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Abstract—This paper presents a high-speed (15 Mb/s) Human 
Body-Coupled Communication (HBC) transceiver designed for 
multi-sensor applications. As the first reported HBC implementation in 
FinFET technology, the design achieves state-of-the-art power efficiency 
of 0.84 pJ/b for transmitting, with a 3.3V amplitude, and 3.2 pJ/b for 
receiving, by leveraging inductive resonance driving, differential-mode 
pulse-position modulation (DMPPM), optimized encoding density, and a 
power-gated receiver signal chain with peak-to-zero-crossing conversion.  
A multi-sensor transaction demo is presented. 
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I.​ INTRODUCTION 
Recently, Human Body-Coupled Communication (HBC) 

techniques, such as Electrical-Quasistatic HBC and Galvanically 
Coupled HBC, have become attractive options for building a 
body-wide sensor network (Fig. 1) due to their ultra-high power 
efficiency compared to alternatives, including BLE and Wi-Fi. The 
E-field of the human body channel in the 10kHz~30MHz range 
wraps around the body and does not leak into the air [2], making it 
also attractive for data confidentiality considerations.  

The HBC channel is primarily capacitive, resulting in a high αCV2f 
switching loss with a simple CMOS driver. Prior work explored 
on-chip switched capacitor circuits [1] to drive such loads. These 
circuits improve energy efficiency. However, the capacitance of the 
switched-capacitor circuit depends on the electrode and skin 
properties and does not scale with CMOS technology. In FinFET, a 
high-Q 80 pF capacitor occupies a substantial area that would 
otherwise be used for digital circuits. 

 
Figure 1. Overview of the Design Objectives,  

and Proposed HBC Transceiver System Implementation  

We present a 16 nm FinFET HBC datalink with a series-resonant 
inductive transmitter operating at 15 Mbps carrier frequency. Prior 
art [6] has explored OOK modulation with a resonant driver; 
however, the reported power efficiency and speed are underwhelming 
due to the tradeoff between bandwidth and resistive loss in RLC 
resonators. We combine a high-Q resonant TX with a 
differential-mode single-pulse pulse-position modulation (DMPPM) 
scheme [3]. This improves TX power efficiency by 80%  (from 
4.2pJ/b to 0.85pJ/b) and enables a 2x VDD swing without transistor 
stress, reaching a maximum amplitude of 3.3V with 16nm FinFET.  

Combined with a DMPPM receiver (RX) featuring an open-loop 
design and dynamic power control, the TX-RX pair can achieve a 
50% power efficiency improvement with one TX and one RX; 
adding more TXs will further enhance efficiency. Due to the 
demonstrated energy efficiency advantage, we propose constructing a 
multiple-transmitter sensor network (Fig. 1) that can be deployed on 
the human body or a surface with similar characteristics. 

II.​ ENERGY-EFFICIENT RESONANT TRANSMITTER 

 
Figure 2. Comparison of HBC Transmitter Designs  

To drive the capacitive load efficiently, we propose an energy 
recovery circuit using a single off-chip inductor to resonate with the 
load. In ideal conditions, this approach offers power consumption 
that is orders of magnitude lower than similar techniques, leveraging 
the much higher Q of off-chip inductors (>40) compared to on-chip 
passives(Fig. 2). Another advantage of this inductor driving scheme 
is that the pulses are perfect sinusoids, which avoids out-of-band 
high-frequency content and allows for the elimination of off-chip 
EMC filtering passive components required by prior work. The 
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proposed technique effectively limits high-frequency harmonics (Fig. 
3) in the band that can leave the skin and radiate into the air 
(>30MHz [2]), thereby reducing the associated information 
confidentiality risks. It should be noted that an off-chip discrete 
inductor may limit form-factor scaling; therefore, the choice of 
technique should be application-dependent.  

 
Figure 3. Simulated Spectrum Comparison of TX Pulseshapes 

(Normalized to the same amplitude and bandwidth) 

The circuit implementation (Fig. 4, 5) relies on a single pass-gate 
MOSFET driven by a simple 1ns-resolution delay-line TDC to 
initiate sinusoidal LC resonance from a steady state. Once the 
resonance has completed one full sine wave cycle, the passgate is 
closed, and a small reset MOSFET is activated to remove any 
residual voltage caused by parasitic losses. The output amplitude is 
2x the input voltage VTX. At maximum, the chip can produce a 3.3V 
pulse at the output node with VTX = 1.7V. Unlike the passgate, 
which needs to fully switch on in <1 ns to minimize conduction loss, 
the reset switch only needs to discharge the residual voltage over a 
large time window (> 200 ns); a small transistor with cascode 
shielding is sufficient, adding negligibly to the output capacitance.  
The chip also features a small 16pF on-chip tunable capacitor to trim 
any frequency mismatch, thereby achieving optimal efficiency. This 
on-chip capacitor has significantly lower Q (<10) than the actual load 
capacitance due to resistive parasitics, so it should be kept small.  
The effectiveness of this foreground calibration technique is 
discussed in Section V.  

 
Figure 4. Proposed Resonant TX Circuit 

 
Figure 5. TX Operation, and Capacitance Calibration Process 

III.​ ENERGY-EFFICIENT AMPLITUDE-INSENSITIVE DMPPM RECEIVER 
Fig. 6 shows the receiver, which is based on a chain of open-loop 
amplifiers and enables optimal power efficiency performance under 
the low voltage headroom limitation of FinFET transistors. Monte 
Carlo simulations show that the 3σ input-referred offset is <1.0 mV. 
The received pulse suffers from a random amplitude variation due to 
mechanical movement and LC parasitics. These are not problematic 

for low encoding density applications, but lead to issues at the 6-bit 
per pulse high-speed mode because the rising edge at a 15 MHz 
carrier frequency is approximately 30 ns, and the amplitude change, 
combined with a fixed threshold, causes more than 4 ns of timing 
error regardless of thermal noise. To overcome this limitation, we 
implemented an HPF-based differentiation circuit that converts the 
peak of the incoming unipolar pulse to a zero-crossing bipolar 
pulse[4]. The waveforms measured at the output of the HPF (Fig. 7) 
show that when tuned to the same frequency as the TX circuit, the 
received peak position is no longer amplitude-dependent and can be 
easily digitized; this is achieved by trading off a 3 dB SNR.​
 

 
Figure 6. Receiver Implementation  

 

Figure 7. Timing Diagram and Measured Result of the 
HPF-based Differentiator  

The final step of AFE amplification is to convert the zero-crossing 
point into a square wave with sharp and accurate rising edges, a 
challenging task that demands high speed, high gain, and thus high 
power consumption. To overcome this challenge, we add a coarse 
pulse detector path that conservatively detects the presence of a 
pulse. The threshold of the coarse detector is lower than that of the 
fine detector by 50mV. The threshold gap is chosen to be sufficiently 
large such that the background noise of the application environment 
causes fewer than BER = 1E-3 false positives. Upon firing, the 
coarse detector releases power gating of the fine detector, which 
enters its operating state in less than 20 ns to capture the 
zero-crossing in time. An RC one-shot circuit with a time constant of 
100ns controls the power-on duration of the fine detector and 
prevents rapid toggling in the presence of noise. This modification 
enables the use of a 20uW high-power continuous-time comparator 
in the final stage, resulting in a 29% power reduction (from 63.5uW 
to 45.4uW). Following the AFE, a time-interleaved coarse-fine 
ring-oscillator-based TDC circuit [5] operating at 0.4V digitizes the 
amplified edges and pushes them to a digital FIFO. 



IV.​ DMPPM MODULATION 
Inspired by recent advances in ultra-wideband (UWB) radios, we 

implemented DMPPM modulation in which the time interval 
between two pulses represents a 1~6-bit data symbol [3]. Compared 
to prior art [1] using combinational pulse position modulation 
(CPPM), DMPPM has 70% less switching activity along with more 
time between pulses, enabling lower inter-symbol-interference (ISI). 
However, the design relies on high-accuracy DTC and TDC circuits 
to produce and measure the sub-clock pulse timing.  

 
Figure 8. DMPPM Modulation and Design Point Optimization 

The optimal encoding density (i.e., bits-per-pulse, BPP) is 
determined with the following model-based analysis: 

●​ The TX only needs to transmit a single pulse per frame, and 
the DTC power is negligible compared to the power 
dissipated by the transistors. Increasing BPP improves 
energy efficiency. 

●​ At lower encoding density, RX power primarily comes from 
static power and leakage. Increasing BPP improves energy 
efficiency. 

●​ At high encoding density, RX power primarily comes from 
timing noise requirements. Increasing BPP exponentially 
decreases energy efficiency.  

Based on simulation data, we can create an energy vs. encoding 
density plot (Fig. 8), which shows that the optimal BPP number is 
approximately 6. 

V.​ EXPERIMENTAL RESULTS 

 
Figure 9. Measured BER Plot 

Fig. 9 shows the BER performance of our TX-RX pair at the optimal 
efficiency point. Due to the higher encoding density of DMPPM, the 
RX sensitivity is inferior to that of the prior art [1] (-47 dBm vs. -52 
dBm). However, the resonant TX allows us to compensate for it with 

higher TX power (3.3Vpp vs. 0.7Vpp driving the same impedance) 
without significantly increasing the system power consumption. 
 

 
Figure 10. Measured Time-Domain Waveforms at the Receiver 

and Multi-Node Transaction Demonstration 

 
Figure 11. Visualization of Jitter, and TX Spectrum 

A multi-node setup is presented (Fig. 10), featuring battery-powered 
transmitters placed at various locations on the body. The capacitively 
coupled electrode is composed of a 2-mil layer of polypropylene tape 
and a 1 cm² copper tape conductor. The demo showcases a 10 Mbps 
video stream, a 4 Mbps audio stream, and a 200 kbps 12-lead 
digitized ECG data stream transmitted simultaneously over the 
human body channel using time division multiple access (TDMA). 
Based on the experiment results, with a 2Vpp transmitting amplitude, 
the presented HBC transceiver can transmit and receive with 
BER<1E-3 at any location on the body with no noticeable short-term 
frequency shift (Fig. 11). The bandwidth is also limited, as predicted 
by the simulation. In particular, the TX2 waveform exemplifies a 
multi-path effect, characterized by a second peak that appears after 
the main pulse. Our design is resilient to this kind of interference. 

 
Figure 12. Chip Micrograph & Assembly 

 
Figure 13. Measured Power Consumption Breakdown 



Fig. 12 shows the chip photograph, packaging, and PCB layout 
photographs. The high self-resonant-frequency (SRF) inductor, with 
shielded 1812 packaging, is placed in proximity to the chip and 
electrode to minimize resistive loss. Fig. 13 shows a detailed power 
breakdown of the TX-RX pair when operating at its highest power 
efficiency point. 

VI. CONCLUSION 
Table 1 and Fig. 14 compare the test-chip performance with that of 
state-of-the-art wearable HBC transceivers [1,6,7,8,9,10]. The 
presented design is the first HBC transceiver implemented in FinFET 
technology. It achieves the highest system power efficiency among 
recently reported HBC transceivers, with balanced power and data 
rates [1,6,7,8,9,10,11,12,13,14]. In particular, the bar plot shows that 
our TX circuit, with a leakage power of approximately 280 nW, also 
exhibits the lowest power consumption compared to circuit designs 
optimized for low absolute power & low data rate applications 
[6,7,10], making it attractive for ECG, EEG, and other monitoring 
applications where the transmitting sensor node is duty-cycled and 
can stay in hibernation most of the time.  

 
Table 1. Comparison Table of SoTA HBC Transceivers 

 
Figure 14. Comparison Chart of SoTA HBC Transceivers, and 

Comparison of Low Data Rate TX Applications  
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