputs is used
instead (Fig. 7) to generate these supply rails.
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The converter operates in DCM, with the output current
optimized for 10puA ~ 2m A to cover the operating range of all
other blocks, particularly the voltage-scaled RNN accelerator
(Fig. 8) with up to 2mA peak current. In standby mode, where
everything is turned off, the converter can achieve 34.9%
efficiency — a near 2x improvement over LDOs. The DC-
DC design can be built by sharing the existing elements:
specifically, ® serves as the input pull-down switch, while
@ and @ are the output switches.

E. On-Chip Inference Engine

Instead of transmitting raw data directly, on-device pro-
cessing reduces the amount of data need to transmit, and
also allows us to perform data encryption before TX. Fig.
8 shows an on-chip inference engine integrating multi-sensor
aggregation buffer, a GRU-based RNN accelerator, followed
by an AES encryption engine.

With constant memory, our memory—accuracy trade-off ex-
periment indicates that 6-bit quantization achieves the highest
accuracy (98%) with 22k parameters when trained on the MIT-
BIH [13] dataset. So internally the pipeline is quantized to
6-bits.
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F. Time-Multiplexed Operation

Treating the inductor as a shared resource; a round-robin
arbiter controls the 5 modes. (Table. I) The RX need to
preemptively acquire the resource or incoming data will be
lost. So HSRX is assigned the highest priority, and activated
immediately when a wakeup call is detected. A measured
example in Fig. 9 shows how the arbiter automatically re-
plenishes VDDL after LED operation, and later transmits a
preamble, followed by a payload after 1k ADC samples.

Combining multiple modes of operation requires careful
mitigation of high-voltage hazards, which can otherwise dam-
age thin-gate transistors. In the 65nm GP process, the break-
down voltage of a thin-gate transistor is 1.2V. Thanks to the
topology, only the node between the inductor and battery

TABLE I
MULTI-TASK INDUCTOR ARBITER CONFIGURATION

Next State
Release
Release
Release
Release

. Priority | Function A g
High| "o [HBCHSRX _|N/A TDC Timeout

LED Pulse Timer interrupt LED Pulse Counter
HBC TX Digital Top Transmit Byte Counter
SIMO Channel 0{SIMO Comparator | ZCD

SIMO Channel 1|SIMO Comparator |ZCD Release
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Fig. 9. Measured Example of Multiple Tasks Running Autonomously under
Arbiter’s Control

is exposed to HV (Fig. 3). More importantly, the HBC TX
passgates with high-speed switching requirements (D, @) are
not connected to this node. This isolation enables simultane-
ous high-speed data transmission and HV power conversion.
Shielding transistors have been added to all circuits near this
node, providing up to 4.8V of high-voltage tolerance. All data
receiving amplifiers (HSRX and WUR) are AC-coupled with
MIM capacitors with sufficient voltage tolerance. Simulations
have shown that the thin-gate input transistors will not exceed
VGS > 2V during power conversion.

IV. MEASUREMENTS

Fig. 10 showcases the measured waveforms of a proof-
of-concept application enabled by SIMFONY. Using the in-
tegrated LED driver, the chip acquires PPG signals from
multiple body sites, processes them with the on-chip inference
engine, and derives an encryption key from spatially corre-
lated physiological features. The proposed method generates
one 128-bit per 47.41 s (2.70 bit/s) with BER < 1073,
outperforming heartbeat-per-bit physiological key generators
in throughput reported in prior ECG-based key-generation
schemes [14]. Compared to ECG-based key generation, the
method is more practical for wearable use because PPG can
be acquired optically from many body locations where blood
flow is available, whereas ECG generally relies on skin-contact
bio-potential electrodes. [15]

Fig. 11 showcases additional performance measurement
plots, including (a) HBC RX sensitivity; (b) DC-DC startup
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Fig. 11. Circuit Measurements

waveforms; (c) LED efficiency vs. peak inductor current; and
(d) a breakdown of standby power.

V. SUMMARY

This paper presents SIMFONY, a compact wearable health-
monitoring chip that reuses a single inductor for HBC com-
munication, wake-up reception, SIMO power conversion, and
PPG LED driving, while also supporting on-chip inference
and AES-based biometric key generation. It achieves 1.2uW
standby power, 8.9p.J/b HBC TRX efficiency, 85% peak DC-
DC efficiency, and up to 150mA LED drive capability. Fig.
13 compares each individual function with recent works [3],
[6], [12], [16]-[18], showing that the overhead of inductor
sharing remains modest such that the multiplexed system still
maintains competitive performance. Fig. 12 shows the 2mm?
test chip fabricated in 65nm GP process, assembled with the
external 154 H inductor on a PCB.
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