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ABSTRACT 

Body area networks (BAN) are an enabling technology for 
individually monitoring health or delivering care in a real-time, 
effective, and minimally obtrusive way. An ideal BAN requires 
both a high efficiency signal and power bus. Recent research 
shows promising signal transmission efficiency using the body as a 
transmission medium. However, these BAN systems require the 
sensor nodes to carry on-board power or use through-air 
transmitted power, whose utility is limited by the power 
transmission efficiency and/or distance. This paper reports an 
initial study to investigate, design and evaluate a through-body 
power transmission system that can distribute power to sensor 
nodes in the network. Our preliminary results show that it is 
feasible to distribute 0.51.0mW, at 50MHz, to sensor nodes over 
a distance of 40cm with ~18dB loss, which is ~10100 times more 
efficient than through-air transmission. This result is instrumental 
for realizing a through-body signal and power bus for next 
generation BAN.   

 
INTRODUCTION 

The successful integration of MEMS with low power 
integrated circuits and wireless communication technologies has 
enabled rapid development of body area networks (BAN) for 
human health applications using the body as a transmission 
medium for signal bus [1]. As shown in Fig. 1, the ideal BAN 
needs an efficient power bus and signal bus for a central master 
station to interact with an array of sensor nodes wirelessly. 
However, these current systems require the sensors to carry on-
board power or use through-air transmitted power [2]. On-board 
power has a lifetime limit while through-air transmitted power is 
limited by the transmission efficiency and the need for a nearby 
transmission station. 

It was predicted in 1997 [3] that a power and signal bus might 
be realized in a through-body medium. Recent reports [4] using 
computer simulation show the feasibility of powering the sensors 
wirelessly using the body as a transmission medium. However, 
these simulations have not been realized experimentally due to 
several challenges, such as electrode design, power transmission 
router selection, impedance matching, and low power sensor node 
electronics design. 

This paper reports an initial study to investigate, design and 
evaluate a power transmission system for clinical applications that 
can distribute power to operate all sensor nodes in the network. 
First, we characterized and selected multiple potential routes for 
BAN signal and power transmission, such as from foot to head, 
abdomen to chest/head, wrist to chest/upper-arm etc. Second, we 
improved the design of a BAN electrode widely used for BAN 
communication [5], and characterized the impedance of this 
electrode. Third, we designed an impedance matching system 
based on the electrode properties. Finally, we demonstrated the 
feasibility of distributing 0.51.0mW, at 50MHz, to sensor nodes 
over a distance of 40cm with 1823dB loss on the human body 
surface, which is ~10100 times more efficient than through-air 
transmission. In addition, we also report our early stage implant-to-
implant power transmission characterization in a vivo animal 
experiment, which is, to the best of our knowledge, the first 
published experimental data of in vivo implant power transmission 
that compares galvanic, capacitive, and coil coupling methods.  

 
POWER DELIVERY PATH CHARACTERIZATION  

Multiple potential routes were characterized for human and 
animal BAN signal and power transmission. These routes are 
needed for clinical and medical research purposes.  

Measurement Setup 

Transmission loss in a body area sensor network was studied 
using the configurations shown in Fig. 2. A network analyzer 
(4395A Agilent Inc.) was used for transmission loss measurements 
and balun (FTB-1-1 A15+, Mini-Circuits Inc.) was used for 
isolation. Both galvanic and capacitive coupling methods were 
evaluated. The transmitter (TX) and receiver (RX) terminals 
consisted of two electrodes (signal and ground). For galvanic 
coupling, the two electrodes were attached directly to the skin 
surface. For capacitive coupling, all signal electrodes were 
connected to skin and all ground electrodes were floating in air. 
The transmission routes and directions are shown in Fig. 2-c. The 
TX and RX electrodes were connected to the network analyzer. 
During this stage, we adapted the network analyzer to compensate 
for the mismatch between the electrode and body tissue, due to the 
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Figure 1: A body area sensor and power network. 
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Figure 2: Photos of (a) galvanic and (b) capacitive coupling
setups. (c) Transmission directions for S21 measurements are
marked FH, DH, CH, AD, AC, and AB.  
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difficulty of matching impedance over a wide frequency range.  

On-Body Power Transmission Loss 

With the test method shown in Fig. 2, we measured the 
human body area S21 versus frequency (10Hz500MHz). The S21 
characteristics are shown in Fig. 3-a, b and corresponding to the 
routing shown in Fig 2-c. The line marked “air” is the reference S21 
with all electrodes in air at a distance of 15cm. For both galvanic 
and capacitive coupling, the S21 is insensitive to distance for 
frequencies between 40 and 60MHz. The lowest S21 values are -
6dB (~380MHz) and -11dB for galvanic and capacitive coupling, 
respectively. Galvanic coupling at ~380MHz has a -6dB loss but 
varies more with distance. For capacitive coupling, the S21 has a 
peak at ~50MHz of ~-11dB, and differs from through-air 
transmission by as much as 70dB. Moreover, the S21 has a low 
sensitivity to a change in TX and RX distance from 15cm to 
140cm, suggesting that capacitive coupling might be a feasible 
means of power distribution for a whole body BAN.  

Implant Power Transmission Loss 

In 2006, we demonstrated the feasibility of through-body 
signal and power transmission between implanted components in 
rabbit experiments [6]. In this study, a 5 month-old 8 lb rabbit was 

used for the experiment. The measurement was conducted with a 
function generator and oscilloscope. The selected routes are shown 
in Fig. 4-AB, CD, using a distance of 15 cm.  

The electrodes used are described in Table 1. Two types of 
electrodes were used including a 6 turn, a 0.9 cm2 planar coil and 
an Ag/AgCl plate. For the Ag/AgCl electrode, 0.6 cm2 and 0.9 cm2 
plates were used.   

The measured S21 parameter is shown in Fig. 5. As before, we 
focus the analysis on the higher frequency range of the data set. 
The S21 at frequencies higher than 50Mhz might show a similar 
result when using balun for isolation, which is at a frequency range 
of 50100MHz in this case. Within this frequency range, Fig. 
5shows that all S21 curves have a peak near 86MHz. The C1 
Ag/AgCl electrode has losses of 23dB and 31dB for on-skin and 
implant respectively. The larger Ag/AgCl (C1 than C2) electrode 
shows a 7 and 11dB less loss for on-body and implant respectively. 
The Ag/AgCl electrode (C1 implant) shows a 16dB less loss than 
the planar coil (L2 implant) with the same area at 
86MHz.Although the grounding, impedance matching and 
isolation issues were not addressed due to the limited instrumental 
resources at that time, the reported S21 data still offer worthwhile 
information. For the balun isolation affect for frequencies below 
50MHz according to Xu’s experiment [7], and the transmission 
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Figure 4: Route of rabbit experiment. AB: on surface skin from
near Heart to stomach, and CD: implanted from near Heart to
near stomach. Both AB and CD have a 15 cm distance.  
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Figure 3: On-body S21 measurements for (a) galvanic and (b)
capacitive coupling. The positions measured are shown in Fig. 2
(c). “Short” is a baseline with TX/RX shorted.  

Table 1: Summary of electrodes used in the implant power 
transmission experiment. 

Electrode Type Dimension 
L2 Planar coil 6 turns, 0.9 cm2 
C1 Planar Ag/AgCl plate 0.9 cm2 
C2 Planar Ag/AgCl plate 0.6 cm2
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Figure 5: Comparison of measured S21 versus frequency for
implanted and surface mounted electrodes in a rabbit model
spaced 15 cm apart from heart to stomach. C1 is a 0.9 cm2

electrode; C2 is a 0.6 cm2 electrode; L1 is a 0.5 cm2, 4 turn
coupling coil; L2 is a 0.9 cm2, 6 turn coupling coil. 
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loss at higher frequencies will be less if impedance was matched.   

ON-BODY POWER TRANSMISSION  
Electrode Types 

Fig. 6 shows the diagram and dimension of the electrode 
designed for on-body power transmission. The design described in 
Ref.5 was adapted and improved by adding a matching network 
between the electrode and feed line and using a wide copper ribbon 
for connection. The matching network reduced the reflection 
coefficient Г, and the wide ribbon reduced the high frequency 
impedance which is beneficial for power transmission.  

Impedance Matching 

In order to realize good impedance matching, we modified the 
electrode design of [5], by adding a matching network between the 
electrode and feed line and replacing the pillar with a wide ribbon 
copper (Fig. 6). Impedance matching is needed: i) to reduce the 
reflection between body tissue and wearable electronics; ii) to 
convert the received weak AC energy into a feasible DC supply.  

We implemented the matching network in three steps: 1) 
matching the master station (chest) electrode to the 50Ω output RF 
function generator (AFG3252, Tektronix Inc.); 2) matching the 
receiver (i.e., head) electrode to a 50Ω transmission line; 3) 
matching the 50Ω transmission line to the low dropout rectifier 
with the load cascaded. Steps 2 and 3 can be merged to one step to 
reduce the mismatch due to the calculation error and stray 
electrical parameter. We separate step 2 and 3 for convenient RF 
measurement. The matching network in Fig. 8 was realized by the 
fixed passive LC component. The LC-type matching network was 
chosen for its relatively low Q, which is robust for two reasons: i) 
the proposed powering system adopts a narrow band frequency at 
50MHz; ii) the human body impedance varies significantly, which 
increases the reflected power. The component values for matching 
a fixed AC load and DC load after the rectifier was calculated 
according to conjugate-image impedance theory [8] and the 
equivalent rectifier model [9, 10] respectively. The estimated 
reflected power is less than 1%, according to <0.1 reflection 
coefficients Г (Fig. 9).   

Powering Actual Sensor Node Device 

Using the configuration in Fig. 8, we investigated the 
possibility of a capacitive coupling-based distribution network to 
supply operating power from a master station to sensor nodes. 
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Figure 9: Impedance matching result, measured on the SMA feed
point (Fig. 6) when electrode was coupled to human body
capacitive. (a) and (b) are magnitude and phase of the reflection
coefficient for TX/RX electrode placed on abdomen and head. All
data comes from measurement after impedance matching.  

Figure 8: Circuit diagram of preliminary power distribution
experiment; (a) TX; (b) Experiment setup for (a) and (c). TX and
RX electrode pairs are configured to the abdomen and head by
capacitive coupling; (c) Sensor node device. 
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Figure 6: Diagram of the electrode for on body power transmission
experiment. Fixed LC matching network was applied near the feed
line connection. All dimensions are in mm. 
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Measurements were made both with a fixed 10kΩ resistor load and 
an implantable blood pressure telemetry ASIC device (Fig. 8-c). 
The 10kΩ is an equivalent load to the ASIC device previously 
developed by our group that uses 200µA to charge a thin film 
battery [11]. The 50MHz, 50Ω output RF power source was at 18-
23dBm. The coupling electrode is shown in Fig. 6. The distance 
from TX to RX electrodes was ~40cm. Balun was used to isolate 
the body from the instrument. LC networks were used for 
matching the 50Ω RF source, the body impedances (~100-i113Ω), 
the 10kΩ load and ASIC device rectifier input. The received 
voltage at 10kΩ load and output of ASIC device regulator can 
reach 3V, and the received power was ~0dBm (1mW), which is 
capable of charging a 50μAh lithium battery with 100μA current or 
to simultaneously power tens of 3μW pressure telemetry units. The 
estimated total transmission loss was ~18-23dB for the 10kΩ load 
and ASIC device respectively. The greater loss of the ASIC device 
as compared with the 10kΩ resistance load might be due to the loss 
on the diode stage, which can be improved by adding a voltage 
multiplier stage before the rectifier.    
 
CONCLUSION  

This paper reports an initial study to investigate, design and 
evaluate a power transmission system that can distribute power to 
operate all sensor nodes in the network. Several challenges are 
addressed for realizing power transmission using the body as a 
medium, such as electrode design, power transmission route 
selection, impedance matching, and low power sensor node 
electronics design. An example design was introduced to address 
these challenges. The preliminary result shows that it is feasible to 
distribute 0.51.0mW to sensor nodes over a distance of 40cm 
with an 1823dB loss, which is ~10100 times more efficient than 
through-air transmission. The preliminary implant experiment 
result also shows feasible power transmission with a loss of 
~23dB. These results are helpful for realizing both a though-body 
medium signal and power bus for next generation BAN.   

In the future, the utility and safety of the proposed powering 
system require the following key advancements. i) The system 
must be miniaturized for minimally intrusive health monitoring, 
with a tradeoff between maintaining high transmission efficiency 
and reducing the coupling ground area. ii) Ultra-low power sensor 
node devices are required reduce the power budget at power source 
within safety standards. For example, an 80μW sensor node 
requires only -20dBm power at the master station with a typical 
20dB path loss; iii) Noise related issues, such as signal/noise ratio 
(SNR) and interference between powering path and signal 
transmission path must be addressed . Although not detailed here, 
we found the RF signal for the proposed powering system is pure 
in the frequency domain.   

We are applying the proposed on-body power transmission 
method to power a 380μW ASIC RF transmitter (Fig. 8-c) that is 
integrated with a blood/ECG sensor using the through-body 
medium. The output pulse width modulation (PWM) carrier 
frequency will be tuned to 380MHz, which is the optimum 
frequency according to our power delivery path characterization. 
The signal transmission though-body medium is ongoing. The 
miniaturization of electrode and adaptive impedance matching will 
also be addressed in a future study. These works will be reported in 
future publication.   
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    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
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