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Ultrasound imaging

Ultrasonic probe Region of Interest (ROI)

Interfaces

Time (s)

Amplitude
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Ultrasonic probes 

Olympus

Medical Philips 



Role
1-Electromechanical transduction
• This is the main function of a probe. The electrical 

wave is transformed into an acoustic wave on 
emission (and vice versa on reception).

2-Beam Forming
• a) Focusing
• This can be achieved by shaping the piezoelectric 

element, or by using a lens glued to the front face or 
using electronic delays. 

• b) Beam Scanning
• To obtain an image, the beam direction must be 

changed. This is done either mechanically (usually 
by means of a pendulum system) or electronically 
(by switching specific transducers on and off, or by 
using electronic delays).
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Characteristics of a piezoelectric 
material

• k : Coupling Coefficient
• Defined for each vibration mode. An ideal piezoelectric

material has a k equal to 1. typical vvalue 0.5. Its value 
determines transducer sensitivity and bandwidth.

• Z (MRayl) : acoustical impedance (Z = ρ . c)
• Typ. value 33 MRayl, Acoustic adaptation is often

necessary to transfer ultrasound energy from one to the 
other.

� εr: Relative dielectric constant
• Electrical matching to the device (often 50 ohms).
• Influence the transducer's sensitivity and bandwidth. Its

optimum value depends on transducer geometry and size 
(Ze α 1/ε).



8

A composite is made up of ceramic (high kt) and inert resin (light material and therefore
low acoustic impedance). The advantage of the composite is the reduction in acoustic
impedance (thanks to the lighter resin).

x-y connectivity :

x : number of related directions 

of the resin

y : number of related directions 

of the ceramic

This connectivity can take 4 values:

0 : one grain

1 : a bar

2 : a plate

3 : a solid material

Piezo composite ceramics
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Dice and fill

1-3
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Natural frequency of a piezoelectric plate

First mode : 𝐿𝐿 = 𝜆𝜆
2

The center frequency 𝑓𝑓0 = 𝑐𝑐
𝜆𝜆

= 𝑐𝑐
2𝐿𝐿

Ceramic : 𝑐𝑐 =4000 m/s 𝑒𝑒 = 1 𝑚𝑚𝑚𝑚

𝑓𝑓0 =
4000
0.002 = 2 𝑀𝑀𝑀𝑀𝑀𝑀

Single-element transducer

L

Piezoelectric
element Electrical

environment

Matching layersElectrodesBacking

Propagation
medium
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Calculation of the transmission of the wave from the ceramic in the water 
on its front face and in the air on its rear face:

In air

Reflexion coefficient: R = (Z1-Z2) / (Z1+Z2)

In air 

Z2 = Zair ≈ 0

Everything is reflected

In water

Z2 = Zeau = 1,5 MRa

R= 0,905 (less than  10%)

Transmission-reflection: importance of acoustic impedance



13

ZAir

4.10-4MRa

ZE

1,5MRa

Zc

30MRa

transmission from
ceramic to water 

t

P

Transmission of the ultrasonic wave from the 
ceramic in the water on its front face and in the air on 
its rear face:

Reflexion coefficient: R = (Z1-Z2) / (Z1+Z2)

In air Z2 = Zair ≈ 0

Everything is reflected

In water Z2 = ZE = 1,5 MRa

R= 0,905 (less than  10%)

Transmission-reflection: importance of 
acoustic impedance

For imaging, a good transducer has a pulse duration of 1 to 3 periods.

two solutions:
- Improve the transmission of ceramics to water
- Absorb the energy emitted in the direction of the rear face

Long pulse 
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Destructive interference in x =0 . i.e a round trip in the layer 
must therefore correspond to half a wavelength.

Therefore 2.eL = λ / 2 thus eL = λ / 4

We are talking about a quarter wavelength matching layer.

Zc ZL Ze

eL

Ceramic layer               water

+

_
∆ϕ

x = 0

Its role is to improve the transmission from the ceramic to the 
water, releasing more than 10% of the energy each time.

Quarter wavelength matching layer
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Zc ZL Ze

eL

Ceramic                layer               water

+

_
∆ϕ

x = 0

The acoustic impedance in x==0 depends on the impedance of the 
matching layer and propagation medium according to

Zx=0 = ZL (Ze cos ke + j ZL sin ke) / (ZL cos ke + j Ze sin ke)

and k : wave number  (k = 2π/λ)

e (mm) : thick of the ceramic 

Here because e =λ/4 then k.e = π / 2, hence

Zx=0 = ZL
2 / Ze

The optimal value when Zx=0 is Zc the impedance of the ceramic

Zx=0 = Zc = ZL
2 / Ze

ZL = √(Zc.Ze)    (for a given frequency)

It is an approximate value that works well for a given frequency

Value for Wide Band Operation

ZL = 3√(Zc.Ze
2)
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Zc

30MRa

Zbacking

Echo is absorbed in the  
backing

t

P
Echo Shape 
perfect backing

It absorbs and disperses the energy from the rear face of the ceramic (so that there is no 
return on the ceramic). To do this, it is necessary to put a material with an important 
acoustic impedance. The extreme case would be to put a backing of the same acoustic 
impedance as that of the ceramic (30 MRa)

Role of backing

Notes:

- high attenuation and rear face

- non-smooth backing to avoid reflection echo.

- In practice, the impedance used is an intermediate impedance between those of 
the air and that of the ceramic (typically from 1 to 10 MRa).
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Operation of a single-element 
transducer 

Piezo. Disc or Plate
(sound velocity c)

d

Air Prop. 
Media
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v Energy is radiated into water only
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Damping front and rear face

Water
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Use of a matching layer
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Conclusion

The QUARTER WAVE LENGTH MATCHING LAYER allows 
INCREASING SENSITIVITY and INCREASING BANDWIDTH.

BACKING INCREASES THE BANDWIDTH but REDUCES THE 
SENSITIVITY 

(The higher the acoustic impedance of the backing is (the heavier the backing) 
the less the sensitivity)

The best signal duration that can be obtained corresponds to the signal which 
has only one period but then a very poor sensitivity.
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Pulse/Burst Generator /Amplifier

Water

Oscilloscope
Transducer 

Large metal target

Trig.

PC

t

Burst                              Echo

Volt
s

Aburst Aecho

Sensitivity S = 20 log Aecho / Aburst
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Axial Resolution

It characterises the ability to discriminate two targets on the 
propagation axis.
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d

The time to separate 2 echos is 

or
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The 2 echoes are mixed: the apparatus only see one echo sctruture
instead of two :

d= c.∆T/2 the axial resolution is = c x echo duration/2

The echo duration is detemined from de half duration of the envelope. 
It is inversely proportional to the bandwidth (gaussian shape)

The axial resolution is 
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Oscilloscope trace

t

Emitter echo

A

A/2
A

∆t

echo envelope → Axial 
resolution

t

Axial resolution Mesurement method

Pulse/Burst Generator /Amplifier

Water

Oscilloscope
Transducer 

Large metal target

Trig.

PC
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t

F (MHz)

A

A/2

∆f

Fc

Band width

The bandwith is obtained by taking the fourier transform of the echo.

∆f (-6dB) : bandwidth (@ –20 dB, à – 30dB…)

relative bandwidth : bandwidth divided by the center frequency % . 

More ∆t is short, more ∆f is large. 

High resolution = large bandwidth
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Lateral resolution

characterizes the possibility of differentiating two points on 
a straight line perpendicular to the propagation axis.La
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dl

Good resolution = Narrow acoustic beam
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Pulse Generator /Amplifier

Water

Oscilloscope
Transducer 

Point target
(or hydrophone)

Trig.

PC

3 axis computer-controlled
precision displacement system

A

Amax/2

Focus

l

Amax

x or y

A

AMax

AL

Rlat (-6dB)
Amax/2

Measurement set-up
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X
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5-Typical values

Sensitivity (in relation to the ideal transducer): -4 to -12 dB

Axial resolution: -6dB: 1 to 3 wavelengths

For example at 3.5 MHz, 2λ = 0.43mm = Raxial -6dB

(λ = c / f)

Lateral resolution: -6dB: 2 to 5 wavelengths at focal point

Degradation of lateral resolution when moving away from the focal point.

Lateral resolution is more often used than axial resolution.
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vermon.com
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θ

diagramme de rayonnement

×
1/pas

pas largeur élémentaire

TF :

largeur de l’ouverture

×
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1D array probe Technology
(2-2 piezocomposite)

Backing

Découpes totales inter-éléments

Découpes partielles
intra-éléments

Lentille (focalisation
plan yz)z

x
Lames adaptatrices
λ/4 ou gradient Za

Electrode de masse

Electrodes des
éléments
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• Width « l » of one element = 1,5 λwater (low deflexion) = 0,75 mm
– Thickness of the ceramic= 0,5 λcer = 0,75 mm
– width= thickness : many vibration modes (non-piston)
– Criteria to be respected (according ceramic) : l < 0,4e  (l < 0,3 mm)
– Sub dicing of each element in  3 (de 0,25 mm) 

• Dicing between elements
– ceramic
– Rear electrode
– Begining of backing

• Typically : 192 elements, height= several 10 λwater

Exemple of design and conception of a classical
linear array 3 MHz
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« Phased-arrays » : electronic deflexion
(and focalisation) – requires

a very small elements (wide angular aperture)

vermon.com

delay lines

image

Electronic focusing
and steeringOlympus
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delay 
lines active rings

ultrasonic beam

toraytechno.ab.psiweb.com

Annular arrays: electronic focusing
(piezocomposite)



50

Mechanical scanning
Electronic scanning is generally preferred over mechanical scanning which
remains used for particular probes:

• high-resolution probes (frequency> 20 MHz arrays difficult to realize)

• catheter probes for vascular exploration (miniaturization)

x

z

Mécanisme de
balayage

Image
rectangulaire

Mécanisme
de ba layage

Pivot

Image
sectorielle

Image
disque

Axe de
rotation

Motorisation

a b c

Transducteur
non focalisé miroir

z
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Multi rows arrays

- Operation 1.25 D: the number of
rows is set / depth

- Operation 1. 5 D: Delays are
applied between internal and external rows

- Operation 1. 75 D: delays may occur
be adjusted independently for each element
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Matric arrays(2D) : double
deflexion of the beam allows 3D

Polarisation 
And 
vibration 
Along axe 3

33 Vibration mode 33

Marconi Electronic Systems- GIP Ultrasons :

Medicalphilips.com
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Technical Issues and solutions matrix arrays

• Number of elements = several 1000, typ. 64x64
• Control electronics (only cost Pb)
• Connectivity and cables (miniaturization, ergonomics)
• Small size of elements (miniaturization, high

impedance)
• Proximity of elements (coupling)

• Operating modes
• Sparse arrays or fully connected
• Transmitter and / or receiver elements
• Simultaneous management of multiple beams (speed)

• Integration of electronics in the probe, multilayer, MEMS 
technologies.
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Electroacoustic modelling
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- Equivalent electrical circuits:
Mason, KLM, ... (single mode)

- Finite element codes: ATILA,
PZ FLEX, ANSYS, ...

- Calculation of:
Input impedance
Impulse response E, R, E / R

with consideration of the environment
acoustic and electric transducer

KLM
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1D Model
Electrical equivalent scheme 

Piezoelectric
element Electrical

environment

Matching layersElectrodesBacking

Propagation
media

Transducer simulation method

Quadripole implementation

KLM Model is chosen

Electroacoustic response

Time

Amplitude



56

Time (µs)

Ar
bi

tra
ry

 u
ni

t

Frequency (MHz)

Am
pl

itu
de

 (d
B)

Pulse echo response E/R Frequency response (FFT)

KLM: solid, Measurement: points



57

Modelling of the acoustic field

• Huygens' theorem (spatial sampling of each
element in point sources d <λ / 10)

• Pulse Diffraction Methods
• Determination of:

– Latteral resolutions
– lobes / noise levels
– depth of field
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Conclusions

• The technology and therefore the design of an 
ultrasound probe is very complex because it has to 
optimize 2 essential functions: transduction and 
beam formation.

• It is therefore necessary to optimize the quality of 
the piezoelectric material, but also the 
configuration of the damping and adaptation 
materials to improve the compromise between
sensitivity and bandwidth
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• It is also necessary to optimize the geometry
of the multi-element sensors in order to ensure
good beam formation (focusing + scanning): 
1D, 1.5D, 2D




