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Basic principles and instrumentation of 
medical ultrasound

崔博翔

長庚大學醫學影像暨放射科學系
長庚大學/長庚醫院放射醫學研究院

Physics
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 Acoustic waves with frequencies higher than 20 kHz

 Need a medium to propagate

 Longitudinal wave

 Non‐ionizing radiation

Ultrasound
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Reflection and refraction 

1. Acoustic impedance mismatch (Z = density x sound speed)
2. When the reflecting object is larger than the wavelength, the reflection 
occurs.
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Scattering 

When the reflecting object is comparable in size or smaller than the 
wavelength, the incident wave will be scattered.

Scattering or backscattering intensities are less than specular reflection 
intensities
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Attenuation

Attenuation is due to absorption (90%), reflection, and 
scattering
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1. For soft tissues, attenuation coefficient is about 0.5 dB/MHz-cm
2. Attenuation increases with increasing frequency
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Propagation speed

Sound speed for soft tissues: 1540 m/s

How to generate ultrasound?
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Transducer

Transducer: convert one form
of energy to another

1212NOR-EM-060

Piezoelectric effect



2016/10/28

3

1313NOR-EM-060

Transducer construction
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Ct: velocity of element
th: thickness of element
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Transducer driving
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Transducer Incident wave

Spectrum of incident wave
Excitation 

signal
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Transducer bandwidth

Bandwidth: ‐3 dB, ‐6 dB, ‐20 dB…

Fractional bandwidth: the 
bandwidth divided by the 
operating frequency
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Beam profile (nonfocused)
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Beam profile (focused)
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Focal length
1c/2c1

fl





Beam width
p

b a
fl2)numberf(2w  

C1: velocity in lens
C2: velocity in medium

fl: focal length

How to form an ultrasound image?
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Pulse-echo system

Pulse
Generator

Pre-
amplifier

TGC
Amplifier

Signal
Processing

Monitor

Transducer

Coupling gel

Skin

Tissues

Vertical axis (y)Horizontal axis (x)
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Ultrasound radio‐frequency signal (raw data)

An ultrasonic signal

Ultrasound
transducer

Pulser/
receiver
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Ultrasound
transducer

Pulser/
receiver

depth

amplitude

A (amplitude)-mode imaging
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M (motion)-mode imaging

time

Relative
position

t0

t1

t2

t3

t4

t5

t6
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B (brightness)-mode scan
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Image resolution

Axial resolution

)speedsound()durationpulse(
2
1resolutionAxial 

Bandwidth

Pulselength

Frequency

Better axial resolution
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Image resolution

Lateral resolution

p
b a

fl2)numberf(2w,widthbeambyedminerdet  

Transducer focusing

Beamwidth
Better lateral resolution

Array transducer
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Array transducer

Cable Assembly

Array Module

System End Termination
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Linear sequenced array
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Convex (curved) array
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Phased array
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Electronic focus
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Multiple focusing

Modern imaging system
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Block diagram of B-scan system
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Pulser

Pulser is used to produce a signal with high energy 
and short duration to drive the ultrasound transducer

Usage for broadband

Usage for narrowband

Transducer

Transducer

Shorter pulselength
Better axial resolution 

Larger pulselength
Worse axial resolution 

2 – 3 cycles

more cycles
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Pulse delays

Delay generator

Pulse

Pulse delay is used 
for electronic focus
and scan
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Amplifiers

Amplifiers are used because echoes are typically weak.
---Pre-amplifier
---Amplifier
---TGC (Time gain compensation) amplifier

Pre-
amplifier

Amplifier

TGC-
amplifierAmplifier

system

Input 

Output 4242NOR-EM-060

Gain is low Gain is high

Before TGC After TGC

Amplifiers- Gain and TGC effects 
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Echo delays and sum

Scatterer

Echo delay and sum means
beamforming
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Beamformed channel data
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Signal process

Filtering
-- remove noises or preserve signals in the frequency range 

of interest

Envelope detection
-- convert RF data into video data for display

Compression
-- the process of decreasing the difference between the smallest

and largest echo amplitude

Dynamic range adjustment
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Filtering

Signal process- Filtering
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Envelope 

RF data

Signal process- Envelope detection (demodulation)
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Signal process- Compression
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Before compression After compression

Signal process- Compression
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Dynamic range: 60 dB Dynamic range: 40 dB Dynamic range: 20 dB

Signal process- dynamic range adjustment
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Image process

Scan conversion
-- translate the echo data into the output data that needs to be 

displayed on a monitor

Preprocessing
-- persistence
-- panoramic imaging
-- compounding
-- harmonic imaging
-- 3D imaging

Postprocessing
-- gray scale adjustment
-- color mapping

Doppler ultrasound
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Doppler equation

Transducer

Blood vessel

v

Skin surface

θ

f
c

vfd
cos2



Doppler shift frequency
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Color Doppler image
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Color Doppler Power Doppler

Power Doppler ultrasound
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Pulse wave Doppler

Range gating Angle correction
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Doppler shift signal

Doppler shift spectrum

Doppler shift spectral display

Spectrum analysis
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Spectral broadening is caused by flow properties

Artifacts
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Acoustic speckle
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Reverberation (multiple reflection)
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Comet tail

A particular form of reverberation
•Closely spaced
•Discrete echoes

A particular form of reverberation
•Closely spaced
•Discrete echoes
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Mirror-image artifact
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Shadowing effect
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Enhancement
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Interference (electronic noise)
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Increasing PRF (脈
衝重複頻率) to 
reduce artifacts

Increasing PRF (脈
衝重複頻率) to 
reduce artifacts

Doppler aliasing
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Increasing PRF Increasing PRF 

Doppler aliasing

Safety considerations

7272NOR-EM-060

Power measurement

Power meter
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Intensity measurement

Hydrophone
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Intensity description
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•Spatial average‐temporal average (ISATA)
•Spatial peak‐temporal average (ISPTA)
•Spatial average‐pulse average (ISAPA)
•Spatial peak‐pulse average (ISPPA)
•Spatial average‐temporal peak (ISATP)
•Spatial peak‐temporal peak (ISPTP)

Six intensity definitions
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Ultrasound thermal effects

•Attenuation due to absorption, producing heat

•Temperature increase depends on intensity, 
frequency, exposure time, tissue perfusion….

•Temperature rises are considered significant if 
they exceed 2o
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Mechanical effects (nonthermal)

•Radiation force
‐‐ The force from a sound beam on a absorber

•Streaming
•Cavitation

‐‐ Production and behaviors of bubbles in a liquid 
medium
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ALARA principle


