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Abstract—Plane-Wave imaging (PWI) can produce a complete
image after a single transmission of an unfocused ultrasound
beam, and therefore can achieve ultrahigh frame rates of thou-
sands frames per second. Many ultrasound imaging applications,
such as shear wave elastography, require ultrahigh frame rates.
However, due to the lack of a focusing point in PWI, it is
not possible to derive an expression for the spatial resolution
based on the f-number. This work aims to study the transducer
parameters that affect the imaging quality in PWI in form of
spatial resolution. Ultrasound imaging systems with different
frequencies, bandwidths and transducer widths at a range of
imaging depths are simulated and the effect of each parameter
is studied separately. Based on this study, an empirical expression
for PWI lateral resolution is produced, which reveals the direct
proportion of the lateral resolution with the wavelength and
imaging depth and the inverse proportion with the total width
of the transducer.

Index Terms—spatial resolution; Plane Wave imaging; Field II
simulation; FWHM; Transducer Parameters

I. INTRODUCTION

Spatial resolution is usually used to measure the imaging

quality of ultrasound imaging systems. It is divided into

axial and lateral resolutions that are defined as the minimum

distinguishable distance between two adjacent points located

perpendicular and parallel to the transducer surface, respec-

tively [1] [2].

Lateral resolution is usually measured for ultrasound imag-

ing systems from the beam width, which is calculated at the

focal depth using the following formula [3] [4]:

Rlat = n.f#.λ (1)

where n is a constant depending on the measurement

technique, λ is the wavelength and f# is the f-number that

represents the ratio between the focal depth and aperture

width. The lack of a focal point makes this formula useless

for estimating PWI lateral resolution, where the focal depth

approaches infinity and thus lateral resolution becomes infinity

too.

The main difference between PWI and conventional linear

imaging is that all the transducer elements are used to transmit

once and receive the echoes to produce a single image, while

in linear imaging, each line of data is produced by a separate

transmission and reception [5]. This enables PWI to produce

images with thousands of frames per second. However, the

lack of focusing reduces the PWI quality and prevents it from

being used for many applications that require ultrahigh frame

rates.

This work seeks for the imaging parameters that have a

direct effect on PWI spatial resolution using Field II software

[6] [7], in order to improve the imaging quality by selecting the

appropriate transducer parameters. The studied parameters are

the imaging depth, central frequency, wavelength, bandwidth

and the total width of the transducer.

II. METHODOLOGY

For Field II simulation of PWI, a 5MHz, 30mm width

linear array transducer, with one wavelength centre-to-centre

distance between elements is used. The parameters whose

effects are studied are the imaging depth, central frequency,

bandwidth and the total width of the transducer. The imaging

quality is assessed based on spatial resolution, which is

measured at the −6dB intensity drop, or the Full Width at

Half Maximum (FWHM) [8]. The resolution was measured

for the array transducer when varying the frequency from 1

to 30MHz, bandwidth from 10 to 100%, total aperture width

from 10 to 60mm and imaging depth from 3 to 200mm.

One parameter is changed each time while fixing the other

parameters. Afterwards, using Matlab curve fitting tool, a

mathematical expression is derived that best explains the

relation between the resolution and the varying parameters.

During beamforming, the conventional Delay-And-Sum

(DAS) method was used. This method applies delays to the

signals received from the transducer elements depending on

the location of the point the value of which is being calculated,

and then sums the signals. This is explained by [9]:

p(x, z) =
N∑

j=1

Tj(t− τj(x, z)) (2)

where p(x, z) is the point located at x in the lateral direction

and z in the axial direction, N is the number of elements

and Tj(t) is the value received by the jth receiving element.

τ(x, z) is the time required for the signal to travel from the

transmitter to the field point and return to receiver j. After

beamforming, the signal is envelope detected, converted to

decibel and then displayed.

III. SIMULATIONS AND RESULTS

In order to develop an expression that explains the relation

between the resolutions and the transducer parameters, the



effect of each of these parameters is required to be studied sep-

arately. As shown in figure 1, the bandwidth has a minor effect

on the lateral resolution in the range 10 to 100%, unlike axial

resolution which shows inverse proportion to the bandwidth. It

is confirmed during this study that the bandwidth is the only

parameter affecting PWI axial resolution, which means that

both linear imaging and PWI has the same axial resolution.

On contrast, lateral resolution is found to be affected by the

other imaging parameters as follows:
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Fig. 1. The effect of the bandwidth on spatial resolution for a
transducer with central frequency of 5MHz, total width of 30mm
and a pitch of one wavelength.

For a transducer with a fixed bandwidth of 5MHz, the

central frequency was changed from 1 to 30MHz. The spatial

resolution for this range of frequencies is shown in figure 2.

According to this figure, increasing the frequency to higher

than 10MHz has a negligible effect on lateral resolution. So

that for a transducer with a band of frequencies from 3 to

15MHz, the use of a 10MHz central frequency with 100%
bandwidth gives a better resolution than the use of 13MHz

central frequency which reduces the bandwidth to 30.77%,

or to 14MHz which reduces the bandwidth to 14.29%. Field

II simulation for a tissue phantom model containing 5 cystic

lesions of 1, 2, 3, 4 and 5mm diameters and other 5 highly

scattering regions of the same dimensions is used to show the

difference between PWI quality in these three cases in figure

3, where it is shown that increasing the central frequency

from 10MHz in figure 3a to 13 and 14MHz in figure 3b,c

is not adding any improvement and the quality is a little

decreased due to lowering the bandwidth. The frequencies and

bandwidths used in this figure are given in detail in Table I.

Figure 4 shows the effect of the wavelength on lateral

resolution for the frequencies between 1 and 10MHz at a

speed of sound of 1540m/s. The figure shows a nearly linear

relationship between the wavelength and lateral resolution at

this range of frequencies.

During studying the effect of the aperture width on spatial

resolution, the pitch was set to one wavelength as in most of

the medical transducers [10]. The resulted curves are shown in

figure 5, where the lateral resolution is found to be inversely
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Fig. 2. The effect of the central frequency on spatial resolution for a
transducer with 5MHz bandwidth and total width of 30mm.

Fig. 3. PWI of a tissue phantom model using the frequencies and
bandwidths shown in Table I.

TABLE I
THE VALUES OF THE FREQUENCY AND THE CORRESPONDING BANDWIDTH

USED TO SIMULATE PWI FOR THE TISSUE PHANTOM SHOWN IN FIGURE 3

Figure

3

Frequency

(MHz)

Bandwidth

(%)

Bandwidth

Range (MHz)

a 10 100 5-15

b 13 30.77 11-15

c 14 14.29 13-15

proportional to the aperture width for the range from 10 to

60mm while no effect was shown on axial resolution.

The effect of the imaging depth on spatial resolution was

studied for the depths from 3 to 200mm. As shown in figure

6, the lateral resolution value is directly proportional to the

imaging depth, while axial resolution shows no change with

the depth. Figure 7 shows 9 scattering points located at the

depths from 30 to 190mm for PWI and linear imaging. The

beam width was controlling the lateral resolution in linear

imaging where a focus at 70mm is used, while the lateral

resolution in PWI was decreasing linearly with the depth due
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Fig. 4. The effect of the wavelength on lateral resolution for the
frequencies between 1 and 10MHz at the 30mm depth. Transducer
width is 30mm.
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Fig. 5. The effect of the aperture width on spatial resolution at the
30mm depth for a transducer with a pitch of one wavelength and
central frequency of 5MHz.

to unfocusing.

The results of this study show that the PWI lateral resolution

value is directly proportional to the wavelength and imaging

depth, and inversely proportional to the total transducer width.

An empirical expression of the lateral resolution according to

this study can be given by:

Rlat = k1.b (3)

where:
b =

λ.z

W
(4)

where z is the imaging depth, W is the total transducer width

and k1 is a constant whose value was found using Matlab

curve fitting tool to be 1.521. The degree of fitness between

the data and the fitted curve is usually measured by R2 where a

value of 1 represents a perfect fitness [11]. Figure 8 shows the

high fitness of the lateral resolution values measured from the

simulations with the fitted curve of equation 3 (R2 > 0.97).
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Fig. 6. The effect of the imaging depth on spatial resolution for a
transdcuer with 30mm width, a pitch of one wavelength and 5MHz
central frequency.

Fig. 7. 9 point scatterers located at the dpeths from 30 to 190mm
showing the change in the lateral resolution with increasing the depth
in (Left) PWI and (Right) linear imaging focusing at 70mm depth.

IV. DISCUSSION

When attenuation is present, the curves of the lateral res-

olution given in this work are shifted with a constant value,

indicating lower resolution, except for the depth curve, where
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Fig. 8. Matlab curve fitting tool for the lateral resolution versus b,
which resembles the wavelength multiplied by the imaging depth and
divided by the total aperture width.

the lateral resolution was increasing logarithmically with the

depth when attenuation presented. However, the curve was

nearly linear for up to 50mm depth.

PWI lateral resolution according to the expression derived

in this work is very close to that of linear imaging lateral

resolution at the focal depth given in eq.1, this is due to the

use of dynamic focusing at the receive in PWI. However, for

the same transducer, PWI usually gives better lateral resolution

as compared to linear imaging at the focal depth, as it uses all

the transducer elements while linear imaging uses only part of

these elements with each transmission. This can be noticed in

figure 7.

A method to improve the imaging quality in PWI with

preserving the high frame rate is to use Compounded PWI

(CPWI), where multiple steered unfocused plane waves are av-

eraged to produce a single high quality image. This technique

reduces the noise level and improves the lateral resolution

compared to PWI. However, compounding more than 3 angles

adds no improvement to the lateral resolution [12]. Another

way to improve the imaging quality of PWI is the use of the

Minimum Variance adaptive beamforming [13], on the cost of

increasing the amount of computations [14].

In Field II, the linear behaviour is simulated without con-

sidering the non-linearity effect of the medium. In real life,

harmonics that are multiples of the transmitted frequency

are generated during the nonlinear propagation of ultrasound

signals through the medium. When generated, the harmonic

frequencies result in degrading the resolution in the fundamen-

tal signal from which they take their energy. The amount of the

generated harmonics is calculated by the shock parameter that

depends on multiple factors according to the equation [15]:

σ =
2π

ρ0c30
P0fz(1 +

B

2A
) (5)

Where ρ0, c0, P0, f and B/A are the medium density, sound

speed, transmitted pressure, fundamental frequency and non-

linearity coefficient, respectively. The generation of the second

harmonics increases and peaks when the shock parameter is

between 1 and 3, where after 3, the harmonics are weakened

by the attenuation due to their high frequencies.

The effect of the harmonics generation appears on both the

central frequency and depth curves in figures 2 and 6; where

increasing f or z to a value that makes σ > 1 will result

in increased harmonics amplitude. These harmonics weaken

the fundamental and result in increasing the lateral resolution

value to higher than the value given in the central frequency

and depth curves starting from the limit that makes σ > 1.

V. CONCLUSIONS

In this work, an empirical expression for PWI lateral reso-

lution is produced, which clarifies the direct proportion of this

resolution with the wavelength and the imaging depth, and its

inverse proportion with the total width of the transducer. The

bandwidth was confirmed to have no direct effect on lateral

resolution. Axial resolution in PWI is not affected by the

lack of focusing, but the bandwidth of the transmitted signal.

The dependency of PWI spatial resolution on the transducer

parameters makes the careful selection of the transducer an

essential step for improving PWI quality.
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