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– Challenges of 3D imaging

– 3D Imaging with row-column probes

• New faster imaging method 
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– Image quality comparison
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What current scanners offer
• CFM:

– 1D velocity in a 2D slice

– Flow perpendicular to the 
beam cannot be estimated
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What some scanners offer
• VFI:

– 2D velocity in a 2D slice

• High level flow analysis is 
challenging

– E.g. flow rate estimation 
requires many assumptions
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Why 3D?
• Full flow data set

• No ambiguity

• Operator independent

• More capable at deriving 
any flow metric
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Challenges of 3D imaging
• Resolution in x and y:

– Increases with aperture width à #elements in x and y 
– Decreases with imaging depth

• 1D array

– 2D image quality ∝ #elements

• 2D array

– 3D image quality ∝ #elements
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2D array = too many elements
• At 5 cm imaging depth:

– separating objects >0.25 mm apart requires (approx.):

• 1D array

– 200 elements
– 1x Vantage 256TM research 

scanner
Ø 236,000 $

• 2D array

– 200x200 = 40,000 elements
– 157x Vantage 256TM research 

scanners
Ø 37 mil. $
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Design solutions
1. Sparse arrays

• Side-lobe levels
• 2x~4x fewer elements

2. Micro-
beamformation

• Low volume rate
• Complicated circuits

3. Row-column (RC) 
probes

• Large apertures 
• Image quality ∝ #elements
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3D imaging with row-column probes
• Row-column (RC) probe

• Image quality:

RC probe with 2N elements

=
Matrix probe with N2 elements

Probe elements

Rows

Columns
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RC imaging (low-res volume)
• Each emission produces a low-res volume (LRV)

Point spread 
function
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RC imaging (high-res volume)
• Combining the low-res volumes yields a high-res volume

Point spread 
function
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RC delay-and-sum (DAS) 
beamformation
• Similar to conventional 2D DAS beamformation.

2D beamformation:

𝑡!"# =
𝑧$ ± 𝑥 − 𝑥$ % + 𝑧 − 𝑧$ % + 𝑥 − 𝑥& % + 𝑧 − 𝑧& %

𝑐

RC 3D beamformation:

𝑡!"# =
𝑧$ ± 𝑦 − 𝑦$ % + 𝑧 − 𝑧$ % + 𝑥 − 𝑥& % + 𝑧 − 𝑧& %

𝑐

Point source’s center: (xv,zv)

Line source’s center: (yv,yv)

Element’s center: (xe,ze)

Speed of sound : c

Time-of-flight: tToF

12
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Time-of-flight geometry
• Distance from source to image-point calculated using (x,z)-coordinates(*)

• Distance from image-point to element calculated using (y,z)-coordinates(*)

(*) Vice-versa when columns transmit and rows 
receive
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RC transmit wavefront
• Cylindrical transmit 

wavefront:

– xz-plane: plane wave

– yz-plane: circular
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Wave propagation model
• The wavefront is modelled as cylindrical in transmit and receive.

• NB! Actual receive wavefront is spherical (seemingly no benefit to model this)
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Apodization
• Effective RC imaging requires many layers of apodization

• Post-processing apodization:
– Fixed or dynamic receive apodization
– Weighting each LRV before summation (highly recommended!)
– Weighting each LRV’s image-points before summation

• Pre-processing apodization:
– Transmit apodization
– Built-in edge apodization

16
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LRV image-point apodization
• Weighting each LRV’s image-

points before summation

• Each LRV image-point are 
weighted based on distance to 
emitted field’s center

• Creates constant FWHM in the 
transmitting plane (yz-plane) 
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Edge apodization
• Must be built into to aperture (easy to simulate, hard to manufacture)
• Needed to reduce “ghost echoes”, i.e. the signal from edge waves
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Ghost echoes 👻

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, . 62, . 5, MAY 2015950

The spatial impulse response then approximately becomes:
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spherical wave arrives at the aperture. For a long, thin line 
element, the angular element width (θ2(t) − θ1(t)) chang-
es much slower than the apodization function at the edges 
of the line element, i.e.,
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By inserting (5) into (1b), and using (6), the pressure field 
is seen to be proportional to
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Consider now the transmitting element of the row–col-
umn-addressed array shown in Fig. 3. Using the acoustic 
reciprocity, the pressure at point p can be found by as-
suming that p emits a spherical wavefront that is received 
by the transmitting line element. The wavefront reaches 
the closest point on the transmit line element (s1) at time 
t = t1. At t = t2, the wavefront first reaches the closest 
edge at s2, and at t = t3, the wavefront reaches the fur-
thest edge of the line element at s3. The apodization of a 
single line element is usually constant or only slowly vary-
ing over the entire element surface. Because the apodiza-
tion function evaluates to zero outside of the element area, 
there is a discontinuity at the element edges at s2 and s3. 
The derivative of the aperture function is therefore ap-
proximately zero everywhere except at the discontinuities 
at s1, s2, and s3, where it is the Dirac delta function, δ:

 
d
dt a x t t t t t t tx( ( )) ( ) ( ) ( )1 2 3≈ − − − − −δ δ δ . (8)

By inserting (8) into (7), it is seen that the spatial 
transmit impulse response contains three individual re-
sponses. As a result, a single transmit pulse develops three 
wavefronts that passes the point p. When a scatterer is 
located at p, there are therefore three reflected waves re-
turning to the line element. Using the same argumenta-
tion, the spatial receive impulse response contains also 
three responses, meaning each wavefront is measured 
three times. The pulse-echo spatial impulse response is the 
convolution of the transmit and receive impulse responses 
and therefore contains up to nine responses. Referring to  
Fig. 3, the three wavefronts appear to originate from s1, s2, 
and s3. The receive line element behaves as if it measures 
at the three discrete points r1, r2, and r3. This analysis 
considered two out of four edges. The two long edges will 
also give rise to a response, but for elements with a width 
in the order of a wavelength, the two extra responses will 
merge with the s1 response and are therefore negligible.

That nine echoes are measured from a single scatterer 
can be tested by a single line element pulse-echo simula-
tion. Fig. 4 shows the signals received by a 128 + 128 
element row–column-addressed array from a single scat-
ter located at the point p = (5, 4, 3) mm, when exciting 
the center line element with a two-cycle sinusoidal 5 MHz 

Fig. 3. Illustration of a pulse-echo simulation setup with one line element 
transmitting and one line element receiving. A scatterer is located at the 
point p, s1 is the closest point on the transmit element to p, and r1 is the 
closest point on the receive element to p. s2, s 3 and r2, r3 are the edges 
of the transmit and receive line elements, respectively.

Fig. 4. Nine echoes are received from a single line element emission 
reflected by a scatter located at (x, y, z) = (5, 4, 3) mm. The gray-scale 
image is the envelope of the received signals and the overlaid lines are 
predicted time-of-flights. The predicted time-of-flight is calculated using 
(9). The amplitudes of the echoes received by a single channel are plot-
ted in the right sub-figure. The strongest ghost echo has an amplitude of 
−26 dB and the weakest ghost echo approximately −74 dB. That nine 
echoes are received exactly at the times predicted verifies the assumption 
that each line element behaves as three discrete elements, as illustrated 
in Fig. 3.
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Fig. 4. Nine echoes are received from a single line element emission 
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• Line elements transmits 3x waves 
and receives at 3x positions

• Scatter-signal thus received 9x
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Edge apodization
• Reduces “ghost echoes” created by edge waves
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Motion artifacts and 
Correction

21
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No motion = great imaging
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Motion = reduced accuracy

Δy = 2.86 mm
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Motion artifacts vs grating lobes
• Improving accuracy can cause grating lobes

Δy = 1.91 mm

Λ = 11.77 mm

24
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Motion artifacts vs grating lobes
• Goal: Δy small as possible, Λ large as possible

Δy = 1.91 mm

Λ = 11.77 mm

Δy =
v'Δt

sin(Δϕ/2)

Λ =
λ

2 sin(Δϕ/2)

Axial velocity: v'
Time step: Δt

Angle step: Δ𝜙
Wave length: λ
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Frame of reference

Frame of reference

Frame of reference

26

Motion correction
• No motion in a moving frame of 

reference
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Motion correction improves accuracy
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Bias reduction from motion 
correction

Relativ bias: RB
Beam-to-flow angle: 𝛼

22%

28
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Recursive process

Estimate
motion

Reduce
motion artifacts

Relativ bias: RB
Beam-to-flow angle: 𝛼
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After break:
Real-time full volumetric 
imaging

30
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3D imaging is computationally 
demanding 
Example from Jacob R. McCall, et al. (2023) [1]

• Measurement: 3 min 20 s
• B-mode imaging: 8 hours

• Needed to be 144x faster 
for real-time imaging

[1] Jacob McCall, et al., Non-invasive transcranial 
volumetric ultrasound localization microscopy of the 
rat brain with continuous, high volume-rate 
acquisition, Theranostics, 2023.

 

Matrix probe: 32x32 elements

Image size: ~ 95x90x100

Volume rate: 3.5 Hz

GPU: 4 x NVIDIA RTX 3090 Ti 
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Is RC imaging fast?
• Yes! Few elements à fast imaging:

#Operations 
=

#Receiving elements
x 

 #Image points
x

 #Emissions
 

• However must be 10-100 x faster 
for real-time 3D imaging

32
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Redundant image calculations? 
• Constant image values in low-res volumes (LRV)
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Positions with constant amplitude  
• Determined by constant 

time of flight to aperture 
surface

34
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Hypothesis
• The 3D LRV can be reconstructed from a single 2D cross-section
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Mapping (2D view)

36
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Mapping (3D view)

37
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Mapping function
• Maps any 3D coordinate onto a 𝑥𝑧 −plane at 𝑦 = 𝑦(:

𝑥, 𝑦, 𝑧 ↦ 𝑥, 𝑦( , 𝑓 𝑦( , 𝑦, 𝑧

• Focused emissions:

𝑓 𝑦( , 𝑦, 𝑧 = 𝑧 +
(𝑦 − 𝑦()(2𝑦$ − 𝑦 − 𝑦()

2 𝑧$ − 𝑧 ± 𝑦 + 𝑦$ % + 𝑧 − 𝑧$ %

• Plane waves:

𝑓 𝑦( , 𝑦, 𝑧 = 𝑧 + tan(𝜙/2)(𝑦 − 𝑦()
Emission source pos.:
𝑥, 𝑦 = 𝑥$ , 𝑦$

Transmit angle: 𝜙

38
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Mapping function
• Maps any 3D coordinate onto a 𝑥𝑧 −plane at 𝑦 = 𝑦(:

𝑥, 𝑦, 𝑧 ↦ 𝑥, 𝑦( , 𝑓 𝑦( , 𝑦, 𝑧

• It’s recommended to set 𝑦( = 𝑦$

39
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Beamform 2D cross section Extrapolate 3D volume

Emission 1 Emission M+ … + =

Final 3D image

Proposed row column beamformer 
for fast 3D imaging
Proposed imaging algorithm  

40

Operations per emission

Conventional method

𝐍𝐍𝐖𝐍𝐇𝐍𝐇

Proposed method:

(𝐒𝐍 + 𝐍𝐖)𝐍𝐖𝐍𝐇

𝐍: #Receiving elements 

𝐍𝐇: Image points in height

𝐍𝐖: Image points in width

𝐒: Decimation factor (≤8)

40
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Axial sampling

41

Beamform 2D cross section Extrapolate 3D volume

Cross-section’s axial 
sampling rate: fz,1

Volume’s axial sampling 
rate: fz,2

• Accurate extrapolation 
requires:

𝑓+,- ≥
8
𝜆

• Decimation factor: 

𝑆 =
𝑓+,%
𝑓+,-

 
Imaging type Decimation

B-mode 4-8

Functional <1-2

41

Add Presentation Title 
in Footer via ”Insert”; 
”Header & Footer”

Center
for Fast 
U ltrasound 
Imaging

Center for Fast Ultrasound Imaging
Technical University of Denmark Real-time 3D ultrasound imaging

Reduction in operations

42

3D imaging method #Receiving elements Operations

Matrix array 128x128 𝟖𝟕𝟗𝟔. 𝟏×𝟏𝟎𝟗

Row-column (Conventional) 128 𝟔𝟖. 𝟕×𝟏𝟎𝟗

Row-column (Proposed) 128 𝟐. 𝟕×𝟏𝟎𝟗

3D image size: 128x128x1024, #Emissions: 32, Decimation: 4

2D imaging method #Receiving elements Operations

1D array 128 𝟎. 𝟓×𝟏𝟎𝟗

2D image size: 128x1024, #Emissions: 32
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Results:
Output comparison

43
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Setup

44

Vermon 128+128 RC probe Vantage 256TM scanner NVIDIA RTX 2080Ti (*)

Implementation (*)

(*) Differs from paper

44
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Cyst phantom image

36x fewer
operations

45

Image size:
200x200x650

Decimation: 4
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Cyst phantom image

46
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Rat kidney image 56x fewer
operations

Image size: 
200x200x300

Decimation: 2
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Point spread function

48

Width increase: 1.2% (-20 dB) & 0.6% (-6 dB)

48
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Velocity estimation

49

Negligible difference in estimator performance and simulated parabolic flow

Relative bias: RB
Relative standard deviation: RSD
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Results:
Imaging speed

50
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Moving particles in water

51

Volume rate:
22 Hz (13x faster)

Max pulse repetition  
frequency:
1.08 kHz 

Image size: 
100x100x250

Decimation: 8
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Carotid artery phantom

52

Volume rate:
51 Hz (11x faster)

Max pulse repetition  
frequency:
2.44 kHz 

Image size: 
100x100x200

Decimation: 2

52
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Volumetric imaging enables 
3D velocity estimation

53
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Volumetric imaging enables 
3D velocity estimation

54
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Conclusion

• New RC imaging method enables
real-time 3D imaging

• What was demonstrated:
– 11-13x faster than conventional 

method

– 51 Hz, 100x100x200 imaging 
on a 2080Ti NVIDIA RTX GPU

– Real-time volumetric imaging 
possible with pulse repetition 
frequency of 2.44 kHz
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Course exercise 
• Implement the conventional RC 

beamformer, presented by 
Rasmussen et al.

• Beamform an xz- and yz-cross-
section.

• You should obtain the output seen 
on the right

• The output was obtained by using 
fixed receive apodization by 
weighting each low-res volume 
before summation.

56
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Project
• Implement the new RC 

beamformation method presented 
by Jørgensen et. al.

• Extrapolate a yz-image plane from 
lines beamformed with conventional 
beamformer.

• Compare both beamformer’s output 

• Determine the number of 
interpolation operations used by 
both methods.
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Measurement limitations

Vermon 128+128 RC probe

• No edge apodization L

• Electrical cross-talk L
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Thank you for your 
attention
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