
 

 
Abstract—Cardiovascular disease (CVD) threatens the lives of 

many and affects their productivity. CVD is diagnosed through 
hemodynamic parameters that vary significantly throughout the 
day. Wearable sensors can enable continuous monitoring of 
hemodynamic parameters to improve the diagnosis and 
management of CVD.  Bio-Impedance (Bio-Z) is an effective non-
invasive sensor for arterial pulse wave monitoring based on blood 
volume changes in the artery due to the deep penetration of its 
current signal inside the tissue. However, the measured data are 
significantly affected by the placement of electrodes relative to the 
artery and the electrode configuration. In this work, we created a 
Bio-Z simulation platform that models the tissue, arterial pulse 
wave, and Bio-Z sensing configuration using a 3D circuit model 
based on a time-varying impedance grid. A new method is 
proposed to accurately simulate the different tissue types such as 
blood, fat, muscles, and bones in a 3D circuit model in addition to 
the pulsatile activity of the arteries through a variable impedance 
model. This circuit model is simulated in SPICE and can be used 
to guide design decisions (i.e. electrode placement relative to the 
artery and electrode configuration) to optimize the monitoring of 
pulse wave prior to experimentation. We present extensive 
simulations of the arterial pulse waveform for different sensor 
locations, electrode sizes, current injection frequencies, and artery 
depths. The simulations are validated by experimental Bio-Z 
measurements. This model will enable researchers and designers 
to create time-varying blood flow models and rapidly test the 
effectiveness of the sensing methods and algorithms without the 
need for extensive experimentation. 

Index Terms— Bio-impedance, simulation, 3D tissue model, 
pulse wave 

I. INTRODUCTION 

ARDIOVASCULAR disease (CVD) is the leading cause of 
death worldwide accounting for 17.8 million deaths 

(23.4%) in 2017 [1, 2]. The global cost of CVD due to 
healthcare and loss in productivity is expected to increase 
continuously to reach >1 trillion USD in 2030 [3]. Diagnosis 
and management of CVD depend heavily on the monitoring of 
hemodynamic parameters such as blood pressure (BP), pulse 
transit time (PTT), vascular compliance, and cardiac output. 
These parameters vary considerably throughout the day and 
with activity. Continuous hemodynamic monitoring can 
improve the diagnosis and management of CVD. For example, 
high blood pressure at night-time is associated with a higher 
risk of a CVD event [4]. However, the conventional method for 
blood pressure monitoring with obtrusive, bulky cuffs is not 
suitable for continuous monitoring. Thus, there is a strong need 
for new non-invasive, continuous hemodynamic monitoring 
methods that can be integrated into wearable devices. Arterial 
pulse wave has been used extensively for continuous 
measurement of hemodynamic parameters through monitoring 
the pulsation of blood inside the arteries [5, 6]. PTT, which is 
the time delay of the pulse wave traveling between two points 
along an artery, can be used for BP estimation through a cuffless 
method with non-invasive and comfortable sensors [7, 8]. 

Bio-Impedance (Bio-Z) is a non-invasive bio-electrical 
sensor that can measure effectively pulse wave in the arteries 
through the deep penetration of electrical signals in the tissue. 
Bio-Z probes the fluid inside the body by injecting a small AC 
current and measuring the resulting voltage through separate 
pairs of electrodes attached to the skin (i.e. 4-probe Kelvin 
sensing), as shown in Fig. 1 [9-11]. When the Bio-Z sensor is 
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Fig. 1.  Overview of Bio-Z sensing of arterial pulse wave from the wrist 
arteries. 



 

placed close to the artery, it can measure arterial pulse wave 
from the blood volume changes. Previous work showed that 
PTT can be measured by a small form-factor Bio-Z sensor from 
the delay between two voltage signals measured from two pairs 
of electrodes over a short distance along the artery, as shown in 
Fig. 2(a) [12, 13]. In addition, Bio-Z signals were validated to 
estimate BP from wrist-worn sensors based on PTT and other 
features extracted from the morphology of the arterial pulse 
wave measured from the wrist arteries [14, 15]. One of the main 
challenges of arterial pulse sensing using Bio-Z is the lack of 
efficient simulation tools that help one to understand the 
electrical response of the tissue and blood flow for the applied 
current signal stimulus versus the different sensing parameters, 
such as the sensing location relative to the artery, electrode 
configuration, current injection frequency, and artery’s depth. 

In this paper, we propose a 3D circuit model for the tissue 
and blood pulsation based on a time-varying 3D impedance grid 
to model dynamic activities inside the body such as arterial 
pulse wave, as shown in Fig. 2(b). The tissue is modeled using 
a 3D grid of small, interconnected, time-varying impedance 
elements (voxels). Each voxel consists of the equivalent circuit 
of cells that represent different tissue types. The blood flow 
inside arteries is modeled by a time-varying voxel impedance 
that represents the artery to simulate blood volume changes and 
pulse wave propagation. A parameterized SPICE model is used 
to describe the geometry and conductivity of the modeled 
tissue, diameter, depth, and location of the arteries, and the 
location and spacing of the electrodes on the skin. The 3D 
aspect of the proposed model provides more accurate modeling 
of the tissue and the sensing signals compared to 2D models. 
The injected current signal flows in 3D space inside the tissue, 
therefore the 3D model provides an accurate distribution of 
current and potential in space compared to 2D models that 
neglect fringe currents that flow in the third dimension. In 
addition, the proposed 3D model provides complex sensing 
configurations for the pulse wave that are not possible with 2D 
models such as modeling the effect of moving the Bio-Z 
electrodes orthogonal to the artery’s direction on the sensed 
pulse signal. 

The general blood flow model can be divided into two parts 
as shown in Fig. 2(c): the first part is the mechanical model that 
generates the blood volume changes due to blood pressure 
changes taking into account the arterial stiffness and blood flow 
dynamics, while the second part is the electrical model that 
converts the blood volume changes into electrical signals by the 
Bio-Z sensor. In this wok, we focus on the second part of the 
electrical model by considering the electrical properties of the 
tissue and blood volume changes as circuit models. We used a 
simple linear mechanical model for the blood flow and blood 
volume changes to show the performance of our electrical 
model, however, our modeling approach is flexible and can be 
augmented by any mechanical model for the blood volume 
changes for a more complex blood flow model. 

To demonstrate the utility and validity of the model, we 
present the simulation of the arterial pulse wave and PTT 
monitoring from the wrist arteries for different sensing 
locations and parameters validated by extensive experimental 

characterization. The source code of the proposed model with 
examples are available online to help designers and researchers 
to simulate different parts of the body with different blood flow 
properties and sensing configuration to understand design 
tradeoffs [16]. This simulation framework helps in 
understanding the electrical response of the tissue and blood 
flow, and the optimization of circuits and algorithms of arterial 
pulse sensing without the need for extensive experimentation. 
Our previous work [17] is extended in this manuscript by 
improving the tissue circuit model through presenting a 
complete 3D circuit model of the wrist similar to the anatomy 
of the wrist by modeling the impedance and electrical properties 
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Fig. 2.  (a) Bio-Z sensing for PTT from the wrist, (b) Overview of the 
proposed wrist circuit model for Bio-Z simulation platform based on a 3D 
time-varying impedance grid that models arterial pulse wave and PTT , (c) 
the scope of this work focuses on the proposed electrical model of blood flow 
which can be augmented by any mechanical model to provide complex blood 
flow model. 



 

of the different tissue types of the wrist such as fat, muscle, and 
bone in addition to the skin-electrode impedance. Furthermore, 
the blood flow model is extended to model the arterial pulse 
wave in both radial and ulnar arteries of the wrist. We include 
a new simulation for the whole wrist model validated by 
experimental data to show the effect of changing the sensing 
location and the current injection frequency on the pulse signal. 

The rest of the paper is organized as follows. Background 
material is discussed in Section II, followed by the description 
of the methods in Section III. Then, we present simulation and 
experimental results in Section IV. Concluding remarks are 
presented in Section V. 

II. BACKGROUND 

Simple cardiac parameters like heart rate can be measured 
from the pulsation of surface blood vessels such as capillaries 
and veins; however, complex cardiac parameters such as BP 
and PTT require accurate measurement of the arterial pulse 
wave generated from the pulsation of arteries – the deep, main 
blood vessels that carry the oxygenated blood from the heart to 
the rest of the body. Bio-Z is superior at detecting arterial pulse 
wave compared to other modalities such as optical sensors like 
photoplethysmograph (PPG) for the following reasons: 1) 
Optical sensors only capture blood volume changes near the 
skin surface (i.e. from capillaries) because light has limited 
penetration into the tissue (up to 3 mm) [18, 19]. On the other 
hand, since Bio-Z relies on a current signal, it can reach deeper 
tissue [20]. Thus, the Bio-Z signal can reach deep arterial sites 
to provide more accurate monitoring of arterial blood volume 
changes. 2) Bio-Z is not affected by ambient light and skin tone, 
unlike PPG. 3) Bio-Z has a wider application space such as 
respiration and hydration measurements, further increasing its 
utility [20, 21].  

One of the challenges in arterial pulse sensing with Bio-Z is 
the variation of the pulse morphology and features with the 
sensing parameters. As shown in previous work [22], when the 
distance between the artery and sensor changes, the pulse signal 
amplitude and morphology varies, confounding the estimation 
of dynamic parameters. Therefore, it is critical to study the 
effect of the electrode location relative to the artery and the 
distance between electrodes on the measured pulse signal. The 
pulse signal is affected by the propagation of the current signal 
injected from the current electrodes through the tissue and the 
pulsating blood vessels, which generates a voltage distribution 
in the tissue modulated by the pulse signal. The impedance of 
the tissue, as well as the artery’s diameter and depth, are 
important factors that affect the measured pulse signal with 
complex interaction between them. In addition, parameters such 
as the distance between the electrodes, electrode size, and 
injection frequency are often selected empirically through 
experimentation, a long and tedious process. Therefore, there is 
a need for a better understanding of the current propagation in 
the tissue and arteries, and their response to the electrical 
stimulus through accurate modeling of the electrical properties 
of the tissue and blood flow. 

Previous work on Bio-Z modeling and simulation suffered 
from several limitations. Finite element models (FEM) were 

used extensively in modeling bio-impedance of the tissue 
mainly for tomography and imaging applications. For example, 
the static impedance of breast and head tissue were modeled for 
electrical impedance tomography (EIT) using 2D FEM models 
[23, 24]. In [25], the sensitivity of the voltage measurements 
due to change in conductivity images was studied using a 2D 
impedance FEM model for EIT applications. In [26], a 2D static 
FEM model was developed for Bio-Z using COMSOL to model 
the artery pulsation for a cross-section of the tissue and the 
artery. This method considered the pulsation of the artery at a 
fixed time and did not show time propagation for the arterial 
wave that can model pulse transit time. On the other hand, 
circuit models were also used previously to model the electrical 
properties of the tissue by an impedance network relying on 
simple circuit analysis and simulation methods such as SPICE. 
which are fast and easy to use compared to FEM methods [27, 
28]. In addition, the tissue circuit model can be augmented with 
the SPICE models of the sensing circuits to model complex 
current injections and sensing methods [28, 29]. SPICE 
simulation was also used to study 2D tissue for EIT applications 
and breast cancer detection [30, 31]. Previous work based on 
circuit SPICE models relied on constant impedance values to 
model the static behavior of the tissue and used simple models 
for the pulsatile activity inside the arteries which cannot provide 
a sufficient understanding of the signal distribution inside the 
tissue and blood flow [32].  

The objective of this work is to introduce a fast and reliable 
method to model the electrical properties of the tissue, blood 
vessels, and electrical stimulation with realistic parameters to 
simulate Bio-Z sensing on different parts of the body where the 
results match measurements.    

III. METHODS 

A. 3D Circuit Model of Tissue 

The electrical properties of cells inside tissue and blood 
vessels can be modeled as an equivalent electrical circuit by 
resistors RI and RE and a capacitor CM, which represent the 
intra- and extra-cellular fluid resistance and cell membrane 
capacitance, respectively, as shown in Fig. 3(a) [33]. The 
behavior of the resistive and reactive components of tissue 
impedance across frequency is plotted in Fig. 3(b), which is 
called Cole-Cole plot. At low frequencies, the body impedance 
looks resistive (= RE) and decreases to the parallel equivalent of 
RE and RI at high frequencies when the cell membrane capacitor 
shorts. The reactive part is zero at the extreme frequencies and 
is maximum at fp.  

The tissue impedance varies with location based on the 
spatial distribution of the different tissue types such as blood, 
fat, muscle, and bone. To accurately model this complex tissue 
impedance and blood flow, we divide the tissue into small 3D 
elements called voxels for high spatial resolution and assigned 
a time-varying Bio-Z equivalent circuit Z(t). Then, the full 
tissue model consists of a large 3D network of connected voxels 
mimicking the physiology of the body and vasculature. This 
impedance model is a function of space, time, and frequency, 
denoted as Z(x,y,z,t,f), as shown in Fig. 2.  



 

The electrical properties of the tissue such as fat, muscle, 
and bone are static and do not change with time, therefore the 
tissue voxel consists of static impedance (ZT) with fixed 
resistors and capacitor (RE, RI, and CM) of the cell equivalent 
circuit, as shown in Fig. 4. However, the pulsation of blood 
inside arteries is a dynamic activity that changes blood volume 
with time, thus it is modeled as a time-varying impedance 
(ZA(t)), as explained later.  

The skin-electrode impedance (ZSE) consists of multiple 
layers including the stratum corneum layer inside the skin and 

the conductive layer of the electrode [34]. Each layer can be 
modeled as a parallel resistor and capacitor (RSE and CSE). In 
our model, we used two layers of RC circuits to represent the 
skin-electrode impedance, as shown in Fig. 4, as the best fit with 
our measurement data. ZSE impedance is connected at the model 
top layer at each node that is covered by the electrode surface 
area and then connected together to represent the electrode 
terminal. 

The proposed wrist 3D model simulates the electrical 
properties of the wrist with its constituent tissues of skin, fat, 
muscle, and bone according to the anatomy of the wrist. The 
model includes the blood pulsation and PTT of the radial and 
ulnar arteries at the wrist. The wrist and blood flow are modeled 
along the vertical direction (Y-axis) and the cross-section of the 
wrist along the X and Z axes assuming the skin surface is the Z 
= 0 plane. The Bio-Z electrodes for current injection and 
voltage sensing are placed vertically parallel to the arteries with 
two voltage channels (V1 and V2) for continuous monitoring of 
the blood pulsation and PTT, as shown in Fig. 5. This model is 
highly parameterized including the geometry of the 3D shape, 
arteries, voltage and current electrodes, and the spatial 
resolution of the grid. The complete list of parameters in this 
model is shown in Table I. This model is generalizable allowing 
it to be used to model any part of the body, for example, the 
chest, where time-varying impedance Z(t) can model the heart 
and lung movements to simulate the impedance cardiogram and 
respiration rate, respectively.  

TABLE I 
MODEL PARAMTERS AND THEIR TYPICAL VALUES 

Param. Description 
Typical 
Value 

L Length of the impedance voxel 2 mm 
LX Body dimension in X-direction 85 mm 

LY Body dimension in Y-direction 70 mm 
LZ Body dimension in Z-direction 38 mm 

AX 
Artery’s location in X-direction (Radial) 23 mm 
Artery’s location in X-direction (Ulnar) 67 mm 

AZ Artery’s depth in Z-direction 2-4 mm 
AD Artery’s diameter 2 mm 

PIX Position of lower current electrode in X-direction 23 mm 
PIY Position of lower current electrode in Y-direction 8 mm 
PVX Position of lower voltage electrode in X-direction 23 mm 
PVY Position of lower voltage electrode in Y-direction 16 mm 
SV Spacing between voltage electrodes 10 mm 
SI Spacing between current electrodes 24 mm 

EX Electrode size in X-direction 8 mm 
EY Electrode size in Y-direction 16 mm 

ΔZA 
Radial artery’s impedance change 10% 
Ulnar artery’s impedance change 5% 

IS Current injection amplitude 0.5 mA 
fc Current injection frequency  10 kHz 

fHR Heart rate frequency (=1/IBI)  1 Hz 

PTTA 
Pulse transient time between first and last voxel 
of artery’s model 

15 ms 
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Fig. 3.  (a) Cell’s equivalent circuit and (b) Bio-Z impedance Cole-Cole plot. 
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Fig. 4.  Cross-section of the proposed circuit grid model illustrating the 
impedance model for tissue (ZT), artery (ZA(t)) and skin-electrode impedance 
(ZSE). 
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Fig. 5.  Geometrical parameters of the circuit model of the wrist and Bio-Z 
current injection and voltage sensing electrodes with dual voltage channels (V1 
and V2) for PTT monitoring. 

 



 

B. 3D Circuit Model of the Artery 

Each cardiac cycle, the heart pumps blood to the body 
causing a pressure pulse wave to travel through the arteries. 
Arterial stiffness controls PTT, which is the time taken by the 
pressure pulse to travel between two points along the artery. 
When the heart contracts, the artery’s pressure increases from 
diastolic to systolic pressure which causes expansion of the 
artery’s diameter from DA to DA+∆DA with an increase of blood 
volume from v to v+∆v. The increased blood volume leads to 
higher conductivity and causes the Bio-Z to decrease by ∆Z, as 
illustrated in Fig. 6 by the sudden drop from the diastolic peak 
(DIA) to the systolic foot (SYS) passing through the maximum 
slope point (MS), which are the characteristic points of the Bio-
Z cardiac cycle. After the Bio-Z reaches the foot, it increases 
gradually to the next diastolic peak, which repeats every cardiac 
cycle with the inter-beat-interval (IBI). A smaller foot exists 
after some time from the main foot indicating blood reflections 
that occur due to branching in the arteries. The ∆Z reduction in 
Bio-Z is equivalent to a decrease in the extra- and intra-cellular 
fluid resistances, ∆RE and ∆RI, and an increase in the cellular 
membrane capacitance, ∆CM. The increase in blood vessel 
diameter during the pulsation results in an increase in the cross-
sectional area of the blood vessel that is associated with a 
decrease in the equivalent resistance of the blood vessel 
according to R = ρL/A, where ρ, A, and L are the blood 
resistivity, area, and length of the blood vessel, respectively. In 
addition, the increase in blood volume can be interpreted as an 
increase in total surface area of the cells which leads to an 
increase in the equivalent cell membrane capacitance according 
to C = εA/d where ε, A, and d are the blood permittivity, area of 
the cell membrane, and its thickness. 
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In the proposed model, the artery’s time-varying impedance 

ZA(t) includes a static component ZA modeled by the blood 
impedance model (RI, RE, and CM) in addition to a variable 
component that changes with time to model blood volume 

changes due to the arterial pulse wave as shown in (1). The 
variable impedance of the blood pulse is approximated by a 
sinusoidal waveform that models the change in pulse 
impedance amplitude of ∆ZA (equivalent to ∆RE, ∆RI, and ∆CM) 
at heart rate frequency fHR, which is the inverse of IBI. We used 
the approximate sinusoidal waveform for impedance and 
voltage pulses because we focus on the peak-to-peak changes 
in voltage due to impedance change rather than the morphology 
of the pulse signal and to simplify the estimation of the delay of 
the voltage pulse signal. The artery’s model equations are 
shown in (2) for each resistive and capacitive component of the 
artery’s circuit model. The model is unique in considering both 
the spatial and temporal properties of blood flow, which allows 
modeling of the PTT that is related to arterial stiffness and 
essential for the estimation of hemodynamic parameters such as 
BP. To model PTT, each 3D voxel along the artery’s location is 
assigned a delayed sinusoidal impedance waveform of delay tdi 
that increases linearly along the direction of blood flow as in (3) 
from i = 0 to N − 1, where i is the voxel index, N is the total 
number of artery’s voxels in the Y-direction, and PTTA is the 
total delay of the pulse from the first to the last voxel along the 
artery, as shown in Fig. 7. Despite using a linear blood flow 
model as an example, our modeling approach is flexible and can 
use any input model for the blood volume changes with non-
linear function for each voxel in our 3D model. This approach 
allows applying any non-linear blood flow model by integrating 
a non-linear mechanical model with our electrical model for a 
more complicated and realistic artery model.      

C. Model Parameter Selection 

The model parameters were selected to represent the wrist 
tissue and arteries with Bio-Z sensor for measuring PTT from 
wrist arteries through two voltage sensors V1 towards the elbow 
and V2 towards the hand, as shown in Fig. 8. The geometrical 
parameters of the model were chosen to reflect a simplified 3D 
model of the wrist anatomy. In literature, the anatomy of the 
wrist shows the distribution of the different tissue types and the 
location of the radial and ulnar arteries in the wrist, as shown in 
Fig. 8(a). The anatomy of the wrist was approximated by the 
proposed allocation of the tissue such as muscle, fat, and bone, 
as shown in the impedance map of the wrist as illustrated in the 
2D cross-section and 3D plots in Fig. 8 (b, c, and d). We chose 
the impedance grid resolution (voxel size) to be L = 2 mm to 
balance between the spatial resolution and simulation 

MS

DIA

SYS

Diastolic Phase

Systolic Phase

Max. Slope

IBI

MS

t

Z(t)  
Bio-Z

ΔZ

 
Fig. 6.  Typical Bio-Z signal showing the arterial pulse wave with the
characteristic points: diastolic peak (DIA), max. slope (MS), and systolic foot
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complexity. The size and the depth of the radial and ulnar 
arteries were selected to be DA = 2 mm and ZA = 4 mm, 
respectively, according to previous work that studied the 
average parameters of the radial artery of the wrist from 44 
human subjects [35]. This study shows that the artery’s depth 
increases towards the elbow. This depth variation was included 
in the model by increasing the depth of the arteries in the model 
from 2 to 4 mm in the lower half of the Y-direction of the model 
when the artery is closer to the elbow as shown in Fig. 8(c). The 
dimensions and location of electrodes were selected to match the 
experimental results where electrodes for current injection and 
dual voltage sensing are typically placed over the radial artery 
as shown in Fig. 8(d). 

The DC impedances of tissue and blood were selected based 
on the electrical properties of conductivity and permittivity for 
each tissue type that changes with the biological structure of the 
tissue and frequency ranges. Each frequency range exhibits its 
characteristic response which is represented by distributions of 
relative permittivities in complex function in frequency called 
the Cole-Cole equation as follows 

𝜀̂ 𝜔 𝜀 ∑ ∆
                     (4) 

where 𝜀  is the high-frequency permittivity,  
𝜎 is the tissue conductivity, 𝜀  is the permittivity of free space, 
ω is the angular frequency, and each frequency range is defined 
by its ∆𝜀  as the low-frequency permittivity, 𝜏  is the 
characteristic relaxation time, 𝛼  is the distribution parameter. 
The Cole-Cole parameters that simulate the electrical properties 
of the tissue based on experimental measurements are published 
in [36] for each tissue type and an example for the blood is 
shown in Table II. The conductivity and permittivity of blood 
are plotted in Fig. 9(a) versus frequency from 1 Hz to 100 GHz 
showing their variations with frequency and its Cole-Cole plot 
is illustrated in Fig. 9(b), which is real versus the imaginary 
impedance as calculated from the complex permittivity in (4).   

We estimated the DC impedance parameters of our circuit 
model (RI, RE, and CM) for each tissue type by fitting to the Cole-
Cole model in (4) for a certain frequency range using non-linear 
least-square curve fitting. The Levenberg-Marquardt method 
was used for curve fitting by minimizing error for the real, 
imaginary and magnitude components of the impedance. The 
estimated DC impedance parameters of our circuit model (RI, 
RE, and CM) for each tissue type for the frequency range 1-100 
kHz are listed in Table III. 

The impedance error between the circuit model and the 
Cole-Cole model varies for tissue type and the selected 
frequency range based on how the tissue Cole-Cole plot is like 
the theoretical model. To illustrate this variation, we estimated 
three circuit models for blood for different frequency ranges, as 
shown in Fig. 9(b). The first and third circuit models showed 
smaller errors compared to the second model, as shown in  
Table IV, since the Cole-Cole plot is like the theoretical shape 
for these frequency ranges. This explains the variation in error 
for the different models and the mismatch in the Cole-Cole 
plots for the different tissue types used in the model, as shown 
in Fig. 9(c). The model accuracy is evaluated by the average 
error in impedance between our circuit model and the reference 

TABLE II 
COLE-COLE MODEL PARAMETERS FOR BLOOD [36] 

𝜺  ∆𝜺𝟏 𝝉𝟏 𝒑𝒔  𝜶𝟏 ∆𝜺𝟐 𝝉𝟐 𝒑𝒔  𝜶𝟐 𝝈 
4.0 56.0 8.38 0.10 5200 132.63 0.1 0.7 

 

TABLE III 
IMPEDANCE PARAMETERS OF CIRCUIT MODELS FOR FREQUENCY 

RANGE 1-100 kHz AND VOXEL LENGTH L=2 mm 

Tissue 
Type 

R (kΩ) C (nF) Z (kΩ) 
@ 10 
kHz  

Avg. 
Error 
(%) RE RI CM - 

Blood 0.4 1.0 0.164 - 0.4 0.0 
Muscle 0.8 4.3 0.468 - 0.8 3.2 
Bone 

Cancellous 
8.7 85.3 0.034 - 8.7 1.7 

Fat 13.4 93.2 2.090 - 11.7 1.9 
Bone 

Cortical 
13.8 95.6 0.009 - 13.8 0.7 

Skin-
Electrode 

RSE1 RSE2 CSE1 CSE2 
61.3 4.9 

1045.0 24.2 0.293 0.025 
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Fig. 8.  Proposed wrist circuit model: (a) cross-section of the wrist anatomy, 
(b) 2D impedance map of the model at Y = 30 mm, (c) 2D impedance map at 
X = 23 mm, and (d) 3D impedance map. 



 

which varies with tissue type and is less than 5% as shown in 
Table III. The error is acceptable because it has a small effect 
on Bio-Z voltage that is linearly proportional to the equivalent 
impedance and the voltage error will be upper-bounded by this 
small error value. For future improvements, multiple circuit 
models can be used for each tissue type for different frequency 
ranges to minimize the error and extend the frequency range of 
the simulations.  

The  skin-electrode impedance parameters (RSE1, RSE2, CSE1, 
and CSE2) were estimated by fitting the model to experimental 
data that were collected from wet electrodes in our lab for 
discrete frequency points in the range from 3 to 25 kHz. The 
resistor and capacitor values shown in Table III are scaled for 
voxel length L=2 mm that is used in the proposed model by 
multiplying the resistance and dividing the capacitance by a 
scaling factor estimated from fitting the electrode voltage 
simulation results with the actual measurements. In Table III, 
the values of the estimated circuit model are presented with the 
impedance value at 10 kHz for each tissue type. The impedance 
of blood is the smallest, followed by muscle, cancellous bone 
(inner bone), fat, cortical bone (outer bone), and finally the 
skin-electrode is the highest impedance as expected.  

The amplitude of the artery’s variable impedance 
component, ∆ZA, represents the mechanical properties of arterial 
blood flow such as arterial stiffness and wall thickness, etc., 

which are not represented by the other geometrical and electrical 
parameters in our model and varies between radial and ulnar 
arteries and from one subject to another. The parameter ∆ZA 
affects the pulsatile activity of the artery and affects the voltage 
pulse amplitude ΔVpp. We estimated an average ∆ZA as a ratio of 
blood impedance ZBlood based on experimental measurements for 
each subject by iteratively minimizing the error of the average 
ΔVpp between the simulation results and measurements while 
changing the sensing location across the wrist. From literature, 
the pulsatile activity of the radial artery is larger than the ulnar 
artery which is supported by our choice of larger ΔZ for the 
radial artery of 10% compared to 5% for the ulnar artery [37]. 
We selected PTTA = 15 ms for the artery’s model to match the 
experimental measurements of PTT across the same distance on 
the wrist. 

D. Simulation Flow 

The proposed 3D circuit model is based on a SPICE netlist 
with a large network of resistors and capacitors. The Bio-Z 
simulation platform uses MATLAB to generate the SPICE 
netlist with a 3D grid of time-varying impedances Z(x,y,z,t,f) 
and current source Is(t) according to the model parameters, as 
shown in Fig. 10(a). In the SPICE netlist, the current source is 
connected to the assigned nodes of the current electrodes 
through the skin-electrode impedance. The effect of electrode 
size is modeled by connecting all the nodes within the area of 
the electrodes at the specified electrode location on the surface 
plane of the 3D model, Z = 0. Then, MATLAB invokes 
LTSPICE to run the simulation with the specified simulation 
options (e.g., simulation time, time step, and start and stop 
frequencies for frequency analysis). Post simulation, MATLAB 
reads the LTSPICE results that contain the voltage at each node 
and the current through each element and arranges the data in a 
multi-dimensional array, V(x,y,z,t,f) and I(x,y,z,t,f) that maps to 
the 3D grid for post-processing, as shown in Fig. 10(a). The 
resulting sensor voltages, V1 and V2, are calculated by the 
difference of the voltage between the electrodes. A current 

vector 𝐼 𝐼 , 𝐼 , 𝐼  is calculated at each node from the 
equivalent current in each dimension, as shown in Fig. 10(b).  

The simulation time needs to be at least one period of a 
heartbeat (~1 s) to simulate the low-frequency variation of 
blood flow at fHR =1 Hz simultaneously with the high-frequency 
current injection signal at fc from 1 to 100 kHz. This transient 
simulation will take a long time because of the small simulation 
time step required by the high-frequency current signal 
Furthermore, synchronous IQ demodulation must be performed 
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Fig. 9.  (a) Blood conductivity and permittivity (1Hz-100GHz), (b) blood Cole-
Cole plot and three different circuit models, and (c) Cole-Cole plot of the real 
and imginary componenets of the tissues (1 – 100 kHz) and skin-electrode 
impedance (3 – 25 kHz), as estismated by the ciruit model versus the reference 
Cole-Cole model. 

TABLE IV 
IMPEDANCE PARAMETERS FOR BLOOD CIRCUIT MODELS FOR 

VOXEL LENGTH L=2 mm 

Blood Circuit 
Model 

Frequency 
Range 

R (kΩ) C (pF) Avg. 
Error 
(%) RE RI CM 

Circuit Model 1 0.001 – 1 MHz 0.4 0.82 15.3 0.18 

Circuit Model 2 5 – 50 MHz 0.26 0.5 5.2 5.1 
Circuit Model 3  0.2 – 1GHz 0.22 0.007 2.0 1.97 

 



 

to extract the complex impedance signal from the amplitude and 
phase of the AC voltage signal. Therefore, we used a series of 
fast AC analysis (.ac) SPICE simulations at different time steps 
to mimic the AC response of the circuit at a specific frequency 
for the full pulse period to get the complex impedance values. 
This is repeated for 8-time steps in the pulse period using a 
different netlist for each time step that reflects the change in the 
values of resistors and capacitors with time steps according to 
the model of the blood volume changes due to the arterial pulse. 
Afterward, the results are concatenated in time to form the 
voltage signal, Vsim(t). The proposed stepwise AC analysis 
provides more control over the time steps and is more than 200x 
faster in simulation time compared to the transient analysis that 
uses variable time steps. This approach assumes independence 
between the AC responses at the different time steps because 
the changes in impedance because of the pulse signal is very 
slow compared to the time constant of the resistors and 
capacitors of the tissue which is validated by a transient 
simulation that matches our AC simulation as shown later.   

The simulated Bio-Z voltage signal, Vsim(t), consists of a DC 
component, Vdc, and an AC component, ΔV generated from 
impedance changes ∆Z from the pulse wave, as shown in Fig. 
11(a). Vsim(t) is a sinewave with different amplitudes and delays 
that is affected by the transfer function of the model and the 
sensing configuration. The amplitude ΔVpp, DC offset Vdc, and 
delay Td of the voltage signal were estimated using a regression 

model that fits the measured data to the expected sinewave with 
variable parameters as in 

𝑉 𝑡 𝑉
∆

 SIN 2𝜋𝑓 𝑇 𝑇             (5)             

The parameters are estimated by minimizing the RMSE error 
between the readings and (5). The PTT is calculated from the 
difference of time delay Td between V1 and V2. 

We carried out a comparison between the proposed stepwise 
AC analysis and the alternative transient analysis by the 
simulation of a simple model with small dimensions of 8x28x6 
mm, single-node electrodes, fHR = 1 Hz, and fc = 30 Hz to 
validate the stepwise AC analysis approach and to show the 
relation between the output signals. The SPICE netlist for the 
transient analysis included the resistors and capacitors 
expressed as time functions as in (2), which results in a high-
frequency signal at fc modulated with the Bio-Z in its amplitude 
and phase at the low heart rate frequency fHR. However, the 
proposed stepwise AC analysis method results in the modulated 
Bio-Z signal directly that matches the envelope of the transient 
analysis for both V1 and V2 which validate our AC simulation 
approach as shown in Fig. 11(c). The simulation time for our 
proposed AC analysis and transient analysis are plotted in Fig. 
11(d) versus the number of nodes of the model for the 
simulation of one heart pulse period for one second with carrier 
frequency fc = 10 kHz. The simulation of AC analysis is 200x 
faster compared with transient analysis with 7.36 seconds for 
AC analysis and 1,588 seconds for transient analysis for a 
model with 540 nodes because the transient analysis requires 
240k time steps compared to only 8-time steps for our proposed 
AC analysis. The simulation time of the transient analysis 
increases at a higher order versus the number of nodes and 
requires 116x more storage compared to the AC analysis which 
makes transient analysis prohibitively expensive for models 
with a larger size. Therefore, the proposed model allows 
efficient Bio-Z simulation both in time and frequency. 
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Fig. 11.  (a) Voltage signals from AC analysis, Vsim(t), (b) actual Bio-Z voltage 
signals, VMeas(t), showing the DC and AC components, Vdc  and ΔVpp, 
respectively in addition to pulse time delay (Td) and pulse transit time (PTT) 
between V1 and V2, (c) SPICE simulation example for the voltage signals with 
transient versus AC analysis with fHR = 1 Hz and fc = 30 Hz, (d) simulation 
time of transient and AC analysis versus number of nodes 
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Fig. 10.   (a) The simulation flow for the circuit model using SPICE 
simulation and MATLAB for the generation of voltage and current 
distributions, (b) current vector (𝐼) calculation at each node of the circuit 
model. 



 

E. Bio-Z Measurement System 

For validation between the simulation and measurement 
results, we carried out an extensive characterization of the Bio-
Z signal for different configurations. The characterization was 
done by measuring Bio-Z from the wrist using custom hardware 
and signal processing algorithms that are capable of measuring 
multi-channel, high-resolution impedance signal that captures 
the pulse signal due to blood volume changes in the wrist 
arteries, as shown in Fig. 12 [14]. The Bio-Z measurement 
system has a high sampling rate of 93.75 kSps to measure small 
PTT values. We extract Bio-Z voltage based on synchronous IQ 
demodulation to get both the real and imaginary components 
with programmable frequency from 3 to 25 kHz. Using the 
current injection signal for Bio-Z at 10 kHz compared to the 
low-frequency flicker noise provides higher immunity to noise 
and 60 Hz interference compared to other baseband 
physiological signals such as ECG and EEG. Our measurement 
system includes a PPG signal from the finger using an optical 
finger clip that is measured simultaneously with the Bio-Z 
channels to provide a reference for the pulse signal.      

Values for Vdc and ΔVpp based on the average beat-to-beat 
values over a period were calculated from the measured data 
based on the 3 characteristic points detected in each cardiac 
cycle (DIA, MS, and SYS). These points were detected based 
on the peak, foot, and zero-crossing points of the first derivative 
of the signal [14]. Vdc is the voltage of MS point, while ΔVpp is 
the difference between the voltage of DIA and SYS points, as 
shown in Fig. 11(b). PTT is measured by the time difference 
between MS points of V1 and V2 signals. All values are 
calculated by the average over all valid heart beats within the 
data collection time. To evaluate the accuracy of the measured 
pulse signal, the inter-beat-interval RMSE relative to a 
reference signal measured from a clip-on PPG sensor was 

calculated. PPG from the finger was chosen as a reliable 
reference for the arterial pulse signal at the wrist because the 
measured light signal is focused on a single artery in the finger 
and measures the blood volume changes of the finger’s artery 
from the transmission of the light through the artery. 
Furthermore, the pulse signal at the finger is measured at a very 
short distance after passing through the wrist arteries, which is 
a good approximation for the arterial signal at the wrist. The IBI 
for Bio-Z and PPG signals were measured by the difference 
between each successive MS point. When the IBI RMSE 
increases, this indicates a less accurate and noisy Bio-Z pulse 
signal. An example of the measured Bio-Z and PPG signals are 
shown in Fig. 13, highlighting the DIA, MS, and SYS points for 
each signal that were used to calculate Vdc, ΔVpp, and the IBI 
RMSE. The PPG pulse signal is the opposite of the Bio-Z 
because higher PPG voltage means larger blood volume.  

IV. RESULTS 

In this section, we show the simulation results of Vdc, ΔVpp 
and PTT for the proposed wrist circuit model versus changing 
the voltage electrodes location, the current injection location 
relative to the artery, electrode size, and the current injection 
frequency, validated by Bio-Z measurements from the wrist. 
We collected Bio-Z data from multiple human subjects under 
Texas A&M University IRB (IRB2017-0086D). The actual 
location of the wrist arteries was detected using a Huntleigh 
Dopplex MD2 Bi-Directional Doppler, which measures arterial 
blood flow using a probe with high spatial sensitivity. For the 
Bio-Z measurement settings, we used current injection with 
typical values as used in simulation with an amplitude of 0.5 
mA at a frequency of 10 kHz, which are compliant with safety 
standards [38]. There are expected variations from one subject 
to another because of anatomical differences in the tissue and 
arteries. Therefore, we developed our conclusions based on the 
average data from multiple subjects. In addition, there is a 
normal variation across the different parameter steps due to 
physiological changes that occurs over time or due to motion 
artifacts. Despite careful considerations to minimize these 
effects, these variations may occur and therefore we use a 
polynomial curve fitting to extract the trend of our 
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Fig. 12.  Block diagram of custom Bio-Z measurment hardware and algorithms 
that depends on IQ demodulation for extracting the real and imaginary parts of 
Bio-Z with dual voltage channels of V1 and V2 for PTT measurements. 

 

 
Fig. 13.  Measuremed Bio-Z signal (VBio-Z) and PPG signal (VPPG) showing the 
DIA (blue), MS (green), and SYS (red) points.  
 



 

measurements versus the target parameter that is compared with 
our model. 

A. Simulation Example 

Fig. 14 illustrates the voltage and current distribution using 
the typical simulation value as resulted from the proposed model 
shown in Fig. 8. The 3D voltage distribution at each node in the 
tissue model shows a maximum voltage of 200 mV at the 
location of the input current electrode (closer to elbow at Y = 12 
mm) relative to the other current electrode (closer to hand at Y = 
62 mm) with the minimum voltage, as shown in Fig. 14(a). The 
voltage changes gradually in the tissue going away from the 
current electrodes in the three dimensions approaching the 
middle voltage range of around 100 mV as shown in the  2D 
voltage distribution at X = 22 mm in Fig. 14(b).  The current 
vector distribution inside the tissue is plotted by red arrows with 
arrow’s length proportional to the current amplitude, as shown 
in Fig. 14(c). The current flows inside the tissue between the 
current electrodes with maximum current amplitude at the 
artery’s location because of the lower impedance of blood 

compared to the other tissues of the wrist. The Vdc simulation 
result of voltage sensor V2 is 39.72 mV, which is lower than V1 
with Vdc of 49.02 mV because of the closer artery at V1 compare 
to V2, which reduces the impedance and Vdc as shown in Table 
V. The variable component of V1 and V2 due to blood flow are 
plotted versus time in Fig. 14(d) with a sinusoidal waveform as 
a response to the artery’s variable impedance model with large 
ΔVpp of 26.63 µV for V2 compared to 17.84 µV for V1 due to 
closer artery at V2. The pulse arrival time at V1 and V2 is 
estimated from the time delay Td as 3.53 and 10.94 ms for V1 
and V2 respectively that shows the direction of blood pulse 
along the artery in the Y-direction from V1 to V2. The results of 
this simulation illustrate the operation of the model as expected 
that can capture the electrical properties of the tissue and the 
blood flow. 

B. Effect of Voltage Electrode Location 

We studied the effect of electrode position on Vdc and ∆Vpp 
by changing the horizontal and vertical location of the voltage 
electrodes as well as the spacing between them while fixing the 
current electrode’s location. Simulations were validated against 
human subject (n = 3) Bio-Z measurements by taking the 
average of data collected over 3 minutes at each position. To 
study the effect of voltage electrode spacing, we placed two pairs 
of wet electrodes (1.6×0.85 cm2) aligned on the radial artery of 
the wrist. The spacing (SV) between the voltage electrodes was 
varied from 1.5 to 6 cm, centered around the midpoint between 
the current electrodes, which were 9 cm apart. Both simulations 
and measurements showed an increase in Vdc and ∆Vpp with 
increasing SV, as shown in Fig. 15(a).  

The effect of the vertical location of the voltage electrodes 
relative to current electrodes was also studied. Current 
electrodes were placed with 7.5 cm spacing while changing the 
vertical location of the voltage electrodes (PVY) from 1.5 to 6 
cm relative to the upper current electrode, as shown in Fig. 
15(b), with a spacing of 1.5 cm between them. Both simulations 
and measurements showed a minimum in Vdc and ∆Vpp when the 
voltage electrodes were in the middle and a peak when the 
voltage electrodes were closer to the current electrodes 
(minimum and maximum PVY) because of higher current 
amplitude near the current electrodes compared to the middle. 
Measurements and simulations showed a lower Vdc peak 
towards the hand (larger PVY) because of the smaller artery’s 
depth with a lower impedance of blood closer to the skin that 
decreases voltage compared to the other side towards the elbow. 
However, ∆Vpp showed a higher peak towards the hand because 
of the small depth of the radial artery towards the hand which 
results in more pulsation compared to the other side of the wrist 
towards the elbow.  

 
 
Fig. 14.  Voltage and current simulation results: (a) 3D voltage distribution of 
the tissue, (b) 2D voltage distribution at X = 22 mm, (c) 2D current 
distribution at X = 22 mm, and (d) the sensor voltage signals (V1 and V2) with 
variation over time due to blood flow. [16] 

TABLE V 
SIMULATION RESULTS OF VOLTAGE SENSORS  

Voltage 
Sensor 

Vdc (mV) ∆Vpp (µV) Td (ms) 

V1 49.02 17.84 3.53 
V2 39.72 26.63 10.94 

 



 

To study the effect of the horizontal location of voltage 
electrodes PVX, we placed wet electrodes (0.85×0.85 cm2) on the 
radial artery (PIX = 2.25 cm) of the wrist with 4.5 cm spacing 
between the current electrodes while changing the horizontal 
distance of the voltage electrodes PVX from 1.5 cm at the left of 
the radial artery (PVX = 0.75 cm) to 5.25 cm at the right of the 
artery (PVX = 7.5 cm) with 1.5 cm spacing between the voltage 
electrodes. Both measurements and simulations showed a peak 
in Vdc and ∆Vpp when the voltage electrodes are aligned with the 
current electrodes (PVX = 2.25 cm) and they decrease as PVX 
increases, as shown in Fig. 15(c). It can be concluded from these 
results that Vdc and ∆Vpp can be maximized if the voltage 
electrodes are placed as close as possible to the current 
electrodes at the artery’s location. 

C. Effect of Sensing Location Relative to the Artery 

For accurate estimation of hemodynamic parameters using 
wearable devices, it is important to understand the effect of 
sensing location relative to the artery on the quality of the sensed 
pulse signal. In this experiment, we show the simulation and 
measurement results of ∆Vpp of the pulse signal and IBI RMSE 
for changing the Bio-Z sensing location including the current 
and voltage electrodes horizontally with a fine step on the wrist 
from the radial to the ulnar artery. 

We used a custom wrist band that includes an array of 8 
columns and 6 rows of silver electrodes with size 5x5 mm and 
spacing of 3 mm. Each column consists of 6 electrodes for 
current injection and simultaneous monitoring of two voltage 
channels (V1 & V2). Measurements repeated for 8 different 
sensing locations at each column with horizontal sensing 
location PIX varies from 8 to 62 mm on the wrist with a small 
step of 8 mm. Data was collected from 3 participants for 5 
minutes at each sensing location. The average location of the 
radial artery for participants was between columns 2 and 3 (PIX 

= 16 to 24 mm), while the ulnar artery was located around 
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Fig. 15.  Comparison between the simulated and measured Vdc and ∆Vpp for different (a) voltage electrode spacing SV, (b) vertical location of voltage electrodes 
PVY, and (c) horizontal location of voltage electrodes PVX.  

Fig. 16.  The effect of sensing location on pulse signal: (a) the location of the 
electrode array on the wrist, (b) picture of the custom electrode array wrist 
band, (c) the measurements and model results of ∆Vpp and IBI RMSE versus 
horizontal sensing location PIX. 
 



 

column 8 (PIX = 62 mm) as shown in Fig. 16(a, b). The 3D 
simulation model used the same dimensions for the sensing 
locations and electrode size quantized by L = 2 mm.  

The measurement results in Fig. 16(c) shows the variation of 
∆Vpp amplitude versus the horizontal sensing location PIX for 
each subject in addition to the calculated average of all subjects. 
For the upper voltage channel closer to the hand (V2), there is a 
significant peak of ∆Vpp = 60 μV around the location of the radial 
artery at PIX = 20 mm and a smaller peak of 30 μV at the location 
of the ulnar artery at PIX = 62 mm, because of the weaker 
pulsation of the ulnar artery compared to the radial artery. The 
voltage channel V1 towards the elbow shows a similar trend for 
∆Vpp, but with smaller amplitude because of the larger depth of 
arteries under the skin towards the elbow.  

It is important to maximize the amplitude of ∆Vpp to achieve 
the best quality of pulse signal that leads to accurate detection of 
fiducial points and IBI for reliable hemodynamic parameter 
estimation. The IBI RMSE of this measured data was minimum 
with 10 ms at the peak of ∆Vpp  at PIX = 20 as shown in Fig. 16(c). 
When the amplitude of ∆Vpp decreases at the location between 
the arteries, the signal becomes noisy which degrades the quality 
of characteristic point detection and results in high IBI RMSE of 
around 150 ms. This shows the significant effect of the sensing 
location relative to the artery on the quality of the pulse signal 
and the importance of selecting the right sensing location close 
to the artery for the best physiological monitoring of cardiac 
signals. 

The model simulation results of ∆Vpp versus PIX matches 
exactly the measurement results for both V1 and V2 which shows 
the capability of the proposed model to accurately simulate the 
effect of sensing location relative to both radial and ulnar arteries 
taking into consideration the different behavior for both arteries 
and both voltage channels V1 and V2. 

D. PTT Variation with Sensing Location 

One of the important outcomes of the proposed model is 
understanding how the measured PTT changes with the sensing 
location since the PTT measured from the delay between the 
voltage sensors is affected by the tissue between the artery and 

the sensors. Based on the previous simulation, we extracted the 
time delay information Td representing the arrival time of the 
pulse wave at each voltage channel (V1 and V2) versus the 
horizontal sensing location PIX, shown in Fig. 17, with artery’s 
model PTTA equal to 15 ms. The simulation results show that the 
pulse arrival time changes with PIX by reaching the Td of 3.4 ms 
for V1 and 11.4 ms for V2 at the arteries’ location according to 
the direction of pulse wave flow. While at the middle distance 
between the arteries, Td approaches half of PTTA of 7.5 ms 
because of the averaging effect of the tissue that leads to similar 
timing information for V1 and V2 as they go further from the 
arteries. Therefore, the maximum PTT is 8 ms at the arteries 
location and the minimum is 2.6 ms in the middle of the arteries. 
This shows the importance of sensing location to be close to the 
artery to achieve the maximum sensitivity of PTT. 

We compared the PTT results from the simulation model 
with the experimental measurements of PTT measured from a 
larger Bio-Z sensor to provide large signal amplitude away from 
the artery that allows the detection of the characteristic points to 
estimate PTT accurately. We used six wet electrodes with size 
0.8×1.6 cm2 with a spacing of 10 mm between every two 
electrodes for measuring V1 and V2 and estimate PTT from the 
time delay between the MS points. The electrodes were placed 
on the radial artery and between the radial and ulnar artery with 
the sensing distance from the artery is Xd = 0 and 1.5 cm, as 
shown in Fig. 18. The data was collected from 5 subjects with 5 
minutes per subject and ∆Vpp and PTT were calculated for the 
average across all heart beats, as shown in Table VI which has 
the mean and standard deviation (STD) of the Bio-Z 

 
Fig. 18.  Pictures of electrode placement for validating the effect of sensing 
location on the PTT by dual channel Bio-Z measurements with sensing 
location Xd = 0 and 1.5 cm relative to the radial artery.  

TABLE VI 
PTT AND AMPLITUDE MEASUREMENTS WITH Xd = 0 AND 1.5 CM 
 Xd Subj. 1 2 3 4 5 Mean 

PTT 
(ms) 

0 Mean 8.0 3.0 6.8 8.2 7.9 6.8 
STD 3.8 2.7 1.8 3.0 4.3 3.1 

1.5 Mean 3.4 -2.6 11.1 5.6 -2.5 3.0 
STD 7.0 4.9 2.9 5.2 7.9 5.6 

∆Vpp 

(µV) 

0 Mean 33.1 33.9 56 52.4 27.4 40.6 
STD 10.1 5.8 6.2 10.2 5.5 7.5 

1.5 Mean 26.3 19.9 32.6 26.1 22.3 25.4 
STD 7.5 2.9 3.0 5.7 4.5 4.7 

 

 
Fig. 17.  Simulation results of the voltage signal delay TD for V1 and V2 (top), 
and PTT between V1 and V2 versus horizontal sensing location PIX. 
 



 

measurements for each subject. The measured subjects’ mean 
PTT decreased from 6.8 to 3.0 ms and the mean ∆VPP decreased 
from 40.6 to 25.4 µV when Xd increased from 0 to 1.5 cm, in line 
with the simulation results. The proposed model showed the 
detailed behavior and explanation of PTT variation with sensing 
location, which helps in improving the estimation algorithms of 
hemodynamic parameters. 

E. Effect of the Current Frequency 

We performed a Bio-Z frequency analysis by changing the 
frequency of the current injection from 3 to 25 kHz and 
monitoring the effect on Vdc and ∆Vpp in simulation and 
measurements with electrode configuration like the PTT 
experiment in Fig. 18 with electrodes placed over the radial 
artery. Fig. 19 shows Vdc of the real and imaginary components 
of V1(i.e. Re(V1)| and Im(V1))  and V2 (i.e. Re(V2) and Im(V2)) 
versus frequency from 3 to 25 kHz. The measurements were 
done on 4 subjects by taking the average over 3 minutes of data 
collected at each frequency point at the radial artery. The 
measurements show that the Vdc and ∆Vpp of the real component 
are around 20 mV and 15 μV, respectively, which are much 
higher than the imaginary component with an average of 3 mV 
and 3 μV. There is a small change in the Vdc and ∆Vpp of the real 
component versus frequency. However, Vdc and ∆Vpp showed an 
increase with frequency for the imaginary component. As shown 
before, the Vdc is higher for V1 while ∆Vpp is higher for V2 which 

is closer to the hand because of the smaller depth of the artery. 
These trends of the measurement results were successfully 
captured by the model results showing the dominance of the real 
part compared to the imaginary part for both Vdc and ∆Vpp, which 
matches the components of the tissue impedance of fat, muscle, 
and blood. 

F. Effect of the Electrode Size 

One of the most important design parameters in Bio-Z 
sensing is the size of the current and voltage electrodes. For 
wearable applications, it is preferable to minimize the electrode 
size to achieve a small-form factor. However, a smaller electrode 
results in a higher skin-electrode impedance, thus decreasing the 
injected current and signal-to-noise ratio for a fixed voltage 
supply of the current source. To our knowledge, the effect of the 
electrode size on the pulse amplitude and accuracy has not been 
studied before. In this subsection, we present the effect of 
changing the electrode size (EX) of the voltage and current 
electrodes from 0.85 to 4.25 cm on Vdc and ∆Vpp while using a 
fixed current amplitude to understand the effect of changing only 
the electrode size. The results of the proposed simulation 
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Fig. 20.  Comparison between the simulated and measured Vdc and ∆Vpp 
versus electrode horizontal size (EX).  

 
Fig. 19.  The measurement and model results of Vdc and ∆Vpp versus current 
injection frequency from 3 to 25 kHz for V1 and V2 (a) real part, (b) 
imaginary part. 



 

platform are compared with the measurements from 3 subjects. 
To change the electrode horizontal size (EX), we used several 

small wet electrodes (EX = 0.85 cm, EY = 1.5 cm) connected and 
stacked beside each other horizontally to provide variable EX 

while keeping EY fixed, as shown in Fig. 20(a). The vertical 
spacing between electrodes was 2 cm. We used up to 5 
electrodes stacked beside each other to change EX from 0.85 to 
4.25 cm in 5 steps centered at the radial artery. We started by 
adding one central electrode on the radial artery followed by data 
collection for 3 minutes while the hand was resting on the bench. 
Then the data collection was repeated by adding one electrode 
at a time on each side of the central electrode. The magnitude of 
the skin-electrode impedance was monitored after attaching 
each new electrode. The skin-electrode impedance decreased 
consistently with increasing EX, as shown in Fig. 20(b). This was 
a verification step for the concept of stacking multiple electrodes 
beside each other to change EX. Both simulations and 
measurements showed the decrease of average Vdc and ∆Vpp with 
increasing EX, as shown in Fig. 20(b). This is explained by the 
fact that Bio-Z is the measure of the impedance of a volume 
where its area is determined by the size of electrodes and its 
length is determined by the spacing between electrodes. 
Therefore, it is expected that Vdc will decrease as the electrode 
size increases due to a larger area of the measured volume. 
While ∆Vpp decreased with EX because the measured Bio-Z can 
be considered as the parallel equivalent of variable impedance 
due to blood flow and fixed impedance from the tissue. As the 
EX increases, the fixed impedance increases while the variable 
impedance remains the same because it is a function of the size 
of the artery. Therefore, the weight of the variable part and ∆Vpp 
decrease as the size of the electrode increases. In addition, the 
measured IBI RMSE relative to the reference PPG signal 
increases with EX because of decreasing ∆Vpp. We can conclude 
from these results that it is better to decrease the size of the 
electrode to be focused on the artery and get a larger and more 
accurate amplitude of pulse signal with a lower IBI error.   

G. Effect of the Artery’s Depth 

The artery’s depth, AZ, increases for individuals with high 
body mass index (BMI) because of a thicker fat layer under the 
skin. Increased AZ results in lower pulse amplitude signal and 
lower quality of the estimations of the hemodynamic 
parameters. It is important to understand the effect of AZ on the 
measured pulse signal to ensure reliable and robust sensing 
methods for all people with different BMI. However, it is 
difficult to characterize the effect of the artery’s depth in the lab 

and having simulations tools such as the proposed simulation 
platform that can provide accurate and quick results is very 
useful. We used the proposed model to quantify the depth of 
penetration of the Bio-Z signal into the tissue to reach the artery. 
∆Vpp at the surface was measured while changing the artery’s 
depth AZ from the average depth of 3 to 6 mm. The simulation 
results showed that the normalized ∆Vpp decreased by only 32% 
when the artery’s depth was doubled, as shown in Fig. 21. This 
demonstrates that Bio-Z is also suitable to detect pressure pulse 
waveform and hemodynamic parameters for individuals with 
high BMI.  

V. CONCLUSION 

In this paper, we proposed a Bio-Z simulation platform using 
a 3D grid of the time-varying impedance voxels to model the 
tissue and pulse wave in the arteries by simulations in the 
SPICE environment in parallel with the sensing circuits. The 
proposed methods modeled the propagation of current through 
the small elements in the grid and the distribution of voltage at 
each node including the DC voltage of tissue and pulse signal 
from blood flow. The model was validated against Bio-Z 
measurements for the effect of different electrode locations 
relative to the artery, current frequency injection, and electrode 
size on the sensed pulse signal. The proposed method was used 
to quantify the penetration of the bio-impedance signals inside 
the tissue for different arterial depths. The proposed simulation 
platform can serve as an important tool to understand the 
propagation of pulse wave in the tissue and to improve Bio-Z 
sensing methods for measuring hemodynamic parameters and 
guide circuit designers and algorithm developers.  
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