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Pulsed and Continuous Wave Basics

What is Sound?

Sound is a mechanical wave form energy transmitted by vibrations in a material medium.
Mechanical means it requires physical movement of molecules to travel; unlike x-rays,
which are electromagnetic energy. Sound requires a material medium through which to
travel. Sound does not exist in a vacuum.

Sound is created when an object (such as a tuning fork or vocal cords) begins to vibrate
causing the molecules adjacent to the object to vibrate also. These molecules, in turn,
cause other molecules to vibrate, and on and on. In this manner, the sound travels
outward in a wave from the object similar to ripples in a pond.

The sound wave consists of areas of molecular compression (increased pressure) as the
molecules push outward from the source and areas of molecular rarefaction (decreased
pressure) as the molecules draw back toward the source.
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Sound travels in longitudinal waves, like a piston vibrating back and forth. Other types
of mechanical waves travel transversely, vibrating perpendicular to the direction of
travel. Transverse waves don't travel well through soft tissue. Therefore, longitudinal
waves are the only ones we are concerned with in diagnostic ultrasound.

Physical Properties of Sound (Continuous Wave)
We use a sine wave to illustrate the various properties of a sound wave because it is a

convenient visual tool. However, sound doesn't actually travel up and down, but rather
back and forth.
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The Sine Wave

Frequency
The number of cycles per second, measured in Hertz (Hz). One cycle is equal to one
area of compression and one area of rarefaction together.

Common frequency units:

1 cycle/second=1 Hertz (Hz)

1,000 cycles/second=1 kilohertz (kHz)
1,000,000 cycles/second=1 megahertz (MHz

High Frequency /\/\W\/\/\A/V\
Low Frequency /\ /\A/\/\/

Sound classifications by frequency
Ultrasound is sound energy with a frequency above the range of human hearing, or above
20 kHz.*

Audible sound occurs within the range of human hearing, or from 20 to 20,000 Hz.
Infrasound is below the range of human hearing, or below 20 Hz.
*  *NOTE*: Diagnostic ultrasound frequency ranges from 1 MHz to 20 MHz

Frequency is a property of its source. In medical ultrasound, in order to change
frequency, we almost always must change transducers (except in the case of special
multi-frequency transducers)

Period
The length of time it takes to complete a single cycle.

Higher frequency

Pressure

Lower frequency

Pressure

Time --




Period is also determined by the sound source, and is, in fact, inversely related to
frequency. That is, as frequency increases, period decreases; as frequency decreases,
period increases.

The following formula relates period (T) and frequency (f):
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Example—What is the period of a 1 MHz sound wave?
T =1/f=1/1 MHz = 0.000001 seconds = 1 Usec

Wavelength
The length of one complete cycle is called the wavelength.

Wavelength is determined by both the sound source and the medium. It cannot be
adjusted by the sonographer except by changing transducers.

Wavelength is equal to the speed of the sound beam divided by the frequency (A=c/f).
For medical imaging, the speed of sound is nearly constant. Therefore, wavelength is
determined almost solely by adjusting frequency. Increasing frequency decreases
wavelength; decreasing frequency increases wavelength.

Example—What is the wavelength of a 1 MHz ultrasound beam traveling through soft
tissue?

= 1540mls 00154 m=1.54 mm

A=<
/1,000,000 cycles /s

Image detail is directly affected by wavelength. The shorter the wavelength (higher
frequency), the better longitudinal resolution. The longer the wavelength, (lower
frequency), the poorer the longitudinal resolution.

Sound Speed
The speed at which sound moves through a medium is the sound speed. The speed of
sound is generally measured in meters/second or millimeters/microsecond.

Sound Speed is determined solely by the medium through which it travels. Specifically,
the speed of sound is determined by the density and stiffness of the medium. All sound,
regardless of frequency, travels at the same speed in the same medium.

Speed is inversely proportional to density.
Speed is directly proportional to stiffness. (Stiffness refers to a material's ability to
maintain its shape.)



The average speed of sound in human soft tissue is 1,540 m/sec or 1.54 mm/Usec. This is
a very important number—remember it!

Other propagation speeds are:
TISSUE SPEED

Air 30 m/s
Water 1,480 m/s
Liver 1,555 m/s
Kidney 1,565 m/s
Brain 1,520 m/s
Muscle 1,600 m/s
Bone 4,080 mv/s

Amplitude

Describes the magnitude of a sound wave. Amplitude is represented by the height of the
curves of the sine wave. In the range of audible sound amplitude relates to volume, but
in terms of ultrasound it most often refers to pressure. In this sense it may be called
pressure amplitude, or just amplitude.

Amplitude can be expressed in many different units depending on the specific acoustic
variable being measured. However, for our purposes, it is often expressed in decibels
(dB). The decibel scale is a logarithmic function used to compare amplitudes with other
amplitudes. It has no meaning in and of itself; it is only a comparison of one sound wave
with another, or of the same sound wave a different times.

Amplitude is initially determined by the sound source and can be adjusted by the
sonographer. Amplitude decreases as sound travels through the body due to attenuation
of the sound beam.

Power- refers to the strength of the sound wave. It is the rate at which energy is
transferred from the sound beam and is measured in watts.

Power is initially determined by the sound source and can be adjusted by the
sonographer. Like amplitude, power decreases as the sound wave travels through the
body.

Power is directly proportional to the square of the pressure amplitude. As amplitude
increases, power increases; as amplitude decreases, power decreases.

Intensity- refers to the concentration of energy in a sound beam. Intensity equals the
power of a beam divided by its cross-sectional area. Therefore it is measured in watts
per square centimeter (W/cm?)

Intensity is proportional to power. Intensity and power are both proportional to the
square of the pressure amplitude.



Intensity is determined initially by the sound source and can be adjusted by the
sonographer.

Intensity is an important factor in determining biological effects of ultrasound. Typical
diagnostic ultrasound intensities range from 0.01 mW/cm’* to 100 W/cm’.

Intensity is an important factor in determining the potential biological effects of a sound
beam. Intensity should be minimized for each exam—especially obstetrical exams.

Pulsed Wave Parameters

Most diagnostic ultrasound applications do not use a long continuous wave of sound to
gather data for images. Rather, the ultrasound machine sends out a short pulse of sound
and then listens for returning echoes before sending out another pulse. All of the
characteristics of a sound beam that we have discussed so far still apply to pulsed sound
waves, but pulsed waves have a few other characteristics that are important to your
understanding of how an ultrasound image is produced.

Pulse Duration is the length of time from the beginning to the end of the actual sound
burst usually measured in microseconds.

The pulse duration is the product of the period times the number of cycles in the pulse.

Pulse duration is determined by the ultrasound system (transducer) and cannot be
adjusted by the sonographer. In diagnostic ultrasound, pulse duration ranges from 0.5
to 3 Usec.
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Pulse Repetition Period (PRP) is the time from the start of one pulse to the start of
another pulse. It is the sum of the pulse duration and the "dead time" in-between pulses.

PRP can be adjusted by the sonographer by changing the imaging depth. A greater
imaging depth requires longer "dead" time to listen for returning echoes.

For diagnostic ultrasound, PRP ranges from 100 psec to 1 msec (0.0001 to 0.001 sec)
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Pulse Repetition Frequency (PRF) is the number of pulses that occur per second.

PRF can be altered in the same manner as PRP: by adjusting the imaging depth. As
depth increases, PRF decreases. As depth decreases, PRF increases.

PRP and PREF are reciprocals of each other: PRP =1/PRF and PRF = 1/PRP

‘T Imaging depth = 1 PRP = | PRF = slower frame rates‘

Duty Factor - The percentage or fraction of time that the ultrasound machine is sending
out sound. Duty factor is given as a unitless number from 0.0 to 1.0 or
as a percentage.

‘Duty Factor = Pulse Duration + Pulse Repetition Periodl

Duty factor can be adjusted by changing imaging depth. In diagnostic ultrasound, duty
factor ranges from 0.001 to 0.01 (0.1 to 1%). In other words, an ultrasound machine
spends very little time sending out pulses and a lot of time listening for echoes.

Spatial Pulse Length (SPL) The length of a single pulse of sound, measured in
millimeters for diagnostic ultrasound.

SPL= Ae # cycles per pulse

SPL is determined by the wavelength and the number of cycles in a pulse, which are both
characteristics of the transducer. Therefore, to change SPL you must change transducers.

SPL is a very important factor in determining longitudinal (axial) resolution. SPL
ranges from 0.1 mm to 1 mm in diagnostic ultrasound.

Interactions of Sound and Propagating Media

The Pulse-Echo Principle

How we use sound to create an image.

Q: If you are standing on one side of the Grand Canyon armed only with a stopwatch and
the knowledge that sound travels approximately 330 m/s, could you calculate the width of
the canyon?

A: The answer to this question is "yes" and therein lies the key to the pulse-echo
principle.

An ultrasound machine is able to produce images of the body by sending a pulse of sound
into the body and then listening for the returning echoes. By measuring the strength of



the returning echoes along with the length of time it takes for the echoes to return, the
machine is able to derive information about structures in the path of the sound beam. It
uses this information to produce an image.

Reflection and Transmission at Interfaces

When sound traveling through a medium encounters the surface of an object with
different physical properties than the medium, part of the sound "bounces" off the
surface. Before we discuss why this happens, we need to define a few terms.

- The surface that causes the beam to "bounce back" is called an interface.

- The beam that encounters the interface is called the incident beam.

- The portion of the beam that bounces off is called the reflected beam.

- The portion of the beam that continues through the interface along its original path is
called the transmitted beam.

Acoustic impedance (Z)—We will define acoustic impedance as the degree to which a
medium resists the transmission of sound.

Acoustic impedance (Z) is equal to the density of the medium (p) times the speed of
sound in the medium (c):

Z=pc

Acoustic impedance is measured in kilograms per square meter per second
(kg/m?/s). It may also be expressed in rayls. One rayl equals 1 kg/m?/s.

Acoustic impedance of selected tissues:

Tissue Impedance

Air 0.0004 x 10°
Lung 0.18 x 10°

Fat 1.34 x 10°
Liver 1.65 x 10°

Kidney 1.63 x 10°

Muscle 1.71 x 10°

Bone (skull) 7.8 x 10°

Reflection

Perpendicular Incidence

An interface is formed when two materials with different acoustic impedance values lie
adjacent to one another. If a sound beam encounters a large, smooth interface
perpendicular to its direction of travel, a portion of the beam will be reflected back
towards its source. When this happens, the reflection is called an echo. The large
smooth interface is called a specular reflector.



The percentage of the beam that is reflected is determined by the acoustic impedance
mismatch between the two structures. This mismatch can be quantified by a number
called the amplitude reflection coefficient (R).

R = (Zz — Z1) = (Zz + Z1)
Where Z, is the impedance on the far side of the interface and Z,; is the impedance on the
near side.
Amplitude reflection coefficient for selected interfaces (percentage):

Interface Coefficient
Kidney-liver 0.006 (.6%)
Liver-muscle 0.018 (1.8%)
Fat-liver 0.10 (10%)
Muscle-bone 0.64 (64%)
Air-muscle 0.99 (99%)

The mismatch between various soft tissues is low, making them ideal for ultrasound
imaging. However, the mismatch between soft tissue and bone and between soft tissue
and air is very large, making it difficult to image through bone and impossible to image
through air. (Hence the need for a coupling gel.)

Reflection (cont.)

Interface
(specular reflector)

Pulse (incident beam) Transmitted beam
—>

—
Echo (reflected beam)

Non-perpendicular sound beam incidence.

When sound encounters a specular interface that is not perpendicular to the sound beam
the reflected beam does not travel back towards its source. Instead it travels off at an
angle equal to the angle of incidence. If this angle is more than a few degrees from
perpendicular, the reflected beam will miss the transducer and no information will be
received to help form the image.
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Nonperpendicular incidence

Incident beam Reflected beam

O of O of
incidence reflection

A second factor that arises from nonperpendicular interfaces is refraction. Refraction is
a bending, or change in direction, of the transmitted sound beam.

In order for refraction to occur, not only must the interface be nonperpendicular, but also
the speed of sound must be different on each side of the interface.

An example of refraction in a fetal skull.
Notice how the sound is bent by the nonperpendicular calvarium wall causing an

apparent displacement of the posterior calvarium and a shadow because of the lack of
sound in the region directly below that point.

Nonperpendicular Incidence (cont.)

Two factors required for refraction
* Nonperpendicular sound beam incidence

» Different sound speeds on each side of the
interface

11



Diffuse Reflection (scattering)—When a sound beam encounters a very small interface
(smaller in dimension than one wavelength) or an irregularly shaped interface, sound is
reflected diffusely (in multiple directions). This is called a nonspecular or diffuse
reflector.

Incident Beam

Reflectors Reflectors

Because the sound is reflected in multiple directions, or scattered, a portion of the
reflected beam always travels back towards the transducer. Although these echoes are
weaker, they are not as sensitive to the orientation of the reflector.

Scattering from diffuse reflectors is what gives an object its characteristic sonographic
appearance (echogenicity). For instance:

An object, such as the liver, containing many small diffuse reflectors will have a gray
sonographic appearance.

A fluid-filled object, such as the bladder, contains no internal interfaces and appears
black sonographically.

Rayleigh scattering is a special type of scattering involving reflectors that are much
smaller than one wavelength. For instance, when an ultrasound beam interacts with red
blood cells, the beam is reflected in all directions. We rely heavily on Rayleigh
scattering while performing Doppler studies.

12



Diffuse Reflection (cont.)

Rayleigh Scatter

Incident beam

Raleigh Scatter

Decibel (dB) Notation

Decibel notation is a means of comparing ultrasound signal intensities. It is not a discreet
measurement such as pounds or inches, but a means of measuring the difference between
two signal levels.

The dB formula. There are two formulas that we use to calculate relative signal levels in
decibels. One formula is used when you are comparing amplitudes; the other is used for
comparing intensities.

Relative amplitude level:

dB =20 log (A2/A))

Relative intensity level:

dB=10 IOg (12/11)

It doesn't matter which formula you use to calculate decibels. You will get the same
result whether you use amplitude or intensity to perform the calculation because intensity
is proportional to the amplitude squared. In other words:

Since (I/1)) = (A2/A1)?,
10 log (I/1;) = 10 log (A2/A1)* (by substitution)

and 10 log (A2/A1)* =20 log (A2/A)) (property of logs)

Logarithms.

A logarithm is a mathematical function that is the inverse of an exponential function. It
can be used to represent a large range of numbers on a small scale. For instance, using
common logarithms, we can represent all the numbers from one to 10 billion on a scale of
zero to ten.
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The following list should help you understand logarithms better by comparing them to
exponents.

Exponential Form Logarithmic Form

10°=1 log1=0

10' =10 log 10=1
10% =100 log 100 =2

10° = 1,000 log 1,000 =3
10* = 10,000 log 10,000 = 4
10° = 100,000 log 100,000 = 5

10° = 1,000,000 log 1,000,000 = 6

You should see from the list that the log of a number is actually the exponent that will
cause ten to equal the number.

Relating this to our dB formulas, we want to take the log of the ratio of the second
amplitude (or intensity) to the first. This ratio will be a number. We can plug this
number into a calculator and hit the <log> button to get the log of this number. Multiply
the log by 20 (or 10) to arrive at the decibel difference between the two signals.

The 3-dB rule.
An increase of 3 dB represents a doubling of intensity. A decrease of 3 dB represents a
halving of intensity.

Attenuation of Ultrasound Beams

Attenuation is the decrease in amplitude and intensity of a sound wave as it travels away
from its source. There are two causes for attenuation within the body: (1) reflection and
scattering, and (2) absorption.

As you now know, reflection and scattering cause a portion of the sound beam to be
diverted in another direction leaving less of the primary beam to continue on in the
original direction.

Absorption occurs as friction from the vibrating molecules converts the sound energy into
heat. At the power levels used in diagnostic ultrasound, the heat produced is minimal,
but at higher settings, ultrasound is used as heat therapy for certain types of injuries deep
in the body.

Attenuation coefficient is a number that represents the amount of attenuation that occurs
per centimeter of tissue measured in decibels per centimeter (dB/cm).

» [tis dependent on both the frequency of the sound beam and the type of tissue
through which it travels.
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* As frequency increases, the attenuation coefficient increases.

* In soft tissue the attenuation coefficient averages approximately 0.5 dB/cm per
MHz.

Example: a 5 MHz beam has an attenuation coefficient of approximately 2.5 dB/cm.

To calculate the total amount of attenuation, multiply the attenuation coefficient by the
distance traveled:
Total Attenuation (dB) = coefficient (dB/cm) < d (cm)

Example: Calculate the total amount of attenuation for a 3 MHz beam passing through
10 cm of liver tissue.

Atten. Coeff. = 0.5 dB/cm x 3 MHz = 1.5 dB/cm
Total Attenuation = 1.5 dB/cm X 10 cm= 15 dB

Since attenuation increases with frequency, it should be apparent that higher frequencies
do not penetrate as well as lower frequencies. Therefore, we must use lower frequencies
to image objects deep within the body even though the lower frequencies provide poorer
image resolution. However, we can use the properties of attenuation to our advantage in
imaging by selecting acoustic "windows" into the body which have lower attenuation
coefficients than adjacent structures. We use the liver as a window to the right kidney,
which can be obscured by highly attenuating bowel gas if a lower scanning field is
attempted. We use a fluid filled bladder as a window to the uterus and ovaries.
Structures that have a significantly lower attenuation coefficient than surrounding tissue
provide echo enhancement (increased through transmission) because they allow more of
the beam to penetrate to deeper structures.
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Transducer Basics

Piezoelectric Transducer Construction

Transducer Construction

 Basic components

Backing Matching
material layers

The Piezoelectric Effect

Transducer—any device that converts energy from one form to another. Examples:
plants, electric and gas powered motors, solar panels, etc.

Piezoelectric—(literally: pressure-electric) Refers to a material that emits an electric
signal when exposed to pressure (such as sound vibrations). The reverse is also true;

when a piezoelectric material is subjected to alternating electric current, it vibrates.

* Original piezoelectric elements were made of quartz. Quartz is still used in
therapy units.

Transducer elements

Modern elements use ceramic crystals—the most common being lead zirconate titanate
(PZT)

* More easily shaped and molded in production to optimize beam characteristics.

*  Must be polarized so that it will exhibit piezoelectric properties. This is done by
heating to 365° C (the Curie temperature) and running an electric current through
the crystal as it cools to semi-align the magnetic poles of the crystals.

* Excessive heating can depolarize transducers!

16



Composite ceramic elements
* Grooves are ground into the face of the element and filled with epoxy
* Advantages: (1) lower acoustic impedance, (2) wider frequency bandwidth, and
(3) more sensitive.

Transducer construction

Basic components (single element, unfocused probe).

Piezoelectric element—thickness determines resonance frequency. Thicker elements
resonate at a lower frequency

* Resonance frequency is the frequency at which the element naturally rings if
excited by an electrical pulse.

* Transducers are most efficient at converting energy if operated at their resonance
frequency.

* Continuous wave transducers emit sound frequency equal to the electrical
frequency of the excitation voltage applied to the ultrasound element.

* NOTE: Pulsed wave transducers emit sound frequencies according to their
resonance frequency.

Backing material—stops the element from ringing after the excitation pulse by damping
the element.

* Allows for shorter pulses of sound which, in turn, increases axial resolution.

* Must have acoustic impedance similar to piezoelectric element to reduce
reflection of sound back into the element.

*  Must also absorb sound well. Epoxy resin mixed with tungsten powder is often
used as a backing material.

Impedance matching layers—reduce reflections at transducer-tissue interface.

¢ Provide efficient transmission of sound waves from the transducer element to soft
tissue and vice versa.
* Matching layer has impedance value between that of the element and soft tissue.

I = A Za X Z;

* Matching layer is exactly 4 wavelength thick (remember that wavelength is
dependent on frequency).

» Since pulsed transducers emit a spectrum of frequencies, multiple matching layers
are needed.

Transducer Characteristics

Frequency characteristics

17



Dampened transducers produce a pulse containing a range of frequencies rather than a
single frequency. The range is centered at the resonance frequency of the transducer
element and is called the frequency bandwidth. Example: Typical spectral analysis of a
SMHz pulsed transducer. The shorter the pulse duration, the wider the frequency
bandwidth.

Spatial resolution

Definition: How closely positioned two reflectors can be to one another and still be
identified as separate reflectors on an image.

Axial Resolution—the minimum reflector spacing along the axis of the ultrasound beam
that results in separate, distinguishable echoes. Also called longitudinal (or up and down)
resolution.

Determined by spatial pulse length (wavelength x# of cycles in pulse). Maximum axial
resolution is SPL/2.
* Axial resolution is improved by:
1) reducing wavelength (increasing frequency), or
(2) reducing # of cycles in a pulse
Both are properties of the transducer and cannot be changed by the sonographer.
* Example: Two images of the QA phantom using 3.5 MHz and 7 MHz probes,
respectively.

Lateral resolution—the ability to distinguish two closely spaced reflectors that are
positioned perpendicular to the axis of the ultrasound beam.

* Also called side-by-side resolution.

* Determined by beam width.

* Specifically, lateral resolution is equal to the beam width.

Axial Resolution
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Lateral Reslution
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Narrow Beam Wide Beam

Beam characteristics (for single element, unfocused transducers.)

Beam directivity

Typical sound sources send out sound waves in all directions. Analogous to a light bulb
or a man speaking. Transducers send out sound primarily in only one direction
analogous to a searchlight or a man with a megaphone. This concentrated beam of sound
is swept back and forth over the region of interest to produce an image.

.

Beam Characteristics (single element xdcr

* Beam directivity

Transducer
source
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Huygen wavelets

An ultrasound beam is actually composed of many small sources of sound from the face
of the transducer.

Each of these sources gives off a small wave called a Huygen wavelet.

The strength of the beam at any given point is a result of the interactions of these
wavelets with one another.

Interference among the waves helps shape the total beam.

Under Huygen analysis, a wavefront
consists of an infinite number
of wavelets.

Near field versus far field

In single element, unfocused transducers the beam characteristics change dramatically
with distance. This leads us to divide the beam into two fields: near and far.
The near field (also called Fresnel zone) is characterized by a tightly collimated beam

that fluctuates widely in intensity and amplitude.

Transducer -
Element /

//
v @38 BN
[ SN

Focusing
Lens

.

MEAR FIELD FOCAL ZONE FAR FIELD

Increase depth -

The near field length (NFL) depends on the diameter of the transducer element (d) and on
the wavelength (A) of the sound. Specifically, NFL = d* + 4\

As transducer diameter increases, NFL increases. As wavelength decreases, NFL
increases. The best spatial resolution occurs at the NFL.

The region beyond the near field is called the far field (or Fraunhoffer zone). The far
field is characterized by a uniform, but diverging beam.
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Side lobes

* Offshoots of energy that are not part of the main beam.

*  Occur in the focal zone and far field.

* Degrade lateral resolution

* Minimized by pulsing the beam and also by a process called apodization
(discussed later).

Transducer Types
Focused transducers

Unlike x-rays, sound waves can be focused either electronically or by using an acoustic
lens. Focusing provides better lateral resolution.

Transducer Types

* Focused transducer (single element)

Backing
material Lens

Single element transducers are focused by molding the piezoelectric element or by adding
a curved acoustic lens in contact with the element. Focusing has the effect of narrowing
the beam width for a certain distance beyond the transducer face. The narrowest part of
the focused beam is called the focus. The focal distance is the distance from the
transducer face to where the beam reaches its smallest diameter. The focal zone is the
region surrounding the focus where the beam width is less than two times the width at the
focus. The focal zone provides the best lateral resolution. Single element transducers
have fixed focal zones that cannot be adjusted by the sonographer. Single element
transducers are not used for imaging purposes.

21



Focused Transducers

Focal zone

<+Focal distance—>§

Focal zone = best lateral resolution

Transducer arrays

Modern imaging transducers do not use single elements, but rather arrays of elements.
An array is a series of small elements placed close together. This allows the machine to
excite groups of elements to control and shape the beam.

Linear/Curvilinear

* Rectangular shaped elements arranged side by side

* The entire array will consist of 120 to 250 or more elements.

* The elements are usually fired in groups of 20 or more in sequence across the
entire array.

* The linear array produces a rectangular field of view with uniform lateral
resolution throughout the field.

* The curvilinear array produces a trapezoidal (wedge-shaped) field of view. This
has the effect of giving a greater field of view, but poorer lateral resolution in the
far field because of gaps in the beam lines.

Linear/Curvilinear Arrays

_ TranSdllcer _

face

Linear array Curvilinear array
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Linear/Curvilinear Arrays

Rectangular FOV Trapezoidal FOV

Phased Array
* Look like small linear arrays.
* Consist of 128 very thin elements.
* All elements are fired together to produce a pulse.

* The pulse is steered electronically using time-delay sequences that we will discuss
later.

Annular Array
* Consist of concentric circular elements arranged in a target pattern.
* All elements are fired together to create a pulse.
* Beam is focused in all directions.

® The beam is swept mechanically across the imaging field.

Array Types (cont.)

Annular Array

Mechanical beam
steering

Transducer
element

Beam Formation With An Array
Individual elements are very small and unfocused, but together, they reinforce one
another. Destructive interference can be created firing the outer elements in a group
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slightly before the middle elements. This cancels out the portions of the beam that tend
to diverge leaving a well-focused beam.

Transmit Focus
The electronic focusing of arrays allows the sonographer to adjust the transmit focal
distance to maximize detail in the area of prime interest. Array transducers also permit
simultaneous multiple transmit focal zones.
* QGreatly increases the focal region of the transducer
* Accomplished by firing multiple sound pulses, each focused at a different depth
along the beam and reconstructing a single image using information from all the
separate pulses.
* The disadvantage to multiple transmit focal zones is a slower frame rate.

Example: single versus multiple focal zones.

Transmit
focus

Single focal zone

Multiple focal zones

Apodization

The process by which the inner elements in an array are given greater excitation and echo
sensitivity than the outer elements to reduce the effects of side lobes. This process
enhances lateral resolution by narrowing the beam width.

Channel Size

A channel in an ultrasound unit refers to the individual transducer element and the pulse-
receiver circuit to which it is connected. The number of channels available controls how
many elements can be simultaneously activated. Common channel sizes are 48, 64, and
128. Larger channel sizes are generally better because they provide for a more focused
beam, especially in the far field. Hence, better lateral resolution.
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Slice Thickness

Slice thickness represents the third dimension in resolution. We have already discussed
the first two: axial and lateral. Slice thickness refers to the thickness of the section of
tissue that is represented in the two-dimensional image. The size of the beam
perpendicular to the image plane. Just like in CT, a large slice thickness means poorer
resolution because objects smaller than the slice thickness can be lost due to volume
averaging.

Slice Thickness (cont.)

Linear Transducer
Front View Side View

Slice

Beam width 5
thickness

Controlling Slice Thickness

In annular transducers, the slice thickness is the same as the lateral resolution because the
beam is focused in all directions. For linear, curved, and phased arrays the slice thickness
is controlled by an acoustic lens. Therefore the thickness is fixed and cannot be adjusted.
Slice thickness is the worst measure of resolution for array transducers (with the
exception of annular arrays).

Two-dimensional arrays

A new approach to the slice thickness problem is the two-dimensional array. It is a linear
array with multiple rows of elements. It allows for electronic focusing of slice thickness
as well as beam width.

Slice Thickness (cont.)

* Two-dimensional arrays
— Linear array with multiple rows of elements

Linear Array Two-dimensional Array
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Transducer Damage

Transducers cost many thousands of dollars. They should be treated with the utmost
care. Damage to transducers can come from several sources:

* Excessive heating can cause depolarization of the transducer element at the Curie
temperature and other damage at lower temperatures. Transducers should never
be autoclaved or heat sterilized!

* Dropping a transducer can crack the piezoelectric element and/or the case. That
would be very bad.

* Damage to the transducer surface can be caused by using the wrong cleaning
agents. Consult the operator's manual for proper cleaning instructions.

* Damage to cables can result from excessive twisting or from running them over
with the wheels of the ultrasound unit. Be careful!

Pulse-Echo Ultrasound Instrumentation

The Range Equation

Q: How do we determine the distance from the transducer to a reflector?
A: By measuring the length of time it takes for a pulse to return.

T=2D/c or D=cT/2
Where:
T = echo return time
D = distance from reflector to transducer
¢ = speed of sound
The "2" is present because the sound must travel there and back.

Example: What is the distance from the reflector to the transducer if the echo return time
is 195 microseconds?
Solution:

D = 1.54 mm/psec x 195 psec + 2
=3003+2
=150.15 mmor 15 cm

Ultrasound machines use 1540 m/sec as the average speed of sound in soft tissue for
computing all distances.

Instrumentation

A typical ultrasound machine consists of the following components: transducer, beam
former, transmitter, receiver, memory, monitor, hard copy device, and digital storage
device. In the previous unit, we discussed transducers. Now we will talk about the next
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three components in this list: the beam former, transmitter, and receiver. Unit 8 covers
the remaining components.

Instrumentation

M onitor
Beam former Receiver
Digital

Storage
Transmitter

Beam Former

Purpose: To shape the beam. The beam former controls electronic focusing, dynamic
receive focus, and electronic sweeping (phased arrays only).

How? By providing pulse-delay sequences to the individual elements of the array as
discussed in unit 6.

Types: Analog and digital
* Analog devices are devices that use physical quantities (such as electrical signals)
to represent data. Analog beam formers process the actual electric pulses
received from the transducer elements. (The currents are digitized at a later stage
of image processing.)
* Digital beam formers convert echo signals into digital (numerical) information
and process the information with a computer.

The stability, programmability, and broadband nature of digital beam formers are rapidly
making them the predominant of the two beam former types.

Pulse Transmitter

Purpose: To provide electrical signals for exciting the transducer element. Sets the pulse-
repetition frequency (PRF) based on operating mode and imaging depth

Controls output power (amplitude and intensity) as selected by sonographer. Output
power is measured in dB.

Controls the overall strength of the pulse, and therefore, the returning echoes. Increased
power allows visualization of weaker echoes.
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* Power output affects acoustical exposure to patient. This is an important factor in
early obstetrical exams. ALARA principle—keep patient exposure "As Low As
Reasonably Achievable" within the confines of the examination. Minimize power
settings and exam time.

Receiver
Accepts signal information from the beam former and processes it for display.

Gain—amplification of echo signals for display.
* Usually expressed in decibels.
* May be expressed as a ratio.
Example: Ifreceived echo signals are amplified 100 times (a ratio of 1
to 100), this is equivalent to how many decibels of gain
amplification?:

dB =20 log (A2/Al)
=20 log (100/1)
=20x2

=40dB

Types Of Gain
Overall gain control
= Increases amplification at all depths.
= Has no effect on patient exposure.

Swept gain (TGC—-time gain compensation)

* Makes adjustments for attenuation as depth increases.
Echoes received from a greater depth may be amplified
more.

» Slide bar control. Most common and convenient TGC
control. Uses indicators o