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Motivation

How can we reduce data rate / increase frame rate?

To what extent can recent signal processing techniques (FRI,
EDM) be applied to ultrasound imaging?
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Ultrasound imaging
TANTER AND FINK: ULTRAFAST IMAGING IN BIOMEDICAL ULTRASOUND 105

responded to a virtual ultrasound source located behind 
the array [35]. In addition, Nikolov et al. studied virtual 
ultrasound sources located behind the array in synthetic 
aperture imaging [38]. Each transmission corresponded to 
a subaperture that was composed of elements firing at 
different times to generate a diverging wave. They used 
multiple transmit elements (typically ~10) and only a few 
emissions (4 to 8) to increase the frame rate [38], which 
resulted in a compromise between ultrafast imaging (full 
array aperture) and synthetic aperture imaging (single el-
ement aperture). Similarly, bridging the two concepts of 
ultrafast plane-wave imaging and synthetic aperture imag-
ing, McLaughlin and colleagues proposed a broad-beam 
scanning approach [39], [40] which was based on trans-
mit beams that focused on regions (called zones). These 
zones were much broader than conventional line-per-line 
acquisitions. For 3-D fast imaging, Hossack et al. recently 
proposed 2-D array beamforming, which is based on sepa-
rable line array beamforming operations that allow for 
increased frame rate and energy efficiency in hand-held 
devices [41].

Today, after more than 25 years of intensive investiga-
tion, this technology has begun to move out of academic 
labs and become incorporated into commercially available 
clinical products. Indeed, ultrafast plane-wave imaging 
has been employed in the first ultrafast clinical scanner, 
the Aixplorer system, since 2008 (Supersonic Imagine, Aix 
en Provence, France). Also, the broad-beam technology is 
being used in the clinical Zonare Z.one scanner (Zonare, 
Mountain View, CA). Finally, other devices, such as the 
Verasonics platform (Verasonics, Redmond, WA), have 
been commercialized for use in academic research labs.

III. THE CONCEPT OF PLANE-WAVE IMAGING  
AND PLANE-WAVE COMPOUNDING

Plane-wave imaging represents a genuine change in 
the medical ultrasound paradigm. Instead of transmitting 
focused beams, which scan the whole region of interest 
line-per-line, ultrafast imaging is obtained by transmitting 
plane (or unfocused) waves which scan in a single transmit 
event over the whole region of interest. This method typi-
cally increases the frame rate more than 100-fold. How-
ever, in transient elastography, this huge increase in frame 
rate was initially achieved through a compromise in image 
quality [15]. This degradation of quality mainly affected 
the image contrast rather than the resolution. Because 
the goal of this imaging modality was to track tissue dis-
placement induced by shear wave propagation, this loss in 
resolution was an acceptable price compared with the ad-
vantages provided by ultrafast frame rates [16]–[18]. Sev-
eral articles have thoroughly discussed the differences in 
contrast and resolution obtained when using conventional 
plane-wave imaging, and plane-wave compounding [27], 
[42], [43].

Coherent plane-wave compounding has many advan-
tages because it provides an image of a full region of in-
terest for each ultrasonic transmission using all array el-
ements. First, the transmission of a plane wave on the 
whole array aperture generates a much higher amplitude 
signal than synthetic aperture imaging. Second, the inson-
ification of the whole region of interest for each transmit-
ted plane wave permits the construction of high-quality 
ultrasonic images with a limited number of compounded 
plane waves because the acquisition is performed within a 

Fig. 2. Conventional focused and ultrafast ultrasound imaging sequences for a typical medical imaging setup (4-cm deep region of interest): (a) 
conventional focused imaging (128 focused beams and 4 focal depths leading to ~25 fps), (b) plane-wave imaging (~18 000 fps), (c) plane-wave com-
pounding with 17 angles (~1000 fps), and (d) plane-wave compounding with 40 angles (~350 fps). 

Comparing B-mode imaging transmission schemes. From “Ultrafast
imaging in biomedical ultrasound” [Tanter and Fink, 2014].
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SAMPLING ALONG CHANNELS
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Rate of innovation

Rate of innovation: Number of degrees of freedom per unit of
time.1

Classic examples with finite rate of innovation (FRI):
I Bandlimited at baseband ⇒ RF signal.
I Bandlimited at carrier frequency ⇒ IQ demodulation.
I Finite pulse stream.

1Coined by “Sampling signals with finite rate of innovation” [Vetterli et al., 2002].
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Pulse stream sampling

Assume RF signal can be modeled as T -periodic pulse stream:

y(t) =
∑
n∈Z

K−1∑
k=0

ck h(t − tk − nT )︸ ︷︷ ︸
known pulse at

arbitrary positions

. (1)

2K parameters {ck , tk}K−1k=0 every period.

FRI = (2K/T ).
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Pulse stream sampling

Unlike BL case, FRI parameters not given directly by samples!

Reconstruction involves finding mask that will yield parameters.2

0 1 2 3 4 5 6
Time [1e-05 seconds]

RF signal
Mask
Parameters

2Also known as “annihilating filter” in “Sampling signals with finite rate of innovation” [Vetterli et al., 2002].
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PULSE STREAM MODEL FOR
ULTRASOUND
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Propagation

Assumptions:
I Homogeneous medium ⇒ constant speed of sound.
I No frequency attenuation while propagating through medium.
I Modeling transducer and reflective sources as point sources.
I Born approximation, no multiple scattering.
I Planar wavefront excitation.
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Pulse shape (pulse-echo wavelet in literature)

h(t) = excitation ∗ transducer(elec→acoust) ∗ transducer(acoust→elec).

Master Project, Spring 2018

11 / 31



Plane wave insonification for higher frame rate

θ
x

z

(xi, zi)

dbdf

xm

Time-of-flight (TOF) for element at x and point at rk = [xk , zk ]T :

τ(rk , x , θ) = τtx (rk , θ) + τrx (rk , x)
= (xk sin θ + zk cos θ)/c + ‖rk − [x , 0]T‖2/c. (2)
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Measurements / pulse parameters

For K reflectors
{
rk = [xk , zk ]T

}K−1
k=0 with reflectivity strengths

{ak}K−1k=0 , we measure:

y(x , t) =
K−1∑
k=0

ak
2π‖rk − [x , 0]T‖2︸ ︷︷ ︸

ck

h
(
t − τ(rk , x , θ)︸ ︷︷ ︸

tk

)
. (3)

“Time domain compressive beam forming of ultrasound signals” [David et. al, 2015].
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Typical values in medical ultrasound

I K � 1′000 pulses.
I Finite duration (period) of T ≈ 65 µs.3
I RF sampling rate of fs = 20.8MHz.
I IQ sampling rate of fs = 3.47MHz.
I M = 32− 300 channels.

3For c = 1540 m s−1 and imaging depth of 5 cm.

Master Project, Spring 2018

14 / 31



Consequences for pulse stream recovery

Sampling rate for pulse stream given by fs ≥ (2K/T ).

Maximum K for given fs and T (= 65 µs):
I RF: 675 pulses.
I IQ: 112 pulses.

Upper bound on model order for sampling/data rate reduction!
I Sparse strong reflectors are most suitable, e.g. tracking

microbubbles.
I Need to “oversample” for robustness to noise.
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PULSE STREAM UNDER NOISE
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Types of noise

1. Additive noise.
2. Pulse shape estimate error.
3. Model order error.

Increasing sampling rate to achieve robustness against noise.
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Denoising approaches

1. Cadzow iterative denoising and total least-squares
(standard).4

I Separately denoise and obtain parameters.
I With more measurements, exploit low rank property.
I Fast(er) but sensitive to pulse estimate errors.

2. Pan’s generalized FRI framework (general).5
I Simultaneously denoise and obtain parameters.
I Cast as inverse problem (non-convex).
I Can be less sensitive to modeling errors but expensive.

4“Sparse Sampling of Signal Innovations” [Blu et al., 2008].
5From “Towards Generalized FRI sampling with an application to source resolution in radioastronomy” [Pan et

al., 2017].
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Comparing denoising approaches

Additive noise to samples of:
I 10 pulses oversampled 10×.
I 20 pulses oversampled 5×.
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Pulse shape estimate error for
denoising:

I 10 pulses oversampled 10×.
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Model order error

Recovering 20 strong reflectors among 38′519 reflectors with
amplitudes 35 dB lower, emulating speckle.

0.00002 0.00003 0.00004 0.00005 0.00006 0.00007
Time [s]

original
no denoising

Critical sampling of 30 pulses, no denoising.
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Model order error

Recovering 20 strong reflectors among 38′519 reflectors with
amplitudes 35 dB lower, emulating speckle.

0.00002 0.00003 0.00004 0.00005 0.00006 0.00007
Time [s]

original
standard

3× oversampling for 30 pulses; standard with 4 iterations of Cadzow.
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Model order error

Recovering 20 strong reflectors among 38′519 reflectors with
amplitudes 35 dB lower, emulating speckle.

0.00002 0.00003 0.00004 0.00005 0.00006 0.00007
Time [s]

original
general

3× oversampling for 30 pulses; 1 random initialization.
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Multichannel recovery for beamforming / imaging

Delay-and-sum beamforming with no apodization of:
I True RF signals (left).
I Resynthesized RF signals from estimated parameters with

standard denoising (right).

6.7/1.1 sampling rate reduction; 20/3.4 compression from RF/IQ.
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SAMPLING ACROSS CHANNELS
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Localization with time-of-flights (TOFs)

Reflector position from TOFs of two elements.
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TOF matching with Euclidean Distance Matrices (EDMs)

I How to know which TOFs to pair?
I Modification of echo-sorting algorithm that exploits rank of

EDMs.6
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K TOFs, M channels ⇒ KM combinations.

6“Euclidean Distance Matrices” [Dokmanic et al., 2015].
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LOCALIZATION AT THE RATE OF
INNOVATION
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Non-destructive evaluation motivation

Drilled holes in aluminum block.

0 5 10 15 20 25 30
Time [microseconds]
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Proposed approach

1. Plane-wave imaging (increase frame rate).
2. Pulse stream recovery + denoising to estimate TOFs

(reduction of sampling rate if K sufficiently small).
I NDE: fs = 50MHz→ 7.14MHz.

3. EDM-based test for TOF matching (reduce number of
channels).

I NDE: M = 64→ 8.
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Non-destructive evaluation example (cont.)
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Concluding remarks

I Exploiting low rank (according to FRI) for:
I Pulse stream recovery.
I TOF matching.

I Finding the right application is key ⇒ few strong reflectors for
rate reduction.

I For medical ultrasound, high model order is unsuitable.
I Localization for NDE is promising. More data to validate.
I Sufficient denoising is crucial.

I Extending to other transmit scheme so that Ntx = Nrx .
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