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Abstract —The Human Body Communication (HBC) presents 

security, power and interference advantages over common RF 

methods, which makes it an interesting alternative to implement 

body area networks. This paper presents a modeling attempt that 

takes into account the fixture influences present on the HBC 

channel characterization. An extended model, that includes the 

traditional primary channel model clearly identified, and the 

model of measurement accessories is proposed to better explain 

the measured channel responses. The model was tested against 

channel measurement and good results were obtained for fre-

quencies below 70 MHz.  

Keywords — wireless body area networks, human body com-

munication; HBC; capacitive coupling; test fixtures. 

I. INTRODUCTION 

The Human Body Communication (HBC) technology was 
firstly proposed by Zimmerman in 1995 [1], and has recently 
emerged as an alternative that could overcome most of the 
WBAN (Wireless Body Area Networks) challenges related to 
low power, high data rates and high security devices [2]. In 
HBC the information signal is coupled to the body through an 
electrostatic field via electrodes and is captured in another part 
of the body using similar electrodes. The HBC operating fre-
quency is usually between 0.1 MHz and 100 MHz, to avoid 
electromagnetic interference and minimize the radiation of the 
signal out of the body, respectively. These characteristics make 
HBC less sensitive to electromagnetic interference, provides 
higher data communication security, presents higher spectral 
efficiency and potential of eliminating power-hungry RF front-
end circuits [1], [3]. 

Regarding the HBC coupling method, there are two op-
tions: the capacitive coupling and the galvanic coupling. In the 
galvanic coupling [4], a pair of electrodes is in contact with the 
skin at the transmitter (TX) and couples a differential signal 
that induces galvanic currents. The signals are captured by an-
other pair of electrodes in contact with the skin at the receiver 
(RX), as shown in Fig. 1 (a). In the capacitive coupling one of 
the transmitter electrodes is attached to the skin, and the other 
is kept floating. In this way, the transmitter generates an elec-
tric potential, inducing an electric field in the body that is 
sensed by the receiver electrodes arranged in the same way. 
The floating electrodes are coupled to ground through the air, 
creating a return path, while the signal electrodes in contact 
with the skin create the signal forward path [5], as shown in 
Fig. 1 (b). This article focuses on the capacitive coupling 
method.  

 

Fig. 1. HBC coupling methods: (a) galvanic and (b) capacitive. 

The correct channel modeling is essential to help the design 
of transceivers that meet the requirements of WBANs. Howev-
er, since the proposal of HBC, they still are a subject of discus-
sion. Among recent attempts that simultaneously address char-
acterization and modeling for the capacitive HBC are the 
works of Callejón et al. [4], Xu et al.[6] and Bae et al. [7]. 
Callejón et al. proposed a body channel transmission model 
based on skin impedance and admittance derived from skin cell 
dimensions and electrical characteristics. Bae et al. presented a 
channel model based on the theoretical solution of the electri-
cal field from an infinitesimal dipole on the surface of the 
body, describing the path loss according to distance and fre-
quency. Xu et al. extracted a distributed-network circuit model 
from 3D electromagnetic (EM) simulation results performed on 
different body members. Overall, these references either lack 
an explicit model of all the channel parts, or do not make a 
substantial assessment of the test fixture influences on the 
measurements results used to validate the proposed models, 
leading to different modeling results. To clarify these issues, 
this paper proposes the division of the primary HBC channel in 
an intrinsic and an extrinsic part to facilitate its modeling, and 
improves the models available in the literature by suggesting 
the addition of the measurement setup influences to an HBC 
extended model.  

The paper is organized as follows, Section II reviews the 
primary channel, separating it in its static and dynamic parts, 
Section III models the channel measurement setup and Section 
IV compares measurements to the proposed extended model. 



II. PRIMARY CHANNEL MODELING 

Perhaps the most crucial aspect during channel characteri-
zation and modeling in HBC is to identify the correct primary 
channel. The primary capacitive HBC channel can be divided 
in an intrinsic and an extrinsic part. The intrinsic part is the 
direct path through the body between the signal electrodes, as 
show in Fig. 2, that should be modeled basically by the tissues 
electrical properties, and is represented by Cbody and Rbody. This 
intrinsic section can be considered independent of the external 
conditions, being only dependent on distance of propagation 
over the body and the tissues properties.  

In [6], the intrinsic part of the channel is modeled by the 

cascading of unit length RC circuit blocks for arms and torso, 

as shown in Fig. 3, estimated from 3D EM simulations. The 

components C(arm, chest, torso) and R(arm, chest, torso) represent the 

composite effect of the body tissues in each segment. Each 

unit block also includes Cleak, takes into account the coupling 

that appears from the body segments to the ground. This mod-

el is valid to represent generic body path measurements, since 

there is no need to do changes to the tissues parameters to 

account for different subjects, as this usually has a negligible 

effect on the channel response [5], [8]. It will be adopted as 

the reference for the intrinsic part of the primary channel 

model presented in this article, substituting Rbody and Cbody in 

Fig. 2. 

 

Fig. 2. Capacitive coupling HBC primary channel with its intrinsic and 

extrinsic parts (GE = Ground Electrode, SE = Signal Electrode). 

 

Fig. 3. Distributed-network circuit model representing a (a) 10 cm unit block 

for the arm and (b) 40 cm unit block for the torso [6]. 

The extrinsic part of the channel is the return path through 
the air between the external ground plane and the ground elec-
trodes, modeled by Cret and Cx, and the signal leakage directly 
from the body to the electrodes or the ground plane, modeled 
by Cleak, as show in Fig. 2. The interfaces between transceivers 

and the body, i.e., the electrodes pairs are also parts of the ex-
trinsic channel, and are represented by Ce, Ces and Res, the in-
ter-electrode capacitance and the parallel RC electrode-skin 
contact model, respectively. The extrinsic portion of the chan-
nel is dependent on the environment, the distance from the 
ground, the electrodes and its contact with the skin. These parts 
must be modeled considering the conditions of tests performed 
on the primary channel, unlike the intrinsic part, as stated be-
fore. 

The ground coupling capacitance, Cret, was calculated using 
an empirical approximation for plates separated by large dis-
tances following the method presented in [9], and compared 
with Cret extracted through 1-port 3D EM finite element meth-
od (FEM) simulation of copper square electrodes with side 
length L = 2 cm and of a variable distance h from the ground. 
The results appear in Fig. 4, and show that the largest discrep-
ancy is of 15.5 % for the estimated capacitance, with the Cret 
value decreasing for large distances from ground, and asymp-
totically converging to a minimum limit value around Cret = 
870 fF, for h > 50 cm. 
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Fig. 4. Ground coupling capacitance, Cret, according to distance h from 

ground plane for empirical expression (Emp. Ex.) and 3D EM simulation 

(FEM). Cross electrode capacitance, Cx, according to separation d between 

ground electrodes. 

The cross capacitance Cx, was extracted from 2-port 3D 
EM simulations of the electrodes with length L = 2cm, horizon-
tal distance between plates of 150 cm > d > 5 cm and height 
from ground plane of h = 75 cm. The obtained value for Cx is 
presented in Fig. 4. Despite being much lower than Cret, it still 
has a non-negligible effect on the channel response as will be 
shown ahead.  

The leakage capacitances Cleak were extracted through 3D 
EM simulations for arms and torso segments in [6] for each 
unit block. The simulation conditions were similar to the meas-
urement circumstances of this work, thus, the values for the 
leakage capacitances were adopted in the model presented in 
this article. The coupling from the body parts to the ground 
electrodes influence can be neglected in the presented model 
[10]. 



The inter-electrode impedance is calculated noticing that 
the electrode pair in this work has a vertical structure, as show 
in Fig. 2, creating a capacitance between ground (GE) and sig-
nal (SE) electrodes that can be calculated by Ce = εL

2
/d. 

Where, ε is the permittivity of the material between the elec-
trodes, L is the length of the electrodes and d is the separation 
between them. For a 4 cm

2
 copper electrodes, with a 0.15 cm 

thick FR4 dielectric, the capacitance is Ce = 11.3 pF.  

The electrode-skin impedance effect is accounted for within 
intrinsic path model structure in [6], adopted in the paper, by 
means of modified unit blocks for the region were the signal is 
injected into the skin. The modified unit length block is equal 
to the arm block presented in Fig. 3(a), only substituting Carm 
and Rarm by Cinjection = 5.5 pF and Rinjection = 250 Ω. 

With all the parameters of Fig. 2 defined, a 2-port S-
parameters simulation of the primary channel model was per-
formed for different separations between Rx and Tx electrodes, 
and with a total body length of 70 cm for each arm and 40 cm 
for the torso. The results are presented in Fig. 5 and show a 
channel response with a high-pass profile due to the return path 
capacitive behavior. In low frequency there is a small gain dif-
ference between the distances of propagation over the body, but 
as the frequency increases the gain has a higher dependence on 
distance. This is the channel response to be the expected if the 
test fixtures are neglected. However, as will be seem in the next 
section, the model has to include the test fixture to represent 
channel measurement results on conventional laboratory 
equipment.  
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Fig. 5. Primary channel model gain simulation for three propagation 

distances over the body: d = 20 cm, 30 cm and 140 cm . 

III. TEST FIXTURE MODEL 

Modeling simplifications or limitations could be one of the 
causes for some models inability to reproduce measurement 
results. However, the divergences could also be related to the 
omission of fixtures influences. For the models of [6] and [10], 
the circuit simulation results were compared to measurements 
taken from setups that did not address the issue of grounded 
equipment at the receiver. The models of [4] and [7] were test-
ed against measurements on setups were the fixture non-

idealities were not fully considered, this could be essential to 
explain the measured results. 

In this work, the test setup includes a two-port Rohde & 
Schwarz ZVB Vector Network Analyzer (300 KHz - 8 GHz), 
with FTB-1-6- Mini-circuits baluns used to decouple the HBC 
ground from the VNA ports ground. In this configuration, po-
tential source of influences, are the transitions between cables 
and electrodes, and the balun transformers itself.  

The transition of the coaxial cable to electrodes is similar to 
the coaxial-to-PCB transitions and its basic model, presented in 
Fig. 6 (a), has an LtCt circuit, where Lt was approximated by 
the inductance of a wire with 1 cm length and 0.1 cm diameter, 
and the capacitance Ct was neglected given its low value, in the 
order of fF, much lower than the baluns output capacitances. 

 

Fig. 6. Models for (a) coaxial to microstrip transition and (b) balun 

transformer. 

The balun is model is shown in Fig. 6(b) [11] with its com-
ponents value, extracted experimentally [12]. The inductance Ll 
is estimated with an impedance measurement on the primary, 
while the secondary is shorted. An open circuit impedance 
measurement provides Lm. This measurement was also used to 
obtain the value for Cdis, since in high frequency the open im-
pedance resonates and becomes capacitive. The capacitance Ciw 
is extracted by measuring the impedance between the primary 
and the secondary when both are shorted. The measurements 
were made using an Agilent 4294A LCR meter with the Fixture 
16047E properly calibrated. 

IV. EXTENDED CHANNEL MODEL 

The extended channel model combines the primary channel 
and test fixture models presented in the previous sections, as 
shown in Fig. 7. The channel response over frequency for the 
extended model, the primary channel alone and channel meas-
urements appears in Fig. 8 for the propagation distance of 30 
cm, with the transmitter electrodes placed on the wrist and the 
receiver electrodes placed 30 cm away on the same arm. Addi-
tional channel measurement results can be found in [8]. 

 

Fig. 7. Extended HBC channel model: primary channel and fixtures model. 



Notice that the difference in gain between measurement re-
sults and the extended model is always lower than 5.5 dB for 
frequencies up to 70 MHz. This divergence could be due to the 
correct Ciw, that effectively boosts the signal gain [13], being 
slightly lower than its measured value. Also, there is the as-
sumption of fixed values for the components that actually pre-
sent some dependence on frequency over the range investigat-
ed. Above 70 MHz, the model and measurements divergence 
possibly arises from some non-modeled resonance or disconti-
nuity [6]. However, the results present a good agreement and 
show that adding the fixture model it is possible to explain the 
measurement results with conventional equipment and accesso-
ries, indicating the strong influence of the measurement setup 
on the primary channel correct response, that should be almost 
50 dB lower and present a high-pass profile, as shown by the 
primary channel model. 
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Fig. 8. Measurement and models simulation results for a channel propagation 

distance of 30 cm. 

V. CONCLUSION 

This work approached the channel modeling problem by 
suggesting that the issues found in the models available in the 
literature are not strictly connected to the primary channel 
model itself, but to the omission of the influences of test fixture 
on the channel measurement. Initially, it was proposed the divi-
sion of the primary HBC channel in two parts: intrinsic and 
extrinsic. This helped to identify and represent the basic prima-
ry channel and proceed to the test fixture modeling and group-
ing of these models to form an extended model. Despite being 
simple, the models adopted were based on the physical expla-
nation of the components and phenomena present in the setup 
and primary channel and gave a useful view of the channel 
expected behavior. The model verification showed that the test 
fixture indeed boosts the primary channel gain and changes the 
channel frequency profile, making difficulty for the available 
models, that did not include fixture, to reproduce measurement 
results. The presented model helps to properly describe the 
behavior of the channel measurements, being useful to under-
stand some of the physical mechanisms in the channel re-
sponse.  
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