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Abstract—Transcranial Doppler ultrasound (TCD) is a method
that uses a hand held low frequency (2-2.5 MHz), pulsed
Doppler phased array probe to measure blood velocity within
the arteries located inside the brain. The problem with TCD
lies in the low ultrasonic energy penetrating inside the brain
through the skull which leads to low signal to noise ratio. This
is due to several effects including phase aberration, variations
in the speed of sound in the skull, scattering, the acoustic
impedance mismatch and absorption of the three layer medium
constituted by soft tissues, the skull and the brain. The goal of
this paper is to study the effect of transmission losses due to
the acoustic impedance mismatch on the transmitted energies
as a function of frequency. To do so, wave propagation was
modelled from the ultrasonic transducer into the brain. This
model calculates transmission coefficients inside the brain, leading
to a frequency-dependent transmission coefficient for a given skin
and bone thickness. This approach was validated experimentally
by comparing the analytical results with measurements obtained
from a bone phantom plate mimicking the skull. The average
position error of the occurrence of the maximum amplitude
between the experiment and analytical result was equivalent to a
0.06 mm error on the skin thickness given a fixed bone thickness.
Similarity between the experimental and analytical result was also
demonstrated by calculating correlation coefficients. The average
correlation between the experimental and analytical result came
out to be 0.50 for a high frequency probe and 0.78 for a lower
frequency probe. Further analysis of the simulation showed that
an optimized excitation frequency can be chosen based on skin
and bone thicknesses, thereby offering an opportunity to improve
the image quality of TCD.

I. INTRODUCTION

Stroke is the second leading cause of death in developed
nations, and, in Canada, one person dies every 7 minutes from
stroke [7]. There are other diseases like the sickle disease,
vasospasm, etc., which further adds to the statistics of the death
rate caused by cerebrovascular disease. There is, therefore, a
need for a system which can be used often to perform diagnosis
and monitoring which provides quick, reliable information
about a patient’s health. Transcranial Doppler (TCD) ultra-
sound (US) imaging is a promising, non-invasive technique

which helps in diagnosing cerebrovascular diseases of the brain
by detecting variations in the blood velocity and is usually
done using a standard cardiac probe whose centre frequencies
range from 2-2.5 MHz [2]. The blood velocity is measured
by the reflections of the moving red blood cells through the
Doppler effect. One of the limitations of TCD is that diseases
like vasospasm and stroke require accurate measurement of
the blood flow, therefore requiring the diameter of the vessel
to be measured. If TCD can detect that there is blockage in
the Middle cereberal artery (MCA) by determining the flow,
then it is highly probable that an acute stroke occur within
5 hours. Adding to that, less than 10% of stroke patients are
treated accurately because the current TCD systems have poor
image quality which makes blood flow measurement difficult
for early detection [3].

Poor ultrasound transmission in TCD is mostly due to the
presence of the skull in the wave propagation path, which leads
to several adverse effects. Those effects include phase aberra-
tion, variations in the speed of sound in the skull, scattering,
the acoustic impedance mismatch and absorption. Two effects
are considered in this study: (1) attenuation and (2) acoustic
impedance mismatch. The acoustic impedance mismatch has
a complex relationship with the frequency whereby there is a
loss in the transmitted energy at the different interfaces along
the wave propagation path. The effect is shown in Fig. 1, which
was obtained via an analytical model described in section
II-A and shows how much acoustic energy is transmitted
through skin and bone at 2 MHz. For many combinations of
skin and bone thickness, the model predicts near-zero energy
transmission, which is due to the acoustic impedance mismatch
between the skin and the bone. Image formation would not be
feasible with such low energies. There is also a strong loss
of signal because the attenuation in the skull is high and is a
function of frequency. Furthermore, due to attenuation caused
by the skull bone, the amplitude of the received echoes reduces
rapidly as the depth in the brain increases. This causes a low
signal to noise ratio (SNR) which directly correlates to the
contrast in the images. Because of this low contrast, clinicians
are not always able to see the vessels in images, making blood



2

flow measurement difficult. Clinical studies demonstrated that
TCD was successful in only 38.1% of patients [5].

In the past, much work was done to improve the energy
transmitted through the skull, mainly considering the attenu-
ation effect [21]–[23], and time reversal techniques [31]–[35]
but the acoustic impedance mismatch effect was typically ig-
nored. Yue et. al [20] designed a probe for TCD that improves
the transducer sensitivity and the bandwidth but used the
typical TCD frequency range. This probe improve the image
resolution because it works on a wide range of frequencies, but
the problem of poor transmission through the temporal bone
still persists since neither attenuation nor acoustic impedance
mismatch were taken into account. Klotzsch et.al [6] studied
how to improve transcranial imaging and claimed that a 1
MHz probe allows a better insonation of patients. Their study
showed that vessels can be characterized in only 25% of pa-
tients using a 2 MHz probe but success rate was close to 100%
when using a 1-MHz probe. This study showed that adapting
the frequency in TCD may improve the success rate. Since the
transmitting frequency was reduced to 1 MHz, the resolution of
the images worsened. Lindsey et. al [21], [22] designed custom
2D sparse array transducers. They placed the transducer arrays
on either side of the temporal acoustic windows and combined
the received signals from both sides to make one final image.
By doing so, they eliminated the effect of asymmetry on either
side of the window. Aarnio et. al [11] showed the occurrence
of spectral peaks in transmission in real skulls in five out of six
anatomical sites. However the effect of an acoustic impedance
mismatch at the bone-soft tissue interface was ignored in the
selection of the frequency. Optimization of the frequency based
on the acoustic impedance mismatch is therefore still an open
question. White et. al [10], Aarnio et. al [11] and, Clement
et. al [12] used analytical models to study phase shift and
attenuation through the skull. These studies were performed
on different locations of the skull, and depicted the variation
of ultrasound energy as a function of skull thickness and
phase shifts. However, these studies neglected the effect of the
skin thickness on the acoustic impedance mismatch. Hynynen
et. al [23] did a study on excitation frequency selection for
transcranial imaging. They specifically mentioned aiming for
frequencies below 1 MHz. There were two reasons behind
this: (1) the scattering of the US, because parameters like
density and bulk modulus of blood differ greatly from that
of it’s surrounding tissues [8], [9], and (2) the attenuation
caused by the skull [4]. Scattering and attenuation cause loss
in the energy of the signal. They also considered the use of
shear waves to enhance US transmission through the skull,
as this improves acoustic impedance matching, and reduces
refraction and phase alteration compared to longitudinal waves
[23]. But the problem with this method is that the amplitude
of shear waves is lower than that of longitudinal waves, which
results in poor SNR, and low contrast in the images. Apart
from these effects, researchers in recent years have also aimed
for correcting ultrasound waveform aberration caused by the
skull [30]. A technique that has attracted the attention of
many researchers is the time reversal technique [31]–[35].
The technique computes the delays for the elements of the
probe from MRI and CT mapping of the skull. This technique

improves the contrast and spatial resolution of the images, but
since each person has different skull properties, it is impractical
to use in an intensive care setting.

The effect of the frequency dependent acoustic impedance
mismatch at the bone-soft tissue interface has been typically
ignored in the discussed literature. Therefore, the aim of this
paper is to isolate the frequency-dependent effect of acoustic
impedance mismatch in a relatively simple situation which
in turn relates to optimizing the transmitted frequency for
TCD. Once the optimal frequency is chosen with respect to
the acoustic impedance, the effect of other spatially varying
acoustical properties will indeed be important. They will
however be significant at all frequencies. Therefore, the choice
of the acoustic impedance dependent optimal frequency will
always be beneficial. The present study is an important step
towards understanding the reasons behind the poor ultrasound
transmission in TCD and furthermore devise a methodology
to improve TCD imaging.

II. MATERIALS AND METHODS

A. Analytical model
An analytical model [28] for which a schematic description

is presented in Fig. 2 was used to simulate the acoustic energy
transmission as a function of the frequency in a multi-layer
transcranial acoustic wave propagation transmission model.
This paper is focused on plane wave transmission to eventually
use plane wave Doppler imaging [13]. Though most clinical
systems use focused ultrasound for Doppler measurements,
plane wave TCD imaging is proposed due to its capability
to acquire fast velocity information without aliasing. Clinical
systems such as the Aixplorer [14] are now starting to offer
plane wave imaging due to its superior frame rate. Therefore, a
longitudinal plane wave is generated from a piezoelectric ele-
ment, traveling from left to right through a series of layers with
different acoustic impedances Z. The plane wave interacts with
layers causing multiple reflections and transmissions until a
transmitted wave reaches the brain. The brain and piezoelectric
crystal layers are assumed to have a semi-infinite thickness.The
acoustic impedances of the piezoelectric element, the brain, the
bone, the skin, and the matching layer are Zp (34.20 MRayl),
Zm (7.10 MRayl), Zs (1.50 MRayl), Zb (7.00 MRayl), and
Zbrain (1.50 MRayl) respectively [25]. Since the brain consists
mainly of water, an acoustic impedance of 1.50 MRayl was
assumed. The skin’s acoustic properties also matches very
closely with water [18]. While, the absorption of skin due to
scalp tissue [15] is significantly different from that of water,
the effect of absorption would remain almost constant for the
given small range of frequencies typically identified as optimal
as shown in Fig. 1 in which the frequency used was 2 MHz.
The acoustic impedance in skin was shown to vary within a
narrow range [18]. However, the acoustic impedance of the
human skull was shown to vary significantly [4]. Although
the bone acoustic impedance was constant at 7 MRayl in this
paper, the concept of adapting the centre frequency of the
transmitted signal to acoustic impedances of the layers along
the wave propagation path is of interest. The thicknesses of
the matching layer, the skin, and the bone are tm, ts, and tb
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Fig. 1: Transmitted energy as a function of skin and bone thickness. The figure shows a simulated map of the ultrasound energy
transmitted to the brain using a centre frequency of 2 MHz.

respectively. The matching layer thickness was considered to
be λ/4 at a centre frequency of 3 MHz for a 2-4 MHz probe
and at 1.50 MHz for a 1-2 MHz probe. However, the thickness
of skin and bone do vary in the literature [17], [19], which
motivates the study presented in this paper. The assumed speed
of sound in the piezoelectric element layer, the matching layer,
the skin layer and the bone layer is 4500 m/s, 3310 m/s for
a 2-4 MHz probe and 2000 m/s for 1-2 MHz probe (provided
by the manufacturer), 1500 m/s and 3000 m/s (provided by
the manufacturer) respectively. In order to predict the energy
inside the brain based on different thicknesses and acoustic
impedances, the classical transmission matrix method was used
[28]. If a layer has a thickness tl and acoustic impedance Zl,
the transmission matrix is given by

[Tl] =

[
cos θl iZl sin θl

i sin θl/Zl cos θl

]
,

where θl = 2πtl/λl, λl is the wavelength and tl is the thickness
of the lth layer. The equivalent acoustic impedance of the
model is (Zeq) which considers the acoustic impedance of
piezoelectric element:

Zeq =
T11 · Zp + T12
T21 · Zp + T22

, (1)

where Tmn,m, n ∈ {1, 2} are the elements of a transmission
matrix Tx representing a multi-layered structure consisting of
a matching layer, a skin layer and a bone layer. Tx is given

by:

[Tx] = T1 · T2 · T3 =

[
T11 T12
T21 T22

]
where 1,2,3 represents the matching, the skin and the bone
layers. For a given TCD wave propagation model, transmission
coefficients are calculated. The coefficients of the reflected and
transmitted waves in the brain are given by:

R =

[
|Zeq − Zbrain|
|Zeq + Zbrain|

]2
(2)

and
T = 1−R. (3)

For maximum energy transmission, R=0, and T=1; i.e.,
Zeq=Zbrain in equation 2. In the case of TCD, this situation
can happen when the thickness of the matching layer λm/4
is followed by skin and bone thicknesses of ts = λs/2 and
tb = λb/2 respectively. (λm, λs, λb are the wavelengths
in the matching, the skin and the bone layers respectively).
Thus, certain combinations of frequency, skin thickness, bone
thickness and matching layer thickness lead to better energy
transmission than others. The most obvious parameter to tune
in a practical situation where different patients are seen would
be the frequency. Therefore, the analytical simulation was
run using equations 1, 2, 3 which provided the transmission
coefficients for different bone, skin and matching thicknesses
as a function of frequency. The energy propagating back to
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Fig. 2: A one-dimensional acoustic wave propagation model for TCD. The acoustic impedance of the piezoelectric element, the
matching layer, the skin layer, the bone layer and the brain are denoted by Zp, Zm, Zs, Zb, and Zbrain. The thickness of the
matching layer, the skin layer and the bone are denoted by tm, ts and tb

the probe from a reflector is of interest and is also calculated
using equations 1, 2, 3.

The transmission coefficients received from the analytical
model were based on the assumption that the input excitation
signal is a sine wave of a single frequency leading to an infinite
signal in the time domain. In practice, the signals are finite in
the time domain. To overcome this effect:

1) A transmitted energy coefficients curve is calculated for
different skin thicknesses as a function of frequency
based on the analytical model.

2) To find the transmitted energy of a finite time domain
signal, a 10-cycle Tukey-windowed tone burst sampled
at 10 MHz is simulated as an excitation signal. The
power spectrum of the input signal and transmission
coefficient spectrum are multiplied to provide the trans-
mitted energy spectrum;

3) The transmitted energy spectrum is multiplied by the
attenuation curve which is proportional to the frequency
squared and is derived using (30 dB/cm @2.25 MHz
[24] in the case of the bone phantom plate used in
the experiments. The attenuation at 2.25 MHz was
supplied by the manufacturer of the phantom). It was
assumed that the attenuation was constant in the skull
layer and the value of attenuation was extrapolated for
different centre frequencies ranging from 1-4 MHz.
The absorption was not considered in the modeling
since it would unlikely change the optimal frequency
with respect to the acoustic impedance mismatch due
to skin thickness. Across the small range of optimal
frequencies obtained from the model, the absorption
would be almost constant.

4) Reflected energy is calculated all the way back to the
piezoelectric element from an aluminium plate with a
reflection coefficient of 86% [25].

The final spectrum gives the reflected energy with respect
to the input signal which includes the combined effect of
attenuation and the acoustic impedance mismatch. This step

is repeated for different skin thicknesses varying from 1 to
2 mm for a constant bone thickness of 4.40 mm giving a
2D map as shown in Fig. 3 (a) and (b) as a function of the
centre frequency (1 - 3 MHz). The experimental validation was
limited to a constant bone thickness of 4.40 mm which is also
in the range of the average human temporal bone thickness
[19], with centre frequencies ranging from 1-2 MHz and 2-
3 MHz. The two sets of frequencies were chosen to perform
simulations and experiments. Lower frequencies were chosen
as it was suggested in the literature that TCD imaging performs
better in lower frequency ranges. The second set was chosen
because the typical frequency range used for TCD is between
2-2.5 MHz. The skin thickness was kept between 1 to 2 mm
since the average skin thickness of a human being near the
temporal window is 1.85 mm [17]. Fig. 3 (a) and (b) were used
for the comparison in the next sections to compare analytical
and experimental results.

B. Experiment

To validate the analytical model, an experimental setup was
devised. Fig. 4 shows the different components which were
used to make the setup. A corner bracket was used to hold
a linear positioning stage (Velmex A1503P20-S1.5, 0.025 mm
resolution) vertically. The probe holder was fixed to the adapter
using set screws. The Verasonics P4-2v probe was connected
to the Verasonics V1 phased array controller and could be
moved vertically using the linear stage. The whole assembly
was immersed in a water tank, which also contained a bone
phantom plate [24] made up of a ceramic material mimicking
the acoustic properties vl: 3000 m/s, ρ: 2100 kg/m3 - the
cortical layer of the bone phantom can be assumed homo-
geneous. However, the trabecular bone layer contains voids
and inclusions to increase its attenuation. The total attenuation
of the bone phantom plate is 30 dB/cm @ 2.25 MHz of the
skull. The plate thickness was 4.40 mm. An aluminium block
was chosen as a reflector at a distance of 3 cm from the bone
surface. The tank was filled with water to mimic the skin’s



5

2 2.5 3 3.5 4
Central transmitted frequencies (MHz)

1

1.2

1.4

1.6

1.8

2

S
ki

n
 t

h
ic

kn
es

s 
(m

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

E
n
er

g
y 

re
la

ti
ve

 t
o 

in
p
u
t 

en
er

g
y

10-3

1.2 1.4 1.6 1.8 2
Central transmitted frequencies (MHz)

1

1.2

1.4

1.6

1.8

2

S
ki

n
 t

h
ic

kn
es

s 
(m

m
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
10-3

Fig. 3: (a) Received energy as a function of skin thickness varying from 1 to 2 mm and central transmitted frequencies varying
from 1 to 2 MHz. The reflection is caused by an aluminium plate 3 cm from the bone surface. (b) Received energy as a function
of skin thickness varying from 1 to 2 mm and frequencies from 2 to 3 MHz. Both 2D maps were obtained from simulations.

Bone phantom

Aluminium
block

A test bench consisting of linear position slider
and a probe holder

Skin thickness

Top view

Side view

Fig. 4: The experimental setup comprised of a linear positioning stage to hold a US probe, a bone phantom plate which mimicked
the acoustic properties of the skull, water which mimicked the skin’s acoustic properties and an aluminium block which was
used as a reflector.

acoustic impedance. The experiments were conducted using a
Verasonics V1 system [16]. The frequency range of the P4-2v
probe was 2-4 MHz with the centre frequency at 3 MHz. This
probe had 64 elements which were simultaneously activated
to approximate a plane wave. The experimental procedure
was repeated for the 1.5L64-0.3x15 probe manufactured by
Guangzhou Doppler Electronic Technologies Inc.. This second
probe had a frequency bandwidth between 1 and 2 MHz. In
all cases, the transmitted waveform was a 10-cycle Tukey
windowed tone burst. The initial position of the probe was
marked at the top of the bone phantom plate and then it
was moved up step by step, thus increasing the gap between
the probe and bone phantom plate. This gap mimics the skin

thickness. A typical transmitted waveform without the bone
phantom is shown in fig. 5 (a) A typical received waveform
for a skin thickness of 1 mm is shown in Fig. 5 (b). The probe
was moved up in steps of 0.025 mm to acquire a measurement.
The probe was moved upwards until the gap between the
probe and the plate was 2 mm. In Fig. 5 (b), the received
waveform acquired using the P4-2v probe contains a reflection
from the top part of the bone plate and from the surface of
the aluminium block. The reflected signal from the aluminium
block is shown in the small box of Fig. 5 (b). The 10 cycles
of the reflected signal were extracted. The input signal is the
emitted signal from the phased array controller. The ratio of the
reflected to input signal energy was calculated using equation
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frequency spectrum of the transmitted waveform without bone phantom. (c) A time trace of a received waveform for a frequency
of 2 MHz and a gap between the probe and the bone phantom plate of 1 mm. The figure also shows a reflection from the
aluminium block along with the envelope.

4

Ebrain =

∣∣∣∣ |FFT(signalextracted)|
|FFT(input)|

∣∣∣∣2 . (4)

This same calculation was repeated for the other input signal
centre frequencies ranging from 2-3 MHz for the P4-2v probe
and from 1 to 2 MHz for the 1.5L64-0.3x15 probe. The
variation of received energy as a function of the frequency
for a skin thickness of 1 mm is shown in Fig. 6. The same
process was repeated for multiple skin thicknesses varying
from 1-2 mm keeping the bone thickness constant. This
experiment provides a two-dimensional map, as shown in Fig.
7. The experimental setup and measurement process mimic
the analytical model results with a constant bone thickness
and skin thickness varying from 1 to 2 mm.

III. RESULTS

To look more closely at the comparison between the analyti-
cal and experimental results, narrow band signals with a centre
frequency between 1.00 MHz to 1.19 MHz and 2.06 MHz to
2.26 MHz at regular intervals of 65 kHz were taken from the
original data and overlaid on each other as shown in Fig. 8.
Table I shows the correlation coefficient between the simulated
and experiment results for the given frequencies, which was
calculated according to

1

n− 1
(
∑
x

∑
y

(x− x̄)(y − ȳ)

SxSy
), (5)

where x and y are the two signals, x and y are the mean of
the two vectors , Sx and Sy are the standard deviation of the
two vectors and n is the length of the signals.
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Fig. 7: The experimental 2-D map shows the variation of received energies as a function of frequency and skin thickness. The
experimental result showed that there is an acoustic impedance mismatch effect as the intensities vary as a function of skin
thickness for a constant frequency.

The table also contains the average local shift (the average
skin thickness difference) between simulation and experiment
of the received energy maxima and its standard deviation. The
difference between the position of the maximum amplitude
between the experiment and analytical result was equivalent
to an average of 0.06 mm error on the skin thickness given
a fixed bone thickness. The average correlation between the
experimental and analytical result came out to be 0.50 for
a high frequency probe and 0.78 for a lower frequency
probe. The Average full-width at half maximum (FWHM) for
experimental and analytical curves was calculated to show
the extent of the spread of energy around the maximum.
The average statistic was used because it summarized all the

individual local shifts, standard deviation and FWHM into
a single value, which made it easy to compare between all
the curves. These results showed that the energies do depend
on specific combinations of bone and skin thicknesses as a
function of the frequency.

IV. DISCUSSION

The aim of this paper was to show the effects of the
frequency-dependent acoustic impedance mismatch. By choos-
ing the frequency that will enable the highest transmission
of ultrasonic energy the chances of a successful measurement
are higher. While there are effects like scattering, shear mode
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Fig. 8: The multiple figures shows the comparisons between the selected frequencies ((A) being the results from probe 1.5L64-
0.3x15 whose frequency spectrum lies between 1-2 MHz (B) being the results from the probe P4-2v whose frequency spectrum
lies between 2-4 MHz) for received energies as a function of skin thickness for experiment and analytical results.

TABLE I: Comparisons between the selected frequencies of experimental and analytical image

Frequency
(MHz)

Correlation
coefficient

Average shift of maximums
(mm)

Standard deviation
of the shift of maximums

Average FWHM
(experimental)

Average FWHM
(analytical)

1.00 .72 .07 .04 .21 .15
1.06 .85 .05 .03 .30 .18
1.13 .86 .05 .04 .18 .19
1.19 .67 .10 .06 .15 .15
2.06 .38 .04 .04 .20 .15
2.13 .48 .06 .02 .19 .12
2.19 .55 .09 .06 .19 .11
2.26 .57 .06 .05 .20 .11

conversion and effects due to the heterogeneous internal struc-
ture of the temporal bone, these effects should have a uniform
effect across the range of skin thicknesses and frequencies and
will happen regardless of the chosen frequency. The results
obtained shows that US transmission in the frequency range
of interest through the human skull is affected by the acoustic
impedance mismatch and that the transmitted energy varies as
a function of the frequency, skin thickness and bone thickness.
Transmitted energy for a typical combination of skin thickness
and frequency may then lead to higher SNR.

The results show that the maximum received energy level is
on the order of 10−4 times the input energy. With the current
configuration it is not possible to transmit more than 20% of
the incident energy. The reason is that incident pressure is
inversely related to the square of acoustic impedance. So if
the ultrasonic wave starts from the piezoelectric domain and
ends inside the brain incident pressure will be

√
(Zbrain/Zp)

where Zbrain and Zp are the acoustic impedances in the brain

and the piezoelectric element respectively. That means:

pbrain =
√

(1.50/34.20)pincident, (6)

where pincident was arbitrarily set to 1 Pa, Zbrain is 1.50
MRayl and Zp is 34.20 MRayl [25], which gives a maximum
possible transmitted pressure of 0.20 Pa that in turn makes the
maximum received pressure to be 0.04 Pa without including
the attenuation effects. When including a linear attenuation
factor for the bone, the received pressure level drops to 10−4

Pa.
The interesting features in the experimental map of Fig. 7

are the three local maxima occurring for any frequency be-
tween 2-3 MHz. As explained in section II-A, a maximum
transmission can occur if the thickness of the matching layer
is λm/4 and is followed by the skin and the bone thickness of
odd integer multiple of λs/2, λb/2 respectively. When using
2.26 MHz a local maximum at a skin thickness of 1.51 mm
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Fig. 9: Frequency spectrum for a skin thickness of 1 mm and a frequency of 2.20 MHz. The experimental frequency spectrum
width is roughly double the analytical model spectrum. This widening of the frequency spectrum is correlated to the widening
of the curves shown in Fig. 8 (B)
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Fig. 10: X and Y-axes in both the figure represents skin and bone thickness respectively. A: the corresponding transmitted energy
for the measured thicknesses including attenuation of 30 dB/cm @2.25 MHz. B: variation of optimized frequencies for different
skin and bone thicknesses.

can be seen. At this frequency if the matching layer thickness
is λm/4, the skin thickness becomes ≈ 5λs/2 and the bone
thickness becomes ≈ 7λb/2 which are odd integer multiples
of λ/2 therefore lead to a local maximum energy transmission.
The same concepts can be applied for all frequencies.

The average shift corresponding to the locations of the
local maxima of the experimental and the analytical results
fluctuated around an average of 0.06 mm for the selected
four frequencies for both the probes with an overall standard
deviation of 0.04 mm. Thus, the model was able to accurately
predict the local positions of the maxima, with small differ-
ences due to experimental errors. However, a close analysis of

Fig. 7 and Fig. 3 reveals that there is a deviation between the
experimental results and the analytical results. This deviation is
currently thought to be caused by the bone phantom attenuation
increasing more than the predicted by assumed power law.
The discrepancy between experimental and analytical results
is reduced for the lower frequency probe, which supports,
this interpretation. The overall correlation coefficient for the
selected frequencies was 0.50 for a high frequency probe and
0.78 for a low frequency probe, showing a strong relationship
between experimental and analytical results. The experimental
curves are also wider than the analytical curves in the both the
comparisons of Fig. 8 and this discrepancy is more pronounced
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for higher frequency probe. The reason for this widening is
explained in Fig. 9, where FWHM of the experimental curve
is roughly double that of the analytical curve for a selected
skin thickness of 1 mm and for a centre frequency of 2.20
MHz. The widening of the frequency spectrum directly leads
to the widening of the curves in Fig. 8 since the ratio of the
reflected to input energy is calculated based on these spectra.
Physically, this means that the optimal frequency range is not
as narrow as the prediction of the model. This also means there
is no sudden drop of energy if the transmitted center frequency
is little bit away from the optimal frequency, which is good
for the practical implication of TCD.
To address the problem of using a fixed input signal for all
situations, an analytical simulation was run, which gave an
optimized two-dimensional map of skin and bone thicknesses
for which the frequency with the highest transmission was
selected as shown in Fig. 10. This figure suggests that given
measurements of skin [26] and bone thickness [27], an op-
timal excitation frequency could be selected to optimize US
transmission. The optimized two-dimensional map obtained in
Fig. 10 suggests that lower frequencies from 750 KHz to 1.7
MHz should be used depending on the combination of skin
and bone thicknesses, which is in agreement with previous
suggestions to use lower frequencies [6], [8], [9], [21], [23].
The main limitation of this study is that it does not account
for inhomogeneities, anisotropy and the difference between the
inner and outer structure of the skull. One more limitation of
this study is that the bone phantom was considered as a single
layer rather than a multilayer system. This assumption was
made since an average speed of sound for the whole phantom
was provided by the manufacturer and not for the individual
layers. Separating the bone into multiple layers would help
modeling a more realistic overall impedance mismatch but was
not feasible in this study. However, the experiment remains a
valid proof of concept in a relatively simple scenario to isolate
the impedance mismatch effect. Apart from the skin thickness,
there will be a measurable thickness of connective tissue. The
thickness of connective tissue will also play a role in deter-
mining the optimal frequency selection for the measurement,
but in this study the connective tissue was neglected since
the acoustic impedance of subcutaneous tissues is around 1.35
MRayl [15], which is similar to soft tissue/brain so that they
would be nearly transparent to ultrasound waves, and would
not affect the propagation path in an adverse manner. However,
one might make this model more complex by introducing this
thickness. Also, this study considers only normal incidence and
the effect of acoustic impedance mismatch according to the an-
gle of entry still requires further study. Exploring these options
will further enhance the knowledge related to US transmission
in the skull. These effects may change the optimal selection
of frequency derived by the method. Therefore, evaluating
the effectiveness of frequency optimization as suggested here
would require more detailed studies and experiments.
Future work will primarily focus on validating the proposed
choice of centre frequency based on acoustic impedance mis-
match for Doppler measurements.

V. CONCLUSION

TCD is a method that is used to measure blood velocity
within the arteries located inside the brain but suffers from
poor image quality due to less energy penetrating through
the skull. The variation of US transmission as a function of
frequency was considered in this paper and was due to (1)
acoustic impedance mismatch and (2) attenuation. Although
there are other important factors like phase aberration, scatter-
ing and diffraction inside the skull that affect transmission of
ultrasound, these will affect all frequencies evenly. However by
adapting the frequency to enable strong impedance matching
a significant gain in transmitted energy can be achieved. In
this paper, a study was conducted that allows to understand
how ultrasound transmission is affected by the skin and bone
thickness acoustic impedance mismatch effects. The study
was performed by designing an analytical model which sim-
ulates US wave propagation from the piezoelectric element
into the brain. The analytical model was validated using an
experimental setup which comprised a bone phantom plate
immersed in water, mimicking the acoustic properties of the
skull. Comparison between analytical and experimental results,
showed that the analytical model was able to accurately predict
the occurrence of maximum energy transmission as a function
of the frequency and the skin thickness. The average skin thick-
ness difference between occurrence of maximum amplitudes
was 0.06 ± 0.04 mm. Overall correlation coefficients of 0.50
and 0.78 showed a strong similarity between analytical and
experimental results. More analysis indicated that an optimized
frequency can be chosen depending on the measured bone and
skin thicknesses. This provides an opportunity to break the
barrier of ultrasound transmission through the skull.
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