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Abstract – This paper presents a compressive sam-
pling (CS) based measurement method for estimation
of radial artery pulse wave from bio-impedance (Bio-
Z) variation. The mathematical steps of the method,
the 3D electrical model of the wrist used for simulations
as well as the preliminary simulation investigations are
presented. The reported result shows that the proposed
method could be used to estimate radial artery pulse
wave, which could be further used in blood pressure
(BP) computation.

I. INTRODUCTION

Measurement of hemodynamic parameters such as BP,

heart rate (HR), and pulse transit time (PTT) plays a vital

role in the prevention of cardiovascular diseases (CVD),

which are the leading cause of death worldwide [1]. Con-

tinuous monitoring of hemodynamic parameters could im-

prove the diagnosis and help in the early prevention of

CVD [2], [3]. The methods for hemodynamic parameters

measurement are relying on bulky and uncomfortable spe-

cific instruments, thus they are not suitable to carry out

continuous monitoring [4]. Therefore, long-term monitor-

ing of a patient should be carried out by means of a non-

invasive method based on wearable instrumentation.

In literature, several non-invasive methods for hemody-

namic parameters measurement have been proposed [5].

The methods relying on Bio-Z [6, 7] measurement ap-

pears to be the most promising for hemodynamic param-

eter measurement by wearables. In [8], the pulsation of

blood inside the artery is measured by means of Bio-Z sen-

sors. Therefore, by measuring arterial pulse on two points

along the artery, PTT can be obtained and this could be

used to estimate BP [9]. Bio-Z measurement system used

for continuous BP monitoring was developed also in [10],

where a single-channel impedance plethysmography mea-

surement device was implemented. This device injects cur-

rent with a frequency of 100 kHz to perform the measure-

ment. Another recent published Bio-Z measurement sys-

tem was presented in [7]. To perform the measurement,

the developed device injects current with a frequency of

50 kHz. From literature survey, Bio-Z based measure-

ment systems use as excitation signal a sine-wave at dif-

ferent frequencies [5]. This suggests that the optimal exci-

Fig. 1. The proposed measurement method.

tation frequency may change and depend on the patient.

A broadband signal can be used instead of a sine-wave

for estimating the radial artery pulse wave. In this case,

a pulsed signal needs to be injected into the patient and

then the obtained response acquired by an analog-to-digital

converter (ADC). As broader is the frequency spectrum of

the injected signal as higher should be the sampling fre-

quency of the ADC. This limits the use of this technique

for wearable device implementations, where low sampling

frequency ADC are utilized to keep low the energy con-

sumption and the amount of acquired data. In this paper, a

CS method is proposed with the aim of reducing the sam-

pling frequency of the ADC under the required Nyquist

rate, thus overcoming the above mentioned limit. As a re-

sult, the radial artery pulse wave estimation from Bio-Z

variation is obtained and afterwards it could be used for

BP estimation.

The paper is organized as follows. In Section II, the

mathematical formulation of the proposed method is pre-

sented. The preliminary experimental results obtained by

means of simulation are reported in Section III. The main

conclusion and some future work directions are drawn in

Section IV.

II. THE PROPOSED METHOD

In this paper, the proposed measurement method is based

on the determination of the impulse response of the radial

artery on the wrist by exploiting a CS-based technique, fol-

lowed by the estimation of the pulse wave propagation sig-

nal from the maximum values of the obtained impulse re-

sponses for each frame (i.e., time stamp).

The simplified block diagram of the proposed measure-

ment method is shown in Fig. 1. This CS technique has

its roots based on the DAC frequency response character-

ization method introduced in [11, 12]. Herein, in order to

obtain the impulse response estimation of the wrist (i.e.,
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hwrist(t)), a pseudo-random binary sequence (PRBS) is

used as an excitation signal. A finite number of input x(n),
with n = 0, . . . , N+L−1 are considered for PRBS signal,

where N and L are defined as follows: (i) N ·Tu represents

the duration of the acquisition window, and (ii) L ·Tu is the

maximum duration of the system impulse response, while

Tu is the update interval of x(n) samples. Let us model the

y(t) signal (see Fig. 1) as:

y(t) = x(t) ∗ hwrist(t) + w(t), (1)

where x(t) is defined as follows:

x(t) =
N−1∑
n=−L

x(n) · δ(t− nTu). (2)

In eq.(1), w(t) is the additive white Gaussian noise

(AWGN), which affects the y(t), and in eq.(2), δ(t) is the

Dirac’s impulse function. Thus, the resulting y(t) is fur-

ther processed by an anti-aliasing filter and sampled by an

ADC with sampling frequency fADC .

By defining hc(t) = hwrist(t)∗hs(t), where hs(t) is the

impulse response of the sampling system, the final impulse

response yf (t) can be rewritten (i.e., cascade) as [12]:

yf (t) = x(t) ∗ hc(t) + wf (t) =

=

∫ ∞

−∞
x(t− τ)hc(τ)dτ + wf (t),

(3)

where, wf (t) = w(t) ∗ hs(t). By taking into account

eq.(2), while considering hc(t) as time invariant during the

x(n) generation, eq.(3) can be expressed as follows:

yf (t) =
N−1∑
n=−L

x(n) · hc(t− nTu) + wf (t). (4)

Eq.(4) can be discretized with a sampling period Tu, [12]:

yf (mTu) =

N−1∑
n=−L

x(n) · hc[(m− n)Tu] + wf (mTu).
(5)

In matrix form, it can be expressed as:

z = X · hc +wf , (6)

where X is represented as follows:

X =

⎡
⎢⎢⎢⎣

x(0) x(−1) · · · x(−L+ 1)
x(1) x(0) · · · x(−L)

...
...

. . .
...

x(N − 1) x(N − 2) · · · x(N − L− 2)

⎤
⎥⎥⎥⎦ ,

(7)

and z, wf and hc are written as:

z = [yf (0), yf (Tu), . . . , yf ((N − 1)Tu)]
T

wf = [wf (0), wf (Tu), . . . , wf ((N − 1)Tu)]
T

hc = [hc(0), hc(Tu), . . . , hc((N − 1)Tu)]
T

. (8)

The sampled version of the system impulse response is

considered K-sparse in the time domain, considering that

it contains K non-zero coefficients, where K < L. To

exploit the sparsity of the system impulse response in the

time domain, the ADC can work at a sampling frequency

lower than the Nyquist frequency fu = 1/Tu. By using

a much lower sampling frequency, during the time win-

dow N · Tu, the ADC will acquire only M samples, m =
0, ...M − 1, expressed as y(m) = [y(1), y(2), . . . , y(M −
1)]T . Here, the downsampling factor represents the com-

pression ratio, CR = fu/fADC . This operation can be

modeled as follows:

y = R ·X · hc +wf . (9)

In eq.(9), R is a M×N matrix, which represents the down-

sampling process by CR factor. If M < L in the time do-

main, then hc can be estimated by solving the following

minimization problem:

ĥc = arg min
hc

||hc||1
subject to : y = RXhc,

(10)

where || · ||1 represents the l1 norm operator. A solution

to the problem in eq.(10) can be obtained by using various

algorithms [13]. However, in this study, the orthogonal

matching pursuit (OMP) algorithm was used [14].

According to [7], the impedance of the radial artery

changes with the the radial artery area. Therefore, in

present study, the impedance change that would cause a

proportional change in the impulse response was assumed.

In consequence, the pulse wave propagation signal xt[n]
is obtained from the maximum values of the obtained im-

pulse responses for each frame duration.Thus, x̂t[n] is ob-

tained from maximum values of ĥwrist(t).

III. SIMULATION ANALYSIS

A. The 3D electrical model of the wrist
In this work, a modified version of the wrist 3D electrical

model described in [15] was considered. To this aim, two

different datasets were considered. The first dataset [16]

was used to define the electrical impedance of tissues. This

dataset contains dielectric properties of several biological

tissues from frequency f = [10Hz − 100GHz]. The sec-

ond dataset [17] was used to model blood flow inside the

radial artery. This dataset contains blood pressure, blood

flow speed, and artery area values for different arteries.

The developed model consists of 3D impedance voxels

as shown in Fig. 2. This impedance voxel is a cube made of

Fig. 2. The equivalent electrical circuit of the voxel.
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Fig. 3. The developed 3D wrist model.

parallel combinations of resistance and capacitance values.

The resistance RT (ω) and capacitance CT (ω) are calcu-

lated as follows. First, the complex permittivity is obtained

for the required frequency from the dataset in [16]. Then

impedance is calculated by the following formula [18]:

ZT (ω) =
1

jωC0ε∗T (ω)
, (11)

where ω = 2πf , ε∗T (ω) is the complex permittivity of tis-

sue and C0 = Aε0
d , with A is the area of the tissue, d is

the depth, and ε0 is the permittivity of vacuum. Since the

model is created by cube voxels, thus A = d · d, then the

eq.(11) can be simplified as:

ZT (ω) =
1

jωdε0ε∗T (ω)
. (12)

RT (ω) and CT (ω) are calculated from ZT (ω) as follows:

RT (ω) =
1

Re
(

1
ZT (ω)

) , CT (ω) =
Im

(
1

ZT (ω)

)
ω

. (13)

The impedance voxels with their respective values are

then connected in a 3D configuration, thus forming the 3D

wrist electrical model (see Fig. 3). The size of the voxel

edge (i.e., d) was set to 2 mm, and the used type of tissues

are skin, fat, blood, muscles, and bone. The total size of

the 3D wrist model is 30×38×14 mm, where: (i) the first

layer is the skin layer, (ii) the second and third layers are

fat, (iii) a radial artery which is located around 2 mm in-

side the fat layer under the skin [19], (iv) three layers are

the muscle layer, and (v) the bottom layer which is mod-

eled as a bone. The Bio-Z sensing electrodes have size of

10×10 mm and are placed on top of the skin, positioned

10 mm from each other, with radial artery in the middle,

below the electrodes.
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Fig. 4. Percentage variation of RT and CT in time.

In order to simulate the blood flow inside the radial

artery, the dataset of the first subject (which consists of

411 points sampled at 500 Hz) in [17] was used to evaluate

how the capacitance and resistance were changing (i.e., the

area data were used in eqs.(11) and (13)). From the sim-

ulation results, a variation about 10 % for capacitance and

resistance of the radial artery was obtained (e.g., propor-

tionally to the area of the radial artery RT was increasing

while CT was decreasing).

Thus, the obtained time variations shown in Fig. 4 were

used to model radial artery voxels during blood flow. In

these voxels, the values of capacitance and resistance were

changed according to their variation at an imposed time

stamp of 2 ms. For example, the next voxel along the y-

axis, has its own variation for the successively time stamp

that is considered, and so on.

The netlist of the 3D wrist electrical model was gener-

ated by using MATLAB, while the simulation was per-

formed by means of LTspice. Since there are different val-

ues of resistance and capacitance with the frequency varia-

tion, the model was made in a way that for each frequency,

a new netlist is generated and then it is simulated by us-

ing AC analysis. In order to obtain the impedance value,

a current source of 500μA was used as shown in Fig. 3,

while the voltage on the electrodes was read and the com-

plex impedance was calculated.

In order to simulate the proposed CS-based measure-

ment method, a local dataset was generated using the pre-

viously described 3D wrist electrical model, consisting of

411 frequency responses of the wrist impedance. Each

frequency response represents the state of the wrist at

411 time stamps (i.e., each of 2 ms) according to blood

flow inside the radial artery. The frequency responses are

recorded for over 500 different frequency points linearly

distributed from 10 Hz to 1 GHz.

B. Simulation setup
In Fig. 5, a simplified circuit model describing the

adopted simulation setup is depicted. Herein, Ri is a resis-

tor used to reduce the injected current into the body and to

measure the output signal y(t), Zwrist(ω) is the impedance

of the wrist generated by the 3D wrist electrical model.

The output signal y(t) is obtained by calculating the cur-

rent flow according to the Ohm’s law, by obtaining the
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Fig. 5. Simplified simulation circuit.

impedance change of the wrist Zwrist(ω) depending on the

x(t) frequency, and by applying the fast Fourier transform

(FFT) of the voltage-frequency spectrum of x(t). Further-

more, by using inverse FFT, the current flow in the time

domain is evaluated. This current is then multiplied by the

resistance Ri and thus, the output signal y(t) is obtained.

Since the developed dataset contains a discretized version

of the frequency response different from the simulated one,

the dataset was interpolated to estimate the missing fre-

quencies components needed for the simulations.

In particular, the discrete time processing steps are sum-

marized in the following. The x[n] signal (e.g., PRBS se-

quence) is generated having a length of N + L samples.

Then the sequence is used to generate x(t) by simulating

the output of a digital-to-analog converter (DAC) work-

ing at a simulation frequency fsim. The DAC’s output is

modelled to update the samples of x[n] at Tu with nDAC

resolution, FSDAC full-scale and SNRDAC as signal to

noise ratio (SNR). In the simulation, the low-pass filtering

of x(n) with the order of filter NordDAC and with the cut-

off frequency flDAC was also considered. Then x(t) was

used to stimulate the hwrist(t) thus to obtain y(t) accord-

ing to the proposed method (see Fig. 5).

The acquisition of y(t) was realized by simulating: (i) an

ADC having fADC = fu/CR sampling frequency, nADC

bit resolution, and FSADC full scale input voltage, and

(ii) an anti-aliasing filter having NordADC the order and

flADC cutoff frequency. In Table 1, all the values of the

above listed parameters are given.

The proposed CS-based method was then evaluated for

different CR in terms of root mean square error RMSE
as main figure of merit. The RMSE was calculated

from the magnitude of the CS-based estimated impulse re-

sponse Ĥ(k/Tu), respect to the actual impulse response,

H(k/Tu) as:

RMSE
∣∣
dB

=

√√√√ 1

L

L−1∑
k=0

[
|Ĥ(k)|dB − |H(k)|dB

]2
. (14)

Furthermore, Monte Carlo analyses have been performed

on 100 trials, always with a different x[n], and the resulting

RMSE values were averaged and expressed as RMSEm.

The reconstruction quality of the pulse wave propagation

signal inside the radial artery was evaluated in terms of

Table 1. Parameters used for simulation.

fsim 8 MHz

fupdate 1 MHz

nDAC 12 bit

FSDAC 2 V

SNRDAC 70 dB

NordDAC 100

flDAC 1.2 MHz

Ri 500Ω
CR 2, 4, 8, 16

N 1024

L 1024, 512, 256, 128

nADC 16 bit

FSADC 2 V

NordADC 2000

flADC 0.45 MHz

percentage root mean squared difference PRD [13]:

PRD =
N∑

n=1

||xt[n]− x̂t[n]||2
||xt[n]||2 · 100[%], (15)

where, xt[n] is ideal pulse wave propagation signal, x̂t[n]
is reconstructed pulse wave propagation signal, and || · ||2
represents the l2 norm operator.

C. Preliminary results
The first performed simulation test was focused to ob-

serve how CR affects on the reconstruction quality of each

ĥwrist(t). The results for the considered CR and L val-

ues reported in Table 1 are shown in Fig. 6, where the

RMSEm values were plotted as red dots, and the maxi-

mum and the minimum values as blue bars.

The next evaluated simulation test was concentrated to

observe the influence of L length on the reconstruction

quality of each ĥwrist(t), by considering three different

CR values and various L lengths. In Fig. 7, the RMSEm
variation for CR = 2 is shown, for values of L changing

from 576 to 1024 with step of 64, where it can be observed

that there is no significant changes in RMSEm variation

up to L = 768.
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Fig. 6. RMSEm variation against CR and L.
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Fig. 7. RMSEm variation with CR = 2 against L.

In Fig. 8, the obtained RMSEm variations for CR = 4
are shown, by considering L changing from 320 to 1024

with step of 64. Similarly, as in the previous case, there

is no significant changes in RMSEm variation up to L =
320.

At the end of the second experiment, RMSEm results

for CR = 8 were evaluated. The results are shown in

Fig. 9. The simulation was performed for L from 192 to

1024 with step of 64.

In this case, RMSEm changes against the number of

the adopted L. In particular, the RMSE averages slightly

decrease with the increasing of L. From 320 the average

started to rise again, but the minimum values were still de-

clining. The best RMSE was obtained for L = 192. The

results below 192 are not shown because the method could

not reconstruct the impulse response with a lower number

of L.

The last performed simulation analysis was carried out

with the aim to observe the variation of the x̂t[n] respect to

xt[n]. Because of the reconstruction error, the blood prop-

agation wave contains a high amount of high-frequency

noise. Therefore the obtained results were filtered with a

filter with cutoff frequency of 10 Hz. Three different sim-

ulations were performed for CR = 2, 4, 8. The results are

shown in Fig. 10.

The value of PRD was calculated for the reconstructed

x̂t[n] according to the reference pulse wave xt[n] signal

(i.e., actual, obtained without using CS) shown in Fig. 10

a). Thus, for the case b) where CR = 8, PRD = 11.668%
was obtained, for case c) with CR = 4, PRD = 10.720%,
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Fig. 8. RMSEm variation with CR = 4 against L.
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Fig. 9. RMSEm variation with CR = 8 against the L.

while for case d) where the CR = 2 the PRD = 7.954%
was obtained. In all cases, the estimated and reconstructed

pulse wave propagation signal can be utilized to calculate

PTT in a further processing step. Consequently, in order

to compute PTT, data coming from two pulse wave propa-

gation signals of the blood circulating for radial artery are

needed together with their known distance. In this case,

the same proposed measurement method could be used

with two additional Bio-Z electrodes placed to a known

distance.

IV. CONCLUSION AND FUTURE WORK

In this paper, a novel measurement method using CS for

estimating the pulse wave propagation which can be used

as a non-invasive technique for BP assessment was pre-

sented. The method exploits the time domain sparsity of

the impulse response of the wrist. As it was expected, the

proposed measurement method based on CS could be uti-

lized to develop a BP sensing system. The obtained sim-

ulation results confirmed that the impulse response of the
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Fig. 10. a) actual pulse wave propagation, b) reconstruc-
tion of pulse wave propagation with CR = 8, L = 320,
PRD = 11.668%, c) reconstruction of pulse wave propa-
gation with CR = 4, L = 384, PRD = 10.720%, d) re-
construction of pulse wave propagation with CR = 2, L =
640, PRD = 7.954%.
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wrist is changing according to the change in blood flow

area inside the radial artery. The simulations also proved

that the proposed CS-based measurement method is able

to sense this change in the impulse response.

Further work is directed to: (i) implement a hardware

prototype, (ii) improve the simulation model, (iii) search

for optimal configuration parameters for the proposed mea-

surement method in order to maximize the reconstruction

quality of the pulse wave, and (iv) assess the comparison

of the experimental results with the results obtained in sim-

ulations.
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