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EXECUTIVE SUMMARY
This deliverable describes the phase-1 (baseline) trials of the healthcare vertical use cases of 5GHEART, which contribute to the milestone MS2 of the project.
As the first step of the three-phased approach for trials and validations, these phase-1 trials aimed to
gather clinical requirements to be able to enable meaningful innovation in healthcare and validate the
performance of the existing or initial solutions using mature state-of-the-art wireless communication
technologies (4G/LTE, Wi-Fi, etc.). This serves as a baseline for the future trials using 5G. Trials have
involved and been observed by project partners and other stakeholders in the healthcare sector.
Completed trials have provided insights about advantages and disadvantages of existing/initial solutions,
as well as aspects to be improved. This serves as (part of) the guidelines for preparing the phase-2 (more
advanced, using 5G) trials. (Note: due to the outbreak of the COVID-19 virus and the resulting contact
restrictions, some previously planned trials (subcases H1B and H1D) could not be fully performed. The
missing content will be captured in the next deliverable D3.3 in case feasible.)
The phase-1 trials have been organized per subcase.
For the subcase H1A – “Educational surgery”, phase-1 baseline trials have been defined to verify endto-end latency performance of the live video streaming system and to study where major delay occur in
the system. The results show an “actual end-to-end latency” of 0.72 seconds in the 4G/LTE network, in
comparison to that of 0.59 seconds in a wired network. Here, the “actual end-to-end latency” includes
the time spent in camera capturing, encoding, packetizing, network transmission and video streaming
playout. The results further show that the (video streaming) player’s buffer size has a significant impact
on end-to-end latency experienced by end-users, which consists of the “actual end-to-end latency” and
the time spent in the buffer. The phase-1 trials of the subcase H1A have been performed using the 5GTN
platform in Oulu, Finland.
For the subcase H1B – “Remote ultrasound examination”, originally a 2-day workshop was planned in
Oslo to perform hands-on experiments with the Philips’ Lumify/Reacts platform to (1) gain some first
usability insights for remote ultrasound in general and (2) initiate discussion on the first iteration of the
“Mixed Reality Technical Solution” that is aimed at exploring the user needs and current workflow of
the selected use case, i.e. the diagnosis and follow-up of congenital heart defects in young children.
However, the workshop had to be postponed due to the COVID-19 measures and was replaced by a
half-day online workshop to make a start with the abovementioned discussion. Involved partners plan
studies of mixed reality assisted, high-end equipped, echocardiography in children from new-born age.
Note that the Lumify/Reacts setup (i.e. not mixed reality and not high-end, but Skype-like and Point-ofCare) is meant as a first step, as this platform is already available for the experiments in H1C. In addition,
a robotics setup is targeted at adolescent and adult patients for limited/screening echocardiography.
For the subcase H1C – “Paramedic support”, phase-1 trials have focused on testing the feasibility of
delivering video and ultrasound using commercially available wireless technologies (4G/LTE and WiFi), and verifying the usability of remote video and ultrasound services by paramedics and the chief
medical officer of ambulance services. The feedback provided by the paramedics and the chief medical
officer will facilitate the involved 5G-HEART partners to enhance their technical solutions for the
following trials, to better fulfil the clinical needs in practice. The trials were performed at the premises
(i.e. indoors) of Ambulancezorg Groningen (AZG), The Netherlands, for three clinical cases selected
by AZG. One ambulance crew (i.e. one paramedic and one driver), one chief medical officer and the
innovation manager of Ambulancezorg Groningen were involved. A trained volunteer was also involved
as the patient in the trials. Furthermore, the video headset and service deliver platform of RedZinc, the
ultrasound set of Philips and existing ECG equipment were used. A commercial 4G/LTE network and
the Wi-Fi network of AZG were used as wireless communication means.
For the subcase H1D – “Critical health event”, several different scenarios were defined for paramedic
support with video at Oslo University Hospital. At a workshop in the Oslo ambulance service two
clinical scenarios were implemented with patient manikins preceded by a technical test. RedZinc’s
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service delivery platform was configured for the trials. The 4G network of Telenor was used and a video
router was deployed as part of the service delivery platform to the nearest Amazon Web Services cloud
node (in Stockholm) to support the pilot. The two clinical scenarios were: (i) elderly patient needing
pain relief drugs, and (ii) patient in a pneumothorax situation needing immediate treatment. The
operational model was a ‘buddy’ model where one paramedic at base helps another paramedic in remote
(single paramedic attending the scene of a patient). After each scenario there was a team debrief
including the medical director, doctor and paramedics. Several insights were provided related to
operations, technical aspects, interaction, training, clinical procedure, standard operating procedure
integration, patient record system integration and scene management. In addition, an IT leader provided
input in the aspects of security and other IT issues.
For the subcase H2A – “Automatic pill camera anomaly detection”, the initial phase emphasized on
verifying a latency ground range that will enable end-to-end operability especially when it comes to live
streaming of high definition images from the source to the inference point and/or cloud. In the
experiments, latency delays have been observed within the 0.65 to 0.8 seconds range on the wireless
4G/LTE network. This represents some challenges for the automatic detection segment of the
application, but current simulations indicate the inherent technical operation parameters of 5G
technology will suppress this barrier.
For the subcase H3A – “Vital-sign patch prototype”, the phase-1 baseline trials involved a technology
selection study addressing the feasibility of a single-use, direct-to-cloud, vital-signs patch, leveraging
commercially deployed massive machine-type communication (mMTC) technologies (i.e. LTE-M
and/or NB-IoT Release 13), to set a baseline. For the initial use case of post-surgery monitoring this
concept appears to be feasible and prototype development is well underway. Further steps have been
identified looking forward to the next two phases within 5G-HEART. On one hand, other – potentially
more demanding – clinical cases for such patches will be identified to better understand their technical
KPI’s and therefore help steer the 3GPP features to be explored in these next phases. On the other hand,
power class 6 (+ 14 dBm transmit power) has already been identified as a promising candidate. The
corresponding experiments will be set up on the 5G-VINNI facility in Norway (possibly complemented
by local experiments in Eindhoven) during phase 2, to assess the potential of peak current reduction
(leading to smaller batteries and hence devices that are more comfortable to wear with a lower cost
price) while retaining sufficient network coverage.
For the subcase H3B - “Localizable tag”, accurate localization functionality has been evaluated on 5Gbased Internet-of-Things (IoT) connectivity technologies (e.g. NB-IoT Release 15 and beyond) designed
to provide an as accurate as possible but yet low cost localization feature to the health monitoring
wearable scenario. A new technique called “phase-coherent multi-channel” based on a principle of phase
of flight is presented and simulations have been compared to state-of-the-art (SoTA) techniques.
Significant localisation gains were demonstrated so that 10-20 fold improvement of localization
accuracy might be possible, compared to SoTA time-of-flight based techniques, under favourable
propagation conditions (i.e. AWGN channels) according to simulation results. A demonstration set-up
has been put in place to evaluate gains that the system could provide under real propagation
environments. The designed hardware setup was presented, and field trial results of the approach were
given. The trial confirms the performance gain of the new technique: 30m accuracy was measured under
multipath (thus non-AWGN) propagation environment with this new technique in comparison to 250m
using SoTA time-of-flight based approaches.
For each of the subcases, next-step plans are also given in this deliverable, for preparation of the future
(including phase-2) trials.
Table below summarizes the motivation of each healthcare subcases, and its phase-1 proposed trial
setup, trial plan, actually performed trials, trial results and recommendation for improvement for the
future trials.
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Sub
case

Motivation

Proposed setup

H1A

To enhance
participation to remote
educational services
and to improve
situation awareness
from the field.

360 live streaming.

4G/5G/WLAN/Ethernet setup for
testing 360 live video over
adaptive HTTP streaming.

4G/5G/WLAN/Ethernet setup for
testing 360 live video over
adaptive HTTP streaming.

Common media
application format
(CMAF) assistance
enables significantly
decreased latency
compared to traditional
AHS. Mobile uplink
capacity is the problem
for high-bitrate 360
streams.

Test replication with 5G
NR. Adaptive bitrate
encoding. 360 multicasting.

H1B

To provide a longdistance robotic
teleoperation system
over 5G network to
enable the cardiologist
in the centre hospital
to capture ultrasound
Image from the
remote hospital.

Master-Slave
robotic
configuration,

Ultrasound Image capturing with
robotic teleoperation system in
Ethernet level based on two
separated controller, one for master
counsel and one for slave counsel.
The experiment tried to simulate
the requirement of telepresence for
the expert cardiologist in a longdistance manner.

Ultrasound Image capturing with
robotic teleoperation system in
Ethernet level based on one
controller in two different rooms.
The experiment tried to simulate
the requirement of telepresence
for the expert cardiologist in a
long-distance manner.

Capture ultrasound
Image from the
teleoperation system,

the system should stream at
least three views in terms of
a perspective projection
from the slave site to the
master site.

6DOF UR5
Manipulator,
Phantom Omni
haptic device,
Ambient
Video/Audio,

Trial plan
(Phase-1)

Actual trials (Phase-1)

Trial results

The transparency of the
bilateral teleoperation
system was very good in
the Ethernet level,
It was difficult for
cardiologist to find the
location of the
ultrasound probe respect
to the patient body
because he only saw the
location of the endeffector over the patient
body from one view.

Ultrasound Video,
Gamma SI-65-5
force/torque
sensor.

Recommendation

The cardiologist and the
local assistant need to have
some specific training to be
able to use this technology.

Difference in delay
between Video link and
robot control data link.
H1C

To improve patient
care quality and
efficiency of
ambulance services.

Audio-video;
Remote ultrasound
(US); vital

3 clinical cases with different
levels of emergency, involving
AZG.

3 clinical cases with different
levels of emergency, involving
AZG.

Video and ultrasound
help. Improvement
required for the
implementation of

Improvement dashboard
and headcam. US probe
more suitable for
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parameter monitor
device;

headcam. Network
coverage is bottleneck.

ambulance. 4G/5G network
with better coverage.

4G/Wi-Fi.
H1D

To evaluate the use of
wearable video in a
paramedic ‘buddy to
buddy’ situation

BlueEye
Handsfree video,
and BlueEye
service delivery
platform

Evaluations with Oslo University
Hospital ambulance service

Simulation of elderly patient
needing pain relief with new drug
and pneumothorax treatment
support

Several issues related to
standard operating
procedure and
ergonomics to be
addressed

Develop new SOP and
improve ergonomics.
Evaluate with 5G.

H2A

To increase detection
rate of polyp detection
in order to decrease
cancer mortality while
improving the
capacity of clinicians
to handle more
patients in less time
and with less burnout.

Remote wireless
capsule endoscope
bridged from
Trondheim via
LTE/5G to a
medical highperformancecomputing server
located in Oslo.

Hardware, connection and speed
tests involving latency testing,
software/hardware seamless flow
in two settings, inference executed
on the cloud and on an edge
computer.

Phantom tests taking place in
Trondheim and inference taking
place in the cloud and on an edge
device in the same complex
where the phantom setup is
located.

Latency issues prevalent
with 4G but will be
fixed once 5G setup is
up and running. Slight
variations depending on
location of inference but
within the expected
values.

Investigate and improve
user interface,
microcontroller
responsiveness and
investigate alternative
image processing and
transmission.

H3A

To keep a tab on
patients,
unobtrusively, and
hassle-free, no matter
where they are, by
means of single-use,
direct-to-cloud, vitalsigns patches.

First prototype
patch based on
LTE-M, Release13, connected to a
commercial
network in
Eindhoven.

Measure peak power and energy
consumption;

Transport protocols UDP and
HTTPS evaluated for LTE-M and
NB-IoT under normal coverage
conditions.

Peak current challenging
but feasible with
increased form factor.
Energy consumption
well feasible under
normal coverage
conditions. Impact of
protocol chattiness less
than expected, again,
under normal coverage
conditions.

Investigate impact of: (1)
CoAP over DTLS on
energy consumption, (2)
enhanced/deep coverage on
energy consumption and (3)
power class 6 (+14 dBm)
on peak current (~ form
factor), energy
consumption and coverage
conditions.

To provide a
lightweight and
accurate radiolocalization feature
along with
communication on
wearable health
monitoring patches.

To validate the
narrowband radiolocalization
approach with real
signals and in a
realistic
environment
(LOS/NLOS,
rural/urban).

Hardware development and
laboratory tests, followed by tests
on CEA premises and in an urban
environment.

Preliminary tests on CEA campus
to validate performance of
algorithms on LOS and multipath
propagation environments.

The proposed method
achieves 30 m accuracy
for 90% of the retained
measurement points.
This compares to 250 m
accuracy when legacy
ToF is considered.

Further investigate
algorithms for urban
multipath environments and
evaluate feasibility of
approach for 5G mMTC.

H3B
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1

INTRODUCTION

This deliverable describes the phase-1 (baseline) trials of the healthcare vertical use cases of 5GHEART. These phase-1 trials contribute to the milestone MS2 of the project.
As the first step of the three-phased approach for trials and validations (see the work plan of 5G-HEART
in [1]), these phase-1 trials aim to
·
·

Gather clinical requirements to be able to enable meaningful innovation in healthcare.
Validate the performance of the existing or initial solutions using mature state-of-the-art
wireless communication technologies (4G/LTE, Wi-Fi, etc.), as a baseline for the future trials.

The next two phase will focus more on validation of 5G network’s capability in meeting the
requirements.
Trials have involved and been observed by project partners and other stakeholders in the healthcare
sector. Completed trials have provided insights about advantages and disadvantages of existing/initial
solutions, as well as aspects to be improved. This serves as (part of) the guidelines for preparing the
phase-2 (more advanced) trials.
Due to the outbreak of COVID-19 virus and the resulting contact restrictions, some previously planned
trials (subcases H1B and H1D) could not be fully performed. The missing content will be captured in
the next deliverable D3.3 in case feasible.

1.1 Use cases and phase-1 trials overview
Table 1 shows an overview of seven healthcare subcases addressed by 5G-HEART, including their
primary 5G enablers, the locations of the phase-1 trials as well as the involved parties. Besides the 5GHEART partners, two external collaborators are involved in the phase-1 trials of one of the subcases
(subcase H1C).
Concrete clinical cases are described in this document (please refer to the corresponding chapters of the
subcases), to the extent relevant to the phase-1 trials. Reviewers and consortium members may further
refer to Deliverable D3.1 [2], which is a confidential deliverable, for more detailed description of all the
healthcare use cases and subcases and their link to 5G.
Table 1 5G-HEART healthcare subcases: 5G enablers, phase-1 trial locations and involved parties
Subcase

Primary 5G
enablers

Location phase-1
trials

Subcase owner
and partners

H1A Educational
surgery

eMBB

Oulu, Finland

VTT, RedZinc,
Oslo University
Hospital

H1B Remote
ultrasound
examination

eMBB

Oslo, Norway

Philips, RedZinc,
Oslo University
Hospital, Telenor

H1C Paramedic
support

eMBB

Groningen, the
Netherlands

TNO, Philips,
RedZinc

H1D Critical health
event

eMBB

Oslo, Norway

RedZinc, Oslo
University
Hospital, Telenor

H2A Automatic pill
camera anomaly
detection

URLLC

Oslo, Norway

Oslo University
Hospital, Telenor

URLLC

coverage
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H3A Vital-sign
patch prototype

mMTC

Eindhoven, the
Netherlands and
Oslo, Norway

Philips, Oslo
University
Hospital, Telenor

H3B Localizable tag

mMTC
localisation

Grenoble, France

CEA, Philips

1.2 Organization of this deliverable
The remainder of this deliverable is organized as follows. Each of the Chapters 2-8 contains a detailed
description of the phase-1 (baseline) trials for one of the healthcare subcases respectively, including a
recap of motivations, clinical (test) cases where applicable, proposed test setups, testing and validation,
and next-step plans:
·
·
·
·
·
·
·

Chapter 2: H1A Educational surgery
Chapter 3: H1B Remote ultrasound examination
Chapter 4: H1C Paramedic support
Chapter 5: H1D Critical health event
Chapter 6: H2A Automatic pill camera anomaly detection
Chapter 7: H3A Vital-sign patch prototype
Chapter 8: H3B Localizable tag

Concluding remarks are given in Chapter 9.
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2

SUBCASE H1A: EDUCATIONAL SURGERY

The ‘Educational Surgery’ subcase targets to find improved solutions supported by 5G for remote
learning and remote attendance of clinical operations. The main target in H1A is to provide a 360° video
streaming platform to be run on the 5G test network (5GTN), and aims to deliver a low latency feed
from an operational facility towards a classroom for educational purposes. The later secondary targets
in H1A are to provide enhanced experience by utilising 2-dimensional mobile cameras for focus areas,
providing sensor data alongside video, and to provide a live audio feedback channel for viewers.
At Phase I presented in this document, the content origin is located in the 5G laboratory
environment in Oulu in order to provide a baseline with LTE for future measurements to be later
conducted with 5G NR. The gathered results verify the streaming platform functionality and KPI
measuring functionality for the initial solution. For this streaming platform we explored low-latency
solutions from the existing live video streaming portfolio and measured the network capability in terms
of uplink (UL) and downlink (DL) throughputs influencing to network delay. In this chapter, we
visualize these findings, and illustrate the future experiments to be conducted in phase 2.

2.1 Description and motivation
The healthcare and medical sector benefit from high quality video streaming as well as high mobility
that comes with 5G. For this purpose, a 360° video camera is utilised in order to obtain a multi/free view
user experience allowing users to decide the desired viewpoint. A 360° video camera, such as Insta360
Pro2, may require data rate up to 120 Mbit/s per lens. In case of six lenses, this results in data rate of up
to 720 Mbit/s in the uplink. For example, students can watch the live surgery operation, medical staff
working around the operation room, or the monitors presenting vital information of the patient. In later
phases, we also consider more actions in the field where live 360° video can provide improved situation
awareness of an event happening in an ambulance or at an accident scene.
Thus, the relatively higher bitrate of 360° video creates a higher capacity need from the 5G mobile
network especially when using unicast streaming. High-quality 3D streams require 3-5 times higher
bandwidth than traditional 2D videos. Wi-Fi-based solutions have often limited coverage especially
when considering mobile scenarios. Naturally, the classroom environment is suitable and considered as
one of the testing environments for delivering the educational stream into one simple, easy-demonstrable
location with people. In reality, the spectators can also be located in different places, such as at home
gardens or in public transport where Wi-Fi is not an option.

2.2 Proposed setup
The proposed setup for H1A runs in 5GTN, Oulu and has been demonstrated in a public event context
[3] and measured in a laboratory environment introduced later in this document. The current initial
solution includes multiple approaches to be later integrated as an entity fitting best for large-scale
trialling.

2.2.1

Vertical perspective

Figure 1 illustrates the H1A architecture of the video streaming setup to be fully integrated into 5GTN.
At the server side the main actor consists of a video streaming server performing the video distribution
operations from the hospital site. The 360° camera can also act itself as the streaming server, but in our
setup it is connected to another hardware machine (Intel NUC PC), which is subsequently connected to
the network via eNB/gNB. This allows improved parametrization of the encoding parameters as well as
easier connectivity to and configuration of the mobile network. The streaming server can include the
actual video encoder, video packetizer, and streamer and these components can be located either on the
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same server or distributed in the network considering especially multi-access edge (MEC)-based
solutions.
At the client side, several different user equipment (UE)s can be used for video reception and playback.
The best visualisation is realised when a UE receives the live 360° stream at virtual reality (VR) glasses
connected wirelessly to the access point.
The current evolution of our setup includes a 360° camera, a mini-PC as a streaming server, an LTE-A
mobile network, VR glasses with an application, several mobile phones with VR playback applications
as well as HTML5 applications, which can be also played on other mobile machines, such as tablets and
laptops.

Figure 1 H1A architecture

2.2.2

Network architecture

The 5GTN platform is currently located in multiple locations ranging from southern Finland (Espoo
site) to the northern arctic test site in Sodankylä. The main site for 5G-HEART is located in Oulu. Figure
2 presents the stripped-down version of the overall 5GTN architecture in Oulu representing the essential
components in terms of 5G-HEART. For the Phase I trialling and measurements we have used LTE
indoor connectivity without mobility in order to form a baseline for the upcoming 5G work. The mobile
core network allows us to select between the evolved packet core (EPC) simulator performing as standalone (SA) core, as well as the non-standalone (NSA) cloud mobility manager core (CMM), which hosts
e.g. the home subscriber server (HSS) at a different location in Finland. Currently we have one 5G small
cell active which is connected with 5G SA core ready for live measurements within 5G-HEART. CMM
will be upgraded to a new version supporting 5G NR.
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Figure 2 Simplified 5GTN network status figure in Oulu

2.2.3

Components and integration into 5GTN

This section presents the relevant components for the H1A subcase, which are utilised in public trialling
as well as laboratory evaluations in terms of latency and capacity measurements. Basically, we have
developed two approaches in parallel:
a) a demonstration that is capable of visualising a 360° stream through VR classes as well as on a
mobile display.
b) low latency measurements for resolving the current capability in terms of adaptive HTTP
streaming (AHS) latency.
In the future, we are targeting on combining a) and b) at least on some level, but this may require support
from HW/SW vendors and developers as well. This combination will enable improved user experience.
Table 2 shows a compact list of current components used in the demonstration. The list covers HW &
SW tested so far.
Table 2 Relevant HW/SW components for H1A subcase
Video streamer
Camera HW

Insta360° Pro 2

Camera-encoder connection

HDMI 4K capture card via USB

Encoder / streaming server HW

Intel NUC Core i7-8809G CPU

Encoder / streaming server OS

Ubuntu 18.04 LTS

Encoding SW

Open Broadcaster Software (OBS) Studio / FFmpeg

Network
Mobile network
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EPC core

Nokia EPC simulator (LTE-WTS)
CMM18

Frequency

indoor pico eNB: Band 7 @ 10 MHz

Modulation

2x2 MIMO

Video player
UE HW

Modern mobile phones (e.g. Samsung S9, S10, Huawei P10)
Oculus Quest VR glasses
Several laptops (e.g. HP EliteBook 850 G4)

UE OS

Android 10
Windows 10 & Ubuntu 18.04

Video player applications

Chrome browser & Dash.js
YouTube VR

2.3 Testing and verification
The baseline results for the 360° video streaming system are provided in this section. Baseline results
for the mobile network in 5GTN were evaluated against wired, and WLAN measurements. We also
introduced low latency video components in order to provide relatively small application delay using
AHS.
2.3.1

Test setup

This section presents a test setup for live video streaming that utilizes the network architecture illustrated
in Figure 3. The video streaming system was verified and measured with different network types in the
following test cases: wired (Ethernet), WLAN (802.11ac), and mobile (LTE-A), all running active in
5GTN. Live video was used as an input and motion in the video was relatively small in order to keep
bitrate constant. The test setup for chunked CMAF low latency live 360° video streaming system is
based on open source software and the overview is presented in Figure 3. All the servers/computers run
Ubuntu 18.04 operating system.
The 360° video streamer consists of a 360° Video Camera (Insta Pro 2) and an encoder (Intel NUC with
Intel Core i7-8809G). The 360° camera is connected via HDMI to USB 4K capture card to the encoder.
The camera functions with real-time stitching the video from six lenses to video with 4K resolution at
30 fps in equirectangular format. The encoder captures the 4K video from USB 3.0 port in 4:2:0 YUV
format at about 3 Gb/s. The video is encoded using x264 encoder with a target bitrate of 13 Mb/s and
the following low latency settings:
· preset=superfast,
· tune=zerolatency,
· profile=high,
· bframes=0,
· ref=3,
· scenecut=0.
The Encoder is connected to the network using either wired, WLAN or mobile connection depending
on the test case. The Encoder streams the video to the packetizer via RTMP. The Packetizer contains
RTMP server [4] and FFmpeg for chunked CMAF packaging. The RTMP server receives the video feed
from the Encoder and serves this stream to FFmpeg. The FFmpeg generates 4-second segments, packs
one frame to a chunked fragment, and pushes the fragment using HTTP PUT method to the Origin

© 5G-HEART Consortium 2019-2022

Page 24 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

server. The Origin contains an ingest and a shield components. The ingest is based on the open source
Streamline server [5] and it receives the HTTP PUT request from the Packetizer. The shield is based on
Nginx and protects the ingest from load that players’ simultaneous requests can cause by caching the
requested data for a certain time. The shield distributes video to the player using chunked transfer
encoding. A laptop was used as a Video Player, with Ubuntu 18.04 and Intel Core i7-4800MQ CPU that
runs Dash.js player version 3.0.1 in Chrome browser version 80.0 and FFplay media player. These
players do not support 360° videos and they show the video in 4K resolution. The Packetizer and Origin
are considered as MEC-based solutions.

Figure 3 Test setup for chunked CMAF low latency live 360° video streaming system

Test tools

2.3.2

The purpose of the test was to verify the functionality of the low latency live video streaming system
and to study where in the system the latency or delay occurs. The measurements were performed using
two methods: 1) measurements using screen clock capturing and 2) measurements with network
performance indicator Qosium [6].
Method 1
The 360° Video Camera captures the current time in milliseconds from a screen 1. The Video Player
plays the video in a screen 2 that is alongside the screen 1. We take a picture of the screens and calculate
the time difference, which is end-to-end latency. We use the FFplay when we measure the latency in the
middle of the system and Dash.js when we measure the end-to-end latency with CMAF. The players
and their parameters are listed in Table 3. The FFplay is used with format flag nobuffer that reduces the
latency introduced by buffering and flag low_delay that forces low latency playback. The Dash.js is used
with parameters that allow low latency playback; liveDelay defines the target delay,
liveCatchUpMinDrift defines minimum delay deviation allowed before catchup activation, and
liveCatchUpPlaybackRate defines maximum catch-up rate.
Table 3 Video player parameters for low latency playback
Player

Parameter 1

Parameter 2

FFplay

-fflags nobuffer

-flags low_delay

Dash.js

liveDelay=1.0s

liveCatchUpMinDrift=0.05s

Parameter 3

liveCatchUpPlaybackRate=0.5%

Method 2
Qosium [6] is used for measuring the uplink (UL) and downlink (DL) network performance as it can
provide a real-time, passive, and lightweight measurement method for reliable assessment without
generating additional traffic in the network. Qosium consists of two parts: Probe and Scope. The Scope
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is responsible for visualizing and/or gathering the results, but it is not part of the measurement path and
requires only network connection to one of the probes. The Probes are installed and executed in the
nodes that serve as the endpoints of the measured network path and pass transparently the measured
traffic through them. Figure 3 shows the Probe nodes in the verification cases. The UL measurement
path holds the Probes in the Encoder and the Packetizer, and DL measurement Probes in the Origin and
the Video Player, respectively. The Scope is placed on a separate laptop for gathering the results,
connected to the Probe located at the Origin. In the measurements, delay, and throughput are the main
indicators visualized in the results. Thus, indicators such as packet loss and delay jitter are also
monitored. The video bitrate is set to a decent level in order to avoid packet losses especially in the UL
side.
One of the important issues when measuring the network delay is setting the time synchronization as
accurately as possible for distinct computers. Open source PTP daemon [7] is used in the verification.
First a common PTP master computer is set up in 5GTN where the PTP slaves (Qosium Probes) get the
clock synchronization via wired Ethernet network. The routing for each component is configured in the
verification setup so that the video is routed via the desired network interface in each test case.
2.3.3

Results and KPIs

The measurements were divided between network measurements in the application layer using Qosium
and latency measurements by taking screen captures from live digital clocks at both the sender and the
client. The evaluation was performed using wired, WLAN and mobile network inside 5GTN. For
mobile, we also wanted to see how increased bitrate affects delays in UL and DL. Some of the video
and network parameters are illustrated in Table 4. In addition, the mobile network capacity was
approximately 20 and 60 Mbit/s for UL and DL, respectively. These values formed the current min-max
KPIs for UL and DL throughput.
Table 4 Used video and network parameters in the measurements
Video

Network

Resolution

3840x2160 (4K)

WLAN AP

802.11ac @ 2.4 GHz

Bitrate

13 Mbps (CBR)

LTE BS

eNB pico cell @ 2.6 GHz

Frame rate

30 fps

Frequency Band

7 @ 10 MHz

Coding

H.264

Modulation

2x2 MIMO

Packetization

CMAF (DASH): 4s segments

EPC version

EPC simu LTE WTS

Network delay
The network measurements were accomplished by using Qosium that gathers and measures the throughtraffic with application layer packets. The paths of interest were UL transmission between the Encoder
and the Packetizer as well as DL transmission between the Origin and the Video Player. The delay
between the Packetizer and the Origin was not measured since they are connected via Ethernet or fibre
in the architecture and therefore this delay is considered extremely small (< 1 ms). We measured 10
distinct 60 seconds live streaming runs for each of the test cases and averaged results were calculated.
The averaged data (bit) rate for our live measurements is presented in Figure 4 and measured with
Qosium as the output rate from the video encoder before the UL transmission. The total average bit rate
was measured as 13.6 Mbit/s. Constant bit rate (CBR) factor enabled in the encoder works relatively
well and the bit rate stays within 200-300 kbit/s median. Thus, the earlier FFmpeg encoding experiments
done with lower resolution seem to maintain the bit rate even better towards the target rate.
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Figure 4 Measured average bit rate for the live video stream

Figure 5 presents the UL delays with average values against each of the network types. In the UL
scenario RTMP stream was transmitted on top of TCP. As it can be seen, the UL delay in wired and
WLAN scenarios was extremely small compared to mobile measurements that is approximately 50 ms
for the 13 Mbit/s stream. In addition, 15 Mbit/s stream led to even more increased delay. We derived
that this arose from close up eNB congestion by the video traffic leading to TCP retransmissions in IP
level and increased delays in eNB. As the average delay for WLAN 802.11ax wireless router is close to
1 ms, it can be considered to be close to real 5G values launched in the 5GTN. Figure 6 shows similarly
the DL delays against different network types for CMAF packetized RTMP stream. The downlink delay
is almost the same for 13 Mbit/s and 15 Mbit/s, and much lower than those of the uplink. This is mainly
caused by eNB packet scheduling and high data rate video.

Figure 5 Measured average video delays in the uplink
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Figure 6 Measured average video delays in the downlink

End-to-end latency
We first measured capturing latency between the 360° Video Camera and the Encoder, illustrated in
Table 5, with the parameters listed in Table 4. FFplay was used to playback the video from video capture
interface in the Encoder. In this case, latency includes only capturing and playback. Then we measured
end-to-end RTMP latency when FFplay on the laptop plays video from the RTMP server. Now the
latency includes capturing, encoding, delivery to the RTMP server, delivery to the player and playback.
Finally, we measured the total end-to-end CMAF latency from the camera to the Dash.js running on the
laptop with a Chrome browser. In this case, the latency consists of capturing, encoding, delivery to the
RTMP server, live packetization, delivery to the Origin, delivery to the player, and playback.
Table 5 Measured capturing and end-to-end latencies
Test case

Measured latency

Buffer size

Actual latency
without buffer

Avg.

Min.

Max.

Avg.

Min.

Max.

Capturing latency

0.43 s

0.42 s

0.44 s

-

-

-

0.43 s

RTMP latency

0.58 s

0,54 s

0,60 s

-

-

-

0.58 s

CMAF latency (wired)

1.29 s

0.95 s

1.82 s

0.70 s

0.36 s

1.23 s

0.59 s

CMAF
(mobile)

2.01 s

1.74 s

2.28 s

1.29 s

1.10 s

1.53 s

0.72 s

latency

Each measurement took 60 seconds to calculate the average size of the player buffer and we manually
took a picture of the screens every three seconds. Based on the pictures we calculated the end-to-end
latency. We repeated the measurement 10 times to ensure the correct averaged results for the tests. Table
5 presents the average values for the latencies. In each test, the player’s playback rate was 1 and there
were no stalls during the playback. In the former end-to-end measurements with the browser, we noticed
that the realized latency varies and depends on the moment when the browser is started, which also
influenced to the player’s buffer size. In the wired network, the measured end-to-end latency varied
from 0.95 to 1.82 seconds and the average was 1.29 seconds. The player buffer size varied from 0.36 to
1.23 seconds and the average was 0.70 seconds. In the mobile network, the measured end-to-end latency
varied from 1.74 to 2.28 seconds and the average was 2.01 seconds. The buffer size varied from 1.1 to
1.5 seconds and the average was 1.29 seconds. The player’s buffer size had a significant impact on the
end-to-end latency when the actual end-to-end latency was relatively constant. Therefore, we concluded
that the actual end-to-end latency, which consists of camera capturing, encoding, packetizing, network
and playout, can be calculated by subtracting buffer size from the measured end-to-end latency. The
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actual end-to-end latency in the wired network was 0.59 seconds and in the mobile network 0.72
seconds. However, based on our measurement the player buffers 0.6 seconds more on mobile than on
wired network when the actual end-to-end latency was 0.12 seconds higher.

2.4 Next-step plans
This section depicts our plans for evolving Phase I measurements towards Phase II and III. Due to
COVID-19 some of the capacity results illustrated in this document will be added later for H1A. These
further results include maximum throughput measurements both for LTE and 5G NR, as well as
replications of the measurements illustrated in this document for 5G NR.

2.4.1

Educational surgery: Live 360° streaming over distance

The later stages in 5G-HEART are considered as follows:
Second (II) phase using LTE/5G:
·
·
·

Use a similar setup as in stage Phase I, but the 360-degree camera alongside with the “server”
side is shifted into OUS in Oslo, using the 5G-VINNI test network.
Connect 5G-VINNI and 5GTN test networks. VPN tunnelling is the most feasible option to be
considered.
The stream is played back at the Oulu premises via mobile clients in 5GTN.

Third (III) phase using LTE/5G:
·
·
·
2.4.2

Introduce mobility both in the server side as well as in the client side and measure the KPIs.
Mobile ambulance context is considered as one possible option for the location of the serverside setup.
Mobile clients will be located inside 5GTN.

Educational surgery: Load balancing via multicasting

Educational surgery needs live streaming of immersive multimedia content i.e. 360° video. Such videos
offer unprecedented interactivities between users and the content. Specifically, users watching a 360°
video can dynamically change/select their viewing direction, resulting in an immersive and engaging
experience for them. This introduces one of the main challenges in 360° video streaming which is
wasting bandwidth on video parts that will not be viewed by the user. Hence, the bandwidth
requirements for streaming 360° videos are more than the normal 2D videos (usually 3 or 4 times more).
360° live streaming itself has gained some audience in the research sense during the past few years [8].
In a sample classroom for educational purpose, there is a large number of students receiving live 360°
video sessions on their phone, tablets or VR glasses. The multiple users connected to one or more cellular
base stations and each base station serves users within its range. The unicast streaming of such
immersive content on the network consumes substantial network resources such as power, bandwidth
and does not scale to a large number of users. Hence, in case of a large number of students, multicast
services should be considered.
Almost 10 years ago in 2010, the 3rd Generation Partnership Project (3GPP) [9] released Evolved
Multimedia Broadcast Multicast Services (eMBMS) as part of LTE Release 9. eMBMS is point to
multipoint service and it allows a streaming server to substantially reduce the wireless network load by
serving mobile devices interested in the same video stream using a single multicast session. Multicast is
offered on a time-shared basis with unicast connections. With eMBMS, up to 60% of the capacity may
be allocated to multicast services. Further evolved Multimedia Broadcast Multicast Service (FeMBMS),
which is available for Release 14 and onwards, offers significant enhancement to the previous eMBMS
and enables up to 100% of the capacity to be dedicated to multicast services which provides higher
spectral efficiency.
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A typical eMBMS structure depicted in Figure 7 consists of four network elements: Broadcast/Multicast
Service Center (BMSC), Gateway (GW), Mobile Management Entity (MME), and Multi-cell/multicast
Coordination Entity (MCE). First, the service center (BMSC), which is located within the core network,
is responsible for authenticating and authorizing the content providers, managing the charging process,
and controlling the overall configuration of data flow through the core network. Second, the eMBMS
gateway is considered as a logical node that helps in multicasting any IP packet generated from BMSC
to all base stations located in a certain area. Moreover, the gateway handles further session control
signaling via the mobile management entity (MME). MME plays an important role in performing a
number of controlling procedures such as user tracking, paging, and bearer activating. Finally, MCE
ensures the full functionality by performing the time synchronization as well as coordinating the usage
of the same radio resources and transmission parameters across all cells belonging to a particular area.

Figure 7 Overall scheme plan of multicasting live medical content for remote spectators using (F)eMBMS

In this scenario, we focus on 360° live streaming in mobile networks with eMBMS and perform live
measurements using 5GTN. Earlier simulations have been conducted [10] within 360° live streaming
with multicasting, but these often lack the verification in real environment. By applying multicasting
instead of unicasting, we expect to increase the energy and spectral efficiency, and reduce the network
load.
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3

SUBCASE H1B: REMOTE ULTRASOUND EXAMINATION

The scenario is that an expert in a central hospital helps a doctor in a local/remote hospital to perform a
high-quality ultrasound examination. Two different approaches are explored: (1) the remote expert
supporting the local doctor doing an ultrasound exam, using a skype-like or a mixed reality platform
and (2) the remote expert remotely controlling a robot at the local hospital, essentially performing the
exam himself. The first approach (OUS, Philips) is tied to a specific clinical case; screening, diagnosing
and checking up on babies with congenital heart defects, whereas the second approach (OUS) is targeted
at cardiac sonography for adult patients.

3.1 Description and motivation
3.1.1

Congenital heart disease case

Of all children, 0.8 % are born with a congenital heart disease. Fetal screening is improving but still
some defects that threaten neonates have only 50 % detection rate. An ultrasound examination of the
heart after birth (echocardiography) is diagnostic and makes the basis for management decisions. Newborn babies are regularly transported long distances for emergency treatment at the single national centre
at Oslo University Hospital (OUS). Norway has special geographic and meteorological challenges with
respect to transportation. Flight distances may exceed 1000 km. A correct diagnosis at the local hospital
is vital for transportation timing and emergency treatment decisions. The lack of trained paediatric
cardiologists is a current limitation. The variation of congenital cardiac malformations is very large. It
takes a long training period to become an independent specialist. At present, screen shots and/or mobile
videos of images acquired without fully understanding the anatomy are used to discuss cases between
the local cardiologist and the expert centre. There is a large potential for improvement of the diagnostic
quality and patient safety of this workflow.
After treatment (surgery and/or catheter intervention), the follow-up of most patients is performed at
local hospitals located all over the country. A large portion of the patients will at some point need to
redo surgery or have interventions during childhood. Recognising the echocardiographic indication for
reintervention is therefore another challenge, where patients may need to travel to the expert centre again
for clarification of suspected findings by the local cardiologist. A system for remote and/or robotic
assisted ultrasound could again be a way to avoid transportation for purely diagnostic purposes,
improving the performance of the local system and reducing the workload on the national centre.
Systems like these will have an even larger value and application in times of epidemics like the COVID19 virus, when access to expert resources are even more limited.
3.1.1.1

Business validation

The use case outlined is a situation with a baby routinely scanned at a local hospital, identified with a
potentially severe congenital heart disease. It is only a highly trained expert, located at a central
premises, who can do further examination or guidance. There are currently two choices: a risky
transportation of the baby, or poor images sent from local doctors to central experts, while not respecting
privacy rules and regulations. Both alternatives represent challenges and dilemmas for those involved.
We carried the business validation analysis of this use case out in two steps. First, we identified
stakeholders and their problems, and their benefits from solving the problem – this is a vital step to
validate business opportunities. Secondly, we elaborated on who might pay for a solution, i.e. the
potential business models. Figure 8 summarizes our findings. We have analysed the stakeholders marked
in green in more detail.
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Figure 8 Baby use case: roles, stakeholders, relationships

In our analyses, we eventually chose categories that reflected stakeholder roles in the value creation and
capturing: Beneficiary, Executer, Regulator, Customer, and Provider. It is the Beneficiaries and
Executers who experience most of the problems and could feel most of the immediate relief. Figure 9
contains problem statement examples. The baby and parents are relieved from fear, potential death,
privacy violations, and life-long health consequences; their benefits are good lives, less worries, and not
being a burden to parents and society. Local and central health professionals want to make a difference
to the patient, and are by this relieved from providing insufficient diagnoses, and dilemmas balancing
the baby’s life with privacy concerns; their benefits are efficient diagnoses and patients’ life
improvements and decreased societal costs.

‘I am Pål. For me, one major pain point is that my daughter
has been diagnosed with a heart disease which potentially
affect her whole life.
Currently, the local doctors do not recommend sending her
to the UOS because of the risk with transportation. They
seem to have an unofficial back-channel via the mobile. The
whole situation seems far too complex for the local experts.
It is my daughter’s future that is at stake.
If I instead could see the local experts being enabled to
quickly and precise diagnose my daughter, my anxiety
would decrease and hopes arise. I would be able to lay aside
my worst nightmares about her needing help from us and
society for the rest of her life.’
‘I am Pernille, a paediatrician working at a regional hospital. For me, one major pain point is when
a baby has indications of severe heart disease. Immediately, I know that I am thrown into a cycle of
dilemmas, catering to the baby at risk, her worried parents, and my integrity both professionally and
as a human being. It takes thousands of hours to become an ultrasound expert, for babies and babies’
heart even more – I am very far from that.
Currently, one alternative – which we do not really recommend – is to transport the baby to OUS at
high risk of condition aggravation, and even death. Instead we do local ultrasound as best as we can,
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and send images of it to the central paediatrician
cardiologist. The images are of bad quality and far
from sufficient – and of course violating privacy. They
may lead to both under- and over diagnosing.
If I could do paediatrician ultrasound being assisted
by the central expert, we would together be able to
quickly and precisely diagnose the baby. This would
decrease complications and increase probability of
short and long term health effects for the baby, the
family and local community.’

‘I am Hanne, an OUS manager. For me, one major pain point is
to use our hospital resources as efficient as possible.
Currently, the best for us is when the baby is transported to OUS
where the heart expert can do proper ultrasound. However, this
put the baby at risk. Often, we see that local paediatricians instead
violate privacy and send poor images to our experts on private
mobile phones. Of course, this leads to late and less precise
diagnoses.
If we could arrange for local paediatricians to carry out
ultrasound being assisted by our central expert, we would together
be able to quickly and precisely diagnose the baby. This would be
a highly efficient use of OUS resources, and I could be assured we
work within privacy regulations. Even more important, this could
decrease complications and increase probability of short and long
term health effects for the baby, the family and local community.’
Figure 9 Problem and benefit statement – examples

Our analyses indicate that even though those controlling the money do not feel the problem of life and
death as urgent, there are substantial benefits such as the efficient use of hospital resources, privacy
adaptations, lower societal costs and burden in the long run, and keeping promises to citizens.
In Figure 8, we have indicated that the stakeholders in the customer role pay stakeholders in the provider
role; The provisioning, on the other hand, is directed towards the whole group of Beneficiaries,
Executers, and Customers. Together, these roles and stakeholders constitute a complex web responsible
for the creation and delivery of value.
The next step for business validation in this case should be to explore the stakeholders in the Customer
roles, e.g. hospital management and regional authorities. It should be noted that this use case is
developed in a Norwegian context where insurers do not play a significant role. Thus, in a different
market this should be catered for.

3.1.2

Robotic-assisted ultrasound examination

Ultrasound imaging plays a significant role in image-based diagnosis and image-guided therapies.
Ultrasonic diagnosis requires highly specialized skills during the ultrasound image acquisition process,
and completely depends on the operator. Ultrasound experts are continuously available only in centrally
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located hospitals. The lack of ultrasound experts in remote areas can be problematic and lead to delay
of diagnosis and treatment [11]. Transportation of sick patients to central hospitals for ultrasound
imaging in a country with large distances and unstable weather conditions, like Norway, may pose risks
to the patient or even be impossible, and has high costs. In addition, ultrasound exams and ultrasoundguided interventions often require that the expert or technician holds the transducer in awkward positions
for prolonged periods of time, sometimes exerting large forces [12]. Several studies indicate that
sonographers suffer from an unusually high incidence of musculoskeletal disorders due to a high load
of static muscle work [13].
To compensate for the limited availability of experts in remote areas and to reduce physical side effects
of ultrasound examination for the operators, the use of robotic-assisted systems for ultrasound image
acquisition is gaining attention. Many of the proposed robotic-assisted systems in healthcare (but not
all) can be characterized as teleoperated systems. Teleoperated robotic systems in healthcare consist of
three main parts: the master or expert site, the slave remote manipulator or patient site and the
communication link. In a bilateral teleoperation system, the master site sends the position command to
the slave site while receiving medical and ambient visual feedback and sensory information of the slave
manipulator at the slave site. The communication link is responsible to connect the master site to the
slave site. According to this configuration, this kind of robotic system is called a “master and slave
system”. One of the most important features of telerobotic systems is telepresence. It means that, a
feeling of presence at the remote site should be generated by the system in a natural fashion.
Telepresence requires that the ambient information of the remote site, including audio, visual and tactile
information is presented to the operator at the master site [14].
When we consider a teleoperated robotic system, it is very important to identify the type of barriers that
the teleoperated system needs to deal with. According to the type of barriers, teleoperated robotic system
in healthcare are generally divided into two main categories: short-distance and long-distance
teleoperation systems. If the master and slave sites are located in the same room or building and a local
area network, or LAN, has been established between these two sites, the master and slave system is
called a “short-distance teleoperated system”. If the slave site is located at a remote area and it is
controlled by the master site through a communication network such as 5G or a wired broadband
networking line between the two sites, the master and slave system is called a “long-distance
teleoperated system”.
In the case of the robotic ultrasound examination research, which is part of subcase H1B, the barriers
can be categorized as (1) an actual distance (to address the limited availability of experts in the remote
areas) and/or (2) a physical obstruction (to reduce the physical side effects of ultrasound examination
for ultrasound experts and technicians). The aim of this research within H1B is to develop a networkbased, bilateral, long-distance teleoperation system which satisfies the requirement of telepresence over
the 5G network. In this way, the system can be used for both short and long-distance applications. The
proposed system is considered a complex robotic system because different types of sensory information
need to be captured and processed in different hardware elements and processors. Section 3.2.3 focuses
on the architecture of the proposed teleoperation system as a complex robotic system while highlighting
the possible challenges.
3.1.2.1

Business validation

The use of robots in healthcare has dramatically increased over the last two decades. The use of emerging
technologies in healthcare is strongly supported by the European Commission (EC). Especially research
on the potential of robotics in healthcare, as a promising solution for several medical challenges, is
funded by the EC [15]. A great deal of research has been conducted into using robots in different areas
of healthcare, from surgical robotics [16] to rehabilitation robots [17] and semi-autonomous teleoperated
robotic systems to capture ultrasound images from a remote distance.
“These emerging technologies not only benefit today’s shortage of medical experts, but it also eliminates
geographical barriers that prevent timely and high-quality medical operation, financial burden,
complications, and risky long-distance travel” [18]. They also provide improved operation accuracy and
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ensures the safety of surgeons [19]. Most of the current robotics systems in healthcare, like surgical
robots [16], are teleoperated. It means that a surgeon controls the robot from a remote distance. The
promising results of using teleoperated surgical robots promoted research to using this robotic
architecture in other area of medicines. Therefore, the aim of this research within H1B is to develop a
network-based, bilateral, long-distance teleoperation system to capture ultrasound images from a remote
distance which satisfies the requirement of telepresence over the 5G network.
3.1.2.1.1
Research questions
Developing such a system raises many research questions in the areas of business, technology and ethics.
Research questions for this research within the H1B subcase are as follows:
1. How can we best identify, understand, and deal with ethical and societal issues raised by using a
long-distance teleoperation system to capture ultrasound images from remote areas [20]?
2. What are the potential benefits of introducing the teleoperation system for human society in general
and for pandemic diseases like COVID-19, in particular?
3. Who are the stakeholders and what are their moral obligations?
4. What are the responsibilities of the different stakeholders during and after the design and innovation
process? For example, in H1B, what are the responsibilities of system developer, government,
patients, hospitals, medical experts and other relevant stakeholders in terms of human-robot
interaction risks during and after design innovation process?
5. How should we identify critical patient information, monitor the patient’s dataflow during remote
operation and utilize security and encryption tools to prevent leakage of the patient’s data?
6. Is the master-slave system able to support remote ultrasound examination as good as on site with an
echo cardiographer performing conventionally?
7. To what extent are we able to provide a proper telepresence over the 5G network? Working in real
time is the key requirement for a robotic long-distance teleoperation system in healthcare. Is the 5Gnetwork delay small enough to meet our hard real-time requirement for such a system? The proposed
long-distance teleoperation system needs to send and receive a great deal of video, audio, haptic and
robot control data at each moment. Is the bandwidth of the 5G network large enough to support a
reliable connectivity between master and slave sites?
To answer some of these questions, we first need to identify and categorize the stakeholders related to
the use of the teleoperation system in healthcare.
3.1.2.1.2
Stakeholder analysis
“Stakeholders are defined as people who have a vested interest in the use of robotics technology in
healthcare” [21]. Stakeholders are divided into three main groups as follows:
I. Primary Stakeholders:
People who are involved directly with the robotic system are categorized as primary stakeholders. Direct
Robot Users (DRU) are people who use the robotic system (in H1B patients and cardiologist), Clinicians
(CL) are the persons who work directly with DRU (in H1B, nurses and local doctors, as well as assistants
in the remote hospital). Care Givers (CG) are persons like family members, volunteers or other unpaid
persons who take care of DRU (i.e. patients).
II. Secondary Stakeholders:
Secondary stakeholders are persons who are involved in the use of robotic technology in healthcare.
Robotic system developers (OUS in H1B), network service providers (Telenor in H1B), environmental
service workers, and health administrators are categorized as second stakeholders.
III. Tertiary Stakeholders:
Policy makers, insurers, advocacy groups are considered as tertiary stakeholders. Persons in this group
work for public (state, federal and local governments) or private organizations. Their design policies
regarding by whom the robot will be used, which robot will be used and how their cost will be managed.
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They also make decisions about the benefits for primary stakeholders, including service payments to the
secondary stakeholders.
3.1.2.1.3
Responsible Research and Innovation
H1B is trying to address the research questions based on the concept of Responsible Research and
Innovation, i.e. by listening to and considering the viewpoints of all stakeholders. Reference [22] refers
to the following definition of Responsible Research and Innovation (RRI) which was taken from [23]:
“Responsible innovation means taking care of the future through collective stewardship of science and
innovation in the present”. RRI is based on set of questions that public groups wanted to ask from
scientists. In other words, ‘‘Doing science and innovation with society and for society, including the
involvement of relevant stakeholders ‘very upstream’ in the processes of research and innovation to
align its outcomes with the values and expectations of society”. The pain points analysis for the primary
stakeholders (Table 6), the secondary stakeholders (Table 7), and the tertiary stakeholders (Table 8) are
based on the inputs of secondary stakeholders and the clinical cardiologist expert as the primary
stakeholder. This analysis needs to be updated according to the other relevant stakeholders.
Table 6 Primary stakeholders’ pain points
Primary Stakeholders

Pain Points

Patient in remote area

Lack of direct access to expert cardiologist
No cardiologist available on call
Delayed diagnosis in an emergency setting
Lack of access to expert follow up
No or delayed recognition of significant residual defects
Risk inducing and costly travel

The patient’s family

High stress caused by transporting the patient from home to the central
hospital in big cities
Costly and unnecessary travels, e.g. some families even move closer to the
expert hospital to stay close.

Local doctors and/or nurses:

Basic quality healthcare – covering large fields of medicine
Higher risk of wrong diagnosis and misjudgement – anxiety for errors
Difficulties to share patient medical information with expert cardiologist
Difficulties to move patients from remote hospital to central hospital in big
cities

Remote cardiologist experts

Dangerous and time-consuming travel
Difficulties to understand poor medical observation which is provided by local
doctor
Increased risk of wrong diagnosis and misjudgement

Table 7 Secondary stakeholders’ pain points
Secondary Stakeholders

Pain Points

Healthcare supplier:

Lack of expert cardiologist in remote hospitals leads to lose a very big market

Network service provider:

No need to provide advanced network coverage like 5G in remote area leads
to losing a very big market

Central hospital:

Wasting time of valuable medical experts by unnecessary travels
Inefficient use of human resource leads to lack of experts in the hospital
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Delayed diagnosis of patients in remote area leads to increase number of
patients with serious medical problems
Remote hospital:

Low quality healthcare in remote hospital
Inability to cover various types of healthcare for patients
High risk of delayed diagnosis and misjudgements

Table 8 Tertiary stakeholders’ pain points
Tertiary Stakeholders

Pain Points

Regulatory Authority:

Guarantee patient safety and privacy with new tele-working solutions

Insurance:

Need to cover costly travels
Long term hospitalization
Pay the living cost for the family of patients in case of death

Government:

Poor healthcare coverage all around the country
Providing expensive healthcare for some medical healthcare
Inefficient use of healthcare potential and environment in case of epidemic
diseases

3.2 Proposed setup
3.2.1

Congenital heart disease exploration

The “5G-based Ultrasound tele-guidance solution” should allow the paediatric cardiologist (based at
OUS), in collaboration with a cardiologist or paediatrician at the local/remote hospital, to:
·
·

Remotely screen/diagnose a baby for congenital heart defect (PCHD) (Figure 10).
Remotely monitor the baby’s recovery after treatment, after the baby is brought back to the local
hospital. While monitoring covers a lot of different issues, the focus of this research will be on
repeated post-operative echocardiography, e.g. for the assessment of pericardial fluid or residual
effects.

Figure 10 Remote collaboration for tele-guidance ultrasound on baby with (suspected) PCHD

The local health care professional operates the Ultrasound probe, with the images being relayed to the
paediatric cardiologist. OUS and Philips Research want to explore solutions to facilitate the above
described collaboration. For example, the local HCP and surgeon could be assisted by video streams,
AR/VR tools or 3D heart models.
The “high level” research questions are twofold:
1. What would be a good technical system (TS) solution to support above mentioned tele-guided
ultrasound imaging of babies with (suspected) PCHD? The TS is considered to be good, if it (a)
features high sensitivity and specificity for a defined diagnosis and (b) is user friendly in the clinical
setting on both ends, including handling the increased workload on the expert centre.
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·

This includes understanding the current and expected (a) skills and experience of the doctors
involved in the procedure, (b) their usage context and workflow, and (c) the characteristics of
the baby patient.
2. What is the clinical value and business opportunity of above TS solution?
· This includes understanding of the incidence level of PCHD related scenarios, a cost / benefit
analysis, and estimation of achieving the Quadruple Aim targets (Improved patient outcome,
Reduced cost, Improved patient and/or staff satisfaction).
Iterative approach to answer “specific” research questions
In order to answer above research questions, technology companies, solution providers and healthcare
professionals need to collaborate. It is crucial to experience the use of potential solutions, in order to
gain understanding of their impact on workflow, task performance and medical outcome.

Figure 11 Iterative co-creation approach

Philips, OUS, Telenor will follow an iterative co-creation approach (Figure 11). Each iteration will
address certain aspects of a tele-guided ultrasound solution. Specific research questions will be defined
to zoom in on those aspects.
In each iteration, a demonstrator will be defined, built and evaluated in a study/trial. Such a demonstrator
will not offer all functions of a future product/solution. It serves to investigate only those aspects that
are the focus of that specific iteration. Hence, each demonstrator will address certain aspects of a teleguided ultrasound solution and will serve to investigate whether it is (on those aspects) indeed
supporting the involved HCPs in screening, diagnosing or monitoring the recovery of babies with
PCHD. A demonstrator can make use of “wizard of oz” † components to answer (usage-related) research
questions, but only if the impact of technical and system performance is not essential in that specific
study. This could significantly speed up the iteration cycles.

†

A “wizard of oz” test relies on human actors to fake the actual operation of the system – no working technical components
are assumed. This enables testing of envisioned systems and functionality without needing to create a technical instantiation
first. See e.g. [34] for a more detailed explanation.
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After each iteration, collaborative engagements with all stakeholders in the consortium will be organized
to reflect on the learnings generated in the executed study. These sessions serve to answer the high-level
research questions in more detail and scope the next study.
Key Performance Indicators per study/trial (TS solution)
In addition to addressing specific research questions, each iteration / demonstrator will be evaluated on
the following KPIs:
·

·

·

Is the quality of the diagnosis acceptable? Is the time to diagnosis acceptable?
o Can the remote expert accurately diagnose PCHD in a baby, by using a specific TS
solution in collaboration with the local paediatrician or cardiologist?
o Can the PCHD expert come to the same diagnosis (in interaction with the local
cardiologist / paediatrician who operates the US device), compared to performing the
ultrasound scan on the baby himself?
o Can the local paediatrician assisted by the remote expert come to a more detailed or
more precise diagnosis when using a specific TS solution, compared to the existing
workflow? Does this result in a better medical outcome and/or cost reduction?
What aspects in the user experience (UX) of a specific TS solution should be improved?
o How to guide / support the local HCP in accurately using ultrasound in the use case?
(Probe position, US interpretation, …)
o How to enhance collaboration; work together and share information as if present in
same room?
What is the required entry level knowledge of the local HCP (related to ultrasound and
PCHD)?

Step 1: Kick off co-creation process
To kick off this iterative co-creation process, collaborative engagement sessions were organized with
stakeholders of OUS (both technology and clinical), Telenor and Philips, to collect sufficient
information about the needs and challenges. These sessions resulted in:
·
·

Detailed description of the use case; clarify the current problems, workflow, usage context and
skills/experience of the involved HCPs. (Use case: babies with PCHD who are located in a
hospital far from the expert centre in OUS.)
Estimation of impact of known usability problems of Lumify/Reacts on remote collaboration
for the PCHD case.

Based on this information, first study proposals were proposed, as described in Section 3.4.1.
Our current assumption is that the iterations will address the following topics:
·
·

Explore which information needs to be shared between local and remote HCP.
o For example, should the remote expert see the probe position on the patient’s body, in
order to guide the local HCP in fine-tuning the probe position?
Explore how the local and remote HCP could best share this information.
o For example, should the remote expert see a live video of the local HCP’s hand holding
the probe, or is it sufficient to see the resulting US images, or …
o For example, is remote collaboration significantly enhanced when applying certain
Mixed Reality tools. Such as showing an avatar of the expert’s hand as an overlay of
the hand of the local HCP.

3.2.2
3.2.2.1

Congenital heart disease technical setup
Skype-like

Refer to Section 4.2.2.2 of subcase H1C for the description of the technical setup for skype-like remote
ultrasound, as for the first iteration the same Lumify/Reacts setup will be used.
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3.2.2.2

AR/VR

The overall setup for execution of the AR/VR enabled remote ultrasound is shown in Figure 12. The
two locations are each connected to the network backbone. Eventually this backbone will comprise one
or more 5G network slices, but in first experiments, for example, an Ethernet cable from one room to
another may be used. Compute resources and access to patient data (e.g. from PACS systems) are
assumed to be accessible through the same network infrastructure. This could possibly be located on
edge servers.
In order to facilitate the evaluation of the various information presentation and interaction methods, each
side allows the connection of a varied set of devices.
·

·

On the patient side, an ultrasound probe is attached to provide live patient data. Since the
practitioner needs to see the patient, AR headsets (e.g. HoloLens) can be used, but VR headsets
not. Multiple clinical staff may need to be included in the call, which would require multiple
headsets. In general, having the possibility of passive observers is an interesting one. For
experimentation, this may concern the observers of the experiments, in a real-life situation this
may concern the baby’s parents or other doctors in training. See-though AR with cameras and
traditional screens (i.e. you look through a tablet as if it were an augmented see-through
window) could be considered here as well. In Norwegian paediatric cardiology most ultrasound
systems are GE Vingmed High End Echocardiography systems (Vivid E95 or similar).
On the expert side, no live ultrasound needs to be recorded. However, the remote expert may
want to use a dummy probe to communicate positioning instructions. This can be any suitably
shaped object, e.g. a 3D print of a probe, or even just a block of wood. Position tracking can be
done with standard optical techniques with markers or QR codes, or by using active tracking
technology such as LightHouse. The handheld controllers commonly included in VR setups can
also stand in as probe.

On both sides, cameras and microphones are assumed. The exact nature and view of the cameras needs
to be determined as part of the exploration. For example, do we need 2D video, 360o, or is spatial insight
from a depth camera required? Are the cameras fixed, or is it better to use a head mounted camera?

Figure 12 Hardware setup of the augmented/virtual reality enhanced remote ultrasound examination
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The resulting communication structure is shown in Figure 13. The patient data and cloud resources are
assumed to be shared at all times. We assume that the patient case data is governed by the local treating
physician, and that he will take care of proper authentication and authorizations for data access. We
furthermore assume that all participants in the remote support scenario have permission to see the data,
and that any consent has been arranged. For example, if a doctor in training is included, the parents will
have given consent that he may see the baby’s clinical data. For testing purposes, we will rely on
phantoms and anonymized clinical data to avoid the need to build up extensive identification and
authentication infrastructure.
Audio and video streams are indicated to travel bidirectionally, but do not have to be symmetrical in
setup. The telepresence envisioned should pull in the remote expert to the patient side hospital, which is
likely to have more communication to the remote expert than in the other direction.

Figure 13 Communication structure for the augmented/virtual reality enhanced remote ultrasound examination

3.2.3
3.2.3.1

Robotic-assisted ultrasound examination
User application architecture

Complex robotic systems are classified as robotic systems with the ability to perform several concurrent
real-time performances at the same time [24]. The level of complexity is determined by the hard realtime performance needed and the data exchange between the different layers of software and hardware.
The ability of a robotic system to perform an accurate task is directly related to the sensory information
which is obtained from the different sensors and delivered to the control algorithm. The more sensory
information is processed, the more capability for the robot to perform accurate tasks. Complex robotic
systems typically use a variety of sensors and they communicate with a base station or with other robots
in their framework. It means that processing of the hard-sensory information in this class of robotic
systems requires distributed computational processing. To manage the procedure of capturing sensory
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information from different types of sensors, processing the sensory information in different processors
and delivering it to the different hardware elements in a complex robotic system, a robotic architecture
is needed [24]. The robotic architecture consists of two main parts: hardware architecture and software
architecture.
3.2.3.1.1
Software architecture
All the hardware used in the architecture of a robotic system has its own software layer. The software
architecture manages the relationship among these layers and the different layers of the control
algorithm. To design and develop the architecture of a complex robotic system, we need first to consider
possible challenges in the system. As we have mentioned above, the aim of this activity within the robotassisted ultrasound examination part of H1B is to develop a bilateral teleoperation system which satisfies
the requirement of telepresence to capture ultrasound images in a long-distance teleoperated system
paradigm. The teleoperation system primarily involves human-in-the-loop control; this means that a
human operator (in the H1B subcase a cardiologist) controls the slave robot from the master site. The
proposed system consists of three main parts: Master site, Slave site and Communication link.
Master site:
The Master site is located at the central hospital which is the location of the expert cardiologist, master
robot and monitoring system of the slave site.
Slave site:
The Slave site is located in a remote area which is the location of the patient, the slave robot, the
ultrasound machine, the local doctor and/or the medical assistant and the medical monitoring devices.
Communication link:
The data link and protocols between the master and the slave site to stream the ultrasound video, ambient
audio/video and robot control data.
Figure 14 gives an overview of the system architecture based the proposed architectures in [25]-[29]
and adapted to this activity within the H1B subcase.

Figure 14 System architecture of long-distance teleoperation system

The communication link in the architecture must support following types of data:
Real-time control data:
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In a bilateral network-based teleoperation system, depending on the architecture, the control loop or part
of the control loop of the system passes through the communication link. Sensory information such as
forces, torques and velocities should transmit over the real-time control data channel with low jitter and
with the delay being below an allowed maximum [25]. It means that hard-real time and reliability
requirements should be met in this link. According to [26], the update frequency of the local haptic
control loop should be 1000 Hz while the communication link can have a lower rate where 100 Hz is
classified as a very good update frequency and 10 Hz is classified as good. In H1B we consider a 100
Hz update frequency for the real-time control data. The real-time control data flow is at a constant rate
and comprises small packets.
High-level management data:
This data link covers data from the slave site to the master site, such as setting the control loop’s mode
and reading the status information of the slave robot which needs to be displayed at the master site user
interface. This link has a lower priority than the one of the real-time control data and therefore it needs
to be a separate link. This link has a soft-real time requirement. This means that the system will still be
working if some data-packets are lost due to phenomena like multipath propagation, the Doppler effect,
and noise. Sensory information from the slave manipulator which is needed to be displayed to the user
interface at the master site is sent through a synchronous link. The user interface enables the expert at
the master site to change the mode and the parameters of the system at the slave site. This management
data is sent through the asynchronous link and is processed as it arrives in the slave robot controller [25].
Medical video streaming
The ultrasound video is vital for the cardiologist, and therefore this video should be sent over a high
priority link.
Ambient video streaming:
In a remote tele-operation setting, it is important for the cardiologist to be able to communicate with the
patient. Therefore, a video conference link is needed between the sites.
3.2.3.1.2
Hardware architecture
The hardware architecture describes the configuration of sensors, processors and actuators in a robotic
system. The hardware is responsible to capture sensory information, deliver it to the control algorithm
and to send control commands to actuators. Figure 15 gives an overview of the proposed hardware
architecture for the system.
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Figure 15 Hardware architecture of long-distance teleoperation system

The hardware elements used in the architecture for the robotics system of the H1B subcase are as
follows:
Slave manipulator
Articulated robots (parallel and serial) are commonly used in the application of teleoperation systems in
healthcare. Serial manipulators consist of a number of links which are connected to each other with
revolute or prismatic joints. This kind of manipulator has a large workspace, small footprint and good
dexterity within their workspace. On the other hand, a parallel manipulator consists of several serial
chains to support a single platform [14]. A parallel manipulator provides high-speed displacement and
accurate positioning, but the footprint of this manipulator is relatively big compared to a serial
manipulator and its kinematics and control are more complex than those of serial robots. In general,
robotic manipulators are built or customized to meet some requirements according to the medical
application. In case of using a commercially available manipulator in a medical application, the endeffector can be an interchangeable surgical tool. Safety, size & weight, dexterous workspace, number of
DOF, and price are key characteristics for selecting a manipulator for healthcare application. In H1B,
the commercial robot UR5 from Universal Robot is used. The reasons for choosing this manipulator
according to the above key characteristics are as follows:
Safety:
The UR5 manipulator, which is used in H1B, has a built-in safety feature, which means that it will
provide safe human-robot interaction. The manipulator is certified as collaborative robots complying to
the EN ISO 10218-1:2006 standard. In addition, there are three levels of safety including: hardware,
software and user input in this configuration. At the hardware level, the maximum allowed velocity and
motor current should prevent fast movement of the robot which can lead to high robot force. In addition,
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the robot is a light-weight manipulator which can reduce the damage caused by fast movement. At the
software level, the force applied to the patient’s body is measured and if it would be higher than a
threshold, the robot will be stopped. At the user input level, there are two switches which can be
controlled by the patient and by the local doctor to stop the slave robot.
Size and weight:
The UR5 robot is a lightweight manipulator with respect to the payload and the reachability of the robot.
The weight of the UR5 is 18 kg with a reach of 850 mm and payload of 5 kg. This robot can be installed
on a moving stand so it can provide more flexibility to work on the patient’s body.
Number of degrees of freedom-DOF:
Number of DOF is a key design parameter of any manipulation system, which is directly associated with
the application of the robot. The selected manipulator in H1B, UR5, has 6 DOF. Dexterous workspace
analysis is discussed in the next section.
Dexterous workspace:
The dexterous workspace is the set of points that can be reached with any arbitrary orientation, or more
specially a subset of the orientations usable by the cardiologist. According to [25], when no tool is
attached to the robot, the dexterous workspace can be approximated as a sphere with a radius of 0.79 m
with a non-dexterous region as a cylinder in the middle of the sphere with a radius of 0.19 m. When the
ultrasound probe is attached to the end-effector of the robot with an offset of (X= 0.0m, Y= 0.0282m,
Z= 0.1759m), the radius of the sphere is reduced to 0.57 m and the radius of the inner cylinder is
increased to 0.37 m. We regard this as sufficient for conducting ultrasound examinations [25].
Robot internal controller:
The UR5 robot has an internal controller box that accepts both joint velocity setpoints and joint trajectory
setpoints. The controller box has 16 digital inputs, 16 digital outputs, 2 analogue inputs and 2 analogue
outputs. It can communicate with an external controller using a direct Ethernet connection and a
proprietary communication protocol [32].
Slave site’s main controller:
The slave site main controller is a computer with an Intel i7-960 3.2 GHz processor, 3 Gb of RAM and
a DAQ card to interface between the force/torque sensor and the PC. The PC is running Linux 2.6.38
and Xenomai 2.6.0.
Force torque sensor:
The ultrasound probe which is attached to the slave robot should apply a constant force to the patient’s
body in order to keep the ultrasound probe in contact with the patient’s body, even if there are small
patient movements, such as respiratory motion [25]. According to the previous studies [29]-[31], the
maximum force for an ultrasound examination is 100N, the contact force is in the range 5-20 N and the
accuracy of the sensor is 0.1N. The type of sensor which is used in H1B the teleoperation system is the
Gamma SI-65-5 from ATI Industrial Automation. The sensor is a 6 DOF force/torque sensor with a
dynamic range of 200 N with a resolution of 0.025 N in the forward force axis, 65 N with a resolution
of 0.0125N in the sideways force axes, and 5 Nm with a resolution of 0.75 *10-3 Nm in the torque axes.
The force/torque signal is accurately and safely read by a DAQ device.
Ultrasound machine:
The machine in Kongsberg is a GE Vivid S 70 mid end machine or similar.
The machine in Skien is a GE Vivid E 9 or E 95.
The machine in Tromsø is a GE Vivid E 95 or Vivid IQ.
Ambient visual cameras:
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The medical teleoperation system needs to have a videoconferencing system between the master and
slave sites. The system provides ambient visual and auditory interactions between the cardiologist, the
patient, and the local doctor or assistant. According to our last experiment, and in order to provide a
better understanding of the robot interaction over the patient’s body, the system should stream three
views in terms of a perspective projection from the slave site to the master site. A single ambient visual
feedback from the master site should stream to the slave site to reassure the patient that the expert
cardiologist is performing the examination. The connection between the two remote sites for video
transmission is performed using a TCP connection.
Medical video communication:
Streaming ultrasound video from the slave site to the master site poses significant challenges in the
ultrasound robotic teleoperation system. The ultrasound video dominates over all signals in the
teleoperation system, both in processing needs and required bandwidth. In other words, high quality
ultrasound video streaming is the crucial part of a successful ultrasound teleoperated examination.
Network technology and infrastructure plays a very important role to achieve this goal. According to
the literature over the past decades, several methods like video compressing and streaming diagnostic
region of interest (d-ROI) have been introduced to overcome bandwidth limitations. At the same time,
we should always keep in mind that the quality of medical data (high quality ultrasound video in case
of H1B) should not be compromised by using methods like video compressing and d-ROI [14].
If 5G can deliver the promised KPIs, then this would influence the capability to use HEVC over wireless
links in this type of use cases. A higher bandwidth offered by 5G technology means less compression
and higher quality for ultrasound video streaming.
Haptic device:
In the teleoperation system, the haptic device is located at the master site and cardiologist controls the
slave robot by manipulating this device. Controlling an ultrasound probe using a haptic device requires
good force and position tracking of up to 2 Hz [25]. Currently, the haptic device used in H1B is the
“Phantom Omni” from Sensable Technologies with 6 degrees of freedom based on a serial architecture.
The workspace of the device is 16 cm x 12 cm x 7 cm (W x H x D). It can provide force feedback of up
to 3.3 N and a nominal position resolution of around 0.055 mm [33].
Master site main controller:
The slave site main controller is a laptop with Xeon E-2176M (6 Core, 12 threads, 12MB Cache,
2.70GHz up to 4.40GHz Turbo, 45W, vPro) processor, 32 Gb of RAM. The PC is running Linux 4.9.38
and Xenomai 3.0.5.

3.2.4

Network architecture and onboarding

The H1B subcase will be implemented and tested using the Norwegian 5G-VINNI facility.
3.2.4.1

5G-VINNI Norway facility network architecture

The reference architecture of the 5G-VINNI facilities is shown in Figure 16. Network slices will be
provided ‘as-a-service’ over the network and infrastructure.
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Figure 16 Reference architecture with slice/VNF implementation [35]

Figure 17 shows the slice implementation using VNFs that is provided in 5G-VINNI. In phase 1, 5GVINNI will only support eMBB slices.

Figure 17 Slice/VNF implementation Norway [35]

The robotics test case is especially sensitive to network latency and would require edge data centres.
5G-VINNI is not providing this for 5G-HEART phase 1 testing.
3.2.4.2

Sites, coverage and radio parameters for the 5G-VINNI RAN

All healthcare experiments in Norway are going to be performed in or near the OUS Intervention Centre.
An outdoor 5G gNB with two sectors is installed at the premises and covers parts of the indoor area and
outdoor areas, as shown in the map (Figure 18). The two sectors, A and B, are indicated, as well as the
beam width of the 5G active antenna.
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Figure 18 Map of OUS area and 5G-VINNI site

The 5G-VINNI RAN is currently NSA, using 2.1 GHz (Band 1) for the 4G anchor. The OUS site is
using 3.6 GHz for the 5G NR (Band n78). Therefore, each sector is covered by two separate antennas
as shown in Figure 19. The main radio parameters of the 5G-VINNI gNB are listed in Table 9.

Figure 19 NSA antenna setup at OUS
Table 9 5G-VINNI gNB at OUS technical parameters
Parameter
Carrier frequency and
bandwidth

Value
LTE anchor (Band 1):
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· UL: 1942.6 MHz (EARFCN: 18226)
· BW: 5 MHz
5G NR (Band n78):

5G NR antenna

· DL/UL: 3655 MHz (NR-ARFCN: 643667)
· BW: 80 MHz
64T64R active beamforming antenna

5G beam-width (3 dB)

Broadcast beam: 65° horizontal; 10° vertical
Traffic beam: 12° horizontal; 9.5° vertical

LTE antenna

4T4R RRU and passive antenna

LTE beam-width (3dB) and
gain

65° horizontal; 6.7° vertical

3.2.4.3

Gain: 17.8 dBi

Interfacing with the application endpoints – 5G UEs and devices

The ultrasound equipment is connected to the 5G-VINNI infrastructure using CPE devices or
smartphones. Referring to the different test setups described in Sections 3.2.2 and 3.2.3 above, different
connection setups will be used. There is a choice between two types of UEs which can be used:
·

Smartphones are handy for wearable situations, like the Lumify/Reacts and the VR/AR
experiments.

·

CPEs (Customer premises equipment) or 5G routers are fixed UEs designed for FWA
applications. These are bulkier and usually need central power (pocket routers will at some time
also be available, running on batteries).

For the 5G-HEART/5G-VINNI setup, examples of smartphone models are Huawei Pro 20X and
Samsung S20, but other models keep coming to market. CPEs used in 5G-HEART will be Huawei 5G
CPE Pro 2 [36]. Physically connecting to the 5G network will be as shown in Figure 20.

Figure 20 Principal connection of application equipment to the 5G-VINNI network

Smartphones will typically connect via USB using a modem protocol (USB tethering), or if the
application equipment supports it, via Bluetooth. The smartphone can also be set up as a Wi-Fi hotspot.
The CPE can be connected using Ethernet LAN or Wi-Fi.

3.3 Testing and verification
3.3.1

Congenital heart disease exploration

Philips Research, OUS and Telenor had planned a two-day workshop in Oslo on March 19-20, 2020.
Because of the COVID-19 measures the experiments planned during this workshop had to be postponed,
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until the moment when traveling will be possible again. However, remote collaboration tools for remote
observation of such experiments are being considered within the project.
Planned experiments were:
·

·

3.3.2

Perform hands-on experiments with Lumify/Reacts to gain insight into how well it fits with the
user needs and current workflow of the selected use case.
o Focus on the ease of remote guidance (can remote expert support the local doctor in
correct placement of probe to capture useful US images?), and on the ease of
interpretation (does remote expert expect the US images provide sufficient information
to screen a baby on PCHD?).
o Capture user requirements and clinical requirements relevant for defining the next TS
solution.
Initiate discussion on first iteration of the “Mixed Reality TS solution”.
o Drive this discussion by experiencing how to communicate and collaborate using
existing VR/MR demonstrators. Include demonstrators that enable stakeholders to
experience interaction with a 3D heart volume.

Robotic-assisted ultrasound examination

OUS and Telenor did a short-distance teleoperation ultrasound examination in two separated rooms at
the OUS. The experiment tried to simulate the requirement of telepresence for the expert cardiologist in
a long-distance manner. In this experiment, the expert cardiologist was in the master room and the
patient was in the slave room. According to Figure 21, the haptic device, ultrasound video display, slave
site’s ambient video/audio display, robot user interface display and the cardiologist are located at the
master site.

Figure 21 Master site in the H1B experiment

According to Figure 22, the slave robot, ultrasound machine, master site ambient video/audio display
and the patient are located at the slave site. In this experiment the cardiologist and the patient did not
physically see each other, and they communicated to each other through a video conferencing system.
The video conferencing system only streamed a single video/audio (one view) from the slave’s site to
the master’s site and vice versa. The ultrasound machine was a GE Vivid E9 S70 ultrasound machine.
The slave manipulator was the UR5 from universal robot equipped with the Gamma SI-65-5 force/torque
sensor from ATI Industrial Automation and a 2D ultrasound probe mounted at the end-effector of the
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robot. The haptic device used in the master site is the “Phantom Omni” from Sensable Technologies.
The whole teleoperation framework was running on a real time Linux kernel 2.6.38 and Xenomai 2.6.0.
In the experiment, the real-time control data and the High-level management data were transmitted over
the Ethernet level, the ambient video/audio streamed over the wireless hospital network and the
ultrasound video transmitted over a HDMI cable.

Figure 22 Slave site in the H1B experiment

The following results were obtained from this experiment, and will be used for updates on the
technology side and to plan the next iteration of experiments:
1. The ultrasound video from the patient’s heart was received successfully using the teleoperation
system.
2. The transparency of the bilateral teleoperation system was very good since the real-time control data
and high-level management data were transmitted over Ethernet.
3. It was difficult for the cardiologist to find the location of the ultrasound probe with respect to the
patient’s body, because he only saw the location of the end-effector over the patient body from one
view. To solve the problem, the system should stream at least three views in terms of a perspective
projection from the slave site to the master site.
4. Since in this experiment, the robot’s control data was transmitted over Ethernet cable between the
slave-robot internal controller and the main controller (Figure 15) and the ambient video was
transmitted over the wireless local hospital network, there was a difference between the delays over
these two links. The difference should be compensated for in the control software.
5. The cardiologist and the local assistant need to have some specific training to be able to use this
technology.
6. A user manual instruction for assistants both in the master and the slave sites should be provided.

3.4 Next-step plans
3.4.1

Congenital heart disease exploration

The next iteration is to investigate whether and how the local HCP and the remote expert should see
each other’s hand (Figure 23) in order to correctly use the probe resulting in capturing good (clear,
relevant) ultrasound images.
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Voice communication
Live Ultrasound images
Hand / probe position

Figure 23 Exploring the need to see each other’s hand

In two successive iterations, we will explore two TS solutions: a skype-like solution and a Mixed Reality
solution. Both explore how to show the probe held by the examiner (local HCP) and, possibly in the
second iteration, the expert.
The user experience of these two TS solutions will be evaluated through user research. Note, that part
of the experiments for the first iteration was originally planned for March 19th-20th, but this has been
postponed because of the Corona measures.
3.4.1.1 Explore need of remote expert to see probe position on body of baby, in a Skype-like
context
Hypothesis:
·

Remote expert has to see probe position (relative to patient), to interpret the live ultrasound
images as well as to guide the local doctor in adjusting the probe position.

TS Solution (see Figure 24):
·
·
·
·
·

Short description focusing on the user experience, details described elsewhere.
Philips Lumify/Reacts product, as described in Section 3.2.2.1 (probe connected to tablet with
front & backside camera, running the Lumify/Reacts) for relevant clinical settings.
High end ultrasound equipment such as GE E95/Philips EPIQ for a detailed cardiac examination
of a new-born.
Live stream of US images from local HCP to remote expert, bidirectional audio contact,
Variations compared in study: Different video cameras / camera positions to capture the probe
of the examiner (local HCP) on the baby and send a live video stream to the remote expert. The
exact variation in camera usage needs to be detailed with HCPs of OUS. Possibly the following
variables will be compared to (not) capture the hand/probe of examiner:
o Head mounted camera
o Backside camera of tablet
o Separate camera on tripod (representative for possible future “fixed camera mount” in
the hospital’s ultrasound room).
o No camera (no video of the probe on the baby sent to remote expert)
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Voice communication
Live Ultrasound images
Probe position (local HCP)

Lumify-Reacts
app, tablet, probe

Separate camera
(optional tripod or
head mount)

Screen with
Lumify-Reacts
dashboard

2nd screen for
video of separate
camera?

Figure 24 Current thoughts about TS1 solution

Experiment:
·

·
·

Assign “remote diagnosis” tasks to participants in remote collaboration setting. These tasks
must be meaningful to the participants (i.e. medical, related to human body).
o Evaluate task performance with the different video streams of the probe on the baby, as
well as without video. Gather feedback of participants on preferred (or no) video.
o To be discussed with OUS expert what the exact tasks should be. This also depends on
chosen ultrasound phantom (which deficiencies does it contain?), or involvement of
healthy volunteers (who are expected not to show any deficiencies).
Assign same tasks to expert in single user setting (i.e. the expert makes the US scan himself).
o Compare task performance of the “remote collaboration of local HCP and remote
expert” to the performance of a “single expert user”.
Capture learnings by (1) observation, (2) open interview, and (3) rating scale. This includes:
o Ask participants to think-out-loud during the study (even though that may interfere with
the communication between the participants).
o Record session for later analysis if needed (e.g. to investigate the root cause of certain
usability issues. (Audio recording of participants’ conversation, video recording of their
screens and the hand/probe position on the baby.)
o To be decided which rating method to use to capture the participant’s preferences.
Options: Card sorting, SUS, define dedicated comparison statements for study.

Context:
·

We propose to use an ultrasound phantom of the human body (e.g. upper torso phantom,
including ribs, lungs and heart). Ideal would be to use a phantom of the baby torso including a
baby heart with PCHD. Alternatively, TTE simulators (e.g. HeartWorks or 3D Systems /
Simbionix) could be considered, but this requires further investigation.
o Involving patients in this study is not essential, would cause unnecessary burden for
those patients, and would require a much longer organizational procedure.
o Requirements to “fake patient”: The shared US images must be “realistic/medical”
(recognizable and informative; representative for human body) and “live” (a change of
the probe position must immediately result in a corresponding change of US images).
The complexity of the probe positioning and fine-tuning has to be representative for
scanning a new-born with potential congenital heart defects.
o If no feasible phantom would be available, healthy human volunteers could be subjected
to the ultrasound scan. Provided all ethical procedures are followed when recruiting
them and during the study (including how to act if a potential medical issue would be
seen in the US scan).
o For the PhD work ongoing at OUS, there is also ethical approval to try the solution with
patients, when the TS is ready for that. We consider outpatients in a local hospital being
assessed for e.g. ASD (Atrial Septal Defect) – referral for device close or not, PDA
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·

(Persistent Ductus Arteriosus) – referral and close or not, and VSD (Ventricular Septal
Defect) – to refer for surgery or not. These are not critical situations but can avoid one
unnecessary transportation for assessment only.
The study does not need to be performed in an actual ultrasound room in the local hospital, nor
in the ultrasound room of OUS. It suffices to use two separate rooms. There should be no audio
or visual contact between the rooms, except via the TS solution.

Participants:
·
·

Remote expert role: PCHD expert(s) of OUS.
o Preferred n=3 To check: can others perform this role next to Henrik?
Local cardiologist or paediatrician role: HCPs from OUS or nearby hospital with similar skill
set as the envisioned users. To be discussed with OUS.
o N=6. To be discussed whether spread over US skills is required; e.g. 2x low, 2x medium,
2x good US skills.

Sessions:
·

·

·

Envisioned: 3 single user sessions. (Assuming there are 3 “expert participants”)
o Duration: 1 hour per session plus 20-30 minutes training in use of demonstrator.
o The single user sessions will be planned before the collaboration sessions, to ensure the
experts have some experience with use of the demonstrator and what the US images
look like.
Envisioned: 12 remote collaboration sessions. Each participant will participate in 2 sessions.
o Duration: 90 minutes per session. Plus 20-30 minutes training prior to the first session
of each participant (in role of local HCP).
o If 3 experts and 6 participants: each local HCP participant will do 2 sessions, each time
with another expert. Each expert will do 4 sessions (with different participants).
o If 2 experts and 4 participants: 8 session in total. (2 sessions per local HCP, 4 sessions
for each expert).
o If there is only 1 expert available, at least 6 “local HCP role participants” should be
involved.
Two Philips employees will facilitate and observe each session. They are qualified to perform
user research studies.

3.4.1.2 Explore usability benefit of using a Mixed Reality (MR) environment for tele-guided
ultrasound
The underlying hypothesis is that working together in a shared MR space will enhance remote
collaboration. It is not yet known which types of information should be available, how information
should be organized, and which MR tools or devices would fit best in the usage context.
Therefore, the details of this second iteration will depend on the outcomes of the first iteration.
Health care providers of OUS have mentioned several types of information to be potentially relevant for
further evaluation. One of these may be addressed in the second iteration (Figure 25).
·

·
·
·

Combine video/animation of the examiner probe (= local HCP) with video/animation of expert
probe, relative to baby body. To guide positioning & fine-tuning of the probe. A tracking
system (probably optical) attached to the baby is needed for the avatar hand to be correctly
placed in the visual field of the local examiner.
Combine 3D heart models with live ultrasound images, to gain more understanding in what is
wrong with that specific heart, and/or to guide probe positioning.
Combine reference stack of US images with live ultrasound images. To guide local HCP
through monitoring the baby after treatment, when baby is taken back to local hospital.
A solution for the expert to help to adjust settings on the tray with knobs and buttons and the
touch screen of the US machine should be evaluated. Audio is an alternative here but direct
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knobbing from the expert on the local machine is an attractive alternative. Can adjustments on
local machine be done directly on the expert end by including the touch screen in the MR
environment.
Mixed Reality environment with:
Voice communication or video call?
Live Ultrasound images
Probe position (local HCP & expert)?
Additional information (to define)?
Probe

Tablet or Hololens
MR application for study

Probe?

Other tools /
devices?

Tablet or Hololens
MR application for study

Other tools /
devices?

Figure 25 Current thoughts about TS2 solution (to be defined in detail after iteration 1)

3.4.2

Robotic-assisted ultrasound examination

The divided control program should be implemented on two different PC’s (the program is divided into
master and slave’s parts, but the implementation is being delayed due to the COVID-19 crisis).
1. The system should be equipped with at least three ambient cameras (in terms of a perspective
projection) in the slave site.
2. The teleoperation system with separated controllers and a 3-view ambient video conferencing
should be tested locally over Ethernet level.
3. After step-2, the system should be tested over a short-distance, using the network at OUS, in order
to give an estimation of possible network issues and to try to solve the problems before the longdistance test.
4. Investigate new solutions to provide more intuitive interaction between the master and the slave
side.
5. A user manual instruction for assistants both in the master and the slave sites should be provided.
6. A training program on how clinical person use the robotic system should be designed for the
cardiologist.
7. The system should be test over a long-distance to find the network issues and it should upgrade
based on the results of the experiment.
8. Secure that the communication over the networks with transmission of patient sensitive date is in
compliance with the GDPR regulations.
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4

SUBCASE H1C: PARAMEDIC SUPPORT
4.1

Description and motivation

Ambulance services are striving towards healthcare with higher quality and possibly better costeffectiveness. Increasingly more and more ambulance services wish to improve pre-hospital triage and
for this purpose, it is important to make correct and timely decisions.
Currently, in ambulance services, a chief medical officer (hereafter referred to as CMO) may be
consulted for decision-making in rare or difficult situations. At present, this is only possible via an audio
connection (telephone), initiated by the ambulance paramedic at the scene. The CMO has no direct
visual view of the patient at the scene for a situational assessment. The effectiveness of situational
assessment would be significantly enhanced if the CMO also has a high-quality audio-video link with
the paramedic(s). This may be further enhanced with streaming ECG and other vital parameter data
generated by a portable (existing) monitor or, in the future, even ultrasound.
In the text below, we describe the first trials performed by 5G-HEART partners RedZinc, Philips and
TNO, in collaboration with Ambulancezorg Groningen (as partner of 5Groningen, The Netherlands).
These first trials took place from March 2nd until 4th, 2020 at the premises of Ambulancezorg Groningen
(AZG). The major objectives of the first trials include:
· To test the feasibility of delivering video and ultrasound using commercially available wireless
technologies (4G/LTE and Wi-Fi).
· To verify the usability of remote video and ultrasound services by paramedics and the CMO of
ambulance services. The feedback provided by paramedics and the CMO will facilitate the
involved 5G-HEART partners to enhance their technical solutions, to better meet the clinical
standards.

4.2 Proposed setup
The trials were performed at the premises (i.e. indoors) of Ambulancezorg Groningen (AZG), The
Netherlands, for three clinical cases selected by AZG.
One ambulance crew (one paramedic and one driver), one CMO and the innovation manager of
Ambulancezorg Groningen were involved. The latter also acted as the supervisor of the scenarios
played. A trained volunteer (actress) experienced in medical simulations was also involved as the
dummy patient in the trials.
Besides the video set of RedZinc and the ultrasound set of Philips, existing ECG and monitoring
equipment was used. A commercial 4G/LTE network and the Wi-Fi network of AZG were used as
wireless communication means, with three 4G/LTE test SIM cards provided by the mobile operator.
Due to legal limits the ultrasound probe could not be applied to the patient (volunteer) in the trials.
Instead, an abdominal phantom was used to emulate the application of ultrasound. For the same reason,
a full-body dummy was used to perform resuscitation and intubation tasks on the patient.

4.2.1

Clinical cases

We designed a couple of cases, with incremental medical disease burden, to subsequently test
transmission of an audio-video signal by RedZinc’s camera, transmission of ECG and other vital
parameter-monitor data and remote ultrasound cooperation with Philips/Reacts.
For each case, separate instructions were handed out to the actress, to the supervisor of the scenario and
to the ambulance crew, respectively. For the latter, the instructions were described in a way like the
dispatcher would convey the notification to the ambulance crew (except for the second case where the
instructions for trainer and actress were combined).We tried to approach reality as close as possible,
with an actress playing the patient and applying realistic theatre make-up to simulate wounds. As the
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actress had to simulate medical complaints and emotions like a real patient, these instructions were
usually very elaborate, both in the description of complaints, as well as in the emotions that had to be
conveyed.
As, obviously, the actress couldn’t simulate deviating values in vital parameters like blood pressure and
heart rate, and because the ECG monitor used was not a training monitor in which we could apply
simulation scenarios, the supervisor of the scenario was present to verbally communicate these deviant
values to the ambulance crew.
The ambulance crew in the simulation consisted of an ambulance paramedic and a driver, like in reality.
Three clinical cases tested were (in order of increasing disease burden): (1) burn wound due to boiling
water, (2) burn injury due to fire, possible smoke inhalation and (3) indoor blast injury with
pneumothorax, culminating in resuscitation scenario. These cases are described in the sections below.
4.2.1.1

Clinical case 1 (audio-video only): burn wound due to boiling water

In this case, the patient has been injured by boiling water.
Information and instruction for Actress (i.e. patient)
You are a 65-year old fit and healthy older lady, who is babysitting her grandchildren in their
new house. Considering the present threat of Corona, you want to wash your hands more often.
You tried the new kitchen tap but forgot this was a so called Quooker, which gives water with a
temperature of 100 oC. This scalding hot water ran over your underarm. Your granddaughter
called 112 for help in the first moment of panic. As the children are upset now, you take care of
them first and you haven’t got time yet to cool your wound.
On your arms you have some small burn wounds bilaterally, some measuring 2 cm2, with blister
formation (which says something about the severity of the burns), see Figure 26. Meanwhile you
are a bit upset and stressed. You think the ambulance arriving really is over the top. You allow
the crew to take a look at your arms, but you refuse to let them attach the monitor. Please convey
emotions accordingly. You try to get rid of them as soon as possible, you think you will be OK,
and your foremost concern is to diminish the panic of the children present. You may act slightly
obtrusive.

Information for Supervisor of the scenario
The patient has a normal breathing pattern, normal color and no other physical complaints than
the wounds and the blisters on the underarm. Work towards so called “treatment on the scene”.
The vital parameters the crew sees on the monitor, if the crew manages to attach the patient, are
so called: “you see it as they are” which means the actress’ own vitals are used.

Information for Ambulance team
The dispatcher is called by the 12-year-old granddaughter, who tells that Gran has poured
boiling water over herself. She is upset, panicking and cannot tell the dispatcher how the
accident happened and what the amount of the burned surface on Gran’s body is. The dispatcher
hears lots of wailing children and cannot extract any further useful information from the child.
Because of all of this, the dispatcher sends you there with the highest priority (A1).
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Figure 26 High resolution image of "burn wound" (made upfront during grime session)

After arrival at the scene, the patient was examined by the paramedic. During the interview (Figure 27)
with the patient and examination of the wound, the paramedic decided that he needed a consult with the
CMO, which he announced to the patient (Figure 28).

Figure 27 Ambulance arrived at
scene and interviews the “patient”

Figure 28 Paramedic (wearing a video camera) announced
patient that he would contact the CMO for consult

Using the camera with microphone that the paramedic was wearing on his head, the paramedic
connected to the web-application running on the laptop of the CMO. As soon as the audio-video
connection was established. the CMO was able to see and hear what the paramedic saw and heard (e.g.
the patient, see Figure 29). This audio-video connection with the paramedic was also used for the remote
consult and bilateral communication. Via the video, the CMO could evaluate what the paramedic saw
(Figure 30).
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Figure 29 CMO saw patient via camera of paramedic

4.2.1.2

Figure 30 CMO looked remotely to the burn-wound

Clinical case 2 (video plus ECG): burn injury due to fire

In this case the patient has been injured by fire and had asthma.
Information and instruction for Actress (i.e. patient) and Supervisor of the scenario
You are a 75-year-old lady, known with asthma. It’s your wedding anniversary and you decided
to treat your hubby to his favorite dish, boeuf stroganoff flambé. However, you made a mistake
with the extractor hood, so a blowtorch was created. Luckily, your husband was standing next
to you and poured the contents of the antique flower vase the belonged to your mum over the
dish and the flames are quenched. The vase is broken, your dish is ruined, and you are very
upset. Some hot splashes came on your arms, which caused painful spots with blisters, which
you haven’t cooled yet. You are shocked and angry at yourself for ruining the surprise, you are
hyperventilating, and you feel short of breath. You display somewhat wheezing breathing sounds
at expiration, which is usual for you when upset. You have no soot near your nose or mouth, nor
you have experienced smoke or fire inhalation. When your lungs are auscultated, you display a
shallow and fast superficial breathing, with some expiratory wheezing. Your breathing frequency
initially is 30/min, diminishing to 20/min after reassurance and nebulization. EtCO2 (expiratory
CO2) is around 2.0 kPA when measured, this raises to 4.5 kPA after treatment and breathing
instructions.
You do also have chest pain, irradiating to both arms and throat, and you experience
palpitations. However, the presence of the professional and compassionate ambulance crew
makes you feel much more comfortable eventually, and after some nebulization of medication
your chest pain and your wheezing disappear
When the ambulance crew thinks of making a 12-lead ECG, the trainer shows them a normal
ECG. The other vital parameters are normal, “you see what you see” at the ECG monitor screen.

Information for Ambulance team
Dispatcher is called by the husband of the victim; his wife was cooking when suddenly there
were huge flames exploding from the stove. Now she has burn wounds on her arms, her breathing
is not normal, and she has chest pains. She is known with some chronic bronchitis. You are sent
to the victim with highest urgency (A1).

© 5G-HEART Consortium 2019-2022

Page 59 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

After arrival at the scene, the patient was examined by the paramedic. During the interview with the
patient (Figure 31) and physical examination combined with the ECG (Figure 32 and Figure 33), the
paramedic decided that he needed a consult with the CMO, which he announced to the patient.

Figure 31 Paramedic interviewing patient

Figure 32 ECG and vital monitor equipment, courtesy
of Corpuls®

Using the camera with microphone that the paramedic was wearing on his head, the paramedic
connected to the web-application running on the laptop of the CMO. As soon as the audio-video
connection was established, the CMO was able to see and hear what the paramedic saw and heard (e.g.
the patient, see Figure 34). Also, ECG and vital parameter data ware conveyed directly from patient to
the CMO (see Figure 35).

Figure 33 Patient connected to ECG
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Figure 35 Screenshot of ECG and other vital parameters at the screen of the CMO

4.2.1.3

Clinical case 3 (video plus ultrasound): pneumothorax following explosion

In this case the patient has been injured by an explosion, with extensive burn and inhalation wounds
pneumothorax, fulminating in a resuscitation scenario.
Information and instruction for Actress (i.e. patient)
You are a 70-year-old lady with severe chronic bronchitis and emphysema. The frying pan has
exploded in the kitchen of your apartment. A fire started. You tried to shield your face with your
arms, but you were blown backwards by the force of the blast. You managed to crawl towards
the small hallway where something heavy fell upon your chest and belly. Your neighbor heard
the noise and came running with the extinguisher and forced his way in through the front door.
Your make-up should consist of deep 2nd and 3rd degree burns on your arms, soot on your
nose and mouth. Your clothes are burned. You are restless and short of breath, and your voice
is hoarse. When your lungs are auscultated, you diminish your breathing sounds on the left
side. You have pain in your chest (left side) and your abdomen. Initially you are awake but
more and more you become dizzy and uncooperative. At the sign of the trainer you become
unresponsive – step out and pull dummy in.

Information for Supervisor of the scenario
Work towards the clinical picture of a pneumothorax and intra-abdominal bleeding, traumatic
resuscitation on the dummy, use of ultrasound for detection of pneumothorax and/or intraabdominal fluid collection in case of pulseless electrical activity (that means, you see heart rate,
but there is no blood pressure measurable). Info given to ambulance crew when asked for:
Airway: hoarse, soot on nose and face and around the mouth.
Breathing: SpO2 (oxygen saturation) is 85%, doesn’t improve with non-rebreathing mask, slight
to no breathing sounds on the left side of the thorax.
Circulation: tachycardia and initially normal blood pressure; mounting tachycardia and
hypotension when the scenario progresses. Eventually there will be a scenario of pulseless
electrical activity and the resuscitation should start.
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Disability: verbal in APVU, restless, pupils similar and responsive on both sides. removes all
the monitoring, lots of pain in chest and belly.
Exposure: multiple deep burn wounds on arms, face, neck and anterior chest. The patient places
herself (safely) under something heavy.

Information for Ambulance team
Dispatcher is called by the neighbor who forced his way into the apartment. There is a fire in
the back in the kitchen, the inhabitant is found in the hallway under a fallen coat rack. She is
semiconscious, with extensive burns. Because of the smoke in the flat he can’t see very well what
and where. You go there with highest priority (A1), when you arrive the fire brigade managed
to extinguish the fire and the building is safe. You carry with you a new tablet with an ultrasound
probe which the CMO, who is on her way towards you, gave you for being used at her arrival.
You might consider its use under remote guidance of the CMO, as the case progresses and the
patient may deteriorate.

After arrival at the scene, the patient was examined by the paramedic (Figure 36). During the interview
with the patient, it appeared to be an exceptional and difficult situation and the paramedic decided that
he needed a consult with the CMO, which he announced to the patient (Figure 37).

Figure 36 Patient was interviewed and examined

Figure 37 Paramedic was requesting CMO for
consult

Based on the consultation and the fast deterioration of the patient, it was decided that examination using
ultrasound (US) was necessary, in which the paramedic has no experience and should be remotely
guided by the CMO who is not yet on the scene. Since it was not allowed to perform ultrasound exams
on acting patients (i.e. healthy volunteers) for medicolegal reasons, an abdominal phantom (i.e. ‘dummy
patient’) was used instead (Figure 38). The CMO could see (Figure 39) both the US image as well as
the position of the hand of the paramedic, so she could guide him to perform the US procedure.
Please take note that this is a scenario that will happen for testing purposes only; in reality for a case
like this, a helicopter team will be on its way conveying a trained trauma anaesthetist or surgeon who
will perform this procedure.
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Figure 38 Paramedic was performing an US on a
dummy-patient, guided by CMO

Figure 39 CMO saw hand of paramedic (right) to guide
him to do the US exam, and the resulting US was shown
to her (left)

Unfortunately the situation of the (dummy) patient got worse and not only resuscitation was necessary
(Figure 40) but tracheal intubation using a McGrath video laryngoscope as well (Figure 41). This
intubation was also monitored by the CMO (Figure 42 and Figure 43).

Figure 40 The dummy-patient needs resuscitation

Figure 41 And the dummy patient needs tracheal
intubation (which also could be seen by CMO)

Figure 42 Intubation: contents on the screen of
videolaryngoscope is not distuinguishable on the
dashboard of the CMO

Figure 43 Intubation shown on the dashboard of the
CMO; driver was holding the video camera, and
pointed it at the mouth of the dummy patient.
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4.2.2

Technical setups

Figure 44 shows the overall technical setup of the trials. “Room 1” was used to emulate the environment
where the CMO may be present, while “Room 2” was used to emulate the scene of emergency where
the ambulance crew (i.e. paramedic and driver) are present.
The CMO used two laptops (sometimes replaced by tablets, in order to evaluate the impact of screen
size), which were connected via Wi-Fi to the Internet. Although a single dashboard on a single device
(i.e. laptop or tablet) is required by the CMO (she may be at home or on-the-move when being
consulted), for practical reasons (integration of the two dashboards was not possible within a short
timeframe) we have used two laptops in the experimental setup. On one of the laptops a dashboard was
built capable of showing the video stream and the vital parameter data received remotely from the
ambulance paramedic, while another dashboard on the second laptop displayed the ultrasound stream
received remotely.
At the scene, the paramedic nurse wore a camera (audio-video set) which was able to capture the
situation of the patient, as well as the situation of the environment. Additionally, a similar camera could
be carried by the paramedic driver, in order for the CMO to obtain more views of the situation. The
camera(s) were used for all the three clinical cases. Besides that, for clinical case 2, an existing ECG
and vital parameter device was used (Corpuls ®), and for clinical case 3, in addition, an ultrasound probe
was used by the paramedic nurse.
The existing monitor device uses 3G/UMTS as its wireless communication means. Considering the fact
that a device like this generates a relatively small amount of data, we don’t expect a significant
performance penalty from using 3G instead of 4G (our baseline in the tests).
Note furthermore that, due to the limited 4G/LTE indoor coverage during the trials, the ultrasound was
finally connected via the Wi-Fi network of AZG instead.
Existing remote servers were used for the delivery of the audio-video, ultrasound stream, and vital
parameter data generated by the camera(s), the ultrasound probe, and the Corpuls monitor device
respectively. The CMO accessed these servers remotely in order to stream the aforementioned audiovideo, ultrasound stream, and vital parameter data. However, note that, in real practice, these servers are
expected to be located on the premises of the ambulance service, or at another place (e.g. MEC) where
the requirements of security, privacy and performance can be guaranteed.

Figure 44 Overall technical setup for the H1C first trials
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4.2.2.1

Audio-video setup (software and hardware)

The audio-video setup is shown in Figure 45. The video headset was connected to an Android UE (User
Equipment) using a USB connector. USB is preferred over a wireless connectivity (e.g. via Bluetooth
or Wi-Fi) to minimise power and weight on the head of the paramedic. The Android UE was connected
to the 4G network. The BlueEye application server was located in Dublin and the nearest video server
was deployed in Frankfurt. The doctor side UE was a laptop connected via Wi-Fi at the premises of
AZG.

Figure 45 Audio-video setup of H1C subcase

4.2.2.2

Ultrasound setup (software and hardware)

For all of the clinical cases where remote ultrasound is applied, the Philips Lumify / Reacts solution has
been used [37].
Reacts is a platform that provides secure interactive communication and collaboration services for
medical professionals, care teams, and their patients, including real-time A/V streaming [38]. It is based
on WebRTC services (hosted in Canada), see Figure 46, and an existing end user application for all
major platforms and Google Chrome (Figure 47).

Figure 46 WebRTC services and hosting servers of Reacts in Canada
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Figure 46 depicts the basic flow that a (Reacts) WebRTC application goes through. That is, by
communicating with a central server, IP addresses are exchanged between communicating devices in
order to select and setup the shortest most direct connection possible, if possible, peer-2-peer for two
communicating devices in the same subnet. The figure shows how connections are established between
participants using the WebRTC protocols (STUN, TURN), in this example for the Reacts servers located
in Canada.

Figure 47 Example screen layout of the Reacts end user application for healthcare professionals

Philips Lumify is an ultra-mobile ultrasound solution for care professionals to perform Point of Care
(PoC) diagnostics and PoC image guided interventions. It consists of a Philips Lumify ultrasound probe
that connects via an USB cable to an Android device for probe control, image processing and
visualization through the Lumify App (Figure 48, Left/Middle). There are 3 different types of probes
[39], each optimized for a particular purpose: cardiac, abdominal, or vascular echography. During the
experiments, the cardiac probe was used, which is also suited for abdominal ultrasound diagnostics (yet
not ideal).
The Lumify / Reacts solution [37] provides an extension to the Lumify App, enabling it to perform live
ultrasound streaming from the Lumify App on an Android device to a Reacts end user application on
the laptop/PC of the remote expert, see (Figure 48, Right). Next, it enables bidirectional A/V streaming
between the Android App and the Reacts end user application. To this purpose, the Lumify / Reacts App
uses the cameras of the smartphone and the ultrasound data acquired by the probe. As mentioned before,
Reacts also provides the infrastructure services to realize the end-2-end real-time communications.

© 5G-HEART Consortium 2019-2022

Page 66 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

Mode selection menu

Color Doppler mode operation with linear probe

Reacts call in operation

Figure 48 Lumify App screen on Android devices in different modes op operation

In this ultrasound experiment, no human subject was subjected to ultrasound examination. Instead, only
an abdominal phantom (Figure 38, Figure 49) was used with the following anatomical features: liver,
kidneys, gall bladder, spleen (incorporating some built-in clinical findings suggestive for disorders for
training purposes, though not relevant for the beforementioned scenario 3).

Figure 49 Abdominal phantom used in the tests

4.2.2.3

Network used in the trials

Figure 50 shows the location of the test site (AZG) and the 4G/LTE sites (i.e. base stations) in its
surroundings. The closest LTE site of the involved operator (indicated by the red circle) is about 950 m
away from the test site. Note, however, that there is another LTE site (belonging to another operator)
just opposite the test site which should have performed better. However, it could not be used during the
experiments due to the limitation of the SIM cards used (i.e. belong to the involved operator, no national
roaming possible) (Note: for the future trials, special care will be taken to ensure network coverage and
availability).
The closest LTE site of the involved operator has the following settings:
· Number of sectors:
3
· Frequency carrier:
800 MHz
· Carrier bandwidth:
10 MHz
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·
·

Antenna height:
Transmit power (EIRP):

27 meters
58.4 dBm

Unfortunately, the orientation of the antennas is unknown but, based on these settings, the maximum
outdoor RSRP value could be calculated (via link-budget calculation and assuming an urban macro
scenario) to be approximately -98 dBm. The maximum value of -98 dBm is only achievable if the main
lobe of the antenna from one of the three sectors is oriented towards the test site, thus with the maximum
antenna gain. The actual indoor RSRP value can be significantly lower due to the building penetration
loss.

Figure 50 The location of the test site (AZG) and the 4G/LTE base stations in its surroundings
(Note: the closest site belonging to the operator involved in this trial is about 950 meters away from AZG (site
indicated by the red circle). The site directly opposite to AZG belongs to another operator.)

4.3 Testing and verification
This section describes the observations and conclusions from the trials as performed from March 2nd
until 4th at the premises of AZG. This is split into a clinical part (Section 4.3.1) and a technical one
(Section 4.3.2). The first part addresses the feedback of the clinical experts at AZG on the vertical
solutions offered by Philips/RedZinc, whereas the second part addresses first conclusions with respect
to the quality of the baseline (4G) network.

4.3.1

Clinical usability verification

Prehospital civilian (trauma) telemedicine with video- and ultrasound transmissions is still a field that
needs research. A recent review in this field could only identify 15 usable studies with small sample
sizes, several of them in simulation settings [41]. The assumption of benefits in telemedicine in terms
of patient outcome and time needed to treat, is obvious, yet tentative and needs more robust and vigorous
research to become evidence-based with respect to patient and procedural outcome, as well as legal
embedding. In this respect it is needless to say, that technical reliability and usability of tools used is an
extremely hard prerequisite.
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This section captures the observations and preliminary conclusions with respect to the user experience
and usability from of the technical solutions used in this experiment.
Please note that n=1 (one nurse paramedic, one CMO, collaborating together in situations for which they
are not trained, and for which no formal protocols have been established), hence the conclusions are far
from final. Nevertheless, the user feedback and observed usability or workflow issues will enable the
development teams to improve the next iteration of the technical solutions, which will in due time be
evaluated again with future users, improved, evaluated, etc.
The observations and conclusions are divided over three topics: generic conclusions on user experience
/ workflow of the paramedics and the CMO, user experience of the video solution (RedZinc) and user
experience of the teleguided ultrasound solution (Philips).
4.3.1.1

Overall user experience / workflow evaluation

A perfect user experience is essential, given the stressful conditions faced by the ambulance paramedics
at the scene. If the system does not work properly or is not reliable, it will not gain any user adherence.
During the experiment, the nurse paramedic was too preoccupied with technology (e.g. to make sure the
connection is available, the head mounted camera was targeted correctly) instead of dealing with the
patient. It was distracting, and slowed down the diagnosis and could in a clinical situation lead to a
detrimental outcome for the patient.
The way-of-working for “remote collaboration” needs to be defined for both video and ultrasound:
·
·

·
·

Video sharing can start early, but communication should not start too early. In the experiment
the audio-video connection was started, while the paramedic was still diagnosing and did not
yet need help of the CMO. In real life, communication would probably start later.
The CMO experienced challenges to determine when she could talk to the paramedic without
disturbing him. The paramedic regularly removed the earplug from his ear when not discussing
the patient case with the CMO, even when he knew she was listening to him (the mic was still
open) and watching the video of the head mounted camera. Possibly an (overridable) mute
button on the paramedic side could be useful. Please be aware of a possible cognitive overload
that extra auditive input can generate for the nurse paramedic.
The ambulance driver should also be able to listen to the audio from the CMO. This way, he/she
can anticipate better on how to assist the patient or the paramedic.
The driver could also carry a 2nd camera and target it to a specific topic (e.g. the trauma of the
patient) on request of the CMO (note: it is for further discussion with the CMO whether multiple
cameras would help).

Diagnosis and treatment are conducted by the nurse paramedic typically at the scene, and sometimes
inside the ambulance.
All data received from the nurse paramedic must be shown simultaneously on a single screen of a mobile
device (tablet, laptop):
·
·

·

Because the CMO “on call” can be anywhere, at home or on the move, the CMO will have to
always carry a device with him/her in order to be on call for paramedic who needs support. That
device must be sufficiently easy/comfortable to take along all day.
The CMO wants to see all relevant information at once, without having to go back and forth
between different tabs. Possibly different screen lay-outs should be provided for different usage
contexts. For example, the ultrasound screen must be large enough during a scan but can be
“invisible” when there is no need to make one. The application could also allow the CMO to
zoom in on one (or two) of the information windows depending on the task at hand.
The CMO dashboard could include additional data sources from the scene. For example, a feed
from the video laryngoscope used.
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4.3.1.2

User experience of video solution

4.3.1.2.1
Observations
The headcam worn by the nurse paramedic resulted in an instable image to be transmitted to the CMO.
Very small head movements resulted in huge image changes, as well as in noisy/pixelated images (Figure
51). This was very uncomfortable to watch at.

Figure 51 Instable images caused by small head movements

The video image sufficed to see the patient breathing but is insufficient to properly judge a burn-wound
in detail. The camera captured video with resolution of about 1280 x 800 and its direct capture sufficed,
but when the video was delivered remotely and presented on a laptop screen it didn’t show enough
colour/detail (Figure 52). This means that video resolution, colour depth and/or display colour rendering
deserve attention. Specifically, the need for HD/4K and HDR should be assessed. Crisp high-resolution
screenshots of video (when the video is of too low resolution after being delivered remotely, e.g. when
network coverage is insufficient) could be an alternative for low-quality video.

(a) Video (HD) captured by the camera

(b) Video received remotely

Figure 52 Insufficient network quality introduced low quality of the video received remotely

There existed a mismatch between what the paramedic saw and what the CMO saw (through the
paramedic’s camera), as the camera’s field-of-view and that of the paramedic did not align. The
paramedic could not see the image that his camera captured. Therefore, during the experiment, the CMO
instructed him to turn his head and the camera into a certain position, which was quite cumbersome, and
distracted the paramedic from patient care. Also, the position of the camera on the left side of the head
meant that the paramedic needs to rotate his head much more to the right than to the left, to get same
“shift sideward” of video on the screen of the CMO (Figure 53).
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Figure 53 The position of the camera on one side of the head has also negative impact

When intubating the client, the head of the paramedic had to be too close to the patient to aim the camera
to the area of interest. The camera was taken off the head and targeted manually to the tube and mouth
of the patient (Figure 54).

Figure 54 When the head of the paramedic is too close to the patient, the camera was taken off in order to make
video

Normally, the paramedic steps away from the patient while phoning with the CMO and it is clear for the
patient what is happening. However, because of the headcam, the paramedic had to move towards patient
while talking with the CMO, for example to show the burn wounds, while not addressing the patient.
That did feel rather awkward to the paramedic. Also, in the current situation of just talking over the
phone, the paramedic squeezes the phone in between his head and shoulder, leaving his hands free to do
something for the patient. But during the study he often needed his hand to aim the camera; one hand
less to help the patient (Figure 55).
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Figure 55 The paramedic needed his hand to aim the camera, with one hand less to help the patient

The video laryngoscope was shared with the CMO by capturing its small screen with the headcam. This
did not work well at all (Figure 56), probably because of the high light intensity of the screen compared
to the environment.

Figure 56 The video laryngoscope had a reasonable quality on its own screen (left), but when captured by the
headcam and delivered to the chief medical officer the video on the small screen became invisible

The participants also stressed the importance of seeing the context. Pictures of the environment are
important to understand the trauma: e.g. of car involved in collision, including where glass is broken
(back front), damage to car, and location of incident. Peripheral vision of the driver paramedic is
important as well.
4.3.1.2.2
Potential enhancements
· Ideally, the camera should automatically capture what the paramedic is looking at, but it is not
clear how to achieve that. For example, would it help if the camera is looking at the area about
50-90 cm in front of the user’s head, assuming that is the most common area in which the
paramedic performs his tasks?
· Place camera at a different position, for example at the forehead. Note that a bodycam has been
tried before, but was rejected, because very often not aimed correctly. Also, when the CMO
wanted a close-up view, the paramedic had to move his torso close to the patient, which is more
intimidating for the patient and less convenient than moving the head towards the patient.
· Add a feedback mechanism to show to the paramedic where the camera is pointed at, for
example by a low power laser that is harmless to the patient.
· Another (possibly, better) option would be if the paramedic could see his own camera images,
for example with a viewfinder like a (foldable) display on the glasses. As an additional benefit
also protocols and patient information could be shown on that display. This would add value to
wearing smart glasses with camera, even if there is no contact with the CMO. However, further
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·

4.3.1.3

research is needed to investigate both potential benefits as well as costs (e.g. how to avoid
cognitive overload).
Enable paramedics to switch between multiple cameras, next to the head-mounted camera:
o Camera on driver paramedic (the peripheral vision of the driver is important as well).
o Extra camera on the paramedic that can be easily clicked off, and manually pointed to
the relevant topic as requested by the CMO.
o Note: the CMO needs to see sufficient detail in the videos, which poses restrictions on
how small a video window can be on a given device. Based on the experience in
experiment, the CMO expects that showing the videos of multiple cameras in the
dashboard on a tablet will result in too much information on the small screen. However,
this could be different when showing the dashboard on a laptop.
User experience of the teleguided Ultrasound

Research questions addressed when observing the 3rd use case includes the followings:
·

Does the solution enable the CMO and nurse paramedic to capture ultrasound images of good
enough quality for the CMO to base a diagnosis on?

·

Does the CMO need to see the probe position on the patient’s body? If so, why? (for example,
to guide the nurse paramedic, or to interpret the ultrasound images)?

·

What are the perceived and observed pros and cons of using either the tablet camera or the head
mounted camera to show the probe position to the CMO?

The following role division was used in the study:
·

The CMO diagnosed the clinical condition. To do so, she had to guide the nurse paramedic to
put the probe in the correct location and position.

·

The nurse paramedic put his probe on the body location indicated by the CMO. Next, he would
push harder or softer, and change the orientation of the probe as instructed by the CMO.

The nurse paramedic has used the tablet in two ways: hold it himself, or let driver hold it (Figure 57).
This resulted in different positions of the tablet (relative to patient and paramedic), which influenced
what the head mounted camera could see, and what the tablet backside camera could see:
·

·

In case the driver holds tablet at a convenient position for the paramedic, the paramedic has one
hand free for other tasks. This, however, has disadvantage that it is hard to show the probe to
the CMO: (1) It was not possible to see both the tablet and the probe at the same time via the
head mounted camera. When the paramedic looked at the tablet himself (to see the US images),
the probe was out of sight. (2) The tablet camera could not see the probe either, when the driver
was carrying it.
In case the nurse paramedic holds tablet in one hand and uses the probe with the other hand,
then the tablet is in between his eyes and the patient. The paramedic always holds the tablet
close to the patient (in/near his line of sight to the US probe), to see both tablet and patient at
the same time. It was easy to use the tablet’s backside camera to show the probe position to the
remote CMO. The paramedic said it was easy to target the tablet camera to the probe, while
looking at the screen himself.
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Figure 57 Two ways to how the ultrasound tablet: held by the driver (left), or by the paramedic (right)

The paramedic could easily make US scans with both tablet positions, but preferred the 2nd position
(being held by himself). The tablet had to be close to the patient / scan area. That was more comfortable
(less head turning), and it facilitated maintaining contact with the patient. Secondly, it was easier to use
the tablet camera to show his hand to the CMO, compared to using the head mounted camera. (Because
he could see the video of the tablet camera himself, which made it much easier to target the camera well.
And because the tablet could block the line of sight from the head mounted camera to the probe.)
The paramedic had to see his own hand holding the probe regularly while making the guided US scan.
Probe positioning was done in two steps (Figure 58). First the nurse paramedic had to place the probe
on, more or less, the correct location on the body. Next, the nurse paramedic had to fine-tune the
orientation of the probe (e.g. adjust pressure or angle).

(a) Step 1: Place probe on body

(b) Step 2: Fine-tune probe position

Figure 58 Two steps of probe positioning. The paramedic was holding the tablet himself, using the tablet camera
to show his hand (with the probe) to the chief medical officer

The paramedic said that he liked to hold tablet himself; it worked very well for him (a strap at the back
of the tablet would come in handy though). It was fine to hold the tablet in between his eyes and his
hand. The image on the tablet gave him good feedback about probe & hand position. He could very well
adjust his hand as intended.
It is important for the (remote) CMO to see the hand and probe of the paramedic. The current assumption
is as follows: when looking at ultrasound image made by the paramedic, it is adamant to see the initial
placement of the probe (and hand of the paramedic) relative to the patient’s body, at the start of each
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spot check. During fine-tuning, it may not be needed to see the probe. This depends on the US experience
of the nurse paramedic and the body characteristics of the patient. It will be harder to guide probe
positioning to get good ultrasound images on a real patient compared to diagnosing the “perfect sixpack” phantom as done in the experiment.
The paramedic did not feel any need to see the hand/probe of the chief medical officer to guide probe
positioning. Note that this was not tried in the study: the paramedic had no experience with it, nor was
it discussed whether other novice paramedics might benefit from it.
Two variants of the user experience have been compared:
1) the CMO watched the ultrasound images via the Lumify-Reacts application where the images are
transferred to Lumify-Reacts remote desktop (Dashboard 2). This was the intended set-up. The
CMO could see the probe either via the tablet camera or the head mounted camera.
2) Due to temporary connectivity issues with the ultrasound application, the nurse paramedic had to
show the ultrasound application via his head mounted camera to the CMO.

Figure 59 The ultrasound images are delivered to the medical manager via two different ways: via the LumifyReacts application (left) and via head mounted camera (right)

The future dashboard of the CMO should show similar quality of US live images as today streamed via
Reacts-Lumify:
·

The images streamed to CMO laptop via Lumify-Reacts (Figure 59, left figure) were considered
to be good and expected to be suitable for a remote SPOT check on the phantom. The phantom
is an “ideal-body” that easily produces clear US images. It needs further research to determine
whether this solution is also suitable for remote SPOT check on real human patients, regardless
of their body shape, belly fat, etcetera.

·

Streaming video via the head mounted camera and the network (Figure 59, right figure) resulted
in a less crisp picture compared to using Lumify-REACTS. Judging US images by looking at
US tablet via the head-mounted camera was possible, but too low quality for making clinical
diagnosis, because of camera movements and the (current) video resolution.

It also turned out to be rather difficult to target the head mounted camera correctly to the ultrasound
tablet to obtain a good line of vision. Verbal guidance for the nurse paramedic how to position his head
i.e. camera -line-of -vision, was too time consuming for a real life emergency situation, where loss of
time can mean loss of life.
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Figure 60 It took time before the head mounted camera was correctly targeted to the ultrasound tablet. The tablet
was held by the driver paramedic

Other relevant remarks and observations:
·
·
·
·

The nurse paramedic did appreciate to see the video of the remote CMO on call.
It would be interesting to be able to make a screenshot of the ultrasound image on which a
medical decision is based (stored in the patient record).
Remote controllability of ultrasound settings (like depth, scale, gain) was not at the top of the
list, but might be useful for the future.
Measuring aspects of the US images during the use cases was not yet possible, but might be
relevant to assess a fluid collection in thorax or abdomen for the future.

Conclusions of the participants:
·

·
·
·

·

The US SPOT check of the abdomen of the phantom was achieved quickly and of high enough
quality for decision making by the CMO. This despite the nurse paramedic being a novice
ultrasound user, without any prior ultrasound training. However, the CMO explained that the
phantom was an ideal body to scan, and that guiding an (inexperienced) nurse paramedic on a
real patient could turn out to be much harder.
The solution used in the experiment (Philips Lumify/REACTS) suffices for a remotely
supported ultrasound FAST check.
Once integrated into the CMO dashboard, the US image quality should be comparable to that
of the stand-alone Lumify/Reacts solution used in the experiment.
The CMO regretted that this experiment did not allow her to gain experience with using one
integrated dashboard including the ultrasound application. The need for seamless integration of
all modalities onto a single screen is duly noted for future developments yet it was not feasible
to realize such for the current experiments.
The data quality of the image transmitted by US device and iPad was excellent (using Wi-Fi).
The data quality transmitted by viewing the US images by head-mounted camera were less
(using 4G with coverage issues).
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4.3.2

Technical verification

The 4G/LTE connectivity for the camera system was provided by means of mobile phones. With regards
to network coverage, a good indoor coverage at the test location turned out to be a challenge due to the
relatively high distance to the LTE base station and the indoor penetration loss. RSRP measurements
performed by using a comparable mobile phone with a SIM card from the same operator have indicated
that a significant part of the indoor location showed RSRP values lower than -105 dBm. Moreover, the
mobile phone used for the camera system was usually placed inside the pants pocket of the paramedic
which added additional body loss. Consequently, the LTE connection was rather poor, and in some cases
even led to a loss of connection.
The poor LTE connection has affected the quality of the video feed sent to the laptop. As the camera is
capable of capturing HD quality video, it is expected that with a better LTE connection a higher quality
video feed (i.e. HD) can be realised instead of the SD quality demonstrated during the test. The bit rate
of the camera was set manually to the available uplink throughput of the 4G network. Adaptive bit rate
is in development for a subsequent iteration.
We realise that the level of network coverage, in particular in the rural areas, is not only technologydriven but also relies on the investment (business strategy) of an operator. A 100% coverage with
reliable uplink HD video delivery capability is in practice difficult to reach, in particular for indoor
usage and when on move in the ambulance (vehicle penetration loss, high mobility).
This effect may be mitigated by applying a wireless communication gateway on the rooftop of the
ambulance, such as a so-called relay node or a satellite gateway:
·

·

A relay node plays a dual role in the wireless communication. On one hand, it connects to the
4G/LTE base station in a way similar to a normal device (using a 4G/LTE link). Typically, it has
higher antenna gain than normal devices, and thus enlarges the coverage range of the 4G/LTE
network. On the other hand, it serves as access point for end devices in the surroundings, either
using a 4G/LTE link (in-band) or another wireless technology like Wi-Fi (out-of-band). Further, for
in-ambulance use, it avoids the vehicle penetration loss mentioned above.
A satellite gateway has the advantage of outdoor coverage everywhere, but the disadvantage of no
indoor coverage and a relatively high latency. The issue of high latency though can be very much
resolved by using a Low Earth Orbit (LEO) satellite communication network.

This effect may be also mitigated using multiple SIM cards belonging to different operators. The SIM
card with the strongest radio signal is chosen, resulting in multiple-operator diversity gain. Another
alternative is to use national roaming, which also offers access to another operator’s network which has
better quality. For example, if we could have used the LTE site of the other operator just opposite the
test site (see Figure 50), better performance should have been observed in the trials.
For the follow-up trials, we are discussing with the involved operator about possible solutions for
coverage enhancements.

4.4 Next-step plans
Based on the feedback we have received from AZG colleagues during the Phase-1 trials, enhanced
solutions will be investigated as next-step work, as preparation for Phase-2 trials. Below we describe
the potential enhancements for the dashboard, video set, ultrasound set and wireless networks,
respectively.
With regard to the dashboard. RedZinc will develop a functional version of the mock-up dashboard,
which should at minimum support the Corpuls data and the video connection, with a placeholder for
ultrasound.
For the video set, RedZinc will adjust their video setting according to the feedback received during the
first trials and intends to do another extra technical test (with video only) with the involvement of the
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CMO (but without the presence of a nurse paramedic). Before this extra technical test with the CMO,
some first tests within the consortium should be done via the BlueEye platform. The preferred test
location will be the 5G lab of 5Groningen where the network connectivity is better. The date and time
of this extra technical test remains to be decided, depending on the situation of the coronavirus crisis.
For the ultrasound set, Philips is going to purchase/provide a “S4-1 broadband sector array” ultrasound
probe, which is most suitable for FAST (abdominal/lung probe). And Philips will also work on a solution
where US is incorporated seamlessly and be showable on the same single screen as all other modalities.
For wireless networks, TNO will check and ensure the availability of 4G/LTE network coverage of
sufficient quality in the 5G lab, for the potentially extra technical test with RedZinc and AZG. This may
involve the use of devices featuring triple carrier aggregation. TNO will further ensure the availability
of an indoor 5G network in a warehouse in the Groningen region, as preparation for the Phase-2 trials
(i.e. 5G, indoor). The latter includes the following action points: (1) to identify what is required, and
what will be ready and when, including the translation of the required video resolution and screen sizes
to the required radio signal quality; (2) to identify the possible technical and functional tests which could
be done first, before the phase-2 trials. One example of the latter is the possibility of simulating various
coverage scenarios (signal levels) by using an attenuator. RedZinc will also consider dual SIM UEs so
that UEs may select among multiple available networks.
For the sake of organizing phase-2 workshop/trials, TNO will discuss with AZG, to identify usage
scenarios/clinical cases for phase-2 trials. Meanwhile, TNO will also talk with AZG, to specify
“Moonshot” scenarios (i.e. what will the ultimate service look like) and a possible roadmap toward
“Moonshot”.
To ensure the success of the phase-2 trials/workshop, partners may plan separate functional and/or
technical verifications before conducting the phase-2 workshop.
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5

SUBCASE H1D: CRITICAL HEALTH EVENT

Subcase H1D is defined based on discussions with Professor Jo Kramer-Johansen with the Norwegian
National Advisory Unit on Pre-hospital Emergency Medicine. There are 4 clinical use cases defined for
H1D.

5.1 Description and motivation
Four distinct clinical cases have been identified, with different types of pain points, which could
potentially be solved using paramedic wearable video:
1.
2.
3.
4.

Mass casualty supervisor support
Chronically ill child; chronic disease with child known to hospital
Cancer drug follow-up at home
Paramedic to paramedic for drug delivery support

The motivation for this subcase with its clinical cases, stems from the challenges shown in Figure 61.

Figure 61 Healthcare challenges related to critical health events

The pre-hospital process is based on legacy audio only communications systems, sometimes using
TETRA (Terrestrial trunked radio) type audio communications which are analogous to 2G. Usage of
audio only means pre-hospital emergency process are constrained. There is no visual access for the
remote expert. This leads to lack of information in the pre-hospital emergency care system. Lack of
information means additional resources are required to deliver a service. In consequence there are time
delays and costs which might be mitigated in a environment using real time communications with video.

5.2 Proposed setup
Common for all the clinical cases of subcase H1D is the use of interactive video as shown in Figure 62.
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Figure 62 Using Interactive video and audio to support different critical health events

5.2.1

Clinical cases

5.2.1.1

Mass casualty supervisor support

This clinical case is based on wearable video for the paramedic at a mass casualty event in Oslo. The
motivation for this use case is to provide video to enable higher situational awareness for mass casualty
supervisors and on-scene commanders.
5.2.1.2

Chronically ill child

This clinical case is based on wearable video for the paramedic visiting a chronically ill child and
connecting the video back to the paediatric doctor who knows the child. The motivation for this use case
is to empower the paramedic to make decisions which include the senior doctor who knows the child in
question and can make more accurate decisions because of the contextual information.
5.2.1.3

Cancer Drug Follow up at home

This clinical case relates to cancer patients that stay temporarily at home, also because treatment in a
hospital with chemotherapy leaves a patient vulnerable to infections.
5.2.1.4

Paramedic to paramedic for drug delivery support

This clinical case is about the pain treatment in an ambulance by introducing a new drug, called fentanyl,
to pre-hospital care. It has not been earlier available for paramedics and there is a pilot in planning in
Oslo. This drug is used after trauma as it has a quicker onset. A range of drugs in different clinical pilots
are considered, as well as the procedure to administer drugs intraosseously.

5.2.2

Network architecture and onboarding

During the baseline tests, Telenor’s commercial 4G service was used. For the 5G testing, the 5G-VINNI
setup will be used as described for subcase H1B (see Section 3.2.4).
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5.2.3

User application architecture

The user equipment consists of a special head-cam and a smart phone, as shown in Figure 63.

Figure 63 RedZinc’s video headset to be worn by the paramedic

The service delivery platform is BlueEye provided by RedZinc, where the remote device is logged in
and enabling video to be streamed to another location together with a two way audio conversation, as
shown in Figure 64.

Figure 64 BlueEye service platform

The hardware components used:
·
·
·
·

BlueEye handsfree headset camera (paramedic side)
Android smartphone (paramedic side)
Laptop (hospital side)
Audio headset (hospital side)

The software components used:
·
·
·

BlueEye Android drivers and app to capture external android camera
BlueEye service delivery platform software stack including application management, security
and video routing
Chrome Browser supporting WebRTC

5.3 Testing and verification
The fourth clinical case, “Paramedic to paramedic drug delivery support”, has been addressed in
cooperation with an active structured operational program at the Oslo University Hospital and the Oslo
Ambulance service. Three test cases are considered for the baseline as described below.
·
·

Test case 1: Verification and documentation of research procedure
Test case 2: Safe implementation of fentanyl intra venous (iv) in ambulance service
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·

Test case 3: Safe implementation of intraosseous (io) device in ambulance service

In the pre-hospital environment, ambulance personnel meets patients that are presumably suffering from
alarming or life-threatening conditions, based on a telephone-triage in the Emergency Medical
Communications Centre (EMCC). Ambulances are dispatched to do secondary triage, and based on their
perception of the condition, they will start life-saving actions and procedures and prioritize the best
destination for the patients based on the LEON-principle (Lowest Effective Care Level).
In 5G-HEART RedZinc will use video-glasses that, combined with two-way sound, can include an offsite third person into the team. The application of video + two-way sound necessitates dedicated and
high bandwidth, as well as a secure communication channel. The off-site person may be a dedicated
specialist selected based on perceived illness or documented symptoms, but it may also be a colleague
paramedic with minimal extra training.
In this use case, we show how this service can facilitate supervision, documentation and quality
assurance of protocols for special interventions or research. The use of fellow paramedics as the off-site
person reduces complexity in planning and performing the usability testing.

5.3.1

Test case 1: Verification and documentation of research procedure

In an on-going double-blinded, randomized clinical trial of naloxone nasal-spray vs naloxone
intramuscularly, the inclusion procedure is based on a set of inclusion and exclusion criteria, and a
specific test-procedure that includes simultaneous administration of both formulations and exact
measurements of time to spontaneous breathing (outcome). This all has to take place while one of the
paramedics maintains patient respiration by means of bag-valve-mask ventilation (two-hand procedure).
We experience that we miss some inclusions due to these conflicting priorities. The consent process in
this project consists of verbal and written information after the patient has woken up, oral consent on
scene and possibility to with-draw consent via a web-interface at any time later.
Hypothesis:
1. Feasibility: An off-site paramedic with appropriate training can hear and see sufficiently from
the scene to document the necessary inclusion/exclusion criteria, test procedure, and primary
outcome. In addition, the consent process with oral consent can be documented if patient allows.
In addition, we will monitor the availability of the off-site paramedic and the activation time
(time interval from call is placed until video + 2-way audio is established)
2. Effect on inclusion rate: We hypothesize that the number of inclusions as percentage of possible
inclusions increases.
3. Effect on paramedic satisfaction: We hypothesize that involved paramedics are satisfied with
the process and that they feel the new technology to be helpful and not punitive.

5.3.2
Test case 2: Safe implementation of fentanyl intra venous (iv) in ambulance
service
The ambulance service has detected a possible improvement in treating pain of trauma patients. The
plan includes empowering single-rescuer paramedics to administer the opioid fentanyl in selected
patients, following a certain procedure. Fentanyl is a potent opioid with rapid on-set of action and side
effects. The drug does not have an SPC that includes out-of-hospital pain treatment by non-physicians.
This means that our vigilance in documentation and safe practice must be enhanced. Patients with severe
pain may cause stress to the whole team and even when our single-rescuer paramedic will not be allowed
to administer fentanyl until at least three ambulance personnel are on scene, they may be the only
paramedic with experience with this drug on scene. There is a need to verify protocol adherence with
regards to patient selection, contraindications, drug protocols (correct dose, correct timing, and correct
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monitoring), and documentation. This can be facilitated by an off-site colleague with appropriate
training.
Hypothesis:
1. Feasibility: An off-site paramedic with appropriate training can hear and see sufficiently from
the scene to document the necessary inclusion/exclusion criteria, drug procedure including
monitoring,
and
primary
outcome
(change
in
pain
score).
In addition, we will monitor the availability of the off-site paramedic and the activation time
(time interval from call is placed until video + 2-way audio is established)
2. Effect on documentation quality: We hypothesize that the quality of documentation increases
measured as completeness of documented data entries (percentage of required items
documented).
3. Effect on paramedic satisfaction: We hypothesize that involved paramedics are satisfied with
the process and that they feel the new technology to be helpful and not punitive.

5.3.3

Test case 3: Safe implementation of intraosseous (io) device in ambulance service

A minority of patients seen by ambulance personnel needs iv medications, and for an even smaller
proportion ordinary iv access is not possible. For those patients, intraosseous access can be an option.
All drugs and fluids that can be administered intravenously can also be administered via the io-route.
However, io access is more painful, and is associated with rare, but serious side effects (mainly infection,
damaged growth zone, loss of access). The cost of the procedure is high, as special needles must be used
(~100 € each). So, if the ambulance service wants to implement this option, they want to start with only
a few, specially trained paramedics, and keep a close watch on its usage – to avoid unnecessary use and
unnecessary costs.
An off-site paramedic colleague could provide guidance to a single-rescuer paramedic on scene on
indications and technique, and help document the use for internal quality assurance purposes.
Hypothesis:
1. Feasibility: An off-site paramedic with appropriate training can hear and see sufficiently from
the scene to document the necessary inclusion/exclusion criteria, io procedure including choice
of site, and primary outcome (time to life saving medication). In addition, we will monitor the
availability of the off-site paramedic and the activation time (time interval from call is placed
until video + 2-way audio is established)
2. Effect on documentation quality: We hypothesize that quality of documentation increases
measured as the completeness of documented data entries (percentage of required items
documented).
3. Effect on paramedic satisfaction: We hypothesize that involved paramedics are satisfied with
the process and that they feel the new technology to be helpful and not punitive.

5.3.4

Implementation and tests in phase 1

5.3.4.1

Progressive testing

A progression of the testing has been planned according to the steps below:
1. Start with a small scale test in a simulated setting with a manikin instead of a patient, and
volunteer paramedics to learn how to set up data collection.
2. Secondly, a larger simulation that involves paramedics with different background and multiple
scenarios can be used to see if data collection and procedures work across a wide range of
conditions.
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3. Lastly, and pending formal approval of quality project, selected clinical tests can be run during
two months of ordinary service.
5.3.4.2

Workshop in Oslo (14-16 January 2020)

During a workshop in Oslo, 14-16 January 2020, the first step above was addressed. The workshop took
place at Oslo Ambulance Service training centre.
The first phase of testing this subcase has been to establish a 4G baseline evaluation. This will then work
to 1) determine the feasibility of 4G to serve this test case, 2) be a reference to compare with 5G
performance, and 3) to test the clinical aspects and the usability seen from the users’ perspective and
possibly perform the needed changes and adaptations. So, in summary:
·
·
·

Define relevant use cases and clinical key performance indicators (KPI) which are relevant for
OUS.
Implement some baseline evaluation using 4G. As the technical platform is the same, the
baseline can be measured with different clinical use cases.
Measure clinical KPI using simulations with medical students/manikins/training centre etc.

The initial tests in Oslo were done using Telenor’s commercial 4G offering, and some speed tests were
done before the workshop to determine the network and coverage quality. Dependent on the location,
the DL speed varied from 20-40 Mbit/s and the UL speed was between 10 and 36 Mbit/s. Latency (Ping)
varied from 17 to 34 ms.
5.3.4.3

Scenario 1: Set up

The scenario diagram is show in Figure 65. Figure 66 shows the initial test setup verification being done
by RedZinc, using the test dummy. The system diagram to support this set up is shown in Figure 67.

Figure 65 Initial setup verification using test dummy
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Figure 66 Initial setup verification using test dummy

Figure 67 System Diagram of the H1D subcase

5.3.4.4

Scenario 2

5.3.4.4.1
Elderly patient in need of pain relief
This scenario is based on an elderly patient in need of pain relief as a result of a fall from the stairs. See
Figure 68. Although very life like, note this is not a real patient, but a dummy/manikin patient. This
image shows what the remote paramedic sees. The required uplink data rate is 1.3 Mbit/s for good video
quality.
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Figure 68 Scenario 2: Elderly patient in need of pain relief

The process, at a high level, for treatment with this pain relief drug (fentanyl) is:
·
·
·
·
·

Selecting right patient
Avoiding selecting the wrong patient
Calculating the right dose
Checking the patient is ok and providing drug
Maintain monitoring while initiating transport

5.3.4.4.2
Scenario-specific feedback
After the test, the team did a debrief of the use of BlueEye in terms of technical aspects, training
potential, clinical process, and interactions:
·

·

·

·

General feedback
o As a general principal the preference was for no recording.
o BlueEye could be a major benefit for hospital and service.
o Reason phone conversations don’t work is lack of operational context. This is not the
case with video.
o Trauma cases are well dealt with in Norway. The system is very efficient.
o Big hospitals want to link to paramedics visiting nursing hospitals.
Technical
o The microphone on the hot desk was very sensitive, which meant that audio received
by paramedic included background noise. In an operational context the sensitivity
should be adjusted on the hot desk or the operator should be in a quiet environment.
o Meta data needed. Video in full screen should have meta data (paramedic, doctor, date
timestamp).
o Current state of art is based on TETRA which was recently installed. TETRA is based
on 2G technology and rarely used for duplex audio in Norway. There is a lack of
spectrum for TETRA which reduces its applicability.
Training:
o For training scenario is valuable.
o For a novice this could be good in training 1st, 2nd, 3rd or 4th time for fentanyl. For a
experienced paramedic doing 100th time it may not be necessary.
Clinical process:
o Remote paramedic helps read the manual
§ relaxed so has high degree of control
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·

·

·

·

§ reminded of allergies, reminder of head check for signs of trauma
§ hydration status, skin pinch test
o Doctor said communication was good.
§ Interaction was good.
§ The paramedic was doing the calculation out loud and as such the calculation
process could be shared.
o There was an information overload for paramedic in field, because of background noise.
There was a need to use mute.
o Remote paramedic was able to double check drug (i.e. verify dose and drug by exposing
procedure to remote buddy).
Interactions
o Start time of video interaction needs to be considered. In the evaluation the start time
of the interaction was at the beginning of the simulation. It may be appropriate to have
the hot desk on standby until the paramedic is ready to receive support. During
simulation it was observed that support can arrive too early.
o A signification component of communications was with remote operator (‘buddy
paramedic’) on the hot desk during the first simulation as both were getting to know the
technology. A standard operating procedure is needed to ensure communications, after
initial training are on an ‘as needed’ basis. The solution is to identify the correct time
to initiate the engagement with the remote paramedic. It is important not to engage too
early as silence is necessary until a certain point.
o It is important to determine who is in control and who has authority. In a training
situation the hot desk operator may be in control and have final authority. In a peer to
peer, paramedic to paramedic, situation a standard operating procedure is needed to
confirm who is in control at any one time. (Similar to that used in an jet aircraft between
two pilots sharing control of an aircraft).
Advice and Treatment
o Need SOP (Standard Operating Procedure) for advice over video. For example, need to
tell the patient have a colleague who is helping (behind the scenes). This SOP for advice
over video can be an extension of advice over audio in the first instance.
o Regarding treatment, the paramedic on scene had a plan. The remote ‘paramedic buddy’
helped with crucial points to complement the plan. A key question included was if
patient was suitable for fentanyl. Video is a good tool for double checking medicine.
o Potentially too much information with video. Only need to share a dedicated amount,
on a ‘need to know’ basis according to Norwegian Law (lots of irrelevant information
in patient record).
Camera features
o Pointing of camera took energy of paramedic. A wider angle lens would resolve this.
o Camera orientation was showing different part of monitor which a wider-angle lens
would resolve.
o A high-definition snapshot for reading drug information would be valuable
Patient record systems
o Ideally could integrate video data arriving to the remote hotdesk into the patient record.
o There are issues with managing patient records and a dashboard with patient
records/monitor data/video would be helpful.
o Time stamping of time delivering drugs is important.
o Whoever does the registration owns the responsibility to put information into patient
record.
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5.3.4.5

Scenario 3 (additional ad hoc scenario)

5.3.4.5.1
Ad Hoc chest intervention – pneumothorax
This ‘ad hoc’ scenario is shown in Figure 69 where the patient suffers from a collapsed lung. The
thoracic cavity needs to be punctured to enable breathing to continue.
·
·

Baseball bat injury from a fight. Paramedic arrives after police arrest perpetrator.
Questions for paramedic receiving support from a remote paramedic via video.
o Is this the right process?
o Am I doing it right?
o Is it the right outcome?

Figure 69 Scenario 3: Patient with collapsed lung. Thoracic cavity needs to be punctured to enable breathing to
continue.

5.3.4.5.2
Scenario-specific feedback
After the scenario the team did a debrief of the use of BlueEye in terms of urgency of scenario,
interaction, treatment, standard operating procedure, scene management
·

·

Urgency (with pneumothorax patient can die quickly without treatment)
o Buddy paramedic following from the start.
o What to bring, e.g.
§ Did you bring the trauma bag?
§ Did you bring suction unit?
Interaction
o Was similar to situation with colleague on scene.
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§
§
§
§
§
§

·

·

·

5.3.4.6

Are your ideas same as mine?
Do you see same as I see? Do you think the way I think?
Continuously updating of situational awareness.
Updating happened because paramedic knew his buddy was there.
Also because of urgent nature.
Had to act and do intervention quickly to get opinion of confirm doing right
thing.
o Remote buddy support provides a sense of security.
o Two pairs of eyes. Two minds sharing a common urgent challenge.
Treatment
o Putting in the needle.
o Lots of questions regarding location and procedure.
o Can feel rib. Readjust position. Two-way approach. Double control. Good view.
SOP- Standard Operating Procedure
o A two-phase standard operating procedure is needed to synchronise between both
paramedics. (e.g. phase 1, prepare, clean, swab, gel, tools; phase 2 execution and needle
insertion).
The added value of video was to make procedure flow better.
o Would be nice to have available documented steps on the procedure to be carried out.
o Access to various SOP with templates would be helpful.
o SOP templates could help structure work on other side.
Scene management
o Remote second paramedic can take the task of relieving on scene paramedic of
engagement with other on scene emergency providers (police/fire/civil defence).
o Dealing with evac crew and coordination, can be real added value.
o 2 roles
§ Supporting buddy medically
§ Supporting buddy with logistics
Other feedback related to security and cultural issues.

5.3.4.6.1
IT security
A discussion was had with the head of security at the hospital regarding security and other IT issues for
cloud services. The following points were raised:
·

·
·

Hospital is using private cloud
o Telenor provide local support
o Not using hyper-scaler cloud providers for cloud (e.g. AWS, Azure)
o Taking gradual steps towards private cloud.
Wants cloud to be inside Europe
o Don’t want outsourcing too far (GDPR regulations)
Storage
o Prefer not to store information as general first principle
o It’s easier to get engagement without storing data
o If storage is necessary, then why? What is the purpose?
o Some examples
§ QA reasons?
§ Science reasons?
§ Medical reasons?
§ Patient Journal requirements?
o Storage is data handling
o Many video and IT systems are competing
o If need storage, then can be done but more requirements.
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Storage for records. Could have storage for e.g. one week or one month or several
months.
o How much time is needed, post emergency event, to extract data and put into patient
journal?
o Make several layers related to information storage if going down this route with video.
(e.g should data be decrypted or encrypted when in storage)
Security
o Prefer 2 factor authentication
o Security should meet eIDAS European standard
§ Login and certificate
Ethics approval
o Need to get patient approval form healthcare board.
o Need to explain purpose of camera. E.g. “This camera is for health care. Need to get
help from my colleagues”
o Explain to patient that there will be video communications with remote buddy
paramedic.
o Delayed consent if unconscious.
Patient journal
o Need to have a log of access.
o Main journal in hospital has 3-4 million log events per year.
o Home hospital working with IT department.
o Still photos and video clips need to be incorporated into the Hospital Record. And need
to be under hospital journal period. Patient has right to get access to the log.
o If stills or video clips are needed, then there needs to be process for it, it needs to be in
the IT queue and there needs to be a budget for it
o

·

·

·

5.3.4.6.2
Cultural issues
There are cultural issues with the paramedic related to experience and a social context. These include:
·
·

·

Training
o How to do their job and training?
o Trained at both ends is required with new standard operating procedures for video.
Organisational issues
o There is a question how to put the service into an organisation.
o Is there an issue regarding ‘Back seat driver’ and how can this be addressed?
o What is the situation regarding responsibility? Is the paramedic receiving blind
instructions where he is disempowered or is the context setup where he/she is
empowered? Who is the primary and who is secondary? Local paramedic or remote
operative, who could be a paramedic or doctor.
o There is a responsibility regarding who can see the remote scene and shared
responsibility if both peers can see.
Legal, ethics and GDPR
o How is pre-hospital video to be addressed in terms of laws? And ethics is another
question to be considered.
o There are also GDPR questions regarding the video of third parties. How are these to
be addressed?

5.4 Next-step plans
Further clinical work is based on the following steps: (i) Continue the baseline evaluation; (ii) Formal
simulation during periodic training events. Every quarter there is a training event with 20/25 scenarios
per day with controlled simulation for all the 600 staff; (iii) Student training and measurement of clinical
KPIs using simulations with medical students; (iv) Review and prioritisation of use cases for pilot
including: (a) the original use cases, (b) the new pneumothorax use case described above, (c) another
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new use case regarding engagement with nursing homes who want to test it out by sending video of frail
/ elderly in care home to a general physician.
Further technical work will support the clinical work and will concentrate on evaluating 5G
improvements and by repeat simulations/measurements with 5G. Agile development will be adopted to
align with schedules available via the hospital in Oslo and also other possible engagements with
additional hospitals.
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6 SUBCASE H2A: AUTOMATIC PILL CAMERA ANOMALY
DETECTION
For the subcase H2A, the initial phase has its weight on verifying a latency ground range that will enable
end-to-end operability especially when it comes to live streaming of high definition images from the
source to the inference point and or cloud. Currently latency values have been observed within the 0.65
to 0.8 seconds range in the wireless 4G/LTE network, this represents some challenges for the automatic
detection segment of the application, but current simulations indicate the inherent technical operation
parameters of 5G technology will lift this barrier.

6.1 Description and motivation
Using wireless technology to connect medical implantable devices to a cloud, provides a high impact
on monitoring health information. Colon cancer is the second most common cause of cancer mortality
for both men and women. It is a cancer type where early detection is of clear value, as colorectal cancer
cases have doubled in Norway since the 1950s and 4000 new cases are diagnosed every year [40]. Today,
colonoscopy is the most sensitive method for the early detection of cancer and precancerous pathology.
However, colonoscopy is a demanding procedure requiring a significant amount of time by specialized
physicians, in addition to the discomfort and risks inherent to the procedure.
AI research in medicine is growing rapidly due to the increase in usage of computer hardware and
software application in medicine, especially deep learning and convolutional neural networks (CNN)
have been very successful to advance computer vision and image processing of natural images
databases. The potential of AI to automate tasks such as precancerous pathology detection and novel
advances in endoscopy such as wireless capsule endoscopy (WCE) motivate us to combine these
technologies as an easy-to-use alternative that can potentially save thousands of lives and improve the
lives of patients and clinicians. We implement a high data rate WCE bridging the video data to the cloud
by means of a 5G network, enabling data processing, AI analysis for decision making support and
feedback control from the cloud. The WCE uses a novel approach for high data rate wireless
communication, in which the wireless backscatter is applied to download video data from the capsule
device. The communication method removes active transmitter circuits from the capsule device which
saves battery while supports high data rate transmission above 8 Mbps. An external body reader device
Wireless Capture System (WCS) is used to transmit the RF signal and read the video signal in real time.
The WCS system will bridge to a 5G network for transmission of capsule image data to our medical
cloud. Real-time image processing is conducted by using cloud computing and artificial intelligence
(AI) methods, with the aim of automatic, fast and reliable diagnosis and detection. Real-time
communication, image processing and analysis with low latency protocols enable adjustment of the
capsule’s sensor setting such as light intensity, spectrum and camera resolution to obtain high-quality
images for reliable detection of gastric disease such as polyps, bleeding, etc. This culminates in an
Internet of medical implants (IoMI) for future medicine. In addition, the bridging between the implant
and the 5G network enables the application of cloud-based AI analysis for accurate therapy, diagnosis
and decision support.

6.2 Proposed setup
During phase I (year 1) of 5G-HEART, an initial colonoscopy system with 5G network capabilities is
developed. The main tasks in this phase are to design and implement the hardware (HW) and Software
(SW) platform to facilitate the interface between the in-body implant and on-body communication
systems. The HW section is devoted to design an in-body low-power WCE, an on-body data capturing
WCS and control system with bridging to the 5G modem. The software (SW) section consists of an AIbased image analysis code and a database system running on cloud servers.
Section 6.2.1 describes the near-patient HW part of the developed prototype. In Section 6.2.2, the SW
part of the system will be described.
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6.2.1

Hardware prototype design

The hardware system near the patient consists of two parts; one is a swallowable capsule with a camera
and the supporting electronics, battery and transceiver and the others are on body WCS. As we
mentioned in D3.1 report, we use a wireless backscattering communications method to obtain the video
signal from the colon. The main issue in WCE is power consumption due to powering the system with
batteries. As the WCE moves naturally inside the colon, so it takes a long time as much as 8-10 hours
to travel along the gastric tract. Therefore, power consumption and power management are two
important issues to guarantee the system operation. An active transmitter in the capsule consumes more
than 60% of the implant’s energy for a typical data rate of 1 Mbps. However, using our innovative
approach saves this power by removing the transceiver to the external body with sufficient available
space and power resources. The backscatter method does not need an active transmission, and it contains
a passive antenna in which the antenna system alters the incident wave reflections which is controlled
by the image data and can operate using negligible (microwatt) power for data rates 8-20 Mbps. The RF
energy in this communication scenario will be provided from the on-body WCS system and the high
data rate image data will be captured. In addition, two-way communication is required to control the
capsule imaging procedure to save the implant’s system power. This can be performed by precise
analysis of the video signal to reduce the imaging frames in case the capsule movements are very slow
or stopped. To have a two-way control of the capsule, we use a very low-power low rate active
transceiver for telemetry and command purposes. The command signal is used to control the imaging
features such as light intensity, frame rate, light spectrum and activity rate of the system.
Figure 70 shows the flowchart of how WCE handshake to WCS. As shown, the start time of imaging is
announced by WCS to WCE, and the WCE starts shooting and sending images to WCS. After sending
four image frames, the imaging stops and the capsule waits to receive the next start command from the
WCS. The instructions given to the capsule via WCS are the instructions of the AI processing program.
This imaging interval control is due to that more than 80 percent of images are duplicated within 8-10
hours of the capsule being scanned inside the body. Therefore, controlling the start and stop of imaging
by the AI-processing algorithm can be very effective in reducing power consumption as well as
receiving important and higher quality images.
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Figure 70 The control flowchart of WCE and WCS systems

Figure 71 The block diagram of WCE capsule system

Figure 71 shows the block diagram of the hardware components of the capsule. The WCE includes a
camera, a number of LEDs, an acceleration sensor, a microcontroller processor, a backscatter antenna,
and a low-power transceiver with an antenna. The necessary antennas for the backscatter as well as
transceiver are separated. Antenna design for the backscatter operation is crucial as it is used as the
means to reflect the signal to the external device. The design of such antenna has been conducted using
capacitive coupled electrodes and the operating frequency is fixed at 433 MHz band, the antenna
characteristics are controlled using low power CMOS high-speed RF switch with a power consumption
of below 0.2 microwatts. A high data rate backscatter communication is tested with pre-loaded data in
memory and the system operation and feasibility study is demonstrated. Figure 72 shows a test setup
used in the phantom measurements to validate the high data rate communications with a capsule device
in the depth of 10-15 cm inside the phantom.
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Figure 72 Test setup used to demonstrate high data rate wireless backscatter in phantom; external electronics
using off-the-shelf components and evaluation boards are illustrated.

An ultra-low power microelectromechanical systems (MEMS) accelerometer sensor will be used to
detect the capsule rotation by sensing the direction of the ground gravity acceleration vector. The
necessary codes for this embedded processor to interface with the camera, accelerometer sensor, RF
transceiver, and other parts are in the design and development stage. The initial design for the capsule
has been completed and is currently in the process of designing an electronic PCB board as well as
developing control software for the microcontroller.
The WCS image capture system (Figure 73), as reported in D3.1, consists of two physical layers, PHY1
and PHY2. The PHY1 operates at 433MHz and receives the camera data by sending a sinusoidal single
tone and receiving the backscattered signal from the WCE capsule. The PHY2 is actually the Ethernet
connection layer with the 5G modem. Using Ethernet connectivity makes it possible to test the system
on the local area network (LAN) as well as the 4th generation mobile network. It also communicates
with the capsule via a low-power transceiver for telemetry and command purposes. The system external
reader device includes a backscatter receiver and a digital processor board for extracting framing and
other control information. The digital processor section includes FPGA and a high-speed Ethernet
connection. The WCS also has a screen and user interface.

Figure 73 Wireless capture system (WCS)

The WCS capture system has also an LCD display and some LEDs indicators to have effective
communication with the operator. The WCS is in the process of designing an electronic board and
developing the necessary codes for the receiver. Since the main limitation in this WCS system is the
data transfer delay and not power consumption, we use a fast processing hardware platform based on
using an FPGA chipset. The embedded codes (VHDL and C-codes) for this WCS system are under
development.
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6.2.2

Prototype software development

The software component of the prototype consists of a convolutional neural network (CNN) based model
designed and trained for automatic detection and segmentation of pre-cancerous polyps in colonoscopy
images and videos, both retrospectively and in real-time. The model is being adapted for automatic
review of capsule endoscope footage to produce control feedback if anything suspicious comes to sight
during capsule endoscopy.
The polyp detection application that runs the analysis of the images captured by the WCE and
transmitted through the WCS is a combination of state-of-the-art methods programmed to execute two
main tasks in sequential order: Classification and localization. During classification, each image
obtained from the capsule endoscope is fragmented into sections or windows that are fed into the
classifier. The classifier then predicts the presence or absence of a polyp, and if the polyp is present on
the image the model predicts the location of the polyp in the spatial area of the image and plots a
bounding box or rectangle around the prediction site. Aspect ratios and scales are handled differently
according to the algorithm used for classification. Table 10 shows the planned inference setting for the
polyp detection.
Table 10 Overview of polyp detection application’s initial tests settings
Input Resolution (Max)

512x512 (1280x1280)

Frame Rate

35 FPS

Inference Speed*

25 ms

* Inference speed decreases by an increase in input resolution

Figure 74 shows a layout of the user interface that is currently under development and that provides
clinicians and engineers insight about the ongoing analysis as well as access to control the capsule’s
capture parameters.

Figure 74 Graphical user interface layout for clinicians and capsule endoscope operators

The automatic detection segment of the use case has been designed to happen in 2 formats. The first one
envisions the real-time polyp detection inference directly at the cloud, which is physically located at
OUS Intervention Centre’s High-Performance Computing (HPC) server while the second concept is
designed to perform the automatic polyp detection on the edge using embedded computing boards that
are specifically designed to deploy machine vision applications to the edge. Integrated with ARM
architecture central processing units, accelerated machine learning architectures and low-power
consumption, these edge devices allow us to deploy our deep learning application with less than 30W

© 5G-HEART Consortium 2019-2022

Page 96 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

consumption while delivering top performance on the experiment’s location. The main purpose of the
edge solution is to provide low latency nearer to the request, particularly as real-time data processing
applications require the lowest latency possible but also edge computing is required to run applications
in a highly distributed environment. With this in mind, we designed our software solution with the ability
to be self-contained, this way there will be no need to move the code inside the application when
deploying it in multiple locations, knowing the application will always be the closest to the data it is
processing. Another reason for us having chosen a container-based software architecture is the ability
to cluster and schedule container processing for scalability; this will make the migration from one cloud
base management system to another faster and in a seamless way (see Figure 75).

Figure 75 Cloud server software stack

6.2.3

Network architecture

The H2A subcase will be implemented and tested using the Norwegian 5G-VINNI facility.
6.2.3.1

5G-VINNI Norway facility network architecture

The reference architecture of the 5G-VINNI facilities are the same as used for the subcase H1B (see
Chapter 3). The full-blown pill camera case, prospected for Phase 3, puts quite extreme demands on the
network latency, and would require edge data centers. 5G-VINNI is not providing this for 5G-HEART
phase 1 testing.
6.2.3.2

Sites, coverage and radio parameters for the 5G-VINNI RAN

All healthcare experiments in Norway is going to be performed in or near the OUS Intervention Centre.
The geographical setup and description are the same as for the H1B subcase shown in Section 3.2. An
outdoor 5G gNB with two sectors is installed at the premises and covers parts of the indoor area and
outdoor areas. Table 11 with technical parameters for the gNB site at OUS is repeated here.
Table 11 5G-VINNI gNB at OUS technical parameters
Parameter
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Carrier frequency and
bandwidth

LTE anchor (Band 1):
· DL: 2132.6 MHz (EARFCN: 226)
· UL: 1942.6 MHz (EARFCN: 18226)
· BW: 5 MHz
5G NR (Band n78):

5G NR antenna

· DL/UL: 3655 MHz (NR-ARFCN: 643667)
· BW: 80 MHz
64T64R active beamforming antenna

5G beam-width (3 dB)

Broadcast beam: 65° horizontal; 10° vertical
Traffic beam: 12° horizontal; 9.5° vertical

LTE antenna

4T4R RRU and passive antenna

LTE beam-width (3dB) and
gain

65° horizontal; 6.7° vertical

6.2.3.3

Gain: 17.8 dBi

Interfacing with the application endpoints – 5G UEs and devices

The pill camera equipment is connected to the 5G-VINNI infrastructure using a smartphone.
Smartphones are handy for wearable situations. Examples of smartphone models are Huawei Pro 20X
and Samsung S20, but other models keep coming to market. Physically connecting to the 5G network
will be as shown in Figure 76.

Figure 76 Principal connection of application equipment to the 5G-VINNI network

6.3 Testing and verification
The real-time transmission of information to the cloud is essential and can be used to control the imaging
parameters of the WCE online, with the help of a feedback loop from the deep learning model to generate
high quality frames for reliable detection of gastric disease such as polyps, bleeding, etc. It is also
possible to alternate the stream rate of the WCE based on the received frames and the analysed data to
save energy of the implant sensory system. Once the data package sent by the WCS is received at the
inference location (cloud and/or edge), our polyp detection algorithm commences the detection and
localization in real-time. If a polyp or a suspicious region has been identified a signal with instructions
is sent back to the WCE through the same end-to-end virtual network. The WCE adjusts its parameters
according to the instructions sent by the deep leaning model in order to obtain frames with the best
lighting and resolution possible.
Figure 77 demonstrates the WCS system positioned as it should be worn during the entire experiment
on the patient’s abdomen by means of a belt that is strapped around the waist. After the clinician has
controlled the correct positioning of the WCS, the patient swallows the WCE, which then travels down
the digestive system and once it reaches the large intestine the transmission of images to the WCS
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begins. The WCE transmits continuously the images to the WCS which is bridged through the 5G
modem to the Edge computer and to the cloud respectively over the 5G network.
Once the images have been uploaded into the cloud or edge node respectively, the detection algorithm
starts analysing in real time the images looking for polyps and other anomalies. The cloud keeps a copy
of all occurrences during each capsule endoscopy session. Cloud and edge node designs differ in the
physical location where inference takes place. Edge computers have been designed to provide inference
right on the premises of the experiment adding processing power at the source (Figure 78).

Figure 77 Diagrams that show the different components involved in a single automatic wireless colonoscopy and
polyp detection session

Figure 78 The WCS-Cloud loop updates capture, transmission and inference continuously during an entire
session
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The WCS receives feedback from the edge/cloud and in case the probability of a polyp in a frame is
high, instructions with image capture optimal parameters, such as improved lighting settings or higher
FPS capture are sent to the WCS. This results in better images from the region of interest that will help
the clinician in charge get a clearer picture to determine if a polyp is present or not (see Figure 79).

Figure 79 Diagram of WCE receiving instructions and adjusting parameters to improve image capture

In particular at this stage, our focus laid in testing the end-to-end latency for live high-quality image
streaming with current available network infrastructure and hardware (4G/LTE) to verify that the
immanent qualities of the next generation telecom technologies (5G) will cover the technical
specification needs for our solution. After our initial tests, in a 4G setting we can confirm a latency delay
range between 0.65 and 0.8 seconds from image capture at WCE, up to the point of image processing
(Edge/Cloud). As of today, this range make operability of the AI segment of the automatic wireless
endoscope system unlikely, as the capsule can travel a significant distance and repositioning to retake
images with optimal settings would prove very difficult. We expect that the low latency characteristic
of 5G technology will solve this issue.

6.4 Next-step plans
A camera and associated systems will be integrated within the WCE mock-up and backscatter
communication system will be used to download the image and video signal in real time with low
latency. The backscatter reader system for supporting high data rate 8-10 Mbps will be finalized and
will be used to decode the capsule images and monitor the images in the user interface on LCD screen.
Also, a bridge will be developed to feed the image/ video data to an Ethernet connection or Ethernet
enables wireless network (4G/5G). We suppose to integrate a transceiver for telemetry/ tele-command
and control the capsule operation parameters via a separate active wireless communication link. In
addition, trials will be used to control the capsule imaging parameters via Ethernet based on IP address.
Real time images will be sent to the cloud for a real-time AI-based image processing. If the 5th
generation network is not ready for use, the existing 4G network and its modems will be used for the
whole system test in loop.
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7

SUBCASE H3A: VITAL-SIGN PATCH PROTOTYPE

The phase I trials for subcase H3A focus on the development of a single-use, direct-to-cloud, vital-signs
patch prototype by Philips, leveraging commercially available cellular network deployments (i.e.
Release-13) and addressing a specific “post-surgery” use case. In the next two phases, Telenor will be
involved in exploring potential improvements that could be made by leveraging novel (i.e. Release-14
and beyond) 3GPP features, such as power class 6 (+14 dBm), and OUS will be involved in identifying
potential use cases beyond “post-surgery”.

7.1

Description and motivation

A single-use, direct-to-cloud, vital-signs patch prototype is being developed. This is a smart band-aid
that measures a patient’s vital-signs 24/7 and communicates these directly into the cellular network.
This way doctors can keep a tab on their patients, no matter where they are, potentially supported by AI
algorithms running in the Cloud.
Contemporary, wireless, single-use, vital-sign patches typically use short-range technologies, such as
BLE, requiring a gateway function to convey their measurements into the medical cloud. This gateway
function is typically embodied in fixed equipment or in a mobile phone. Pairing the patch to the gateway
can be an error-prone and time-consuming procedure especially for fragile patients, but also for nurses.
Furthermore, continuity of data is only guaranteed when the gateway (e.g. mobile phone) remains within
range and charged. Additionally, the gateway and/or the associated logistics (e.g. recollecting it after
use) may lead to additional cost. Therefore, out-of-the-box, hassle-free connectivity, directly to the
cellular network – and hence the Cloud – presents a clear benefit. This is called “Direct-to-Cloud”
connectivity, because a gateway is not needed.
The first prototype concerns a vital-signs patch that transmits pulse and respiration rate for post-surgery
patients. This has the potential to enable earlier safe release from hospital and enables monitoring the
patient’s condition for much longer than is possible today, improving patient outcomes and experience,
while reducing the cost of care. Observing that a day in the hospital costs hundreds of Euro’s per patient,
the business potential should be clear. Exploring other, more demanding, use cases is the topic of future
work (see Section 7.4).

7.2 Proposed setup
During phase I (year 1) of 5G-HEART, a baseline is being established by realizing a prototype patch
based on state-of-the-art cellular technology, i.e. NB-IoT and/or LTE-M, specifically using 3GPP
features up to Release-13 and commercially deployed networks. This exercise is meant to reveal what’s
already possible (and exploitable) with today’s technology and what technology gaps still exist to be
addressed in the subsequent phases.
Section 7.2.1 describes the prototyping based on the state-of-art, while Section 7.2.2 describes a first
stab at interesting features for further evaluation beyond Release 13.

7.2.1

Evaluating the state-of-the-art (Release 13)

As a first step of the state-of-the-art prototyping development, an extensive technology selection study
was conducted. As the name suggests, the purpose of this study was to make a first technology selection
for the subsequent prototype – NB-IoT vs. LTE-M, service architecture & protocol, power delivery (e.g.
battery choice), antenna design and cellular module – essentially giving a first blueprint of the prototype
design and a first assessment of its technical feasibility. Observe that the actual realization of the
prototype is still ongoing at the time of writing.
Starting from the high-level requirements of the post-surgery patch, the intricate trade-off between
power, energy, coverage and form factor has been explored, including the aspect of protocol overhead,
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which obviously should be minimized. Aforementioned high-level requirements can be summarized as
follows: sending a hundred bytes of payload, once every two hours from a small patch that is comfortable
to wear and has a battery life of at least two weeks.
An automated test framework was developed that enables measuring detailed current (power)
consumption profiles of a Device Under Test (DUT), typically an evaluation board of a particular LTEM/NB-IoT module manufacturer (e.g. u-blox, Sierra, Murata and Sequans). A wide set of parameters
can be modified, for example: payload size, data path (i.e. user plane with our without CIoT EPS
optimization or control plan CIoT EPS optimization), presence of RAI (Release Assistance Indication),
technology (LTE-M or NB-IoT), timer configuration, power class, frequency band, attenuation (to force
different transmission levels and enhanced coverage modes) and application protocol (HTTPS, CoAP
over DTLS, plain UDP). These measurements can be performed for any particular DUT, connected to
any particular (commercially) available cellular network (SIM, roaming). Any experiment for any
particular combination of such parameters can be automatically repeated many times over a longer
period of time to obtain statistical significance. Through post processing the current profiles, both
current peaks (height and duration) and energy consumption per data upload can be analysed.
First experiments focused on the comparison of NB-IoT and LTE-M, RAI and HTTPS vs. UDP, and all
of this under good coverage conditions using u-blox N3 for NB-IoT and u-blox R4 for LTE-M. HTTPS
– directly into the Philips Cloud called HealthSuite – and UDP were considered as first alternatives
because they represent the extremes on a broad palette of potential protocols. Refer to Section 7.3 for
the results.

7.2.2

Selecting relevant Release 14-17 features for further improvement

A list of (anticipated) 3GPP Release 14-17 features relating to mMTC (i.e. NB-IoT and LTE-M) has
been made and filtered to focus on the relevant features for future vital-sign patches: peak power
reduction, energy reduction, coverage enhancement and more accurate geo-localization. Considering
the key challenges identified as part of the technology selection study, see Section 7.2.1 above and
Section 7.3 below – primarily peak power, but also energy expenditure – and the fact that geo-location
is covered by subcase H3B, the following, tentative, top 2 feature list for testing in year 2 was derived:
1. Power class 6, that is +14 dBm transmit power for the UE (NB-IoT Release 14, LTE-M Release 15)
for reducing peak power on the battery.
2. Early Data Transmission (EDT, Release 15), featuring a shortened handshake for small payloads,
enabling longer battery life. The latter is particularly true for the deep coverage modes (up to 46%
longer battery life), where it matters most [41].
Observe that RAI for LTE-M is also a Release-14 feature, but its impact could already be estimated as
part of the technology selection study reported in Section 7.3 below.
The first feature, power class 6, clearly has priority. The battery size constraints imply that peak power
must be reduced, preferably to (much) less than 100 mA. This implies power class 6 (+14 dBm) or even
lower. The antenna size constraints, plus its < 1 cm distance to the human torso, imply a total antenna
efficiency of -14 dB or worse in the 700-800 MHz range. In other words, decent coverage is required in
spite of having a Total Radiated Power (TRP) of just around 0 dBm. Observe that the idea is to trade
‘deep coverage’ for low peak power, as patients will typically not be residing in deep cellars.
For the first target use case – post-surgery monitoring at home – the total amount of data sent during the
lifetime of the device is very limited: for an upload message with 100 bytes application payload, the
maximum energy usage should be no more than a few mWh. Observe that given the above TRP
constraint, it is likely that enhanced coverage modes involving many repetitions may be needed. Note
that for future, more demanding use cases the permissible energy expenditure per upload message could
even be lower. These considerations drive the need for energy-saving measures such as EDT.
A first stab at these requirements is summarized in Table 12.
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Table 12 Critical network KPI’s for H3A
Requirements

Metric

Values & Units

Coverage

Medium

Energy

Very low

Indoor/outdoor, on-par with cellphones @ 0 dBm
TRP
~1 mWh per 100 bytes of payload (excluding
application protocol overhead)

In other words, in the second phase (year 2) of the project, should investigate two topics. Firstly, it
should assess to what extent peak power reduction on the battery will be possible (and hence what
smaller form factor battery types might become feasible) by lowering the transmit power to +14 dBm
and what the impact on energy usage (due to enhanced coverage modes) will be. Secondly, experiments
and assessments in Oslo should focus on investigating whether sufficient network coverage is possible
while using body-worn vital-sign patches transmitting at +14 dBm.
Depending on the energy usage (taking enhanced coverage modes into account), EDT experiments
should be considered as a subsequent step.

7.3 Testing and verification
This section describes the results of the technology selection study described in Section 7.2.1 above.
Peak currents turn out to be the biggest challenge: 250 mA for NB-IoT on N3 and 450 mA for LTE-M
on R4. Both are power class 3, i.e. +23 dBm, modules yet operating under good coverage conditions.
This makes battery selection challenging. Although a promising primary battery was selected for further
prototyping (after performing separate battery lifetime tests), the device form factor is still on the large
side potentially impacting a patient’s comfort wearing it.
Initial energy measurements for UDP were in favour of NB-IoT in comparison to LTE-M. However,
after compensating the LTE-M measurements for lack of RAI support in LTE-M (a Release-14 feature)
and for the slow bootup of the (older) R4 module, it turns out that both technologies are on-par in this
respect (see Table 13).
Table 13 Summary of energy measurements (compensated for RAI & R4 boot)
Protocol (100 bytes payload)

NB-IoT (u-blox N3)

LTE-M (u-blox R4)

UDP
HTTPS to Philips Cloud

130 µWh
-

133 µWh
630 µWh

In summary, NB-IoT and LTE-M are on-par in terms of energy consumption but the peak power
demands of NB-IoT are less challenging. For true global coverage, today, both would need to be
supported, but at present for key target markets (e.g. USA) LTE-M is the preferred candidate. Observe
that typical LTE-M modules also support NB-IoT.
As far as the application-level protocol is concerned, first experiments have shown the impact of
protocol chattiness on energy consumption to be remarkably low. Whereas a single upload to the Philips
Cloud via HTTPS involves an exchange of ~10 kB of data (including the exchange of certificates), the
energy consumption is only five times higher than sending 100 bytes over plain UDP, an option that
lacks end-to-end security by default, see again Table 13. Observe that HTTPS over NB-IoT has not been
attempted, as it is not a recommended / supported protocol for that technology.
In the current setup, the energy consumption of continuous sensing and sensor processing in the patch
dwarfs the energy consumption of its occasional transmissions, making the overhead of using HTTPS
seemingly insignificant. However, the impact of enhanced coverage levels (which require each
transmission to be repeated many times) on radio energy consumption has not yet been assessed and
could tip the balance. Also, future vital-sign patches may feature more frequent data upload. On the
other hand, it should be understood that end-to-end security is a key requirement, considering that
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sensitive personal data will be transmitted (i.e. plain UDP without any additional security is not
acceptable).
Therefore, as a next step, the experiments are being extended towards CoAP over DTLS, a UDP-based
protocol featuring end-to-end security and acknowledgements like HTTPS yet involving less overhead
(see Figure 80 for an overview of the different protocol stacks).

CoAP

HTTP

DTLS

TLS

UDP

UDP

TCP

IP

IP

IP

Plain UDP

CoAP over DTLS

HTTPS

Figure 80 Overview of application protocols considered

In conclusion, the proposed vital-sign patch concept appears feasible, although a few open issues are
still to be addressed (see also Section 7.4.1 below).
At present a first prototype is being realized based on the inputs gathered by abovementioned technology
selection study. The first spin of the real form factor PCBA is being tested.

7.4 Next-step plans
7.4.1

Finalizing the state-of-the-art evaluation

The prototyping of a state-of-the-art (i.e. Release 13) vital-signs patch (as reported in Sections 7.2.1 and
7.3 above) will be completed. In particular, the following activities are foreseen:
·

·

Finalizing the technology selection study:
o Testing the impact of enhanced coverage modes on energy usage. The DUT will be forced
into such modes by placing an attenuator in between the DUT and its antenna.
o Testing the energy consumption of data upload via CoAP over DTLS and compare it to the
plain UDP and the earlier HTTPS measurements (including enhanced coverage modes).
Two variants DTLS will be compared: PSK and certificate based. The use of PSK would
reduce the chattiness of the protocol in comparison to using certificates but having to preshare keys – e.g. during production – between each individual device and the Cloud may be
cumbersome.
Completing the development of the prototype patch based on the findings of the technology
selection study. This prototype should be suitable for clinical trials.

7.4.2

Next steps in exploring future 3GPP features

7.4.2.1

General approach

Based on the initial findings for the post-surgery patch, as outlined in Section 7.3, peak power and – to
a lesser extent – energy expenditure were identified as the key challenges to address towards the future,
with the aim to improve wear ability and reduce cost. However, the post-surgery patch is just a first
instance – and use case – of a potentially much bigger class of devices. Many other types of direct-tocloud, vital-signs patches can be imagined. Some use case examples are the monitoring of cardiac
patients, diabetics and epileptics. It is even imaginable that a patch sends an alarm when the patient
experiences a sudden deterioration. In that case, the geo-location of the patient should be accurately
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determined to make sure help is on its way. Observe that the need for geo-location relates directly to
subcase H3B as described in Chapter 8 below.
Therefore, to drive the longer-term roadmap for H3A (and H3B) the following four-step approach is
proposed (see also Figure 81):
1. Identify a broader range of use cases, enabled by direct-to-cloud vital-signs patches, including a first
assessment of their respective business potential.
2. For each of those use cases derive the key requirements for the patch with a clear focus on the
network KPI’s.
3. Identify and prioritize the 3GPP features (Release 14 and beyond) that are most likely to help
achieve those KPI’s, potentially also feeding new requirements into 3GPP. Observe that the business
potential of the use cases identified may be used to prioritize the features to investigate. Observe
that the choice of +14 dBm – and optionally also EDT – is just a first stab at this prioritized list.
4. Evaluate the effectiveness of the prioritized features, amongst others through experiments on the 5G
facilities available to the project (e.g. 5G-VINNI and CEA).
Use case
identification &
exploration

Business validation

KPI extraction

Feature identification
& prioritization

Technology
evaluation

Figure 81 Stepwise approach for future technology exploration

Ideally, the business validation process (WP7) should provide some underpinnings for the individual
use cases identified (supporting the business cases for the vertical partners – HealthTech and clinical
partners) as well as an impression of the aggregated relevance towards operators and cellular technology
suppliers.
The first step – use case identification & exploration – has been started. In particular, a call-forcontributions was issued within OUS to solicit novel ideas from its clinical community. Responses are
pending and the intent is to organize a workshop to discuss, refine and prioritize these ideas.
7.4.2.2

Anticipated +14 dBm experiments

In parallel to the full process as sketched above in Section 7.4.2.1 above, the +14 dBm evaluation has
just been started. This evaluation will involve two inter-related activities:
1. Assess the impact of power class 6 (+14 dBm) on peak power and energy consumption. This
involves current profile measurements of +14 dBm enabled UE’s under different coverage
conditions (using an attenuator). As stated in Section 7.2.1, both current peaks (height and duration)
and energy consumption per data upload will be analysed. Depending on availability, several
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module types will be tested, and it is particularly relevant to distinguish between native +14 dBm
implementation (e.g. with an integrated PA) and more powerful (+20/+23 dBm) modules having the
possibility to cap their power output to +14 dBm. It is anticipated that the former ones might cause
lower current peaks on the battery. A critical dependency is on module vendors supporting power
class 6, which is a Release 15 feature for LTE-M. As no module vendor is a member of 5G-HEART
this might require some additional effort.
2. Assess the impact of power class 6 (+14 dBm) on network coverage. The specifics need to be
settled but this may be a combination of adapting existing coverage maps to account for the lower
link budget (uplink) and verifying the outcomes by means of some practical experiments. With
regards to the latter, one could think of walking/driving around with vital-signs patches attached to
volunteers or to body-mimicking phantoms (e.g. full milk cartons). Possibly, two or three vital-signs
patches with different power classes (3, 5, and 6, i.e. +23, +20 and +14 dBm) could be tested
simultaneously to clearly highlight the difference.

© 5G-HEART Consortium 2019-2022

Page 106 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

8

SUBCASE H3B: LOCALIZABLE TAG
8.1 Description and motivation

Wearable health monitoring has emerged as an effective way for improving the quality of life of the
patient as it provides seamless remote diagnoses and monitoring. A patch is used to trigger an emergency
alert when patients suffering from critical conditions require immediate help. Examples include heart
conditions, diabetes and epilepsy. Strong requirements to localize the patient are put on the patch for
emergency services to effectively assign resources at the right location. As explained for subcase H3A
in Chapter 7, the challenge for developing single-use, direct-to-cloud, vital-signs patches lies in enabling
the required functionality in a very small form factor, whilst guaranteeing long battery life and low
device cost. The very small form factor relates to the ability of wearing it comfortably for a prolonged
period of time. For subcase H3B this means that accurate geo-location should be realized with minimal
energy-expenditure and minimal additional hardware. For those reasons adding GPS/GNSS/GLONASS
is not an option, adding to the fact that indoor coverage of those technologies is virtually non-existent.
Therefore, the focus should be on re-using the existing LPWA radio technology -- used for uploading
patient vital-signs -- to do localization, as well through base station trilateration.
Present-day geo-location with cellular LPWA networks is not sufficiently accurate, e.g. preliminary
experiments by Philips have shown LoRa to be ~150-200 m accurate outdoors. A similar performance
is expected for NB-IoT / LTE-M because these are narrow-band systems, which are intrinsically
incapable of accurate ranging and/or angulation.
The scenario envisaged for the use of such a monitoring patch is described here after. After deciding to
equip a patient with a patch to monitor vital-signs and detect a possible medical emergency, the patient
can live normally (at home and outside) by following the recommendations given by his or her doctor.
In its usual mode of operation, i.e. if the patient is doing well, the patch should regularly send a message
(ping) to monitor that the connection with the 5G cellular IoT network is still available. When an
abnormal reading is detected, the patch will trigger an emergency by sending specific alarm messages
to the emergency centre via the 5G/LPWA (e.g. NB-IoT, LTE-M) network. These emergency messages
can be transmitted with additional information about the patient's condition, i.e. a given set of critical
vital-sign data. When the emergency is detected, a radio-localization procedure is performed using the
5G cellular IoT signal and infrastructure. In this way, the patient can automatically be located despite
his or her state of health (e.g. loss of consciousness). A ranging procedure will be performed by each
base station that can communicate with the patch. The purpose of this operation is to evaluate the
distance between the patch and each base station. Based on these measurements, the simplest and most
effective approach for the patch is that location information (or ranging information) will be then sent
by different base stations to the servers of the emergency centre (or 5G network), which will have to
process it through a localisation solver to determine the patient's location. Using this location
information, an ambulance can be easily dispatched to the location of the victim. We can also imagine
sending vital-sign data to the ambulance to anticipate the emergency treatments to be given to the patient
and thus increase efficiency. This specific communication would use the cellular 5G network.

8.2 Proposed setup
8.2.1

Introduction

The architecture on the end-user (patient) side is kept as simple as possible to ease deployment and
uptake. The patient must wear a battery powered patch to provide vital-sign measurements. This patch
is connected to a 5G cellular IoT network (e.g. NB-IoT, LTE-M) to alert the emergency services if
necessary and to provide the radio-localization service. The information transmitted by the patch via the
5G cellular IoT network will be collected by a client server managed by the emergency services via the
Internet or a standard cellular network (see Figure 82). This information will mainly be a "ping" to
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indicate that the connection between the patch and the cellular IoT network is normal. In case of medical
distress of the patient, the information received by the server will then be:
·
·
·

Messages indicating a medical emergency.
Ranging information from different NB-IoT base-stations to be post-processed by the server to
locate the patient.
Possibly the patient's medical vital signs.

Figure 82 Network architecture of the proposed subcase

The design of a patch measuring vital-signs and to be worn by a patient for a period of, for example,
two weeks must respect a certain number of constraints (see subcase H3A in Chapter 7), such as low
energy consumption and having a communication function with a large coverage. For the patch
communication function, this involves the use of a narrowband communication system such as NB-IoT
or LTE-M. However, due to their narrow bandwidth, these systems are not suitable for obtaining good
radio-localization accuracy. To improve the accuracy, CEA will consider a “phase-coherent multichannel” approach to process the radio-localization. This approach combines (narrow-band) channels
over the whole band to create the much needed bandwidth for accurate localization [45][46]. In the
open field, a 10-20 fold improvement of localization accuracy may be possible. However, this approach
should be investigated in the context of the H3B scenario in order to evaluate the performance through
field trials and propose both algorithmic and architecture improvement for this critical vertical scenario.

8.2.2

Principles of Phase-of-Flight (PoF)

A time-frequency representation of the multi-channel ranging signalling process [46] is given in Figure
83 where two nodes sequentially perform a two-way packet exchange on different frequencies, =
+ Δ , ∈ [0, − 1]. With constant carrier frequency, , a channel spacing Δ and a total number
of channels. The two-way exchange is designed to synchronize both nodes that do not share a common
reference clock. Packets of instantaneous narrow bandwidth
and characterized by transmission
times provide long-range connectivity.

© 5G-HEART Consortium 2019-2022

Page 108 of 122

D3.2 Initial Solution and Verification of Healthcare Use Case Trials (v.2.1)

Figure 83 Multi-channel ranging time vs frequency for sequentially aggregated narrowband channels of
bandwidth,
, form a virtual bandwidth,
= ( − 1)Δ
[ ]

The cross correlation of the received signal
∈ {1,2} is given by:
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with complex conjugate (⋅)∗ , sampling interval over
samples. For each channel , estimates of the
relative Carrier Frequency Offset (CFO) , the Time-of-Arrival (ToA), , the Phase-of-Arrival (PoA),
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The PoA estimates for the received signal from node 1 (resp. 2) at node 2 (resp. 1) are given by:
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[ ]

with propagation delay, , radio channel phase,
, and initial transceiver oscillator phase, , .
Furthermore, the return packet (8.3b) integrates a phase error due to the CFO and because the phase
[ ]
measurement is taken at time + + after PoA,
. This phase error can be corrected with a
CFO estimate and the a priori knowledge of + . CFO estimate precision should meet the following
criteria
<
/( p + g ), when maximum acceptable range error is
.
The time synchronization error may be considered negligible as
both nodes, , is cancelled when combining (8.3a) and (8.3b):
[ , ]

=
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With Δ
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PoF imposes a transceiver architecture that ensures Δ

,

is constant for every channel, .

When multipath propagation is considered, the channel transfer function,
with amplitude and PoF estimates on channels ∈ [0, − 1] as follows:
=

( )|(

)

=

^ [

] ^ [

]

Applying the inverse discrete Fourier transform (iDFT) to
version of the channel impulse response (CIR), ℎ( ) [43].

( ), can be reconstructed

^ [ , ]

. (8.5)
=[

,…,

] results in a sampled

The theoretical range resolution for this multi-channel processing scheme is determined by the virtual
bandwidth,
, and equal to Δ = /(2( − 1)Δ ) = /(2
) [44], where is the speed
of light.
A range estimator is then processed from the CIR. This estimator may detect the first path on the
estimated CIR of . Performance of this range estimator may be compared to state-of-the-art legacy
Time of Flight (ToF) estimation.
Single channel ToF measurements,
, , may be obtained for each channel . Comparison to PoF
based ranging, is done using the median of single channel ToF measurements in order to provide a
fair comparison, noted
. This operation also helps to reduce the impact of outliers due to
,
multipath in the propagation channel.
PoF first path detection accounts for propagation scenarios where the direct path is not necessarily the
strongest path. The range estimate
is derived by searching for the first path above a certain
,
threshold,
and is derived relative to and in a certain range before the global maximum, first , in the
estimated channel impulse, ℎ( ).
Non-line of sight classification
One metric of importance when multipath propagation is considered comes from the ability of the
ranging metric to provide a quality metric associated with the range, as non-line of sight propagation
creates significant biases in the range estimation. Classifying a range estimate as biased and hence as
unreliable is a valuable information in the process of localization, where a location solver can profit
from a reliability indicator to select the set of range estimates between different base stations that dispose
the least bias, i.e. are the most reliable. Alternatively, the location solver may provide a localisation error
estimate that is the result of the resulting localisation estimate.
Multi-channel measurements provide an estimate of the CIR. Although not as well resolved as in ultrawideband systems, the CIR can be used to calculate macroscopic features such as the delay spread:
=
Where

(resp.

− ( ) , (8.6)

) is the first (resp. second) moment of the amplitude of the CIR, |ℎ( )|.

The delay spread estimate can be used to derive a reliability metric, which allows classifying range
measurements as biased or bias free [42] depending on whether the delay spread exceeds a threshold,
.

8.2.3

Experimental hardware components

An experimental validation hardware platform has been developed for the field trial experimentation. It
is composed of a Software Defined Radio (SDR). The SDR radio is built around a Zynq-045 Xilinx
System on chip FPGA with integrated dual Cortex-A9 ARM and a Radio frequency agile transceiver
Analog Devices AD9361 (see Figure 84 and Figure 85). The built-in FPGA is the derived from the
Kintex-7 family and is suitable to Wireless communication implementation. This allows to offload
significant computational power to the FPGA which may be useful in future demonstrator versions. RF
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transmitter and receiver are coupled through a RF circulator. This provides approximately 15dB
isolation between TX and RX. It also avoids using a different antenna for the transmitter and the receiver.

Figure 84 Architecture of the SDR platform used for the field trials

A carrier frequency of 868 MHz has been targeted for the field trials in Grenoble as the setup does not
require any RF licence agreement if the regulation criteria are met. Extra filtering has been added to
provide better out-of-band rejection for the receiver. The filter is used through the transmitter as well as
it is placed after the circulator to remove any remaining out-of-band spurious signal generated by the
SDR.

Figure 85 Transceiver setup developed for the field trials

The hardware platform is completed with a Global Navigation Satellite System receiver (uBlox C94M8P) combined with an active antenna. It is used as a localisation “ground truth” (reference for ranging
measurements).
The SDR hardware platform is compatible with the coherency requirements of the transmitter and the
receiver when digital frequency offset conversion is considered in the transceiver data path. A virtual
bandwidth of up to 10MHz can therefore be processed when 1MHz channels are sequentially selected
(Δ , = const. for the channels).
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8.3 Testing and verification
8.3.1

Trials in an Additive White Gaussian Noise Channel

Two transceiver testbeds are used to perform a multi-channel two-way ranging protocol. In the
following, the nodes exchange a Binary Phase Shift Keying (BPSK) preamble of chip
= 10 kchip/s
or
= 10
following a Gold code of chip
= 256 chips, chirp duration is thus equal to
= / = 25.6 ms and g = 3 ms.
< (1/ )/(
+ g ) ≈ 0.1 ppm is required
With these parameters, a CFO estimation precision
to achieve an error less than 1 meter. This parameters have been used for a worst-case precision scenario
using parameters similar to a Sigfox LPWA standard. For information, when Uplink NB-IoT signal
bandwidth is mainly between 15kHz and 180kHz when Single Carrier Frequency Division Multiple
Access (SC-FDMA) is considered with slot durations shorter than 2ms (for blocks of 7 OFDM symbols).
The signal model including the impairment effects introduced by CFO effects has been validated by
numerical simulations and experimentations under Additive White Gaussian Noise (AWGN) channel
conditions in the laboratory.

Figure 86 Field trials under AWGN channel. Simulated and measured ranging error and impact of the CFO for a
virtual multi-channel bandwidth of
= 3.0MHz

Figure 86 compares the Root-Mean-Square (RMS) ranging error over 100 realizations for both,
simulated and measured experiments to derived Cramer-Rao Lower Bounds (CRLBs) as a function of
the preamble carrier energy to noise spectral density, / , or equivalently when 256 chips are
considered, as a function symbol energy to noise spectral density ratio, / .
The two-way packet exchange is repeated 16 times with a channel spacing Δ = 200
and =
866.212 MHz, resulting in a virtual bandwidth
= 3.0MHz and an expected rand resolution Δ
of 50 meters. Transmit power is set to 0dBm. Radio frequency filters and the circulator, connecting TX
and RX to the same antenna, add additional attenuation of approximately 5dB.
When CFO is not compensated, performance of phase-of-flight ranging reaches a plateau, while legacy
time-of-flight follows performance derived by the CRLB in both simulation and lab measurements (see
Figure 86). This is because phase of flight performance is almost 100 times more accurate than legacy
time of flight.
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Further efforts have considered compensated CFO levels. Simulation work has considered a uniform
CFO level so that | | ≤ 5 ppm while experimentation is performed with a fixed experimentally
measured CFO level of ≈ 5 ppm. Calibration of implementation specific constant delays and phase
shifts is performed for a target / of 20dB. In this case, experimentation ranging precision for phaseof-flight is limited to 5-meter precision RMS, and the limitation is mainly due to phase and frequency
jitter introduced by uncompensated CFO. This level of performance should be compared to 200m RMS
obtained for legacy approaches based on time of flight.
Furthermore, the approach is estimated for levels of
path loss of 127.5dB for the proposed scenario.

8.3.2

/

equal to -6dB and corresponds to a maximum

Trials in a multipath environment

Figure 87 Field trials on the premises of CEA-Leti grounds – GNSS ground truth positions (⋅) w.r.t the roof
testbed (×) at (0,0) (grid is in meters). Measurement points are numbered from 0 to 900

The same setup has been used to realize field trials in a non-controlled multipath environment. A base
station has been erected on the top of the roof of a 26m high office building, b1 in Figure 87.
Measurement points are taken in a quasi-stationary using a mobile setup paired with the transceiver on
top of building b1. The GNSS receiver has been used as reference for the ranging evaluation (“ground
truth”). Transmission ranges vary from approximately 60m to 300m. The main purpose of the
experiment is to evaluate the ranging metric used by the localisation solver in an urban environment
representative to the scenario of interest (H3B).
Ranging errors obtained in this trial are given in Figure 88 for legacy ToF and Figure 89 for PoF with
parameters first set to -7dB and first to 300m. Optimisation of first has been obtained through
minimization of the ranging error in 90% of the cases.
PoF based estimates exhibit a much better level of precision compared to ToF based ranging estimates,
because virtually increasing the bandwidth of the signal provides an improved temporal resolution of
signal arrival, while at the same time, the receiver sensitivity is maintained to guarantee long-range
communication.
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Figure 88 Performance of legacy Time of flight measurement (ToF) – Range error in meter

Figure 89 Performance of Phase of flight measurements (PoF) – Range error in meter

However, estimates show large position dependent biases. For example, in measurements 1 to 100 on
Figure 89, a constant bias of around 50 meters is observed corresponding non-line of sight propagation
environment : the first path in the CIR corresponds to a path resulting of the reflection of the ray to
building (see Figure 87).
Examples of the estimated CIR, ℎ( ), for measurements that are biased and non-biased motivated a
method of classification based on the delay spread of estimated ℎ( ) (Figure 90). The delay time scale
in Figure 90 is expressed in meter (i.e. the time delay is multiplied by the propagation speed, c0) instead
of microseconds to better visualize the impact of multipath propagation on the range estimate derived
from the estimated CIR. Non-line of sight measurement points are as expected biased in their ranging
estimate and seem to provide a much larger delay spread on the CIR. This is confirmed when the delay
spread is evaluated for every measurement point (Figure 91) and correlated with range errors (Figure 89).

Figure 90 Estimate of CIR, ℎ( ), for biased and non-biased measurement points. Vertical lines are true ranges
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Estimates with range biases exhibit larger delay spread than bias free measurements. This leads to the
selection of a classification algorithm. Delay spread estimates that are larger than a given opt threshold
value may be considered as unreliable and rejected in the localisation solver.

Figure 91 (PoF) Estimated delay spread when using estimated CIR based on PoF technique in m (RMS)

A simple way to determine this threshold is realized using a simple classification approach. Two
measurement sets are generated depending on whether PoF estimate errors exceed or not 30m.
Figure 92 shows the delay spread histograms for these sets of bias free and biased classified

measurements. Biased estimates can be detected with this method by considering only estimates for
which < opt with opt approximately set to 75m. In our experiment, this corresponds to retaining
62% of all measurements: in this case, missed bias detection is estimated around 22% and false alarm
around 21%.

Figure 92 Delay spread estimate histogram for PoF range error less than 30m and more than 30m

Threshold opt has been evaluated for different values namely 60m, 75m and 100m to evaluate the
possible compromise between metric performance and availability. This is depicted in Figure 93.
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Figure 93 Cumulative density function of range error for various levels of
ranging error

opt .

Comparison to legacy ToF

Even when threshold opt , is relaxed to increase availability to 90% in the field trial scenario, the newly
developed proposed scheme significantly outperforms legacy time of flight. In our field trial, the
proposed method achieves 30m accuracy for 90% of the retained measurement points when opt is set
to 75m. This compares to 250m accuracy for 90% of measurements when legacy ToF is considered.

8.4 Next-step plans
The purpose of the field trials is to validate the narrowband radio-localization approach with real signals
and in a realistic environment (outdoor/indoor, rural/urban). The field test plan is articulated in three
steps: laboratory trials, and two field trials with a first version of the radio-localization process and a
last step, which will consist of validation of CEA's final localization proposal in the field.
All the tests will take place on the CEA campus (Grenoble - France) and/or in the city of Grenoble. This
means that the propagation environment will mainly focus on urban environments and therefore with
strong multipath components. This represents the most severe environment to test any localization
algorithm. Three different phases are thus considered for the field trials:
First (I) phase, lab experimentations:
Objectives: Define and develop a hardware platform based on RF and digital COTS. This platform
should enable us to transmit/receive narrowband 5G LPWA signals and to implement radiolocalization algorithms. Based on this platform, we will refine and validate the new ranging
approaches and associated algorithms with real signals. This phase has already started, and results
have been documented. More advanced approaches are also to be considered and performance
compared.
Second (II) phase, preliminary tests on CEA campus
Objectives: Performance assessment of an intermediate version of the narrowband LPWA location
algorithm over the air in a realistic environment. The tests can be performed outdoors with LOS and
NLOS propagation conditions and subsequently indoors. This phase is well under way and has been
documented in this deliverable. More advanced approaches are also to be considered and
performance compared.
Third (III) phase, advanced field tests in the city of Grenoble
Objectives: These tests will be carried out in the city of Grenoble, thus providing the most difficult
propagation conditions (in particular for the outdoor NLOS conditions). This phase is planned once
algorithms of phase II have been consolidated and should be considered in the last year of the
project.
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9

CONCLUSION

This deliverable has captured the phase-1 (baseline) trials of the healthcare vertical use cases of 5GHEART. The phase-1 trials have been performed per subcase, coordinated by the subcase owners, and
using the 5GTN, 5G-VINNI, 5Groningen, Eindhoven and Grenoble platforms, respectively.
Besides the results, observations and insights obtained from the phase-1 trials, next-step plans have also
been made for each of the subcases, as preparation for follow up trials.
For some of the subcase, in particular H1B and H1D, the originally planned trials/workshops had to be
postponed due to the COVID-19 measures, resulting in less content for this deliverable. The missing
content will be provided in D3.3.
Table 14 summarizes the motivation of each healthcare subcase, and its phase-1 proposed trial setup,
trial plan, actually performed trials, trial results and recommendation for improvement for the future
trials.
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Table 14 A summary of the healthcare subcases and phase-1 trials
Motivation

Proposed setup

H1A

To enhance
participation to remote
educational services
and to improve
situation awareness
from the field.

360 live streaming.

4G/5G/WLAN/Ethernet setup for
testing 360 live video over
adaptive HTTP streaming.

4G/5G/WLAN/Ethernet setup for
testing 360 live video over
adaptive HTTP streaming.

Common media
application format
(CMAF) assistance
enables significantly
decreased latency
compared to traditional
AHS. Mobile uplink
capacity is the problem
for high-bitrate 360
streams.

Test replication with 5G
NR. Adaptive bitrate
encoding. 360 multicasting.

H1B

To provide a longdistance robotic
teleoperation system
over 5G network to
enable the cardiologist
in the centre hospital
to capture ultrasound
Image from the
remote hospital.

Master-Slave
robotic
configuration,

Ultrasound Image capturing with
robotic teleoperation system in
Ethernet level based on two
separated controller, one for master
counsel and one for slave counsel.
The experiment tried to simulate
the requirement of telepresence for
the expert cardiologist in a longdistance manner.

Ultrasound Image capturing with
robotic teleoperation system in
Ethernet level based on one
controller in two different rooms.
The experiment tried to simulate
the requirement of telepresence
for the expert cardiologist in a
long-distance manner.

Capture ultrasound
Image from the
teleoperation system,

the system should stream at
least three views in terms of
a perspective projection
from the slave site to the
master site.

6DOF UR5
Manipulator,
Phantom Omni
haptic device,
Ambient
Video/Audio,

Trial plan (Phase-1)

Actual trials (Phase-1)

Trial results

The transparency of the
bilateral teleoperation
system was very good in
the Ethernet level,
It was difficult for
cardiologist to find the
location of the
ultrasound probe respect
to the patient body
because he only saw the
location of the endeffector over the patient
body from one view.

Ultrasound Video,
Gamma SI-65-5
force/torque
sensor.

Recommendation

The cardiologist and the
local assistant need to have
some specific training to be
able to use this technology.

Difference in delay
between Video link and
robot control data link.
H1C

To improve patient
care quality and
efficiency of
ambulance services.

Audio-video;
Remote ultrasound
(US); vital

3 clinical cases with different
levels of emergency, involving
AZG.

3 clinical cases with different
levels of emergency, involving
AZG.

Video and ultrasound
help. Improvement
required for the
implementation of

Improvement dashboard
and headcam. US probe
more suitable for
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parameter monitor
device;

headcam. Network
coverage is bottleneck.

ambulance. 4G/5G network
with better coverage.

4G/Wi-Fi.
H1D

Evaluations with Oslo University
Hospital ambulance service

Simulation of elderly patient
needing pain relief with new drug
and pneumothorax treatment
support

Several issues related to
standard operating
procedure and
ergonomics to be
addressed

Develop new SOP and
improve ergonomics.
Evaluate with 5G.

Remote wireless
capsule endoscope
bridged from
Trondheim via
LTE/5G to a
medical highperformancecomputing server
located in Oslo.

Hardware, connection and speed
tests involving latency testing,
software/hardware seamless flow
in two settings, inference executed
on the cloud and on an edge
computer.

Phantom tests taking place in
Trondheim and inference taking
place in the cloud and on an edge
device in the same complex
where the phantom setup is
located.

Latency issues prevalent
with 4G but will be
fixed once 5G setup is
up and running. Slight
variations depending on
location of inference but
within the expected
values.

Investigate and improve
user interface,
microcontroller
responsiveness and
investigate alternative
image processing and
transmission.

To keep a tab on
patients,
unobtrusively, and
hassle-free, no matter
where they are, by
means of single-use,
direct-to-cloud, vitalsigns patches.

First prototype
patch based on
LTE-M, Release13, connected to a
commercial
network in
Eindhoven.

Measure peak power and energy
consumption;

Transport protocols UDP and
HTTPS evaluated for LTE-M and
NB-IoT under normal coverage
conditions.

Peak current challenging
but feasible with
increased form factor.
Energy consumption
well feasible under
normal coverage
conditions. Impact of
protocol chattiness less
than expected, again,
under normal coverage
conditions.

Investigate impact of: (1)
CoAP over DTLS on
energy consumption, (2)
enhanced/deep coverage on
energy consumption and (3)
power class 6 (+14 dBm)
on peak current (~ form
factor), energy
consumption and coverage
conditions.

To provide a
lightweight and
accurate radiolocalization feature
along with
communication on
wearable health
monitoring patches.

To validate the
narrowband radiolocalization
approach with real
signals and in a
realistic
environment
(LOS/NLOS,
rural/urban).

Hardware development and
laboratory tests, followed by tests
on CEA premises and in an urban
environment.

Preliminary tests on CEA campus
to validate performance of
algorithms on LOS and multipath
propagation environments.

The proposed method
achieves 30 m accuracy
for 90% of the retained
measurement points.
This compares to 250 m
accuracy when legacy
ToF is considered.

Further investigate
algorithms for urban
multipath environments and
evaluate feasibility of
approach for 5G mMTC.

To evaluate the use of
wearable video in a
paramedic ‘buddy to
buddy’ situation

BlueEye

H2A

To increase detection
rate of polyp detection
in order to decrease
cancer mortality while
improving the
capacity of clinicians
to handle more
patients in less time
and with less burnout.

H3A

H3B

Handsfree video,
and BlueEye
service delivery
platform
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