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Chapter 8

A transducer is any device that converts one form of energy into another. For
example, a stereo speaker converts electrical energy into sound energy, a
microphone converts sound to electricity, a light bulb filament converts electrical
energy into light and heat energy. In medical ultrasound, a transducer is that
component of an imaging system that converts electric energy into high-frequency
sound waves and, after the echoes return from the body, converts sound energies
back into electrical pulses. Frequently, in diagnostic ultrasound, the transducer has
been referred to as the heart (or ear) of the imaging system. Without a source of
high frequency sound waves, there would be no sonography.

The piezoelectric effect is a phenomenon of physics characterized by the
conversion of pressure energy into electrical energy. Literally, it means PRESSURE -
ELECTRIC. It is the formation of an electrical charge when pressure, or weight, is
applied to the face of certain types of crystals or specially designed composite
materials. It is the underlying physical principle of sonographic imaging systems.
Echoes returning from the body, which are bits of sound or mechanical pressure
waves, compress the transducer element and create an electrical charge. Once
converted into electricity, these energies are captured by the electronic components
of the scanner, sent off to sophisticated electronic and computerized imaging
components, and converted into diagnostic information.

The REVERSE PIEZOELECTRIC EFFECT, or CONVERSE EFFECT, is the
production of mechanical (ultrasound) energy when an electrical impulse is applied to
certain crystals or composite materials. The crystal undergoes mechanical
deformation, which results in the production of expansions and rarefactions of
particles in the transducer. These areas of expansion and rarefaction are transmitted
longitudinally out from the face of the transducer crystal and travel in a straight line
through adjacent media as the waveforms discussed previously. In diagnostic
ultrasound imaging systems, a short burst of electricity is applied to each crystal in
the probe to produce the sound beam.

TYPES OF CRYSTALS
A variety of substances that possess piezoelectric properties are used in medical
imaging systems. The piezoelectric effect was first observed in quartz, rochelle salts
and tourmaline by Pierre and Jacques Curie in 1880. When they applied a weight to
a quartz crystal, a charge was generated. This occurred because quartz, like a few
other naturally occurring substances, is anisotropic as opposed to isotropic.

Piezoelectric Effect

Transducers
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ISOTROPIC refers to the characteristic of a substance possessing molecular
symmetry, or equal physical properties, along all axes.

ANISOTROPIC crystals do not have centers of symmetry, so their properties, and
response to external forces, are different in different directions. When a voltage is
applied to an anisotropic piezoelectric crystal, the element will contract or expand
depending on the polarity of the voltage. When such a crystal is compressed by a
pressure wave such as a returning echo, a voltage will be produced across the piezo-
electric element.

Early ultrasound transducers were made from naturally occurring substances such
as quartz or tourmaline. Tourmaline is a mineral, essentially a complex silicate
containing boron, aluminum, etc., that is usually black but may be of varied colors.
Some transparent varieties are used as gems. Today, ultrasound manufacturers use
synthetic crystals, which are "grown” under tightly controlled laboratory conditions.  
Most commonly, lead zirconate titanate is used and is referred to as PZT.
Generally, synthetic crystals are referred to as ceramic crystals. Production involves
heating the ceramic substance to its Curie point (328-365oC) and placing it in a
strong electrical field. The temperature is slowly cooled while under the influence of
the electricity. This aligns the molecules in the direction of the electric field. Once the
material is cooled it has piezoelectric properties. If the crystal is ever reheated above
the Curie temperature it will loose its piezoelectric property. This partial alignment is
called polarization. For this reason, transducers cannot be heat sterilized.
Synthetic crystals generally are more sensitive than natural crystals and can be
modified to meet manufacturers specifications. They are also more responsive to
small amounts of electrical current.

Transducer Construction

A wide variety of transducer designs exist. In contemporary ultrasound systems,
they are highly sophisticated, complex electronic instruments, which provide real
time, or dynamic, images. They are frequently application-specific, such as
endovaginal, intraluminal, small-parts, deep abdominal, etc. These devices typically
contain many individual transducer elements (up to 1,000 today with prototype
probes incorporating more than 4,000 elements!), and in such a configuration are
referred to as imaging probes. To understand these advanced designs, it is
necessary to first understand simple single-element transducers that are rarely used
any more in clinical practice. These devices were used in antiquated compound,
static scanners and are much simpler than contemporary real-time devices.

A simple static scanner transducer consists of a thin layer of piezoelectric mat-
erial sandwiched between epoxy, a glue-like backing material, and a number of
layers of facing. The crystal is connected to an electrode that will carry the pulsing
electricity as well as the returning piezoelectric impulses.
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A transducer is constructed so that, after electrical excitation, it will vibrate for two
or three wavelengths before being stopped. By limiting the excitation time of the
transducer, the spatial pulse length will be reduced, resulting in increased resolution
capabilities of the system. The crystal is usually pulsed for less than 100
nanoseconds (1 nanosecond = 10-9 seconds). Like a bell, however, if not
mechanically stopped, or dampened, the crystal will continue to “ring”.  In addition to 
producing unacceptably long pulses, continued ringing prohibits the transducer from
listening. The vibrating, thin crystal must be damped so that it can listen for the
returning echoes.  This “listening” phase typically accounts for about 99.4% of the 
transducer's utilization time (duty factor).

The damping block, which usually is made of an epoxy-like material, is glued to
the inner surface of the crystal.  It serves to absorb the “reverse” ultrasound waves 
that are transmitted to the back of the crystal. The material must have the same
acoustic impedance as the crystal to prevent an echo from a crystal/damping
interface from returning energy back to the crystal and creating reverberation noise.
The damping block is also known as the MECHANICAL PULSE DAMPER as it
serves to limit the spatial pulse length by mechanically stopping the ringing of the
crystal. This helps optimize axial resolution. Pulse damping also reduces the
ultrasound amplitude and thus reduces the sensitivity of the transducer. Excessive
pulse damping results in a very wide frequency bandwidth (discussed later).

INSULATION RING
Also known as a sidewall acoustic insulator, this part of a transducer is made of

the same material as the damping block. It serves primarily to absorb energy
generated from the sides of the crystal.

Typical construction of a single
element ultrasound transducer
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TUNING COIL
The crystal is a capacitative device forming part of the pulser and receiver circuits.

(Capacitors are electronic devices that can store electrical charges.) The tuning coil
serves to offset the capacitative effect of the crystal by removing residual electrical
charges. Just as defogging the bathroom mirror improves the "efficiency" of the
mirror in reflecting your morning face, the tuning coil, by "dusting off" excess
electrical charges, improves the transmitting and receiving functions of the
transducer.

ELECTRIC SHIELD
The electric shield is an isolation barrier that serves to eliminate unwanted, stray

signals known as "noise". It does this by detecting, isolating and sending them to
ground. NOISE is any unwanted vibration that interferes with the efficient production
of a sonographic image. All electrical outlets, for example, that are not "isolated"
carry spurious vibrations and radio-frequency (RF) signals from respirators,
elevators, typewriters, or even coffee grinders that are also connected to the same
circuit. Shields built into the imaging system can eliminate most of this unwanted,
low-level, electronic noise from being detected by the very sensitive receiver. Any
vibratory or RF noise that is detected by the receiver will be displayed on the image
and will degrade overall image quality. Frequently, in a clinical environment, external
noise is most appreciable when operating the imaging system outside of the
ultrasound department, such as in the Intensive or Critical Care Units, where multiple
electronic and mechanical devices are operating in close proximity.

ELECTRIC CONNECTORS
These connectors serve to electrically link the transducer to the ultrasound

instrument. It is through these connectors that the electrical impulse that rings the
crystal is delivered and the returning echoes are received. Generally they are a pair
of very thin wires attached to each crystal. In contemporary, highly sophisticated
ultrasound imaging probes, there may be more than 1,000 crystals, each attached to
a separate pair of electrical connectors.  These “wires” are housed in the transducer 
cable that attaches to the probe port on the imaging system.

MATCHING LAYERS
The primary objective in designing transducers for diagnostic ultrasound imaging

systems includes achieving the highest sensitivity, penetration, optimal focal
characteristics, and best possible resolution all at low acoustic power levels. This
objective is made more difficult by the physical reality that the difference in acoustic
impedance between the transducer crystal (PZT, for example) and the surface of the
patient’s skin is significant.  The magnitude of this difference in acoustic impedance
effectively prohibits adequate transmission of ultrasound energy into the patient’s 
body so an engineering solution has been devised to overcome this obstacle to
imaging.
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By placing a layer of material that possesses an intermediate acoustic impedance
between the crystal surface and skin, a type of mechanical transformer has been
created which steps down the impedance change more gradually. By placing
multiple layers of “transforming” material in the probe face, engineers have created a
“shoehorn” that helps sound waves slip into the body more easily, saving the majority 
of the energies for imaging deeper inside. These layers of transforming material are
called MULTIPLE MATCHING LAYERS.

The optimum thickness of this layer is one-quarter of a wavelength. Since a broad
spectrum of frequencies exists in any given ultrasound beam, the natural frequency is
used to determine the appropriate wavelength. Basically, by using one-quarter
wavelength thickness, a phase reversal occurs which increases signal performance
and strengthens the wavefront entering the body. The quarter wavelength matching
layer design provides for increased sound transmission and reception.

ACOUSTIC COUPLANT
In addition to matching layers, the acoustic gel that is applied as a sonic couplant

to the patient’s skin also aids in diminishing the large acoustic mismatch between the 
transducer and the patient. While the transducer face is usually designed to have an
impedance value halfway between that of the crystal and that of skin, the gel is
chemically engineered to have impedance value half way between that of the
transducer face and the skin. Both matching layers and acoustic couplant address
the physical challenges of insonating the human body.



Chapter 8. Transducers

Physical Principles of General and Vascular Sonography Jim Baun
98

Frequency Bandwidth

A transducer will vibrate at a natural frequency determined by the physical
dimensions of the crystal. This natural (also known as resonant) frequency of a
transducer is determined by the thickness of the crystal and the propagation velocity
in the type of crystal used.

FORMULA

where: Fr = resonant frequency
V = propagation speed in the crystal
Tc = crystal thickness

UNITS OF MEASUREMENT: Hertz (Hz)

EXAMPLE: Determine the resonant frequency of a 1mm PZT-4 crystal. Propagation
speed in PZT-4 is 4mm/s.

It is uncommon for a transducer to emit a sound beam with a single
frequency; rather, there is a broad range of frequencies emitted. The
bandwidth, or passband, is the difference between the highest and the
lowest frequency emitted from the transducer. Transducer bandwidth is
inversely related to spatial pulse length (SPL). Spatial pulse length is
determined by the wavelength and number of cycles in the pulse. The number
of cycles, or waves, in the pulse is determined by the damping characteristics
of the transducer.

Highly damped transducers are characterized by short pulses and wide
bandwidths. Conversely, poorly damped transducers are characterized by
long pulses and narrow bandwidths. Therefore, frequency bandwidth is
directly proportional to damping. From an imaging perspective, it is desirable
to have a transducer with a damping factor which will provide a reasonable
SPL and a frequency bandwidth which will allow good imaging quality at
different imaging depths. In most theoretical situations, the bandwidth of a
transducer should be at least 40% in most systems

V
Fr

2 x Tc

=

Fr

2 x 1mm

4 mm/s

=

= 2s (period)

= 2 MHz (frequency)
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SPATIAL PULSE LENGTH BANDWIDTH
SPATIAL PULSE LENGTH BANDWIDTH

DAMPING BANDWIDTH
DAMPING BANDWIDTH

The Q-factor is a unitless number that represents the ability of the transducer to
emit a "clean" or "quality" ultrasound frequency. Generally, the higher the Q factor
the better the transducer; however, as in many areas of sonographic imaging
technology, there are tradeoffs, as we'll see shortly. The Q-factor relates two
characteristics of a piezoelectric crystal operated in pulsed mode: 1) the purity of the
ultrasound generated (bandwidth); and 2) resonant frequency. The Q-factor relates
the frequency bandwidth to the resonant frequency as follows:

FORMULA:

From this formula we can deduce some relationships. For example, the Q-factor
is inversely related to the bandwidth; that is, as the bandwidth increases, the Q-factor
decreases. So transducers with a wide bandwidth will have a low Q-factor. But in
order to produce high-resolution images, shorter pulses of ultrasound are required.
However, recall that short SPL's yield broad bandwidths. So there is another trade-
off. Is it more desirable to have high-resolution images that short pulses produce, or
is it more desirable to have a “clean” beam?  In reality, usually the high resolution is 
preferable to low Q-factors that are associated with contemporary imaging probes.
These relationships can be summarized:

BANDWIDTH Q-FACTOR
BANDWIDTH Q-FACTOR

FREQUENCY Q-FACTOR
FREQUENCY Q-FACTOR

Q-factor =
resonant frequency (MHz)

frequency bandwidth (MHz)

Quality Factor (Q-Factor)
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EXAMPLE: Calculate the Q-factor of a 2.25MHz transducer with a frequency
bandwidth of 1.25 MHz

High-Q Low-Q

Long ringdown time Short ringdown time

Narrow frequency range Wide frequency range

Better transmitters Better receivers

Used in CW Doppler and therapy Used in pulse-echo imaging

Q-factor =
2.25 MHz

1.25 MHz

= 1.8

Transducer Performance

See p. 111 for Exercises 8: Transducers


