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Abstract— The processing power in commercially available
hand-held devices has improved dramatically in recent years.
In parallel, techniques used in high-frame-rate medical ultra-
sound imaging, especially plane-wave (PW) imaging, have
reduced the number of ultrasound transmissions and amount
of data necessary to reconstruct an ultrasound image. In com-
bination, the processing power and data reduction allow all of
the processing steps in ultrasound image formation, from raw
ultrasound channel data to final rendering, to be performed
on a hand-held device. In this study, we send the raw ultra-
sound channel data from a research scanner wirelessly to an
off-the-shelf hand-held device. The hand-held unit’s graphical
processing unit is processing the raw ultrasound data into
the final image, achieving real-time frame rates on the order
of 60–90 frames per second (FPS) for a single-angle PW trans-
mission. Higher quality images are achieved by trading off frame
rate by coherently compounding multiple PW images, resulting
in frame rates on the order of, e.g., 13 FPS when coherently
compounding 7 PW transmissions. The presented setup has the
potential of providing image quality which could be valuable for
simple medical ultrasound diagnostic scans of, e.g., the carotid
artery or thyroid. Also, since the computationally expensive
beamforming can be done in off-the-shelf devices, this could
reduce the price of hand-held ultrasound systems in the future.

Index Terms— Coherent plane-wave (PW) compounding, hand-
held ultrasound, software beamforming, wireless probe.

I. INTRODUCTION

HAND-HELD ultrasound systems are receiving increased
attention and use [1], [2], and Godt [3] has predicted

hand-held ultrasound will even replace the physician’s
stethoscope. However, ultrasound signal processing and
image creation are computationally expensive. Until recently,
most clinical high-end ultrasound scanners used specialized
hardware to do ultrasound image formation. Ultrasound image
formation, known as beamforming, is done by converting and
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combining the ultrasound signals received on the numerous
elements inside the ultrasound probe into a brightness value
in the image. Only in recent years has computing power
increased to the point that manufacturers of high-end clinical
ultrasound scanners could move beamforming into software
[4], [5]. Software beamforming allows much more flexible
implementations of beamforming algorithms potentially
leading to improved image quality [6]–[11] by allowing
real-time implementations of sophisticated beamforming
techniques [12]–[15]. It is, therefore, comprehensible
that most research ultrasound systems utilize software
beamforming [16].

The benefit of a hand-held system is the ability for a physi-
cian to carry an ultrasound system in their pocket. Perhaps,
more importantly, is the availability of medical imaging on
the scene [17]. A paramedic can easily bring a device to the
scene of an accident and within seconds perform for example
a Focused Assessment with Sonography in Trauma (FAST)
exam, allowing prearrival notification to the hospital, in turn,
allowing a specialized team to be ready in the operating room.
In addition, ultrasound images can be transmitted real time
from the scene or ambulance, allowing physicians to review
and assist the paramedics in the treatment of the patients before
they even arrive at the hospital.

In the range of hand-held medical ultrasound devices,
specialized hardware implementations of the beamform-
ing algorithms are used in most commercially available
devices [18]–[22]. In systems with wireless probes, the bot-
tleneck of transferring large amounts of raw channel data led
to all, or parts, of the beamforming to be implemented in
dedicated hardware in the ultrasound probe. One technique
for such processing is the synthetic aperture sequential beam-
forming (SASB) [23]. SASB has been demonstrated in imple-
mentations for commercially available hand-held devices [24],
and the SASB approach motivated a system-level design of
a wireless ultrasound probe [25]. The SASB uses focused
transmission and performs the first stage of the beamforming
in the probe, reducing the amount of data needed to be
transferred to the probe significantly.

Recently, the miniaturization of high-performance process-
ing hardware such as graphical processing units (GPUs)
has made such high-end hardware available on off-the-shelf
hand-held devices such as an iPad or iPhone. The hardware
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improvements have motivated software implementations of
other computationally expensive parts of the ultrasound
processing chain such as vector flow imaging on commercial,
consumer-level tablets [26], [27].

Another recent breakthrough in medical ultrasound imaging
is ultrafast imaging [28]. This was made possible through
the introduction of plane-wave (PW) imaging [29]. In PW
imaging, one can form the complete ultrasound image from
the transmission of a single plane wave, compared to the
conventional focused transmission that requires hundreds of
transmissions per image. This dramatically reduced the amount
of channel data necessary to create an image. Higher image
quality can be obtained by coherently compounding multiple
low-quality plan-wave images transmitted at different angles.
The drawback of PW imaging is the reduced penetration
depth and fewer tissue harmonics, making harmonic imaging
a challenging task.

Fourier beamforming [30], [31] has emerged as a technique
that can reduce the computational load of plane wave coherent
compounded beamforming compared to conventional delay-
and-sum beamforming [32]. Thus, a Fourier beamforming
approach could possibly lower the computational load on a
hand-held device even more. In particular, since most hand-
held devices have specialized implementations, and potentially
hardware, for the fast Fourier Transform algorithm [33].
Beamforming in the Fourier domain has also been suggested
as a path to do compressed sensing and reducing the amount
of data needed to reconstruct the full image [34]. Even though
these studies and techniques are interesting and promising for
a hand-held device, we limited our study to conventional time-
delayed beamforming.

In this study, we will exploit the benefits from coherent
PW compounded (CPWC) imaging and the increased com-
puter power available on commercially available hand-held
devices. We will demonstrate that it is possible to do real-
time ultrasound image formation on an iPhone/iPad exploiting
the processing power of the built-in GPUs. Contrary to the
SASB technique, which used focused transmission and two-
stage beamforming to reduce the amount of data needed to be
transmitted, we use CPWC to reduce the amount of channel
data needed per image, which also provides a tradeoff between
the amount of data to be transferred and image quality.
The current study builds on our previous study [35] and a
related study [36]. Compared to our previous study, we have
introduced CPWC imaging and expanding aperture imaging
resulting in higher image quality, and several improvements
to the processing chain resulting in dramatic improvements to
the processing frame rate.

Our primary hypothesis is that an off-the-shelf hand-held
device, such as an iPhone, has the processing power to do real-
time ultrasound image formation from raw channel data. Here,
the channel data are defined as the signals from the individual
elements in an ultrasound probe. Second, the transmission
of channel data from the probe to the iPhone can be done
wirelessly, which suggests that a full ultrasound imaging
system only needs a wireless probe with minimal processing of
the signals, while an iPhone does the computationally expen-
sive image reconstruction. This is different from the existing

Fig. 1. Complete setup of the ultrasound probe imaging a phantom with
the research scanner streaming the channel data wirelessly through the router
before it is received, beamformed, and displayed on the iPhone. A demo video
is available at ht.tps://youtu.be/oN8cwysGxyM.

solutions which all use specialized hardware to do the beam-
forming [18]–[22]. The wireless probe needs the electronics
and power to transmit and receive ultrasonic signals in the
individual probe elements, and needs to be able to sufficiently
sample, temporarily store, and transmit the raw channel data to
the phone. This can be done in specialized hardware or field-
programmable gate arrays, while the full beamforming
processing chain can be processed by flexible software imple-
mentations in off-the-shelf hand-held devices. By having a
software implementation of the beamforming system, progress
in beamforming techniques can easily be incorporated, and
improvements in the processing power of commercially hand-
held devices can be exploited via software updates while still
receiving the same type of data from the probe. We thus
believe that future commercial devices will move more toward
using off-the-shelf devices for much of the processing to lower
the production cost and eventually device cost.

In Section II, we detail the specific hardware used in our
setup and detail the processing pipeline and choices made in
the implementation and the networking details. The results
are presented in Section III and discussed in Section IV.
We conclude in Section V that we are capable of doing real-
time ultrasound image formation on an iPhone processing
multiple coherently compounding plane waves recorded from
an ultrasound probe, as illustrated in Fig. 1.

II. MATERIALS AND METHODS

A. Wireless Probe and Channel Data Acquisition

To mimic a wireless probe, we use a research scanner
streaming raw recorded channel data wirelessly to the iPhone
using a Unifi (Ubiquiti Networks, Inc., New York, NY, USA)
ac-HD-Pro access point. We are using a Verasonics
Vantage 256 (Verasonics Inc., Redmond, WA, USA) scanner
with an L7-4 (Philips, Amsterdam, The Netherlands) lin-
ear probe with 128 elements with λ spacing (0.298 mm).
The transmission sequence is a varying number of plane waves
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TABLE I

MAIN TECHNICAL SPECIFICATIONS OF THE DEVICES USED IN THIS STUDY. ∗THE THREE LAST COLUMNS ARE
BENCHMARK RESULTS FROM HT.TPS://BROWSER.GEEKBENCH.COM/IOS-BENCHMARKS

transmitted with a center frequency of 5.1 MHz with maximum
and minimum angles at α = ±16◦, except for the case of
a single plane wave which is transmitted at α = 0◦. The
data are in-phase and quadrature sampled (IQ-sampled) using
the bandwidth sampling data acquisitions available with the
Verasonics Vantage systems [37]. In our setup, the number of
samples in the IQ-sampled signal can be reduced by an integer
factor, specifically 4, compared to the default RF-sampling
frequency. However, the IQ-samples are complex, thus having
both a real and an imaginary part so effectively the number of
samples in the channel data is reduced by a factor of 2 using
IQ-sampling. Since the signal is IQ-sampled, the envelope can
be detected by simply taking the magnitude of the signal,
avoiding the Hilbert transform needed to detect the envelope
from an RF-signal. We are imaging a 45.8-mm-deep image
requiring us to receive 512 samples per channel. The total
amount of data (in bytes) per image frame is then

bytes

img
= PWs

img
· channels

img
· samples

channel
· bytes

sample
(1)

= PWs

img
· 128 · 512 · 8 (2)

= PWs

img
· 524 288 bytes (3)

where (PWs/img) varies from 1 to 21 PWs per image,
(channels/img) = 128, (samples/channel) = 512 and (bytes/
sample) = 8 since we have one real and one complex four-
byte signed integer for every sample. Arguably, we could
have used 2-byte signed integers, but because of limitations in
the serialization code using 4-byte integers resulted in faster
serialization. See details on the serialization in Section II-C.

We denote the term the probe throughout this paper, when
referring to the part of our setup mimicking the wireless probe,
thus the Verasonics Vantage 256 research scanner recording
and processing the raw channel data from the L7-4 probe into
a data packet to be transmitted over the network.

B. Mobile Client

In this study, we worked with a range of iOS-based devices,
namely, the iPhone 6s, 8, X, and the iPad Pro. The technical
specifications of the devices can be seen in Table I. Apple’s
iOS devices have adopted a unified memory architecture,

which allows the GPU and the CPU to access the same
physical memory without needing to transfer data between the
processors. This is in contrast to the personal computer model
of discrete memory where CPU/GPU memory has distinctly
separate entities. The unified memory model simplifies the
CPU/GPU processing pipeline by allowing the data to be
written to a shared CPU/GPU buffer. The GPU compute shader
has full access to this buffer and can, thus, process the data
without needing to transfer the data to the GPU first. This is
in contrast to how some vendors use the term unified memory
only meaning a shared address space. A shared address space
is convenient to the programmer, but does not improve the
performance since copying the data from CPU to GPU occurs
behind the scenes.

In addition to the advantage of shared memory architecture,
more recent iterations of Apple’s hardware platform have
inverted the relationship between screen and GPU refresh with
what is marketed as ProMotion [38]. Traditionally, the screen
receives GPU updates at a fixed frequency, for example,
60 times a second, but with ProMotion, the GPU tells the
screen when to update. ProMotion, available on iPad Pro,
allows a variable refresh rate from 24 to 120 Hz. A variable
refresh rate directly benefits computationally intensive tasks
such as beamforming that might have taken too long to
complete within 16.67 ms [(1/60) of a second] time budget
and high-frame-rate tasks that would be limited by hardware
imposed upper bound of 60 Hz.

We will interchangeably use the term the phone for all
devices, unless the certain device is explicitly stated, through-
out this paper.

C. Wireless Networking

For wireless communication, we connected the phone and
the probe over an isolated 802.11ac Wi-Fi network using a
Unifi ac-HD-Pro access point (Ubiquiti Networks) to a switch
that connects to the scanner and a Dynamic Host Configuration
Protocol server via Ethernet. The network pipeline is illus-
trated in Fig. 2. The base station was configured to provide a
wireless connection in the 5-GHz spectrum and with 80-MHz
wide channels. The performance was measured in the 400–
500-Mbit/s range using iPerf [39]. The Verasonics scanner has
an external function giving real-time access to the buffer with
the raw ultrasound IQ-sampled channel data in MATLAB (The



PALMER AND RINDAL: WIRELESS, REAL-TIME PLANE-WAVE COHERENT COMPOUNDING ON AN iPHONE: A FEASIBILITY STUDY 1225

Fig. 2. Flow of data recorded from the L7-4 ultrasound probe connected to the Verasonics Vantage research scanner (the probe) to the client (the phone).

MathWorks Inc., Natick, MA, USA) once the channel data has
been received. The channel data are serialized using Google’s
protocol Buffers (protobufs) [40] through a Java-based (Oracle
Corporation, Redwood Shores, CA, USA) library providing
a compact binary message structure to encode the settings
and data. It was limitations in this Java library that forced
us to use 4-byte integers instead of 2-byte as mentioned in
Section II-A. The first protobuf transmitted from the probe
to the phone contains the settings detailing the ultrasound
acquisition sequence providing necessary variables for the
image reconstruction, while the subsequent protobufs provide
the raw channel data sent by the Verasonics research scanner.

To establish the connection between the phone and the
probe, a WebSocket (RFC 6455) multiplexer was implemented
using Python (Python Software Foundation). The WebSocket
is set up using Zeroconf [41] to advertise the correct port
and address for clients to connect to, thereby avoiding hard-
coded ports and IP addresses in the client implementation.
In short, the networking pipeline, as illustrated in Fig. 2,
starts off with the raw channel data received in the Verasonics
scanner serialized into a protobuf before it is transmitted via
the WebSocket through the wireless router to the phone.

D. Beamforming in Software

This section gives a general explanation of the beamforming
implemented in software, while the iOS specific implementa-
tion is detailed in Section II-E.

The flexibility of software beamforming allows pixel-based
beamforming. This means that we can define a set of pixels,
our image, and beamform the ultrasound data directly to the
pixels. The first step is to calculate the time delay for every
signal received on every element to every pixel in the image.

Given the transducer geometry, the element width, and
pitch, we get the coordinates for our elements, xm , and then
define the coordinate for every pixel in the image (z, x). Given
the speed of sound in human tissue, c, and the angle of the
PW transmission, α, we can calculate the two-way time delay
[29] as illustrated in Fig. 3 by

τt x(z, x, α) = (z cos(α) + x sin(α))/c (4)

τrx (z, x, xm) =
�

z2 + (x − xm)2/c (5)

τ (z, x, xm, α) = τt x + τrx . (6)

Fig. 3. Illustrating the geometry of the delay calculations in (4)–(6).

The delay calculated in (6) can be a noninteger sample
number. To get the correct signal value for every pixel,
we linearly interpolate between the samples such that

ym,a = βum,a[s] + (1 − β)um,a[s + 1] (7)

where um,a is the signal recorded from element m for transmit
a, s = �τ/ fs� is the sample delay calculated from the delay, τ ,
from (6) and the sampling frequency, fs , while β = �τ� − τ .
For example, if a certain pixel has the delay τ = 15.5 for a
sample from a certain element, we simply linearly interpolate
between samples 15 and 16 to get the correct value for that
pixel using (7).

Each pixel in the image is the sum of the correctly delayed
signal

IDAS[z, x] =
Nα−1�

a=0

M−1�

m=0

wm[z, x]ym,a[z, x]ei2π fdemodτ/ fs . (8)

Here, M is the number of elements, ym,a is the cor-
rectly delayed IQ-demodulated signal from element m and
transmit a, and wm is given by

wm[z, x] =
⎧
⎨

⎩

1, if |x − xm | ≤ z

2 f #
0, otherwise

(9)

where [z, x] is the pixel position, xm is the receiving element
position, and f # is the selected ratio between the pixel
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depth and the size of the aperture. Thus, wm results in an
expanding dynamic aperture. This is to improve the near-field
and have uniform resolution throughout the image. In this
study, we used a constant f # of 1.7.

The multiplication with ei2π fdemodτ/ fs in (8) upmixes the
IQ-demodulated signal. fdemod is the demodulation frequency,
which was equal to the transmitted center frequency, τ is
the delay from (6), and fs is the sampling frequency. The
outer sum, where Nα is the number of angular transmits,
is the coherent compounding of multiple angular transmits.
The correctly delayed complex amplitude for each transmit is
accumulated for every pixel.

The final step in our ultrasound image processing chain is to
convert the raw complex signal amplitude to a final brightness
value in the image. Since the upmixed IQ data are the one-
sided analytic signal, the envelope can easily be detected by
taking the absolute value of the complex value resulting from
the sum in (8). This image magnitude is then converted to
decibel values. This is achieved by applying the logarithmic
compression

IdB = 20 · log10(|IDAS|). (10)

The image in decibel is then normalized with relation to a
selected maximum value, Mv

IdB norm. = IdB − Mv (11)

before the values outside the desired dynamic range, Dr , are
clamped

IdB final =
�

IdB norm., if IdB norm. < −Dr

−Dr , otherwise.
(12)

Finally, the image is normalized to gray-level values
between [0, 255]

Igrayscale =
�

255(IdB final + Dr )

Dr

	
(13)

where the � � represents a rounding to nearest integer function.
The image in Igrayscale can then finally be displayed on the
screen.

E. iOS Implementation

The networking and data deserialization on the iPhone
is implemented in Swift 4 [42], and the beamforming and
image reconstruction is written in Metal [43]. The CPU is
responsible for networking and deserialization, queuing up
data to be processed by the GPU using a triple-buffer of
memory shared by the CPU and GPU. The channel data
for each image frame are made available to the Metal GPU
compute shader that is run in parallel across the GPU’s
cores. One compute shader thread is started for every pixel
in the image. The number of pixels generated depends on the
wavelength of the transmitted pulse chosen, but for an Z × X
number of pixels in an ultrasound image, there are Z × X
threads each summing the contribution (complex sample) of
the M number of channels. For the images used in this
study, we specifically used a pixel spacing of λ/2 resulting
in Z × X = 307 × 256 = 78 592 pixels since the image is

48.8 mm deep, λ = 0.298 mm, and we used 128 elements
with λ spacing. The compute shader implements the beam-
forming such that it is described in detail in Section II-D.
Thus, the associated delay from each receive element to each
pixel [see (6)] is calculated on-the-fly. Equations (7)–(9) are
implemented within a double for-loop over the elements M
and potentially the multiple transmit angles Nα as described
in (8). Equations (10)–(13) are implemented outside the loop
with the pixel value from (13) written to the texture, and
thus being the only value returned from each compute shader.
The code for the iOS app is made available at GitHub
(ht.tps://github.com/palmerc/Beamformer) with the Metal com-
pute shader implemented in the Beamformer.metal file (Beam-
former/SmartWave/Common/Metal/Beamformer.metal).

The client interface allows for real-time dynamic adjustment
of the processing variables such as the imaging depth and
width, the speed of sound, c, used in (6), the maximum value,
Mv , used in (11), and the dynamic range Dr used in (12)
and (11). The image is displayed with depth and width rulers,
and pinch-and-zoom of the image works as is standard for a
touchscreen app.

F. Measuring Frame Rate

We measured the framerate at the probe and the phone
separately by updating a timestamp once for every data packet
sent or upon the completion of image formation. If the two
framerates were approximately the same, while requiring no
more than one frame to be buffered in the phone’s processing
queue, we considered the throughput frames per second (FPS)
to be accurate.

The throughput frame rate will vary, and to get a stable
estimate, we ran each test for 3 min after the connection
between the probe and the phone was established and the
processing of the data had begun.

III. RESULTS

Fig. 1 shows the full setup of the ultrasound probe imaging
a CIRS phantom 054GS (CIRS, Norfolk, VA, USA) with the
research scanner streaming the channel data wirelessly through
the router before it is received, beamformed, and displayed on
the iPhone. Fig. 4 shows a screen dump from the iPad Pro of
an image created from three angles coherently compounded
at 34 FPS. The screen dump also illustrates the width and
depth rulers.

Fig. 5(a)–(e) shows, respectively, the ultrasound images
dumped from the iPhone 6s imaging cysts with 1, 3, 7, 11, and
21 plane waves with transmission angles uniformly distributed
between ±16◦ coherently compounded. Note that the contrast
within the hypoechoic cyst is improved with an increased
number of angles coherently compounded. Fig. 6 (a)–(e)
shows, respectively, the ultrasound images dumped from the
iPhone 6s imaging a hyperechoic cyst and point scatterers
with 1, 3, 7, 11, and 21 plane waves with transmission angles
uniformly distributed between ±16◦ coherently compounded.
Note that the resolution of the point scatterers is improved
with the increased number of angles coherently compounded.
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Fig. 4. Screen capture from the iPad processing three angles coherently
compounded into a higher quality image at a processing rate of 34 FPS.
A demo video is available at ht.tps://youtu.be/oN8cwysGxyM.

Fig. 7 shows the timing diagram of the processing in the
probe, detailing the amount of time spent on, respectively,
transmitting and receiving data (Tx+Rx+sampling), serial-
izing the data packet and the amount of time to push the
packet into the WebSocket. Note that a significant amount of
time is spent serializing the data. Also, note that we perform
throttling on the single PW acquisition with the iPhones to
slow down the frame rate to below 60 FPS because of the
maximum screen refresh rate of 60 Hz. However, the iPad
has, as stated earlier, a variable refresh rate up to 120 Hz, and
thus, no throttling was necessary. See Section IV for more
details.

Fig. 8 shows the timing diagram of the processing in the
phone, detailing the amount of time spent waiting for a new
packet to arrive, receiving the packet and deserializing it, and
the time portion spent in the GPU processing the data. Note
that GPU processing is not consuming the largest share of the
time, and it is actually waiting for receiving and deserializing
the web packet that takes most of the time.

Fig. 9 plots the frame rates achieved for different numbers
of angles. As expected, higher frame rates are achieved when
processing and compounding images with fewer angles. Frame
rates of roughly 60 FPS are achieved for all the iPhones tested
in the single-angle case, and nearly 90 FPS for the iPad Pro
(see Section IV for details on this particular result). A frame
rate of approximately 9 FPS is achieved on most devices while
compounding up to 11 plane waves. The exception is the
iPhone 6s where we saw performance drops off faster than
for the other devices.

In Fig. 10(a), the average size of the data packet for each
angle transferred over the network and received for processing
on the device is plotted both before and after serialization.

Fig. 10(b) shows the amount of data processed per second
in the system, thus taking the network packet size shown
in Fig. 10(a) and multiplying it by the frame rate achieved
by the iPhone X. Note that the data processing rate is equal
for all angles except for the single angle case, which was
lower because of the throttling necessary to keep the frame
rate below 60 FPS.

Also, note that a demo video is available at ht.tps://youtu.
be/oN8cwysGxyM.

IV. DISCUSSION

The setup described in our study is capable of handling
real-time ultrasound imaging with the data wirelessly trans-
mitted from the probe to the phone doing all processing from
IQ-demodulated and downsampled channel data to the full
reconstructed image. This is illustrated in Fig. 9, where we can
observe that real-time frame rates are achieved for all devices.
Fig. 7 illustrates that most of the processing time in the probe
is spent serializing the data, and only a fraction of the time is
spent actually transmitting and receiving the ultrasound signal
(Tx+Rx+Sampling). When comparing Figs. 7 and 8, we see
that the frame rates achieved are approximately similar and
thus, from Section II-F, we can trust the framerates measured.
A conventional definition of real-time computing is a system
able to finish a task before the scheduled deadline [44].
If we define the deadline in our system as when the channel
data for the next image frame arrives on the phone, we are
doing real-time processing, since the phone is processing the
data as fast as the probe can push data over the network.
However, by closely investigating Fig. 8, we can observe that
a significant amount of time is spent on waiting, receiving,
and deserializing the data, while a smaller portion is spent in
the GPU processing the data. This observation indicates that
the bottleneck in the system is the serialization of the data in
the probe.

There is little latency in the system, which means that the
image produced on the phone is very responsive when moving
the probe back and forth on the phantom, as demonstrated in
the video available at ht.tps://youtu.be/oN8cwysGxyM.

The implementation of the serialization could potentially
be improved. Our implementation is done in software calling
a Java library from MATLAB since the Verasonics Vantage
research scanner only gives access to the channel data buffers
through MATLAB. An implementation in a lower level lan-
guage, or a hardware implementation, accessing the buffers
directly could possibly speed up the serialization avoiding the
bottleneck in the current setup. Using a different serialization
type other than Protobufs could potentially solve the issue with
serialization.

The average network packet size, displayed in Fig. 10(a)
increases as expected when the data from more angles are
included in the packet. When we calculate the average amount
of data processed per second in Fig. 10(a), we see that we are
transmitting and processing less than 20 MB/s of serialized
data (approximately 50 MB/s unserialized). The theoretical
bandwidth of the 802.11ac wireless router is 1733 Mbit/s
(216.62 MB/s). The bandwidth value is highly dependent on
the surrounding RF environment and the type of wireless
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Fig. 5. Ultrasound images dumped from the iPhone 6s imaging cysts with (a) 1, (b) 3, (c) 5, (d) 11, and (e) 21 plane waves with transmission angles
uniformly distributed between ±16◦ coherently compounded, except the single plane wave transmitted at 0◦. Note that the contrast within the hypoechoic cyst
is improved with the increased number of angles coherently compounded. The images are displayed with 60-dB dynamic range. A demo video is available
at ht.tps://youtu.be/oN8cwysGxyM

Fig. 6. Ultrasound images dumped from the iPhone 6s imaging a hyperechoic cyst and point scatterers with (a) 1, (b) 3, (c) 7, (d) 11, and (e) 21 plane
waves with transmission angles uniformly distributed between ±16◦ coherently compounded, except the single plane wave transmitted at 0◦. Note that the
resolution of the point scatterers is improved with the increased number of angles coherently compounded. The images are displayed with 60-dB dynamic
range. A demo video is available at ht.tps://youtu.be/oN8cwysGxyM

Fig. 7. Timing diagram of the processing in the probe when transmitting to
the iPhone, detailing the amount of time spent on, respectively, transmitting
and receiving data (Tx+Rx+sampling), serializing the data into the packet,
and the amount of time to push the web packet to the WebSocket. Note that
when transmitting one PW, we had to throttle the acquisition to get an FPS
lower than 60, since the screen refresh rate for the iPhone is maximum 60 FPS.
This was not needed when transmitting for the iPad Pro.

hardware on the client. In a real RF environment, we cannot
expect to sustain more than 400 Mbit/s in good conditions.
Our setup was measured, using iPerf [39], to perform in the
400–500-Mbit/s range. However, we are transmitting less than
20 MB/s (160 Mbit/s) using less than 10% of the theoretical
bandwidth, once again indicating that the serialization of the
data is the bottleneck in the pipeline and not the wireless
networking.

Note that the iPad had a significantly higher processing
frame rate for a single PW, while the iPhone X, 8, and 6s was

Fig. 8. Timing diagram of the processing in the device, measured for the
iPhone X, detailing the amount of time spent on waiting for a new packet to
arrive, receiving the packet, and deserializing it, and the portion spent in the
GPU processing the data.

limited to approximately 60 FPS. This is because only the iPad
has the capability of screen refresh rates higher than 60 FPS
using the ProMotion technology as mentioned in Section II-B.
Therefore, we had to throttle the probe by adding an additional
delay in the Tx+Rx+sampling part of the processing to match
the fixed screen refresh rate of 60 FPS when transmitting
to the iPhones. If this is not done, the devices are not able
to keep up the real-time processing since the data starts to
buffer, and a large and growing latency in the processing
chain is introduced. This also explains the dip in the first bar
in Fig. 10(a), indicating less data processed per second for
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Fig. 9. Throughput processing frame rate as measured on the devices
indicated by the legend. These frame rates are made sure to approximately
correspond to the frame rate measured in the probe as detailed in Section II-F.
As expected, the frame rate drops as the number of angles that are processed
and compounded increases.

the one angle case. However, for the case of the iPad Pro,
the processing was equal for all angles.

It is also worth pointing out that we are not observing any
processing improvements between the iPad Pro, the iPhone X,
and iPhone 8 when more than one angle is compounded,
even though the iPhone X and iPad Pro have a different
GPU compared to the iPhone 8. This is probably because
the bottleneck in the serialization in the probe leads to a
significant amount of the processing time in the phone is spent
waiting and thus the GPU performance is not a differentiating
factor for the frame rates achieved. This means that there
is a surplus of GPU processing power, a surplus one can
expect to increase with the next-generation of iOS devices.
If the serialization can be improved this surplus can be spent
on compounding more angles at a higher frame rate, or one
could potentially exploit the surplus by implementing more
sophisticated beamforming techniques, such as adaptive beam-
forming, for higher quality ultrasound images. By having
the software beamforming fully implemented on an off-the-
shelf device, one can exploit improvements in the hardware,
achieving higher quality ultrasound images by simply updating
the software in the phone while still receiving the same data
in the probe.

Heating of the phone might be an issue when processing
extensively on the CPU and GPU. We ran our test for 3 min
on each device and did not observe any issues with heating,
except for the iPhone 6s where we, as mentioned, saw some
performance drop that could be because of heating. However,
since, from Fig. 8, most of the processing time in the phone
is spent waiting, receiving, and deserializing the data in the
CPU before the GPU starts to process neither the GPU nor the
CPU are run consecutively—reducing the risk of throttling
because of heating. The issue with heating is also reduced
in the latest generation of devices where the performance is
improved dramatically, and also the “sustained performance”
without heating is greatly improved [45].

We chose to use a wireless connection, first and
foremost, because a wireless connection gives the most
portable and durable device. Also, with technologies such as
Wi-Fi Direct [46], a high-speed connection between portable
devices such as an ultrasound probe and the phone is possible.
Wi-Fi Direct is known to have transfer rates up to 250 Mbit/s

Fig. 10. Size of the data packet for each angle transferred over the
network and received for processing on the device is plotted both before
and after serialization in (a). The amount of data processed per second in
the system, thus when taking the average network packet size from (a) and
multiplying it by the frame rate achieved by the iPhone X is shown in (b).
The data processing rate is equal for all angles except for the single angle
case, which was lower because of the throttling necessary to keep the frame
rate below 60 FPS. The large difference between the size of the serialized
and unserialized data is most likely because limitations in the Java-based
serialization library forced the use of 4-byte integers, where arguably 2-byte
integers would be sufficient. Thus, much of the data before serialization was
redundant. (a) Average network packet size for the different number of angles.
(b) Data processing rates for the different number of angles.

(31.25 MB/s) [47] and, thus, could support our current trans-
fer rate. Whether such transfer rates are possible between
two hand-held devices are somewhat uncertain. However,
we believe it is safe to speculate that the transfer rates of
Wi-Fi Direct will become higher in the future exploiting new
Wi-Fi standards such as 802.11ac, as well as miniaturization
of improved technology. Wi-Fi Direct is in fact already in use
in the hand-held Clarius ultrasound scanner [21], using it to
transfer the beamformed ultrasound image to a smartphone to
be displayed [48]. A cabled connection could, of course, also
provide higher bandwidths with technologies such as USB 3.0
with transfer rates up to 5 Gbit/s (625 MB/s). A wired
connection, in addition to the drawbacks of limiting movement
of the probe and potentially broken cables, requires specific
drivers and potentially licensing for each device the probe
can be connected to. Choosing a wireless transfer also fits
into current technology trends with more and more devices
becoming wireless [49].

The image quality in Figs. 5 and 6 confirms that the image
quality is improved, in terms of contrast and resolution, with
the number of plane waves coherently compounded. However,
the image quality is not improved linearly with the number of
angles, the improvement is dominated more with the inclusion
of the first angles, thus going from a single PW to three, while
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the improvement is less significant going from, e.g., 11 to
21 PWs. This is in agreement with [29]. Our setup using
coherent PW imaging allows a tradeoff between the image
quality and frame rate. However, one could argue that by
coherently compounding 7 angles, the image quality is good
enough for simple, clinically valuable imaging. Since coherent
compounding of 7 angles results in a frame rate of 13 FPS,
one can argue that we are capable of doing real-time imaging
with clinically valuable image quality in clinical cases of
slow-moving body parts such as the thyroid, the eye, lymph
nodes, and some abdominal scanning. However, we also expect
to see improvements in both image quality and frame rates
with technological improvements in processing power, transfer
rates, and more sophisticated beamforming techniques.

V. CONCLUSION

We have demonstrated real-time, CPWC, ultrasound imag-
ing with the processing handled by off-the-shelf devices such
as the iPhone and iPad Pro. The frame rates achieved are
dependent on the number of angles compounded, resulting in
a tradeoff between image quality and frame rate. Frame rates
of ≈ 60 FPS were achieved for single-PW imaging on the
iPhones, while ≈ 90 FPS was achieved for the iPad Pro. When
compounding 7 angles, a frame rate of 13 frames per second
was achieved on all devices tested (iPad Pro, iPhone X,
and iPhone 8), except for the iPhone 6s+ which only
achieved 9 FPS.

The bottleneck in the current system was identified as the
serialization of the data in the probe, thus higher frame rates
are possible with the current setup by improving the data
serialization performance. However, the frame rates and image
quality achieved might be good enough for simpler medical
clinical ultrasound imaging of, e.g., the carotid artery or thy-
roid. Since the beamforming can be moved to an off-the-shelf
device this can reduce the specialized hardware necessary
and lower the price of a hand-held system and aiding the
democratization of medical ultrasound imaging.
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