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EXECUTIVE SUMMARY
This deliverable describes the phase-2 (evolved) trials of the healthcare vertical use cases of 5GHEART, which contribute to milestone MS4 of the project.
During this second step of the three-phased approach, the focus of the work has gradually been shifting
away from almost exclusively gathering clinical requirements – including conducting end-user trials –
to conducting trials on 5G infrastructures.
The three healthcare use cases, H1 – “Remote Interventional Support”, H2 – “Automatic Pill Camera
Anomaly Detection” and H3 – “Vital-signs Patches with Advanced Geo-location” are further split into
nine subcases. In comparison to phase-1 (D3.2 [2]), the H1B subcase “Remote Ultrasound Examination”
has been split up into two separate subcases, H1B CHD – “Remote Ultrasound – Congenital Heart
Disease” and H1B Robot – “Remote Ultrasound – Robotics” respectively. Furthermore, WINGS has
joined the healthcare vertical with a new subcase, H3C – “Aquaculture Remote Health Monitoring”.
The paragraphs below give a brief summary of the achievements for each of the nine subcases.
For the subcase H1A – “Educational surgery”, multiple single lens cameras were added to the video
streaming platform, complementing the 360o camera introduced in phase-1. This way application latency
could be reduced, and video quality could be improved. Different test cases to evaluate the impact of
network and protocol on delay have been conducted on the 5GTN NSA network. The first test case
involved measuring network delay for the 360o camera feed (13 Mb/s) running over RTMP. This showed
that 5G can help reduce the delay by as much as 70% compared to LTE especially in the uplink, which
can be considered as a significant improvement, particularly in live, remote, education/consultancy
sessions, where near real-time communication is required. The subsequent batch of test cases involved
measuring network delay for a single lens camera feed comparing two different low latency protocol
candidates, namely RTMP and RTSP/RTP (both running over TCP). The differences between both
candidates were found to be very small. The final test involved measuring network delay for both of
these protocol candidates under an increasing network load of other traffic. Beyond a load of 40 Mb/s
the network started to experience congestion and both RTMP and RTSP/RTP showed a sharp increase
in network delay, with little difference between the protocols themselves. This increase in delay is the
result of TCP retransmissions, partly caused by the non-prioritized scheduling in the small cell.
Although, RTSP/RTP could alternatively be carried over UDP this was not attempted, considering that
NATs and firewalls could become a problem. In addition to the delay measurements, Oulu University
hospital, with assistance from VTT, have teamed up with RedZinc to conduct trials with the RedZinc
wearable video solution, but those ongoing trials will be reported in D3.4.
For the subcase H1B CHD – “Remote Ultrasound – Congenital Heart Disease”, a live demonstration
of a remote ultrasound examination session was casted from Oslo, while operating over the 5G-VINNI
network. This demo was part of the first 5G-HEART project review meeting in June 2021 and was based
on the commercially available EPIQ / Collaboration Live solution by Philips. However, post-demo
analysis of the logs uncovered that the audio, video, and ultrasound streams were routed via the Internet
instead of staying within the core network. This issue needs further investigation, as keeping traffic local
to dedicated slices is essential for reliable and trustworthy deployment of critical care solutions. OUS
has started to conduct two sets of clinical trials using Philips’ EPIQ / Collaboration Live. Although the
research is still ongoing, some preliminary results are available indicating the feasibility of: (1)
inexperienced students conducting crude examinations of the heart through remote guidance (N=11),
and (2) relatively inexperienced doctors, supported by a remote paediatric cardiologist, reaching a
correct treatment plan for a neonate with suspected CHD, as to whether admit the patient to a paediatric
heart centre (N=3). Philips is developing prototype solutions beyond EPIQ / Collaboration Live.
Specifically, a first iteration of an AR-based interface has been created, where the ultrasound is shown
as a virtual window in the workspace of the local paediatrician. Next to that, the workspace is captured
by two Azure Kinect cameras. Performance limits of WebRTC data channels (50 Mb/s) and the limited
processing power on AR headsets are among the challenges to address, also considering that a first
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estimate of the total bandwidth requirements could be as high as 650 Mb/s. Also, real-time streaming of
(DNL) ultrasound data over a reliable WebRTC data channel poses some challenges for the next phase.
For the subcase H1B Robot – “Remote Ultrasound – Robotics”, a clinical study is in preparation to
assess the effectiveness and efficiency of the remotely controlled ultrasound robot in capturing cardiac
ultrasound images. More specifically, the capture of the parasternal long axis, parasternal short axis, and
apical four chamber views will be addressed. The time to capture and the quality of the image captured
during a remote exam, performed on a healthy volunteer, will be compared to those of a “golden
standard” exam performed by an expert operating the ultrasound probe directly on the volunteer.
Specific attention will also be given to accurately measuring chamber dimensions and flow rate. A safety
risk analysis has been performed in order to obtain approval for the clinical study. Also, a couple of
preliminary tests have been performed with the technical setup. These suggest that it is indeed possible
to capture ultrasound images of sufficient quality, in order to perform measurements, and to do so within
an acceptable timeframe. During those tests it became apparent that the robot may get locked while
changing view positions. To remedy that problem, a new 3D-printed probe holder has been developed
to adjust the angle at which the probe is held by the robot arm.
For the subcase H1C – “Paramedic Support”, trials were conducted at a warehouse in the province of
Groningen, the Netherlands, on September 29th and 30th, 2021. These trials, following-up on the March
2020 phase-1 trials involved TNO, RedZinc and Ambulancezorg Groningen, evaluating the RedZinc
wearable video solution that was integrated on the medical manager’s dashboard with a Corpuls®
patient monitoring device. The trials comprised evaluating 5G network performance, as well as usability
by healthcare professionals i.e., paramedics and the medical manager. The network performance tests
addressed the feasibility of delivering video via the 5G SA network installed in the warehouse. These
tests involved measuring throughput (UL/DL) and round-trip time between a 5G SA smartphone and
ping / iperf3 servers on the edge, on the same locations as where the usability tests were performed. An
average latency of 10 ms and an average throughput of 80 Mb/s on the uplink and 290 Mb/s on the
downlink were measured. Furthermore, stopwatch measurements of the RedZinc video solution (with
server on the Internet in Frankfurt) showed an average 350 ms end-to-end latency. The usability tests
were conducted pretty much in the same way as during the phase-1 trials and involved enacting three
different clinical cases with the help of a volunteer (actor) trained in medical simulations. Compared to
the phase-1 trials, the RedZinc video headset features an improved ergonomic design with higher
resolution (2 megapixel) and wider viewing angle (158 degrees) and also the accompanying BlueEye
mobile app has undergone several improvements. These video quality improvements paid off, but for
some use cases (e.g., viewing a wound or an ECG printout in detail) picture snapshots were preferred
over video. Furthermore, several additional improvements to the RedZinc wearable video solution were
proposed e.g., camera position in middle of forehead, longer cable to phone, switchable noise
cancellation, and mounting a microphone on the headset.
For the subcase H1D – “Critical Health Event”, the RedZinc BlueEye solution was trialled in June 2021
during a training event of the Oslo Ambulance Service. The focus of these qualitative trials was put on
user experience, leveraging Telenor’s commercial 4G network in Oslo. Note that quantitative trials to
evaluate the performance over 5G are anticipated for phase-3, leveraging either a commercial 5G
deployment or the 5G-VINNI facility. Two scenarios, one with a focus on HAZMAT (Hazardous
Materials) and one on USAR (Urban Search and Rescue), have been played out. Several runs of the
experiments were conducted with several groups, each group comprising two people on the scene and a
remote incident commander. Several practical issues with the BlueEye solution were identified and have
since been rectified or are being rectified, leading to an improved design of device and service. Overall,
the concept was very well received by the ambulance service, quoting better situational awareness, better
cooperation with fire brigade and police, and improved confidence as key advantages, and good picture
quality (even from within a positive pressure suit) and sufficient battery life as technical highlights.
For the subcase H2A – “Automatic Pill Camera Anomaly Detection”, OUS has continued the
development and technical evaluation of their colon cancer screening solution. The envisaged solution
comprises a swallowable capsule that travels through the intestines to record video images and transfer
them to a body-worn modem via energy-efficient, backscatter communications, which in turn forwards
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the images via 5G to the Edge to enable real-time, AI-based analysis for polyp detection. A feedback
channel is anticipated to control the resolution and lighting settings of the capsule to optimize capture
for suspected anomalies in real-time, while minimizing energy expenditure. The backscattering
transceiver on the capsule side comprises a single switching gate that consumes very little energy (10
pJ/bit), prolonging battery life and minimizing cost. It has been developed for data rates up to 16 Mb/s
and shown to work for up to 10 Mb/s. For the AI-based analysis, a CNN-based, encoder-decoder
network is used to predict a 2D Gaussian shape. This network (ResNet34 [56], trained on the ImageNet
dataset) is based on the U-Net family [55], which is specifically developed for medical image
segmentation, and capable to deal with a limited amount of available training data, while operating in
real time. The benefits of 2D Gaussian masks over binary ones have been demonstrated. A sensitivity
of 82% and a precision of 90% has been achieved, while processing up to 100 frames-per-second on an
NVIDIA RTX 3090 GPU. Different in-system latencies have been evaluated as well.
For the subcase H3A – “Vital-signs Patch Prototype”, extensive experiments using an automated test
framework have demonstrated that a vital-signs patch for monitoring post-surgery patients is feasible
from an energy consumption perspective. Complementing the phase-1 experiments, this is still found to
be valid in case of relatively poor coverage (~ -130 dBm) for LTE-M, while using Cloud-native data
ingest protocols (HTTPS / OAuth 2.0). The straightforward optimization of extending OAuth token
lifetime sufficed to reach this result. Furthermore, an investigation of a broader class of potential vitalsign patch propositions has revealed that their communication requirements – in terms of number of
uploads and amount of payload per upload – are in the same ballpark as for the post-surgery case.
Nevertheless, a more in-depth study has been conducted – and still continues – to further optimize
energy usage. However, insufficient coverage has been identified as a potential threat to a broad uptake
of vital-signs patches. The combination of LTE-M’s CE Mode B not being supported by operators and
the small antenna worn close to the body causes a loss of a few dB in comparison to a regular LTEphone. To make matters worse, indoor coverage enhancements such as DAS and small cells for hospitals
and VoWiFi for homes often do not address LTE-M or NB-IoT. Furthermore, an ecosystem approach
will be needed to have any roaming plan purchased by the patch manufacturer interoperate with any inhospital cellular deployment. A new study was started to address this coverage issue by investigating to
what extent NB-IoT with a very lean – non-Cloud native – data upload protocol could be part of the
solution. Preliminary results reveal that a ~12 dB gain over LTE-M seems feasible, while still remaining
in the right ballpark for energy consumption. A third study to investigate the potential benefits of lower
transmit power (power class 6) on battery dimensions has been discontinued as outlooks were poor.
For the subcase H3B - “Localizable Tag”, the phase-1 experiments on the CEA campus have been
extended during phase-2 with in-building trials, addressing both LOS and NLOS propagation. Besides,
the initial multi-channel phase-of-flight simulations from phase-1 have been extended. Multi-frequency
phase difference of arrival (MF-PDoA) has been studied to extend the work to synchronized base
stations, and to remove the constraints of two-way ranging. The results from simulations and field trials
are consistent but yet complementary. In comparison to legacy ToF, in LOS scenarios the ranging
accuracy (RMS) is reduced from 180 to 4 m and for NLOS scenarios from 190 to 42 m. The latter results
are in the same order of magnitude as the multipath outdoor measurements on campus from phase-1
which showed an improvement from 250 to 30 m. The proposed concept Phase of Flight (PoF) is
sufficiently flexible to be advantageously adapted to 5G-NB-IoT evolutions, as long as frequency
hopping mechanisms is considered.
For the subcase H3C - “Aquaculture Remote Health Monitoring”, a setup has been realized to safeguard
the health and safety of workers in the aquaculture industry, considering that they are exposed to many
occupational hazards such as sprains, strains, fractures, cuts, amputations, musculoskeletal injuries,
hypo-/hyperthermia, back/neck/shoulder pain, sunburn, keratitis, cataract, pterygium, blindness,
tendonitis, tenosynovitis, bursitis, and carpal tunnel syndrome, as well as psychological risks. WINGS
proposes a combination of remote health monitoring of the workers, and remote support for the
caregivers or supervisors of the aquaculture area, to adequately address these hazards and risks. For the
remote health monitoring, a setup is being realized with the Withings ScanWatch [34] measuring vital
signs (ECG, SpO2, etc.) and other health-related information, and uploading them via a 5G compatible
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phone into WINGS’ STARLIT Cloud platform [37] for analytics and visualization. As for the analytics
part, a deep convolutional neural network is developed to analyse the ECG signal, while predictive
algorithms for SpO2 have also been developed. Notifications/alerts, based on this analysis, are raised in
case health issues/emergencies are identified, or future issues are forecast. For the remote support,
Vuzix’ smart glasses [35] with live streaming via a Messenger Application have been tested.
Considering that this subcase was only recently added to the 5G-HEART healthcare vertical, the clinical
and technical validation of the concept is planned for the next phase of the project.
For each of the subcases, next-step plans are also presented, targeted towards the phase-3 (final) trials.
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1

INTRODUCTION

This deliverable describes the phase-2 (evolved) trials of the healthcare vertical use cases of 5GHEART. These phase-2 trials contribute to milestone MS4 of the project.
Whereas phase-1 was strongly focused on gathering (clinical) requirements, developing (prototype)
systems and performance validation on state-of-the-art wireless communication technologies (4G/LTE,
Wi-Fi, etc.) in order to set a baseline, within phase-2 the emphasis has shifted to validation of 5G
network’s capability in meeting the requirements, even though COVID-19 travel restrictions have
caused significant delays. With these restrictions gradually being lifted, phase-3 should see more
trialling on 5G facilities. However, note that at the same time COVID-19 has given a tremendous
impetus to the need for remote healthcare solutions, such as those being considered within the project.

1.1 Use cases and phase-1 trials overview
Table 1 shows an overview of the nine healthcare subcases addressed by 5G-HEART, including their
primary 5G enablers, the locations of the phase-2 trials as well as the involved parties. Besides the 5GHEART partners, two external collaborators are involved in the phase-2 trials of 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-2 trials. The reader may further refer to Deliverable D3.2
[2], for more detailed description of all the healthcare use cases and subcases and their link to 5G.
Table 1 Healthcare subcases: 5G enablers, phase-2 trial locations and involved parties
Subcase

Primary 5G
enablers

Location phase-2
trials

Subcase owner
and partners

H1A Educational
surgery

eMBB

Oulu, Finland

H1B Remote
ultrasound
examination – CHD
H1B Remote
ultrasound
examination –
Robot
H1C Paramedic
support

eMBB
URLLC

Oslo, Norway

eMBB
URLLC

Oslo, Norway

eMBB
coverage

Groningen, the
Netherlands

TNO, Philips,
RedZinc

H1D Critical health
event

eMBB

Oslo, Norway

H2A Automatic pill
camera anomaly
detection
H3A Vital-sign
patch prototype

URLLC

Oslo, Norway

RedZinc, Oslo
University
Hospital, Telenor
Oslo University
Hospital, Telenor

mMTC

Eindhoven, the
Netherlands

H3B Localizable tag

mMTC
localisation
mMTC

Grenoble, France

Philips, Oslo
University
Hospital, Telenor
CEA, Philips

Greece

WINGS

H3C Aquaculture
Remote Health
Monitoring

External
collaborators
phase-2 trials

VTT, RedZinc,
Oslo University
Hospital
Philips, Oslo
University
Hospital, Telenor
Oslo University
Hospital, Telenor
Ambulancezorg
Groningen,
5Groningen

External Medical
Expert

Observe that, relative to D3.2 [2], the description of the H1B subcase on remote ultrasound examination
was split into two separate chapters, one for the congenital heart disease case and one for the robotics
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case. In addition, a new subcase, H3C, was added by WINGS, bridging between the healthcare and the
aquaculture verticals.

1.2 Organization of this deliverable
The remainder of this deliverable is organized as follows. Each of the Chapters 2-10 contains a detailed
description of the phase-2 (evolved) 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 CHD Remote ultrasound examination – Congenital Heart Disease
Chapter 4: H1B Robot Remote ultrasound examination – Robotics
Chapter 5: H1C Paramedic support
Chapter 6: H1D Critical health event
Chapter 7: H2A Automatic pill camera anomaly detection
Chapter 8: H3A Vital-sign patch prototype
Chapter 9: H3B Localizable tag
Chapter 10: H3C Aquaculture Remote Health Monitoring

Concluding remarks are given in Chapter 11.
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2

SUBCASE H1A: EDUCATIONAL SURGERY

The ‘Educational Surgery’ subcase aims to find improved solutions for remote learning, consultancy,
and remote attendance of surgical interventions, supported by 5G technology. The main target of H1A,
especially for phase-1, was to provide a 360° video streaming platform to be run on the 5G test network
(5GTN), relying purely on mobile 4G/5G connectivity. The video streaming platform
aims to deliver a near real-time feed from an operating room towards a classroom for educational
purposes. During platform development, the findings have led to include single lens video streaming as
well – even with multiple cameras – in order to reduce application latency and improve video quality
(i.e., quality of experience), compared to the capabilities observed from the 360° equipment.
Unfortunately, due to the COVID-19 travel restrictions, most of the planned cooperative experiments
and demonstrations on the 5G-VINNI platform have been shifted to phase-3.
During phase-2, H1A has conducted two separate activities. Firstly, VTT has completed the 5G NSA
setup in 5GTN and refined its network parameters to have optimal support for this subcase. Additionally,
the live streaming setup has evolved towards low latency streaming, which has clear benefits for 5G use
cases. As said, currently it requires single lens cameras to achieve a decreased latency and optimised
playback performance. Secondly, RedZinc, Oulu University hospital, and VTT have planned and
initiated trials with the RedZinc wearable equipment. The aim is to help in remote consultancy and
education, especially during COVID-19. The results and experiences of these trials will be reported in
the final deliverable of this vertical (D3.4).
In this chapter, we illustrate the current setup and results of the 5G NR evaluation conducted in the
5GTN laboratory in Oulu. These results are partially compared against the LTE baseline performed in
phase-1, as reported in D3.2 [2]. The results gathered do not only validate the streaming platform and
KPI measuring functionalities, but they also verify the 5G performance gains especially in terms of
decreased latency for both up- and downlink. The extensive results with a live video stream – and
additional traffic congesting the small cell – revealed how network delay behaves when the uplink
capacity reaches its limitation. Finally, we also discuss the next (i.e., final) steps for this subcase.

2.1 Description and motivation
In D3.2 [2] earlier insights for this subcase are presented, which are still relevant. The state of
emergency caused by COVID-19 has further highlighted the importance of live video streaming
solutions for remote consultancy, working, and education.

2.2 Proposed setup
The proposed setup and architecture for H1A is run on the 5GTN facility in Oulu, as described in D3.2
[2]. The current evolved solution includes multiple approaches which could be integrated into a single
entity to conduct large-scale trials during phase-3.

2.2.1

Network architecture

The 5GTN Oulu network architecture is sketched in D3.2 [2] and refined in D2.3 [6], containing also
the relevant 5G NR components. The current 5GTN architecture contains three 5G (NSA) indoor small
cells with corresponding 4G anchor cells, and one outdoor 5G small cell. The indoor small cells have
been used for the evaluation and measurements for this subcase. The facility also features SA
capabilities, but testing and verifying this is beyond phase-2.

2.2.2

User application architecture

This subsection depicts the overall scenario with partial updates to the original plans introduced in D3.1
[1] and D3.2 [2]. Figure 1 presents the current architecture for H1A, which is an update of the

© 5G-HEART Consortium 2019-2022

Page 21 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)

corresponding figure in Section 2.2.1 of D3.2 [2]. The current setup includes single lens cameras for the
hospital operations. The evaluation using the 360° camera revealed not only a long capture delay, mainly
caused by the 360° stitching, but also higher application/playback buffering delay. We had already
identified the use of single lens cameras to enable a detailed view of the target. The video quality of
360° cameras is often insufficient for providing a sharp representation. It is better suited for providing a
larger overview of the scenario and its surroundings. Within the scope of this subcase, the term delay
refers to network delay between the components depicted and latency refers to the end-to-end delay
observed between the camera and video player.

Figure 1 H1A architecture

2.2.3

Hardware components

This subsection presents the relevant hardware and network components and parameters for the H1A
subcase. These are utilised in laboratory evaluations/measurements of latency and capacity. For the
phase-2 measurements, the emphasis has been on 5G measurements. Basically, we have evaluated two
approaches in parallel:
a) Low latency measurements of a 360° camera stream, using DASH over HTTP.
b) Low latency measurements of a single lens camera stream, using RTSP/RTP or RTMP over TCP.
Table 2 is divided into three sections for the video encoder, network, and video player, respectively.
Note that the video encoder section distinguishes between approaches (a) and (b) as stated above. For
the network part, Nokia’s equipment is used in NSA mode. The 5G small cells require 4G anchor cells
for the control plane signalling.

© 5G-HEART Consortium 2019-2022

Page 22 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)

Table 2 Relevant HW and network components for H1A

Video Encoder inc. Camera
Camera HW
Camera-encoder connection
Encoder / streaming server HW
Network
Mobile network

5G NR
LTE-A
NSA
Nokia EPC core
CMM20
Indoor gNB: Band n78 TDD @ 60 MHz
Indoor eNB: Band 7 FDD @ 5/10 MHz
3.5 GHz
2.6 GHz
Huawei CPE Pro 1 & 2
The QCI for default bearer (i.e., QCI=9) has been used as
specified in [48]
5QI= 9 has been used as specified in [49]

Architecture
EPC core
5G Small Cell
4G Anchor
5G Frequency
4G Frequency
Access point
4G QoS
5G QoS
Video player
UE HW

2.2.4

(a) Insta360° Pro 2
(b) Logitech Brio 4K Ultra HD Pro
(a) HDMI 4K capture card via USB 3.0
(b) USB 3.0
(a) Intel NUC Core i7-8809G @ 3.1 GHz
(b) Intel Core i7-3720QM |@ 2.6 GHz

Intel Core i9 @ 2.3 GHz

Software components

This subsection presents the relevant software components for the video encoder and player. The
detailed evaluation setup with the specific parameters is illustrated in Section 2.3. FFmpeg [50] is used
for the SW based encoding using the x264 video encoder that allows the usage of low latency techniques.
Table 3 Relevant SW components for H1A

Video Encoder
Encoder / streaming server OS
Encoding SW
Video player
UE OS
Video player applications

Ubuntu 18.04 LTS
(a) Open Broadcaster Software (OBS) Studio (FFmpeg)
(b) FFmpeg
Ubuntu 18.04 LTS
(a) Chrome browser & Dash.js
(b) MPV media player

2.3 Testing and verification
This section presents a test setup for live, low-latency video streaming utilizing the network architecture
illustrated in Figure 2. The video streaming system was described in D3.2 [2] but support for RTSP/RTP
streaming has now been added. The 5GTN supports 5G connectivity that has been used in the tests, in
addition to wired LAN and LTE networks.
The test setup for chunked CMAF low latency live 360° video streaming has remained the same as in
D3.2 [2]. This system was verified in the 5G network. The test setup for live, low latency video
streaming was verified and measured on both wired LAN and 5G networks. The test setup is based on
open-source software and all the servers/computers run on the Ubuntu 18.04 operating system. The
webcam is a Logitech BRIO 4K Ultra HD Pro which is connected via a USB cable to the laptop (Core
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i7), which, in turn, acts as the video encoder. The video encoder is based on FFmpeg and captures the
full HD video through the USB port in YUV format and encodes the video using the x264 encoder with
a 4 Mb/s target bit rate and the following low latency settings: preset=ultrafast, tune=zerolatency,
profile=main, bframes=0, ref=3, and scenecut=0. The encoder is connected to a LAN or 5G network
and streams the video to the video server via RTSP/RTP or RTMP depending on the test case. In either
case the streaming protocol runs over TCP. The RTSP (rtsp-simple-server [47]) or RTMP (Nginx with
rtmp-module [38]) server receives the video from the encoder and streams it over TCP to the video
player. The video player is an MPV [44] player application running on a powerful laptop with an Intel
Core i9 processor.

PTP Server
PC

PTP
Qosium Probe
Screen 1
Current time
10.05.511

Video Camera

Encoder

iPerf3 Client

Uplink delay

Video

Additional
Uplink traffic

Qosium Probe

PTP
Downlink delay

Video Server

Video

Qosium Probe
Screen 2
Current time
10.05.358

Video Player
Laptop

iPerf3 Server

PC

Server

5GTN

Figure 2 Evaluation setup for low latency video streaming for H1A

2.3.1

Methodology

The reader is referred to previous deliverables D3.1 [1] and D3.2 [2].

2.3.2

List of key performance indicators

The list of KPIs is depicted in Table 4 (from D2.2 [5]). The latency requirement concerns either the UL
to the edge server or DL from the edge server, not a combination. The 5G uplink is currently the
bottleneck for higher streaming bit rates, which reflects also on the downlink quality observed by a
single user. A high uplink load will also affect the network delay, as shown in Section 2.3.4 below.
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Table 4 Target KPI values for H1A

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity / peak data rate
Latency requirements

Target values
High: 60 Mb/s single user
High: 60 Mb/s
100 < Medium ≤ 1000 Mb/s
Low ≥ 25 msec (HAS)
5 ≤ Medium < 25 msec (WebRTC)
5 ≤ Medium < 15 msec (RTSP/RTMP)
Medium: 99.999% (WebRTC)
Low: 99.99% (HAS)
Low: 99.99% (RTSP/RTMP)
Low ≤ Medium ≤ 100 km/h
Low > 25 meters
Low: 20 devices / km2
Low ≤ 1 transactions/s
60 Mb/s/m2
High: Confidential

Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security / privacy

2.3.3

Measurement and testing tools

In order to verify the functionality and performance of the low latency live video streaming system, and
to identify the bottlenecks in the system causing delay, we used two methods: 1) measurements using
screen clock capturing and 2) measurements with the Qosium [40] network performance indicator.
These methods are explained in detail in D3.2 [2]. For the live, low latency, single lens, video streaming
approach we have used MPV player [44] version 0.33.0 as video player. The MPV player was launched
with a low latency profile that reduces the experienced latency, alongside with the untimed option flag
that reduces the timing latency.
Accurate time synchronization is important when measuring network delays. For this purpose, we used
PTP daemon [41] – PTP provides sub-microsecond accuracy – which consists of a PTP master (clock)
and PTP slaves that synchronize their machine time to the master. Basically, all the involved machines
in the streaming architecture (see Figure 2) were synchronized together in order to have reliable network
delay measurement using Qosium.
The Qosium measurement results presented both for UL and DL were the averages of 10 runs each, with
a duration of 60 seconds. The variation between the runs was surprisingly small, because the number of
interfering mobile users was very small, and the video bit rate was constant when recording only the
screen of the digital clock.
We measured the end-to-end latency by noting the time difference between a timer captured on Screen
1 until it is displayed on Screen 2. In the video streaming system, the end-to-end latency is the total
delay comprising camera capture, encoding, network delivery via the UL to the video server, processing
at the video server, network delivery via the DL to the video player, and playback. The distance between
camera and client was static, approximately two meters. Each measurement lasted 120 seconds, and we
took a picture of the screens every five seconds. Based on the pictures we calculated the end-to-end
latency.

2.3.4

Intermediate results

Table 5 presents the test cases for our evaluation. The emphasis was especially on resolving how the
mobile uplink manages with normal video throughput as well as with a congested network. The iPerf
software [45] was used to congest the small cell with desired amount of traffic, ranging from 10 to 50
Mb/s.
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Table 5 Test cases for H1A

Test case
1
2
3
4
5
6
7

Camera
type
360
Single lens
Single lens
Single lens
Single lens
Single lens
Single lens

Streaming
protocol
RTMP
RTMP
RTSP/RTP
RTMP
RTSP/RTP
RTMP
RTSP/RTP

Network type
5G
Wired (LAN)
Wired (LAN)
5G
5G
5G
5G

Network
protocol
TCP
TCP
TCP
TCP
TCP
TCP
TCP

Other traffic
No
No
No
No
No
Yes (TCP)
Yes (TCP)

This subsection discusses several results of the measurements performed in the 5GTN laboratory in
Oulu [43]. Firstly, we continued the 360° streaming evaluation, originally conducted in D3.2 [2], using
the 5G NR that was not available at the time of writing of the previous deliverable. Secondly, we
evaluated low latency streaming approaches using traditional single lens cameras both for RTSP and
RTMP, aiming to reduce the overall latency compared to DASH. Thirdly, we evaluated how additional
traffic affects the uplink delay. The results were published on the EuCNC 21 conference [46].
Before starting the actual video measurements, we evaluated the 5G capacity several times using both
Speedtest as well as iPerf3 from a static location. The maximum throughputs recorded for UL and DL
were approximately 50 Mb/s and 650 Mb/s, respectively.
Figure 3, according to test case 1 in Table 5, illustrates the 5G results in comparison to LTE and LAN
delays both for the uplink and downlink directions as illustrated in Figure 2. The 5G results are a
continuation of the LTE and LAN measurements presented earlier in D3.2 [2] using the 360° streaming.
The results show that 5G reduces the delay by over 70% compared to LTE especially in the uplink,
which can be significant in live, remote, education/consultancy sessions, where near real-time
communication is required.

Figure 3 Average network delays for live 360° system (H1A)

Figure 4 and Figure 5 combine the results for test cases 2-5. The UL and DL averages for the LAN
measurements were between 0.2 and 0.3 ms for both streaming protocols. The RTSP/RTP averages for
5G were 12.6 ms (UL) and 5.6 ms (DL) and similarly 12.4 ms (UL) and 7.3 (DL) for RTMP. The
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summary of total average delays can be found from Table 6, where LL denotes the low latency. As can
be seen from the figures, the delay variation between min-max values is very small: 1.1 ms for
RTSP/RTP and 1.5 ms for RTMP.

Figure 4 Average network delays for low latency RTSP/RTP video stream (H1A)

Figure 5 Average network delays for low latency RTMP video stream (H1A)

Test cases 6-7 are conducted by congesting the 5G UL network with additional traffic using iPerf. We
wanted to see the effect on the live video stream when the uplink connection that the encoder is using
gets congested. The blue curve ’Total traffic load’ in Figure 6 visualizes the total 5G traffic load
measured in the video server by Qosium. It comprises both the video stream, as well as generated
additional traffic from iPerf3. Every ten seconds, the iPerf3-generated traffic is increased by 10 Mb/s
(i.e., 0, 10, 20, 30, 40, and 50 Mb/s). The small downward peaks occurring at 50 s and 60 s happen
because iPerf3 has a small lag in the re-launching process, when a new target bit rate is introduced to
the iPerf3 client. Figure 7 shows the UL delay for RTSP/RTP and RTMP measured with Qosium. Figure
8 is a magnification of the graph between 0-60 s, to provide a more detailed view of the delay before
congestion gets too severe. We observe that traffic rates under 30 Mb/s increase the UL delay only
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slightly: approximately by 2.5 ms, which is still in acceptable. That is also the case at 30-40 Mb/s, where
the delay stays in under 20ms. At 40-50 Mb/s the congestion gets too much, causing unacceptable
delays, as high as 400 ms.

Figure 6 Live video stream and total traffic load throughputs (H1A)

Figure 7 Average uplink delay for LL RTSP/RTP and RTMP with varying traffic (H1A)
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Figure 8 More detailed view of Figure 7 (H1A)

Figure 9 presents the end-to-end latency with an increasing amount of additional traffic. We can see
from the figure that latency increases slightly when additional traffic is added on the network. However,
when the additional traffic amounts to 50 Mb/s, the uplink gets congested and end-to-end latency
exceeds 500 ms, which is usually too much for most use cases. The experienced latency in this case is
caused by TCP retransmissions. After the traffic is normalized, the Video Player catches up on the lag
in the playback and returns to the original level. The observed network and end-to-end delay differences
between RTMP and RTSP/RTP were very small. Small errors may be introduced in screen clock
capturing due to display refresh rates, video frame rates, and camera capture not being synchronized.
However, averaging the values seemed to generate reasonable results. The variation in end-to-end
latency was slightly larger than for the network measurements. There are several factors that may cause
this variation, from encoding-decoding characteristics to playback buffering and actual display. The
RTSP/RTP protocols may alternatively be run over UDP, but NATs and firewalls could be a problem
then. In contrast, RTMP works only over TCP but is integrated quite well with the Nginx web server.
The network delay measurements show that the current version of 5G performs well, even when the UL
channel gets congested.
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Figure 9 Total end-to-end latency for RTMP and RTSP/RTP under congestion (H1A)
Table 6 Average delays in ms for LAN and 5G (H1A)

LAN
5G

360° RTMP
UL 13Mb/s
0.3
14.2

360° DASH
DL 13Mb/s
0.4
9.1

LL RTSP/RTP
UL
0.2
12.6

LL RTMP
UL
0.3
12.4

LL RTSP/RTP
DL
0.3
5.6

LL RTMP
DL
0.2
7.3

2.4 Next-step plans
The plans for phase-3 are:





Live demonstration(s) using 5GTN and 5G-VINNI with the proposed live streaming setup. COVID
19 fluctuations may influence to schedule. The current estimation is during Spring 2022.
Dynamic video adaptation techniques for the uplink direction.
Real-time heartbeat sensor data migration on top of the video as an overlay.
Testing the proposed setup also in mobile vehicular scenarios. This could e.g., be useful for training
scenarios involving ambulance care.
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3 SUBCASE H1B CHD: REMOTE ULTRASOUND – CONGENITAL
HEART
Philips, OUS and Telenor cooperate to explore the possibilities for remote expert support during
ultrasound examination of young patients suffering from congenital heart disease (CHD). The research
addresses developing subsequent technical setups and evaluating them from both technical and
usability/clinical perspectives. Note, that remote expert support for ultrasound examination is also one
of the topics addressed in Subcase H1C “Paramedic Support” (Section 5), but in that case in a mobile
setting, addressing different clinical scenarios. Nevertheless, some of the work conducted within the
scope of this subcase applies to that subcase as well.

3.1 Description and motivation
The reader is referred to D3.2 [2], Section 3.1.1 and to D7.4 [3], Sections 4.2.2 and 5.1.2 for a description
of the subcase and a first indication of the business opportunities respectively.

3.2 Proposed setup
3.2.1

Network architecture

The 5G-VINNI network in Oslo – and in particular the installation targeted at the OUS buildings – is
being used for the technical evaluation. Refer to D3.2 [2], Section 3.2.4 or to D2.3 [6], Chapter 2 for
details. The implementation used is an eMBB slice as shown in Figure 7 in [6].

3.2.2

User application architecture

First prototype system
The left-hand side of Figure 10 depicts the intent of this subcase. It enables an expert in CHD, usually a
paediatric cardiologist, to support a less experienced doctor who is in a remote location, to diagnose or
check-up on a baby or child who has (or is suspected of) a congenital heart defect. The right-hand side
depicts the demonstration as shown, where both ends of the cooperation are actually co-located in a
single cell of the 5G-VINNI facility.

Figure 10 Anticipated deployment (left) and actual demonstration (right) for H1B CHD
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The actual demonstration setup is detailed out in Figure 11. Both ends of the communication are
connected to a 5G-VINNI base station by means of a CPE. The CPEs are connected to the endpoints by
means of Ethernet to get optimal performance. Public internet access is needed to set up a direct
WebRTC based connection between the two endpoints.

Figure 11 Demonstration setup for H1B CHD

Note that, while initially, the use of Lumify/Reacts [8] (i.e., the Philips portable / point-of-care
ultrasound solution) was anticipated, this has been replaced by EPIQ [11] /Collaboration Live [10].
EPIQ is a cart-based (i.e., high-end) ultrasound system of the type that is commonly used during CHD
exams, as opposed to Lumify which is more suited for hyper-mobile solutions such as Subcase H1C.

Further technology developments
Two topics to enable a more immersive experience are being investigated: the use of 3D visualization
using AR/VR techniques and the streaming of so-called DNL ultrasound data. These enhancements will
lead to higher requirements on the network (KPI).

3D visualization

Figure 12 Proposed 3D visualization test setup for H1B CHD

A setup for 3D scene visualization has been defined and is currently being implemented (see Figure 12).
The setup consists of multiple Microsoft Azure Kinect DK cameras recording both RGB and depth
information. The data from the cameras is fused to create a 3D reconstruction of the infant, the
ultrasound probe, the hands of the practitioner and a part of the patient’s surroundings during an
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ultrasound exam. The use of multiple cameras addresses occlusion and viewpoint selection issues,
removing the effort required from the local paediatrician to keep a proper view on the work area. The
added 3D addresses foreshortening as well as making the resulting data easier to interpret and work
with.
At this point in time, the calibration application for the Kinect DKs has been extended to detect markers
simultaneously seen by different cameras and a mode to edit all cameras’ orientations interactively and
store the associated transformation matrices on disk, in a JSON-compatible format.
Next to the latency, there are additional timing aspects arising from the additional data streams and the
interplay with the use case. As multiple streams are joined, these need to be synchronized. The
ultrasound, video and depth cameras have different capture rates and they run on separate systems with
no hardware synchronization between them. Synchronizing the channels properly can require an
additional buffer, increasing the latency experienced by the end user. As the two users work together,
the quality of the experience is affected by the roundtrip time, which now includes the local processing
time as well (visualization, user reaction time, capture and reencoding). Jitter on all of these may require
extra buffers, leading to further increase in end user latency. One of the goals is to get insight into the
trade-offs and boundary conditions between these factors, and their impact on the usability of the system.

Digital Navigation Link (DNL) streaming
With respect to ultrasound image data streaming from the EPIQ to remote collaborators, the Digital
Navigation Link ultrasound data format from Philips is being explored. DNL ultrasound is a Philips
proprietary data format and transmission protocol for transferring 2D and 3D ultrasound images with
associated metadata between devices; to enable advanced medical analytics or automatic ultrasound
probe manipulation guidance. The DNL format is a DICOM [9] like image and metadata format that
EPIQ machines can export in real-time for research purposes. At this moment, transport of DNL data
over WebRTC data channels has been realized, but due to the underlying SCTP protocol, real-time
transfer (up to 30Mb/s) is only achieved under perfect network conditions.

3.2.3

Hardware components

The hardware components used for the HIB CHD subcase are described below, addressing the first
prototype system (as demonstrated during the review meeting) and the future demonstrators separately.

First prototype system





Philips EPIQ (7G, hardware revision B.0) ultrasound machine.
Huawei 5G CPE Pro 2 (2x).
USB camera (regular webcam).
Laptop.

Further technology developments
Local paediatrician







Azure Kinect DK (3x).
HoloLens 2.
USB camera (any regular webcam, e.g., embedded in laptop or Logitech StreamCam).
Lumify Ultrasound probe (USB). All three types are used: S4-1 broadband phased array, C5-2
broadband curved array and L12-4 broadband linear array.
Huawei 5G CPE Pro 2 or any other suitable device (4x).
Laptops/PCs, minimal Intel Core i7.
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Remote expert




Visualization – either:
o Screen based.
o HTC Vive (VR headset).
o HoloLens (AR headset).
Laptops/PCs, see above, but for rendering minimal Intel Core i9 and Nvidia RTX2080.

3.2.4

Software components

The software components used for the HIB CHD subcase are described below, addressing the first
prototype system (as demonstrated during the review meeting) and the future demonstrators separately.

First prototype system



Version 6.0 software for EPIQ with Collaboration Live enabled.
Reacts software on laptop and server in Canada (e.g., version 3.15.2.3630).

Further technology developments






Signalling server deployed on the 5G Edge.
HoloLens application for the local paediatrician.
DNL processing/communication application.
3D data processing/communication application.
Remote expert application.

3.3 Testing and verification
3.3.1

Methodology

An iterative co-creation approach is followed to develop and evaluate consecutive prototypes as outlined
in D3.2 [2], Section 3.2.1.

3.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5] (see also IR6.3 [7]). Table 7 presents the resulting list of network requirements
together with their target values.
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Table 7 Target KPI values for H1B CHD

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security/privacy

Target values
High: 200 Mb/s
High: 200 Mb/s
both DL and UL:
100 < Medium ≤ 1000 Mb/s
5 < Medium < 25 msec
High: 99.99999%
Stationary
Low > 25 meters
Low: 5 devices
100 < High ≤ 1000 transactions/s
200 Mb/s/m2
High: Confidential

Some reflection
Observe that these estimates date from one and a half years ago. In other words, it seems wise to take
another look at them.
The worst-case bandwidth requirements for DNL are 30 Mb/s, while HoloLens 2 video out has a worst
case of about 10 Mb/s. All this is well below the earlier estimates.
In contrast, real-time reality capture can easily generate large data streams. The Kinect cameras generate
maximum 250 Mb/s depth data and 6 Gb/s RGB data. This latter figure is reduced by the onboard
MJPEG encoder, bringing it down to a maximum of about 600 Mb/s, which brings the worst case to
roughly 850 Mb/s. For the current subcase, it is estimated that, with resolution reduced to single HD, an
upper bound of around 275 Mb/s/camera will yield a usable end user experience. On top of this, the
overlap between camera capture ranges can result in a further reduction of the transmitted rate, possibly
around 600 Mb/s for the real-time reality capture in total. Note that MPEG is working on a mesh
compression standard right now, so in the coming years some further data rate reductions may be
anticipated.
Adding up the numbers for real-time reality capture, DNL ultrasound, video and other modalities, an
overall cap of 650 Mb/s seems a reasonable first estimate, looking at the desired end state (excluding
abovementioned developments in MPEG).
Performance tests have been done to assess the suitability of WebRTC data channels for Kinect DK data
transport in real-time. Recent speed tests show that with the current WebRTC data channel
implementation, speeds up to 50 Mb/s can be achieved under perfect network conditions. This implies
that a combination of quality reduction, smart data merge/reduction and data compression will be
needed, to be balanced out with the desired and required output quality level. Improvements in the data
channel implementation are expected in the coming years. For testing on the 5G-HEART facilities much
lower data rates are expected than for the desired end state.

3.3.3

Measurement and testing tools

In order to verify the traffic flow in the setup, Telenor has retrieved traffic logs from the 5G-VINNI Palo
Alto firewall for analyses. The logs show the packet flow between the 5G-VINNI core and the public
Internet.
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3.3.4

Intermediate results

The results description is organized along three topics: (1) a technical demonstration and evaluation of
the “first prototype system” described in Section 3.2.2, (2) a usability evaluation of that same system,
and (3) preliminary findings from further technology developments.
In general, it should be observed that significant delay of the subcase trials was incurred by the COVID19 lockdowns. In particular, face-to-face experiments in Oslo were planned for March and May 2020
but got cancelled because of travel bans and data of reporting was not possible. However, a remote
observation setup for demonstrations in Oslo has been realized. This setup was first demonstrated at the
June 2nd, 2021 review meeting.

Technical demonstration & evaluation
At the review meeting, a live demonstration was given, using the setup described in Section 3.2.2, “First
prototype system”, above. For the sake of demonstration to an online audience, Philips has set up a
Teams connection over the Internet with both rooms at OUS showing a split-screen video (camera)
image of each doctor. This split-screen was subsequently shared over the GoToMeeting session to all
participants of the review meeting.
At the time of the review meeting, it was assumed that all WebRTC traffic would go from the patientend to the expert-end (and vice versa) via the 5G-VINNI core network, except for some signalling
(WebRTC STUN) towards the Reacts server that was based in Canada. After the review meeting some
doubts were voiced and therefore the logging of the 5G-VINNI was inspected, leading to the conclusion
that in fact all streaming took place via the Reacts server in Canada and hence via the Internet (WebRTC
TURN, i.e., the use of a relay server). This might have explained some of the lag observed during the
actual demonstration. Figure 13 shows the logging by the Palo Alto Firewall server’s GUI. This
demonstrates that the bulk of the traffic observed on the 5G-VINNI network during the demo goes
towards a server with a 52.*.*.* IP-address, which can be traced back to the Reacts server.

Figure 13 Logging of 5G-VINNI during demonstration of H1B CHD

Apparently, signalling via STUN doesn’t work within the context of the 5G-VINNI network, possibly
because of firewall settings. Unless ways can be found to resolve this issue, and support for true peerto-peer streaming between different UEs on the mobile network can be enabled (preferred), deployment
of (at least) a TURN server on-the-edge (as suggested in the left side of Figure 10) should be considered
to maximize bandwidth, reduce latency, and improve reliability. Note that even if peer-to-peer streaming
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can be enabled, the reliability argument for on-edge deployment (of the STUN signalling) is still valid.
Reliability is important for clinical applications, even more so for the ones that involve critical care (e.g.,
as outlined in Subcase H1C).

Usability/clinical evaluation
Due to COVID-19 travel restrictions, no on-site user research was performed during the reporting
period. An alternative approach was taken, which consisted of two steps, as described below.
Firstly, the Philips usability expert and the OUS clinical experts used the demonstration setup with
remote observation via Teams, as described above (except for not broadcasting it via GoToMeeting)
and also schematically shown in Figure 14.

Figure 14 Remote observation of experiments in Oslo (H1B CHD)

During these experiments, an expert was guiding a less-experienced doctor. The objective was to
determine whether the connection quality and usability is good enough for clinical studies and to explore
which remote communication functions should be available for the clinical studies. The conclusion was
that the EPIQ/Collaboration Live over 5G set-up is very useful for clinical studies. In addition to voice
communication and sharing of the live stream of ultrasound images, also remote control of the EPIQ
settings should be available, as well as switching on/off the remote pointer and webcam video stream
that shows the probe position on the patient. The usability of the overlay of local and remote webcam
video needs further improvement.
Secondly, ethical, and legal constraints to the use of the Collaboration Live software on human
volunteers have been investigated and a set-up has been achieved that is allowed to be used in clinical
studies as foreseen by a PhD study within OUS. This PhD study is organized and managed by OUS.
After getting approval to use Collaboration Live on patients from the OUS ethical board, the PhD
candidate has started gathering data in two experiments as sketched below.

Experiment 1: guided cardiac ultrasound (inexperienced students)
Research question 1:
Is it possible to conduct remotely guided ultrasound examinations of the heart with
inexperienced students and how do the presently available features of Collaboration Live
improve the quality and time of the examination?
So far eleven students have been included. This group has been divided into two; one group being guided
through live transfer of the ultrasound image and probe position to the expert only, and the other group
with the addition of expert annotation on the ultrasound image. Image quality will be evaluated by
independent and blinded expert echocardiographers. The examination time is measured. The
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intermediate results demonstrate the feasibility of crude examinations of the heart by remote guidance
of inexperienced students via the 4G network. Observe that a stable 5G network is not yet available in
the examination rooms.

Experiment 2: guided cardiac ultrasound on neonates (relatively unexperienced doctor)
Research question 2:
Is remotely guided ultrasound examination of the heart of new-born babies feasible? Is the
image quality good enough to evaluate the necessity of transfer from a local hospital to a
paediatric heart centre?
Three neonates from the neonatal intensive care unit of Oslo University Hospital, Rikshospitalet have
been recruited in the experiment as patients. These neonates have been examined by a responsible
clinician prior to the experiment and a treatment plan was already in place. Following this, a remote
guidance team – consisting of a relatively inexperienced doctor and a remote expert paediatric
cardiologist – examines the patients with cardiac ultrasound, with the help of the remote guidance
software. The ultrasound image is transferred in real time to the remote expert, via the 4G network.
Observe that a stable 5G network is not yet available in the examination rooms. The remote guidance
team does assessment of whether transfer of the neonate is needed and is blinded to the diagnosis prior
to examination. For each of the three patients in the experiment, the same conclusions about the need
for admission to a paediatric heart centre were drawn by the responsible clinician and the remote
guidance team. In other words, in these three cases, there was coherence between the plan of the
responsible clinician and the remote guidance team.

Further technology developments
3D visualization
A first iteration on an AR based interface has been created, where the ultrasound is shown as a virtual
window in the workspace of the local paediatrician. Next to that, the workspace is captured by two
Azure Kinect cameras. The data sets from the cameras are manually aligned. See Figure 15, which
demonstrates the working communication components.

Figure 15 Impression of AR interface for local paediatrician (H1B CHD)

As HoloLens 2 does not have a 5G radio built in, it is connected (via a USB-C to Ethernet adapter) to a
high-speed network, either a fixed line router or a CPE. Low bandwidth testing can be handled by the
regular Wi-Fi on the device itself.
Currently, the processing power on AR headsets is very limited. With three low resolution video streams,
a HoloLens2 is already getting to the limits of what the CPU can handle, while remaining responsive
for user interaction. For these experiments, the data rates can be limited. Alternatively, tethered headsets
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can be used to facilitate the experiments. This will enable handling the AR interface for the local
healthcare professional, but it will likely be insufficient to power the remote expert application. In case
the visuals overwhelm the AR hardware, VR headsets or screen-based interfaces can be used instead.

DNL streaming
In the ideal case, the ultrasound image sequences should travel over a reliable data channel with realtime guarantees. This avoids going through video encoding that might introduce artefacts. Currently,
data integrity and real-time guarantees cannot be combined within the WebRTC framework. Streaming
between laptops/PCs can be done either by using video coding, making use of the real-time behaviour
of the video implementation, or by using data channels, maintaining data integrity. If the stream goes to
a HoloLens, only video streaming is usable.

3.4 Next-step plans
The next steps anticipated for each of the three topics introduced in Section 3.3 are enumerated in the
section below.

Technical demonstration & evaluation
As a next technical demonstration, the DNL interface of the EPIQ could be exploited to send DNL
ultrasound data via alternative WebRTC services that can be deployed on Philips’ servers located in
Europe, so closer to the point of care, thereby reducing end-2-end latency. In particular, first explorations
will be done with LiveSwitch services maintained by Philips Research Eindhoven. Note that this
solution also enables the enforcement of peer-2-peer communication, yielding a minimal end-2-end
latency.
To truly enable higher bandwidths, lower latencies and highest reliability, peer-to-peer streaming within
the 5G network is preferred (with TURN on MEC being a possible fallback) and, preferably, also
signalling should remain with the 5G network, calling for a STUN server on the edge. As noted, the
COVID-19 travel restrictions have caused substantial delay to deployment activities on the 5G-VINNI
facilities Norway, to the extent that it is not unlikely that such activities may not take place in the
remainder of the project. Therefore, Philips aims to engage with Telenor in technical discussions to at
least explore this topic, complemented by technical experiments closer to home; the 5Groningen facility
(first experiments planned for early November 2021) and the 5G-Hub facility of Ericsson/Vodafone at
the Philips campus.

Usability/clinical evaluation
By the end of the project, the OUS team expects to have completed more data collection for both of the
experimental setups and to have drawn some conclusions. For the neonatal experiment, the aim is to
include about twenty patients, expecting to complete the work by spring 2022. The student examination
experiments are nearly done already, and final conclusions should be available during late fall of 2021
or early in 2022.

Further technology developments
Observe that Philips is leveraging several partnerships to be able to create sufficient critical mass around
these activities. Next to 5G-HEART (Oslo, possibly also Groningen), trialling (and developments) may
also take place within the scope of the 5G-TOURS healthcare vertical (Rennes) and within a private
cooperation between Ericsson, Vodafone and the local hospital and ambulance service in Eindhoven.

3D visualization
The plan for the coming period is to further develop and evaluate the 3D visualization prototype.
Specifically, the developments and activities as sketched below are foreseen.
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On the local paediatrician side:




Expand the support application and distribute control over the various elements of the system, either
to the AR headset, or a physical console. This will cover both the communication structure and the
use of ultrasound.
Enhance the 3D streaming by adding more cameras and explore how the content and system
qualities (resolution, network latency, compression, etc.) affect the usability and user experience.
Enable automatic calibration and collate the point clouds into single 3D “frames”. The frames are
then streamed via WebRTC data channels over the 5G network.

On the remote expert side:



Render the 3D frame in the appropriate way, on the remote node. Ideally, this would be on an AR
headset (e.g., a HoloLens), but tethered headsets (AR or VR) can be an option in case the data
processing and rendering requirements exceed the capabilities of the standalone sets.
Create a 2D/3D interface for the remote expert to see and interpret the data and give feedback and
instructions to the local paediatrician.

The (early) prototype that will result will not be used to perform in-depth clinical evaluations.
Regulatory (ethical) constraints would make this very challenging, especially within the remaining
timeframe of the project. Instead, a limited expert review will be conducted with clinicians, to evaluate
the system for its (perceived) fit for use in medical practice. The main purpose of the work will be to
come up with a credible technical system setup that puts some challenging demands on the 5G network
and that can subsequently be trialled in various 5G facilities (to be selected) to assess the fitness of the
network for this type of usage.

Digital Navigation Link (DNL) streaming
The plan for the coming period is to develop an application that can connect to an EPIQ machine to
extract DNL digital ultrasound data and transfer this via WebRTC data channels. It will be based on
experimental .NET Windows software for the acquisition, processing, visualization, and transmission
of Digital Navigation Link (DNL) ultrasound over LiveSwitch WebRTC services.
As a first step, a DNL ultrasound simulator will be developed that can generate DNL ultrasound streams
at various bit rates. By connecting the simulator to the above-mentioned .NET software, well defined
tests can be conducted to determine various 5G network KPIs such as bandwidth, latency, and jitter.
Two major options will be implemented for the transfer of DNL ultrasound:
1. Transfer as binary packets in the DNL format over a WebRTC data channel.
2. Transfer as video and JSON, where video is used for the transfer of an ultrasound image stream over
a WebRTC video channel and where JSON is used for the transfer of ultrasound metadata over a
data channel.
The advantage of the first option is that no additional video encoding and decoding of ultrasound images
is required, which potentially reduces the End-2-End latency and preserves image quality. However, the
stream transport control protocol (SCTP) – as used for the WebRTC data channel – favours reliability
over real-time behaviour, which will cause a lot of jitter in delivery time when the underlying network
is not highly reliable. The advantage of using video for ultrasound image transfer is that a WebRTC
video channel can be used, using the SRTP transport protocol that favours real-time behaviour over
reliability, providing a better user experience and medical usability (low jitter), at the cost of some added
(video encoding/decoding) latency and loss of resolution. In addition, a selection of the most interesting
ultrasound metadata can be sent reliably over a WebRTC data channel.
Finally, if time permits, options for remote control of the ultrasound acquisition via a DNL return
channel will be explored.
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Network architecture developments
The current onboarding setup to 5G-VINNI is based on a shared eMBB slice in NSA mode. Upgrades
are planned in order to deploy a dedicated e-health slice. Also, migration of the subcase to an SA setup
is anticipated. Additional network KPI measurements will be performed.
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4

SUBCASE H1B ROBOT: REMOTE ULTRASOUND – ROBOTICS

OUS and Telenor are collaborating to investigate the feasibility of robotic-assisted remote ultrasound
examination which is targeted at cardiac sonography for adult patients. The research focuses on
developing subsequent technical setups from both the technical and clinical standpoint.

4.1 Description and motivation
For a description of the subcase and a first indication of the commercial possibilities, see D3.2 [2],
Sections 3.1.2 and 3.1.2.1, respectively.

4.2 Proposed setup
4.2.1

Network architecture

The 5G-VINNI network in Oslo – and in particular the installation targeted at the OUS buildings – will
be used for the technical evaluation. Refer to D3.2 [2], Section 3.2.4 or to D2.3 [6], Chapter 2 for details.
The implementation is based on an eMBB slice as shown in Figure 11 in D2.3 [6]. Currently, the setup
is being developed and tested using cable connections and commercial 4G.

4.2.2

User application architecture

Refer to D3.2 [2], Section 3.2.3.1 for details.

4.2.3

Hardware components

Refer to D3.2 [2], Section 3.2.3.1.2 for details.

4.2.4

Software components

Refer to D3.2 [2], Section 3.2.3.1.1 for details.

4.3 Testing and verification
4.3.1

Methodology

Approach
The clinical study is to be performed on healthy volunteers, but the clinical scenario is based on a patient
experiencing chest pain or dyspnoea, or on a patient who is scheduled for surgery but has a loud cardiac
murmur during the preoperative evaluation. The objective of the clinical study is to show the ability of
the robotic system to do echocardiographic examination and capture ultrasound images from three
different projections of the heart: the parasternal long axis, parasternal short axis, and the apical four
chamber view. These are considered some of the most common projections to do a simple evaluation of
the heart and the left heart valve function.
The process of capturing these images will be timed, and the image quality will be graded using a simple
evaluation questionnaire administered by impartial evaluators. These results will be compared to the
images, time spent, and measurements obtained during a “gold standard” physical examination, as
performed by an external expert echocardiographer. The purpose of the clinical study is to demonstrate
that a robotic examination using the robotic system produces acceptable image quality and measurement
precision when compared to the gold standard, physical examination by an expert. Our expectation is
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that the robot examination will take multiple times as long as the physical examination, but that the
resulting image and measurement quality should be comparable to the golden standard.
Measuring examination time is done to show that the robotic-assisted ultrasound examination is feasible
in busy clinical practice. The pain points and benefits of the local centre, the remote expert and the
patient have been explored as part of the stakeholder analysis (Refer to D3.2 [2], Section 3.1.2.1.2 for
details).
The image quality and the ability to make clinical decisions based on these images are critical for the
system's clinical usability. If we can't produce usable images of the heart, the telerobotic examination
has no place in clinical practice. The image quality will be graded on a four-point scale ranging from 0
to 3, with 0 being unusable, 1 being poor, 2 being mediocre, and 3 being sufficient.
Measurement accuracy is also of great importance to evaluate, i.e., will the measurements made from
the images produced differ a lot from the gold standard procedure or not? Is it possible to rely on
measurements done by robotic examination? The measurements will be done in units of centimetres, for
chamber dimensions and meters per second, for flow velocity.

Ethical aspects
To be able to use the robotic system on human volunteers, we have to pass a safety check from the
hospital and the Norwegian Drug Federation. This process has been a little challenging and the thought
process was a little different from what we were used to. The different risk factors of the experiment
have been analysed as shown in Table 8.
Table 8 Safety risk analysis for H1B Robot
Event

Severity of
consequence

Probability
of event

Consequence

(1-6)*

(1-6)*

The robot will be
stopped at the
previous position
before the link
failed. A 5 kg
pressure might be
applied on the
patient.

1

5

Robot accelerates
and can hit patient
with potentially
harmful force.

2

Nr
Cause

1

2

3

Forward and feedback
link between haptic
device and main
controller fails.

Video link disconnects
and the controller
operator cannot see the
probe location
anymore.
The calibration of the
robot fails, leading to
uncontrolled
movement.

Precautions/measures

5
Emergency stop buttons on the
patient and the master side are
installed.

The robot with
probe might be
1
moved towards the
patient, causing
discomfort.
The robot with
1
probe might be
moved towards the
patient, causing
discomfort.

© 5G-HEART Consortium 2019-2022

Probability x
severity of
consequence

2

4

2

2

5

5
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The robot is lightweight and will
therefore not store a lot of kinetic
energy with acceleration. There are
safety mechanisms in the controller
of the robotic system, and if the
acceleration increases by more than a
threshold the system will be stopped
automatically.
Coding stopping the robot if
acceleration and velocity is too high.
There are security measures limiting
force applied, noxious acceleration
and velocity and the robot moves
backward in case of applying force
more than a threshold.
The calibration process is the primary
step and will be done by an engineer
before operating the system over
patients.
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The emergency button
is pressed, and the
robot is putting
pressure on an artery,
or the eye of a patient
and the patient cannot
escape.

This might lead to 4
some tissue
damage if left over
a long period of
time.

2

8

5

The emergency stop
button, or any other
part of the system,
causes electrical
current to be applied to
the volunteer/patient.

It will be
4
uncomfortable and
can be dangerous
if left over time.

2

8

There is always an assistant present,
which could remove the robot from
the point of pressure if this happened.
The base of the robot can be moved
upward and the whole cart of the
robot can be lifted away.
The robotic system has a low-level
control box which operates at
24V/2A for the control box and
12V/24V 600 mA for the tool. The IP
(International Protection)
classification is IP54.
“A product with an IP54 rating is
protected against dust ingress
sufficient to prevent the product from
operating normally but it's not dust
tight. The product is fully protected
against solid objects and splashing of
water from any angle.”
The control unit is also placed on a
non-conducting surface.

6

The robot arm hits the
helper when it is
moved away from the
patient.

Will be
3
uncomfortable, but
due to the limit in
acceleration and
velocity the risk
for injury will be
small.

4

12

When the robotic arm is operated, the
helper should be seated by the
ultrasound scanner and not be close
to the robot arm over the patient.
In case of unwanted input to the
haptic device by someone rather than
the cardiologist, and if the range and
velocity of the input would be more
than a threshold, the system goes to
the emergency mode.
Besides, during the calibration
process, the maximum velocity will
be defined by the engineer.

7

The base of the robot
tips and falls over the
patient or any of the
helpers.

Might result in
injury to patient or
helper.

3

3

9

The robot’s base is stable, and the
robot is limited in weight, which does
make it unlikely to fall over.
Sometimes additional weight is put
into the cart to minimize vibrations in
the cart when the robot moves. This
can make it harder to move the robot
in case of undesirable pressure being
applied to patient. The weights will
be easily moveable.

8

Extension cords and
other electrical cords
can cause falls of
helpers, patients, or
volunteers.

Falling might
result in injuries.

2

5

10

Electrical wiring should be tidied up
and hidden away from the walking
area.

* 1 = low, 6 = high (severity/probability)

4.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5]. Table 9 presents the resulting list of network requirements together with their
target values for H1B Robot subcase.
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Table 9 Target KPI values for H1B Robot

Network requirements
User experienced DL throughput
User experienced UL throughput

Target values
High: 140 Mb/s
High: 140 Mb/s
both DL and UL:
100 < Medium ≤ 1000 Mb/s
5 < Medium < 25 msec
High: 99.99999%
Stationary
Low > 25 meters
Low: 5 devices
100 < High ≤ 1000 transactions/s
200 Mb/s/m2
High: Confidential

Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security/privacy

The current setup at OUS involves sending two 4K video streams, one from the patient and one from
the ultrasound machine. When D2.2 [5] was drafted, the idea was to send three video streams of the
patient enabling 3D reconstruction, but this has not been realized. Therefore, the maximum expected
UL/DL data rate is half the original estimate, i.e., 70 Mb/s instead of 140 Mb/s.

4.3.3

Measurement and testing tools

The work of phase-2 did not involve any measurements. The clinical trials will involve
measurements of examination time by means of a stopwatch. However, this is expected in
phase-3, as the ethical / safety checks by the Norwegian Medicines Agency are still pending.
Also, the measurements of system delays are targeted for this next phase.
4.3.4

Intermediate results

We have conducted a couple of preliminary tests with the technical setup, and it looks like we are able
to capture ultrasound images of sufficient quality, in order to perform measurements, and to do so within
an acceptable examination timeframe. Initially, it was hard to reach both the apical windows and the
parasternal windows to the heart when the patient was lying on the left side. The ultrasound probe’s
positioning for the parasternal projections is quite different from the one for the apical positions, both
in terms of the placement on the thorax as well as in terms of angle. This created a problem for the
snake-like design of the robotic arm that we are using. Some of the joints tended to be stretched out
completely, when attempting to reach one of these positions in the same setup where it was able to reach
the other one. This made the robot and control system to go into “singularity mode”, locking it from any
movement and necessitating a reset. The solution to address this was to 3D-print a new part for the probe
holder, which holds the probe at an angle of 30 degrees. This prevents the robotic arm from straining
when holding the probe at the correct angle and position, in some of the situations as elaborated above.
The upgraded robotic system with the new 3D-printed part – improving the robotic-assisted ultrasound
examination by better positioning the probe over the patient’s body – is illustrated in Figure 16. The
ultrasound images captured by the robotic system from three different projections of the heart are
illustrated at Figure 17, Figure 18, and Figure 19.
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Figure 16 Upgraded robotic system with new 3D printed part (H1B Robot)

Figure 17 Example of four chamber ultrasound image captured by H1B Robot system
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Figure 18 Example parasternal short axis ultrasound image captured by H1B Robot system

Figure 19 Example parasternal long axis ultrasound image captured by H1B Robot system

4.4 Next-step plans
The next-step plan is to recruit 20 healthy volunteers and to conduct robotic examinations over a wired
connection, with the projections mentioned above, and to subsequently compare the results with the
golden standard examination. Here we hope to show that robotic examination is feasible for use in
clinical practice. Following this, down the pipeline, is rigging the robotic ultrasound for operations over
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the 5G network, which might change the delay of robotic movement and positioning in reference to the
patient.
The initial onboarding setup to 5G-VINNI will be based on a shared eMBB slice in NSA mode.
Upgrades are planned to deploy a dedicated e-health slice. Also, migration of the subcase to an SA setup
is anticipated. Additional network KPI measurements will be performed.
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5

SUBCASE H1C: PARAMEDIC SUPPORT
5.1 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. See, for example [51][52].
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.
This chapter includes a description of the phase-2 trials performed by 5G-HEART partners TNO and
RedZinc, in collaboration with Ambulancezorg Groningen (AZG). The phase-2 trials took place during
September 29th and 30th, 2021 in a warehouse located in Hoogezand, in the province of Groningen, The
Netherlands, using an indoor 5G SA network of 5Groningen. The major objectives of the trials include:



Feasibility testing of delivering video via a 5G SA network.
Verification of the usability of (improved) remote video services by paramedics and the CMO of an
ambulance service. The feedback provided by the paramedics and the CMO will facilitate the 5GHEART partners involved in the current subcase to further enhance their technical solutions and
better meet the clinical standards.

The phase-2 trials reflect the following development of the H1C subcase since the phase-1 trials reported
in D3.2 [2]:



Use of a 5G SA network instead of a legacy 4G or Wi-Fi network.
Improvement of the video set in higher resolution, wider angle, etc.

The use of remotely supported ultrasound examination was not evaluated as part of these phase-2 trials
as conducted in September. A separate trial plan has been made to conduct a technical evaluation of
delivering ultrasound (video) streaming via the same 5G SA network. These trials have been conducted
during 3rd and 4th of October 2021. However, the findings will be reported in the next deliverable D3.4,
as part of the phase-3 results.

5.2 Proposed setup
The trials were performed in a warehouse, located in Hoogezand, Groningen, The Netherlands, for three
clinical cases selected by AZG.
One ambulance paramedic and one CMO of AZG were involved. The latter also acted as the supervisor
of the scenarios played. A trained volunteer (actor) experienced in medical simulations was also
involved as the dummy patient in the trials.
Besides the (improved) camera headset of RedZinc, existing ECG and monitoring equipment was used.
An indoor 5G SA network (at the side of scenes) and a Wi-Fi network (at the side of the CMO) were
used as wireless communication means.

5.2.1

Network architecture

The overall architecture of the 5Groningen test facilities, including the site of Hoogezand (in the
warehouse) for the phase-2 trials, is shown in Chapter 6 of D2.3 [6]. A simplified logical architecture of
the 5G SA network used for the H1C phase-2 trials is shown in Figure 20. More specifically it depicts:
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A 5G SA Ericsson gNB is available in the warehouse, with distributed antennas providing high datarate mobile communication within the warehouse. The indoor 5G gNB uses the 3.5 GHz TDD
frequency band with a carrier bandwidth of 100 MHz.
A local edge server, provided by VMware, is also present within the warehouse and can be used to
implement mobile edge computing (UPF and local application server) if necessary.
The complete 5G SA core, implemented by TNO using the cloud of VMware, is located at a remote
location in the campus of Rijksuniversiteit Groningen. The software components of the 5G Core
network are based on an open-source 5GC project.
The 5G SA network is further remotely connected to a TNO database located at the TNO
headquarters in the city of Den Haag. Via the TNO database, the 5G SA network can be remotely
configured (partially).

Figure 20 Logical structure of 5G SA network used for phase-2 trials of H1C

During the trials, the user equipment at the paramedic’s side (i.e., the Corpuls monitor device and the
camera headset of RedZinc) is connected to the 5G gNB via a 5G SA-compatible mobile router (not
shown in the figure, see Section 5.2.3 for more information). Initially, it was expected to use 5G SAcompatible smartphones for the trials, so that the user equipment could have been connected directly to
the 5G gNB. However, unfortunately, no suitable 5G SA-compatible smartphone was available in the
market which supports a USB 3.0 interface, as required by the camera headset of RedZinc. Nevertheless,
the impact on the application-level performance is minimal, since the 5G router is placed close to the
user equipment and no other devices are connected to it.
For network KPI measurements a 5G SA smartphone was used; the OnePlus Nord CE (with USB 2.0
support) which is directly connected to the gNB.

5.2.2

User application architecture

The overall technical setup of the trials is depicted in Figure 21. The “Office” was used to emulate the
environment where the CMO was present, while the “Warehouse” was used to emulate the scenes of
emergency where the paramedic and the patient were present.
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Figure 21 Overall technical setup for the H1C phase-2 trials

The CMO used a laptop, which was connected via Wi-Fi to the Internet. On the laptop a dashboard was
built capable of showing the video stream and the vital parameter data received remotely from the
ambulance paramedic.
At the scene, the paramedic wore the camera headset (audio-video set) which was able to capture the
situation of the patient, as well as the situation of the environment. Additionally, under remote
instruction of the CMO, the paramedic could also take snapshot pictures either with the headset or with
the camera of the smartphone. Besides that, an existing device with ECG, and other vital parameter,
monitoring functionalities was used (Corpuls ®). Both the headset and the Corpuls device were
connected via 5G to the Internet.
Existing remote servers (by accident both located in Frankfurt) were used for the delivery of the audiovideo, snapshot pictures, and vital parameter data generated by the camera(s) and the Corpuls device
respectively. The CMO accessed these servers remotely in order to stream the aforementioned audiovideo, snapshot pictures, and vital parameters data. It is worth noting 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. A local server could
also avoid extra transmission latency and jitter due to the Internet.
The audio video setup is largely the same as the one reported in Section 4.2.2.1 of D3.2 [2], with the
difference that a 5G SA network was used in the phase-2 trials instead of a “4G commercial network”.
Figure 22 and Table 10 detail out the part of the user application architecture that relates to the streaming
of video from the RedZinc camera headset.

© 5G-HEART Consortium 2019-2022

Page 51 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)

Figure 22 User application architecture for RedZinc’s video streaming (H1C)
Table 10 IP and port configuration for RedZinc’s video streaming (H1C)

Domain
IP

*.blueeye.video
*.blueeye.video
Application traffic and video
From 443/TCP (HTTPS) FROM ANY IP *.blueeye.video to
ANY port
In bound ports
(reply on same connection, using TURN)
Domain name service
53 (DNS) TCP/UDP
Out bound ports
ANY port to *.blueeye.video IP 443/TCP (using TURN)
The way it works is that BlueEye [53] opens a random port locally on the app to connect to port 443 on
the server. It never uses port 443 on the app itself so it needs to communicate to and from server port 443
to any local random port.

5.2.3

Hardware components

The hardware components used for the HIC subcase are described below.

User equipment at the side of the CMO


Laptop with Wi-Fi support.
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User equipment at the side of the paramedic






Corpuls monitor device with Wi-Fi support.
Video headset RedZinc, which was connected to an Android smartphone (Samsung Galaxy S20 FE)
with a USB 3.0 connector. Developments since phase-1 trial:
o Camera headset is more ergonomic with improved design.
o Camera headset has been upgraded from 1 MP to 2 MP.
o Brightness options included in BlueEye mobile app.
o Audio toggle between mobile phone and earphone.
o 2FA has been included for mobile app and hot desk login for enhanced security.
o BlueEye app allows to change video resolution and video bit rate.
Smartphone Samsung S20 with USB 3.0 interface.
5G SA Wi-Fi 6 mobile router: Netgear Nighthawk M5 MR5200.

User equipment for network KPI measurements


5G SA-compatible smartphone OnePlus Nord CE.

5.2.4

Software components

The software components used for the HIC subcase are the following:






Android application to connect with video servers (Figure 24).
Custom management services in the Cloud.
While most of the Cloud services remained in the Cloud, media relays were installed in the testbed
to make the flow compatible with the BlueEye Cameras and the smartphones, without delaying
experimentation.
BlueEye hot desk (Figure 23).

Figure 23 BlueEye hot desk
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Figure 24 BlueEye Application

5.3 Testing and verification
Testing and verification have been done at two different levels, each having a different purpose:



Network-level KPI measurements to verify the capabilities of the 5G SA network. This is also done
to make sure that the 5G SA network performs properly and is ready for application-level testing
and verification.
Application-level testing and verification to test and verify (a) how well the 5G SA network is able
to deliver the video and (b) how usable the (improved) remote video services are for use by
paramedics and CMOs of ambulance services.

5.3.1

Methodology

Methodology for network-level measurements
The measurements of the network layer KPIs were performed inside the warehouse in the areas where
the clinical cases were conducted. For the purpose of these measurements, a Ping and iPerf3 server has
been setup on the local edge server (Figure 20). A UE equipped with the Ping and iPerf3 applications
were used to perform the corresponding measurements, while being connected to the 5G SA network.
The measurements were done by walking around the test areas resulting in a more representative result
compared to a static test. The end-to-end latency, which refers to the latency between the camera headset
and the CMO dashboard, was measured using a simple stopwatch function on a mobile phone. By
comparing the actual time on the mobile phone with the time shown on the dashboard, the end-to-end
latency can be derived.

Methodology for application-level testing and verification
We have taken (almost) the same methodology as the one of the phase-1 H1C trials (Sections 4.2.1 and
4.3 of D3.2 [2]), with the following major differences/adjustments:


Three different clinical cases were designed (see below), to reflect the environment (i.e., inside a
warehouse) and because ultrasound was not within scope of this run of the phase-2 trials.
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Next to streaming the video captured by the camera headset, the paramedic was also instructed by
the CMO (when necessary) to take and send snapshot pictures of the wounds for better assessment
of the patient situation. The snapshot pictures were taken using the camera of the smartphone, with
higher resolution (4.6 megapixels) than the camera headset (2 megapixels).

5.3.2

List of key performance indicators

The key performance indicators associated with the H1C subcase are summarised in Table 11 (see
also D2.2 [5]).
Table 11 Target KPI values for H1C

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity / peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security / privacy

5.3.3

Target values
1 < Medium ≤ 10 Mb/s
1 < Medium ≤ 10 Mb/s
100 < Medium ≤ 1000 Mb/s
25 ≤ Low < 200 msec
Medium: 99.999%
50 < Medium ≤ 160 km/h
Low > 25 meters
Low: < 10 devices in and around the ambulance
Low ≤ 1 transactions/s
> 1, ≤ 10 Mb/s/m2
High: Confidential

Measurement and testing tools

For the phase-2 trials, the following measurement and testing tools are used:




Ping for measuring the round-trip time (RTT) at the network layer.
Simple stopwatch function for measuring the end-to-end latency.
iPerf3 for measuring network layer throughput.

5.3.4

Intermediate results

Results for network-level measurements
The KPI measurements were performed using a 5G SA smartphone (OnePlus Nord CE) connected
directly to the 5G SA network.
The measurement results are summarised in Table 12 showing the average, minimum and maximum of
multiple runs of both the latency and throughput measurements at the network layer.
Table 12 Network layer performance results for H1C

Tool
Ping
Stopwatch
iPerf3
iPerf3

Results
Average
Minimum
Maximum
Round-trip time
9.9 ms
7.0 ms
24.0 ms
End-to-end latency
350 ms
290 ms
480 ms
Downlink throughput 292.7 Mb/s
79.3 Mb/s 513.0 Mb/s
Uplink throughput
79.3 Mb/s
37.7 Mb/s 117.0 Mb/s
Description

Note that the performance reported in Table 12 was measured at the places of the clinical cases, and
don’t necessary reflect the best performance of the 5G SA network. For example, a much higher
throughput of 734 Mb/s was measured at a place closer to the antennas.
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The end-to-end latency has been measured with a server of RedZinc located in Frankfurt (Figure 21),
therefore including the latency of the Internet. In case that lower and more stable latency will be required,
a local server may be used to replace the remote server.

Results for application-level testing and verification
Clinical case 1: palpitations
In this case, the patient has palpitations with an unknown cause.
Information and instruction for Actor (i.e., patient)
You are an older employee of the warehouse. About half an hour ago, you’ve started to feel a bit
weird. You are light-headed. It started when you were doing some regular work. There is
somewhat pain in the chest, but not so extremely. You have palpitations and it stays. You feel
like you are going to faint. When the ambulance arrives, you may breathe a bit faster, looking
sweaty and restless.
Being asked, you may tell the paramedic that you had history of “burn-out” 5 years ago before
you’ve started to work in the warehouse. You smoke and drink alcohol regularly, and you have
diabetes. You are not allergic to anything. You take pills for blood pressure and sugar.
Information for Supervisor of the scenario
You are CMO of the ambulance service and are working now in the office. Your colleague
paramedic on the scene wants to have an audio-video connection with you, for a remote
consultation. He tends to believe that it’s not necessary to bring the patient (with palpitations)
to the hospital, but for certainty he would like to ask you for a remote assessment. You will first
look at the situation of the patient remotely and then ask the paramedic to send you the ECG and
other vital parameter data.
Information for Ambulance paramedic
The dispatcher is called by a colleague of the patient, who tells that the patient feels unwell and
like dying with unclear complaints. He tells the dispatcher the patient is restless. The dispatcher
sends you there with the highest priority (A1).
After arrival at the scene, the patient was examined by the paramedic. During the interview with the
patient (Figure 25) and physical examination combined with the ECG (Figure 26), the paramedic
decided that he needed a consult with the CMO, which he announced to the patient.
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Figure 25 Paramedic interviews patient – H1C case 1

Figure 26 Patient connected to ECG – H1C case 1

Using the camera that the paramedic was wearing on his head, the paramedic connected to the webapplication 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. Also, ECG and vital parameter
data were conveyed directly from the patient to the CMO (Figure 27).

Figure 27 What CMO saw on laptop: video (left) and ECG data (right) – H1C case 1

Clinical case 2: chest pain with shortness of breath
In this case, the patient has chest pain, combined with shortness of breath.
Information and instruction for Actor (i.e., patient)
You are an employee of the warehouse. About one hour ago, suddenly you felt chest pain when
you were lifting boxes. At first you thought it’s just muscle pain caused by the heavy weight of
the boxes. But it’s becoming worse. You feel pain behind the sternum which radiates to the jaws.
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You are also a bit stuffy. When the ambulance arrives, you seem restless and don’t want to speak
too much.
Being asked, you may tell the paramedic that you are not allergic to anything, have always been
healthy, do sports regularly and don’t take any medicine. Being further asked with emphasis,
you may tell that you in fact have had a diving trip to the Antilles and you flew back just
yesterday.
Information for Supervisor of the scenario
Similar to Clinical case 1, with the following difference: the patient has chest pain with shortness
of breath; for a better assessment, you will ask the paramedic to focus the camera on the face of
the patient and take a snapshot picture of the patient’s face.
Information for Ambulance paramedic
The dispatcher is called by a colleague of the patient, who tells that the patient has chest pain
with shortness of breath. He tells the dispatcher the patient is restless and cannot speak too
much. The described symptoms of the patient are among the common symptoms of COVID-19,
the dispatcher sends you there with the highest priority (A1). Due to the possibility of COVID19, please keep yourselves sufficiently protected.
A similar procedure was followed as in case 1, with the following additions: (1) as instructed by the
CMO, the paramedic focused the camera headset towards the face of the patient for a while (Figure 28),
(2) for an even better image, the CMO asked the paramedic to take a snapshot picture of the patient’s
face with the camera of the smartphone and send it via the BlueEye platform (Figure 29).

Figure 28 Laptop screenshot with camera headset focused on patient’s face – H1C case 2
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Figure 29 Laptop screenshot when CMO saw snapshot taken with smartphone – H1C case 2

Clinical case 3: burn injury due to fire
In this case, the patient has burn injury on the face and the arms.
Information and instruction for Actor (i.e., patient)
You are an employee of the warehouse. During lunch time today, you wanted to fry an egg in the
cafeteria. However, you’ve made a mistake with the extractor hood, so a blowtorch was created.
Luckily, a colleague of yours was standing next to you and quenched the flames with a towel.
Some hot splashes came on your face and arms, which caused painful spots with blisters, which
you haven’t cooled yet. You feel pain in your head, neck, hands and arms. You are restless and
distressed.
Being asked, you may tell the paramedic that you are not allergic to anything, have been always
healthy, do sports regularly and don’t take any medicine.
Information for Supervisor of the scenario
Similar to Clinical case 2, with the following difference: the patient has burn injuries on the face
and arms due to fire; you will ask the paramedic to take snapshot pictures of both the face and
arms of the patient.
Information for Ambulance paramedic
The dispatcher is called by a colleague of the patient, who tells that the patient was trying to fry
something in the cafeteria while there were flames exploding from the stove. He tells the
dispatcher the patient has burn wounds on his face and arms and is restless and cannot breath
normally. The dispatcher sends you there with the highest priority (A1).
A similar procedure was followed as the one of case 2, with the difference that this time the snapshot
pictures were taken of the face and arms of the patient.
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(b)

(a)

Figure 30 Snapshots taken by smartphone of patient’s (a) face and (b) arm – H1C case 3

Application-level observations and recommendations by the CMO and the paramedic
During the clinical case trials, several observations and accordingly recommendations were made by
the CMO and the paramedic in relation with the video headset.


Video quality. The quality of the video has been improved in comparison to the phase-1 trials
conducted in March 2020. The camera captured video with a higher resolution of about 1920 x 1080
with wide angle (158 degree), and therefore the video viewed by the CMO looked much clearer and
more stable. Still, in order to get a sharper image of the patient, the paramedic needs to get very
close to the patient which can result in an awkward situation. The same occurred when the paramedic
had to transmit the (printed) ECG results through the camera headset. As shown in Figure 31 (a)
below, the paramedic had to bend down to get the camera very close to the ECG printout, otherwise
the texts were not readable on the CMO dashboard.
It is further noted that the BlueEye application on the smartphone allows the paramedic to take
photos using the camera of the smartphone, which has higher resolution (Figure 29 and Figure 30).
Recommendation: Both the paramedic and the CMO recommend using the camera of the
smartphone to take snapshot pictures when high quality images are required.
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(a)

(b)
Figure 31 Paramedic with camera headset very close to ECG printout (a), for CMO to clearly see it (b) (H1C)



Audio quality. Currently the headset does not have its own microphone and it simply uses the
microphone of the smartphone. Initially, the paramedic had the smartphone mounted on his belt. In
this situation, the CMO could hear the paramedic reasonably well but not the patient. In order for
the CMO to listen to the patient, the paramedic had to hold the smartphone close to the patient. At
a later stage, this is mitigated by mounting the smartphone in the front of the chest of the paramedic.
Recommendation: The paramedic recommends having a separate microphone on the headset in
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order to provide a better audio quality from the patient. It is certainly more practical than having to
hold the smartphone close to the patient, hence freeing the hand of the paramedic to do other things.
Background noise cancelling. During the test of the second clinical case, there was a portable radio
playing loud music inside the warehouse (lunch break at the warehouse). Due to the noise cancelling
feature of the smartphone, the CMO could not hear this background noise. The paramedic indicated
that the surrounding situation (e.g., background noise) could contribute to the psychology of the
paramedic (e.g., feeling nervous or threatened), hence it is important to also have these audible to
the CMO. Recommendation: The paramedic recommends having an option to turn on/off the
background noise cancellation feature.
Latency. During the trials, the latency in both the audio and video transmissions, although involving
some varying latency due to Internet, seemed to be acceptable for the paramedic and the CMO.
Position of the camera headset. The camera headset is currently mounted on the right side of the
head of the paramedic. In some situations when the CMO had to ask the paramedic to show the
facial appearance of the patient, the paramedic had to rotate his head such that the camera could
point to the patient’s face. We have seen that this can be impractical and cumbersome in certain
conditions. Recommendation: Both the CMO and the paramedic indicated that it is desirable to
have the camera position just before the middle of the forehead, similar to the glass shown in Figure
32. This will allow a more natural movement for the paramedic.

(b)

(a)

Figure 32 Position of camera headset today (a) and glasses with camera positioned just before middle of
forehead (H1C)

It’s further recommended by the CMO and the paramedic to have a longer USB cable with more
comfortable material so that it can be adjustable depending on the height of the paramedic and the
positions of the headset and the smartphone.

5.4 Next-step plans
Philips and TNO have made a separate trial plan to test the delivery of ultrasound video streaming via
the same 5G SA network. These trials will focus on the technical evaluation of one or more system
setups on the 5G SA network, rather than on clinical and usability aspects, considering that Philips is
already addressing those in other consortia. Refer to subcase H1B, Section 3.4, “Further technology
developments” for further details. We plan to report the final evaluation results in the next deliverable
D3.4.
Furthermore, as part of the phase-3 trials, also integration of the healthcare (WP3, H1C subcase) and
transport (WP4, T2S1 subcase) aspects of the ambulance services will be carried out. For this purpose,
we will use another outdoor 5G SA network located in Helmond, The Netherlands. Two network slices,
using the same network infrastructure, may be configured for the delivery of healthcare- and transport-
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related traffic data, respectively. The ultimate objective is to test how well 5G may support traffic of
multiple verticals (in this case healthcare and transport).
The following improvements of the RedZinc video set are planned:
1. Zoom feature in the wearable camera.
2. Audio integration in the camera. Currently, a mobile microphone and speaker are used for audio
instead.
3. Camera upgradation from 2 MP to 5 MP.
4. BlueEye hot desk to show multiple videos from different cameras.
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6

SUBCASE H1D: CRITICAL HEALTH EVENT
6.1 Description and motivation

BlueEye Handsfree [53] is a wearable camera integrated with the BlueEye Cloud-based video platform
for relaying live video to remote location(s) while performing an action. It is an integrated solution
comprising:
1. BlueEye wearable handsfree camera (see Figure 33),
2. BlueEye app on smartphone for mobile connection and,
3. Cloud-based BlueEye video platform based on dedicated secure servers to access live video
remotely.

Figure 33 BlueEye camera with 5G smartphone and hot desk

The BlueEye Handsfree is perfect for urban search and rescue operations. The searcher wears the
lightweight camera near their temple (see Figure 34) and connects it with a 5G smartphone for mobile
communication. The BlueEye app in the smartphone allows the searcher to relay live video to a remote
scene commander. The remote commander logs into the secure BlueEye web application to access the
real-time video from the searcher’s point-of-view.
This allows the remote commander to immerse him or herself in the situation and command the on-field
searcher for quicker and more efficient decision-making.
Similarly, the real-time, point-of-view video can also be accessed by a remote medical expert to support
the first responder with primary treatment of a victim.

Figure 34 BlueEye camera

Several generic urban search and rescue scenarios can be supported as shown in Figure 35. The main
objective is to emphasize on remote reality which is different from augmented reality. With remote
reality the specialist receives real-time, point-of-view video and audio from the colleague at the scene,
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who is wearing small headset camera. A wireless, Cloud-based platform is used for sending the video
and the audio. With real-time information, the specialist can provide the expertise needed for the task at
hand. Augmented reality would work in this scenario, but the bulk of information provided to the rescuer
or colleague at the scene could distract them from completing the task. See Table 13 below for a
Comparison of remote reality vs augmented reality.
Table 13 Comparison of remote reality versus augmented reality

Remote Reality using BlueEye wearable video Augmented Reality using Smart Glasses
Designed for ‘You See What I see’ video applications
Focused on relaying real-time video to the remote
party
Focused on immersive experience for the remote user
Simple design with low electronic component count
Low heat generated on head of user. No hotspot effect
No battery required – derives power from the
smartphone
No eyeline distraction, suitable for busy environments
Rotatable camera to adjust point-of-view
Meant for longer usage, no ophthalmic effects
Compatible with glasses/ lenses
Economic
Suitable for IP54 moisture and dust ingress protection
for challenging environments
Physically robust design which can accommodate
knocks.

Designed for Augmented Reality, Virtual Reality,
Mixed Reality applications
Focused on providing local immersive experience
Focused on immersive experience for the local user
Complex design with high electronic component
count
High heat generated on head of user. High hotspot
effect due to the high component headcount
Needs a battery on the head.
Require eyeline monitor which can be distracting.
suitable for controlled environments
N.A.
Not meant for longer usage, may have ophthalmic
effects
Not compatible with glasses/lenses
Expensive
Difficult to protect against water and dust ingress
protection because of the high component count
Difficult to make a physically robust design because
of high electronic component count, display stalk and
batter

The benefits for the scene commander and the search and rescue crew are the following:







Supports quicker and more efficient decision-making.
Facilitates command from the experienced scene commander to the searcher.
Accelerates victim treatment.
Facilitates multiple eyes looking at the situation, resulting in improved outcomes.
Eliminates the need for travel, resulting in cost savings.
Supports incident management, control, and oversight, improving safety and helping to get
everybody – crew and victim – safely out of the situation.
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Figure 35 Usage Scenarios for H1D

For several reasons, 5G creates an opportunity to improve telemedicine. Firstly, whereas 4G has reached
the network capacity of quick data transfer because of radio limits, 5G uses higher radio frequencies and
more bandwidth to transfer more data at faster speeds, with reduced congestion and lower latency. Since
5G uses higher bandwidth, it provides better picture quality, a necessary requirement for telemedicine.
Secondly, 5G supports slicing which means that a single network connection is divided into multiple
distinct virtual connections that can be used for different types of traffic. This means that a healthcare
organization can obtain a network slice with a private address, which in turn can enable enhanced
security (i.e., private Internet for healthcare organizations). In addition, GBR (guaranteed bit rate) can
be used to give a guarantee to the emergency video by allocating resource blocks. Thirdly, 5G provides
campus support. This means that a 5G network can be deployed privately inside a hospital environment
(i.e., NPN). Fourthly, 5G provides enhanced resource allocation through network slicing. This is like a
private ‘bus lane’ for medical traffic which can be used for emergency and other medical applications
(see Figure 36).

Figure 36 Prioritisation with 5G

6.2 Proposed setup
The setup is as similar to subcase H1C, as described in Chapter 5. In subcase H1D, the setup is as
follows. An Urban Search and Rescue (USAR) person wears the BlueEye camera and clips a smartphone
on his/her clothes. In a HAZMAT situation (e.g., Chlorine, chemicals, or Ebola), the camera is worn
under a HAZMAT suit. In a USAR scenario, the camera can be attached to the helmet. The incident
commander has a continuous video feed of the scenario and obtains a higher situational awareness. The
incident commander has continuous audio feed, and this has an advantage over legacy push to talk from
VHF radio or TETRA/P25.
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6.2.1

Network architecture

The network architecture is as described for subcase H1C in Section 5.2.1 above.

6.2.2

User application architecture

The user application architecture is as described for subcase H1C in Section 5.2.2 above.

6.2.3

Hardware components

The hardware components are as described for subcase H1C in Section 5.2.3 above.

6.2.4

Software components

The software components are as described for subcase H1C in Section 5.2.4 above.

6.3 Testing and verification
There are two levels of testing & verification:
1. Quantitative, related to the user experience and the network performance.
2. Qualitative, related to the user experience.

6.3.1

Methodology

The methodology involves two types of testing:
1. Quantitative: This is the technical level approach to benchmark different quality levels against 5G,
in order to understand the best quality image obtainable with 5G. Measurements will be done for:
a. Resolution: 1280*720 and 1920*1080.
b. Uplink bit rate: from 2Mbps to 20 Mbps, with varying distance to gNB.
From all these quantitative measurements, the minimum opinion score will be determined.
2. Qualitative: This is an application-level approach in which the benchmarking happens against 4G
and Wi-Fi. The outcome of this benchmarking will be used for the qualitative measurements of:
a.
b.
c.
d.

Ease of use.
Clinical benefits.
Pedagogical advantage in the pandemic environment.
Contagion mitigation.

The testing will be done with both UDP (the preferred protocol) and TCP (the fallback protocol).

6.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5]. Table 14 presents the resulting list of network requirements together with
their target values.
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Table 14 Target KPI values for H1D

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity / peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security / privacy

6.3.3

Target values
1 < Medium ≤ 10 Mb/s (wearable video)
1 < Medium ≤ 10 Mb/s (wearable video)
100 < Medium ≤ 1000 Mb/s
25 ≤ Low < 200 msec
Medium: 99.999%
Low < 50 km/h
Low > 25 meters
Low: < 5 devices on location, 1-2 probably
Low ≤ 1 transactions/s
> 1, ≤ 10 Mb/s/m2
High: Confidential

Measurement and testing tools

The measurement environment consists of the following (split out between Oslo and Oulu where
applicable):
1. Network configuration:
a. Oslo:
i. Non-Standalone (NSA) 5G network and later Standalone SA.
b. Oulu:
i. Non-Standalone (NSA) 5G network.
2. Non-Standalone (NSA) 5G network in Oslo and Oulu.
3. QCI value 9.
4. AWS Video routers based in Stockholm.
5. Force network to 443 (TCP/HTTPS) and 53 (DNS).
6. User Equipment to be used are:
a. Samsung S20 in Oulu.
b. Sony Xperia 5 II in Oslo.
7. BlueEye camera and User Equipment will be on the radio:
a. In Oslo, an Ericsson radio will be used for testing in two configurations:
i. Virtual EPC for non-standalone.
ii. 5G NextGen core for standalone (in case standalone mode will be available later for
testing).
b. In Oulu, a Nokia radio will be used.
8. Hot desk will be initially connected with a good Ethernet connection with more than 75 Mb/s.
The Mean Opinion Score (MOS) will be used to measure video and audio quality. It is a subjective
measure where a test panel or person gives a rating between 1 and 5 of the perceived (video) quality. In
order to enable this, a ‘standardized’ video sequence will be used. Provided that the video used is the
live camera stream from the test campaign, the video should contain similar elements:
1. Duration of video: still to be determined.
2. Elements to be contained:
a. Panning, or wide angle ‘fisheye’.
b. Close up, details: e.g., 30-50 cm, ‘hairy arm’.
c. Text readability, ECG print out.
3. Videos will be recorded for post-campaign analysis and MOS testing.
Testing tools to be used:
1. iPerf and BlueEye app for TCP speed.
2. BlueEye Hotdesk for Codec speed.
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3. Chrome Console [54] for Packet loss.

6.3.4

Intermediate results

Network (quantitative) testing has not occurred at this date (delayed due to the pandemic), but
application testing has occurred over a period of two days in June 2021 as part of a training event. Two
scenarios, one with a focus on HAZMAT and one on USAR, have been played out.
The participants on each day were divided into two groups of five persons. Each group participated two
times in each scenario and then switched. There were two persons in a group and one remote incident
commander per group. A total of 12 different runs were conducted over the two days. The video was
used in 11 runs, giving a total of 11 valid runs. There was no video in the final scenario for operational
reasons. The video feed was transmitted to two persons working as incident commanders sitting at home.
After the first scenario, they were asked to describe the incident. They were able to describe it accurately.
Figure 37 and Figure 38 give an impression of the training for the USAR scenarios. In this setting the
camera was added to the gear as shown in Figure 39.

Figure 37 Screenshot of BlueEye video captured during USAR training (photo: Andreas Gustavsen)

Figure 38 USAR environment (photo: Espen Munthe-Kaas)
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Figure 39 USAR suit with camera installed (photo: Andreas Gustavsen)

The sound was transmitted from operator to hot desk by using the BlueEye audio feature in the
smartphone (continuous WebRTC audio). Communication from hot desk to operator was through
traditional TETRA radio.
On the first day, the operator of the BlueEye solution was not the person closest to the patient. This
created some disturbance in the dynamics when the operator was asked to get closer to the patient,
especially in the USAR setting, where two persons had to change position inside a tight space. Therefore,
on the second day, in this setting, the operator closest to the patient was using the camera instead.
However, this could not be done for the HAZMAT setting, because it was not possible to safely integrate
the camera and the phone into the HAZMAT suit. The camera was sticking out between the hood and
the gas mask, but this left a small opening. The camera operator was therefore told to hold a distance to
the zone containing hazardous material. A HAZMAT suit is protected gear as shown in Figure 40 and
Figure 41

Figure 40 HAZMAT suit (photo: Espen Munthe-Kaas)
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Figure 41 Different type HAZMAT suit used by Oslo Ambulance Service, not in scenarios (photo: Lars Bryhn,
Nyland/Spotnews.no)

Several issues were identified with the software:





Several issues occurred with transmission of the video feeds. On a few occasions, the picture went
black or white and it was not possible to fix this by logging out on the hot desk side.
The sound was missing for no apparent reason in 3 scenarios.
It was possible for multiple users to login to the same account at the hot desk side, confusing identify
and resource allocation.
When the hot desk was connected to two devices, switching between them was difficult. When
switching, snapshots taken were lost, unless they were intentionally downloaded.

These issues were addressed and resolved in the next version of the BlueEye software. This new version
was used successfully in the H1C pilot, 2 months later in Netherlands, as described in Chapter 5. The
details are summarized in the next paragraph.
Initially, when the video screen went black or white, no relevant error or warning message showed up.
RedZinc has now implemented error messages that show the reason for not receiving video on the hot
desk. A “Network Capacity” switch has been added on the hot desk to make sure that video streaming
happens even at low network signals. A brightness profile feature has been added to the app to make
sure that the app could stream video in dark surroundings. For sound issues, an audio toggle switch has
been added to the app so that the audio can be switched from smartphones to earphones. A sound
notification in the app has been added in case the headset camera unplugs or there is a loose connection
between the smartphone and the headset camera. A new feature is in development that will make sure
that the call will not close in case the camera disconnects.
Several issues were identified with the hardware:





The cable got disconnected from the smartphone during two runs. Because of the phone being placed
under the protection suit, it was not possible to reconnect, and the run was played without further
use of video (note that the run was not stopped because of training reasons).
The phone went into standby mode during three scenarios, probably because its screen was touched
unintentionally.
Because of the helmet, it was difficult to adjust the camera headset. Therefore, it would help if the
camera is mounted on the helmet.
The setup was not compatible with the use of the HAZMAT protection suit.

RedZinc is developing better smartphone covers with a strong connection anchor to make sure that the
camera does not disconnect from the smartphone even if it is placed under a protective suit. The standby
mode issue by has been addressed by making changes to the app. If the app is closed mistakenly or the
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screen is touched, the app will still continue streaming for two minutes. There is a new feature in the
engineering pipeline to put the app into permanent standby keep alive mode. Therefore, the app has to
be opened within two minutes in order to continue the streaming. RedZinc is working on a new design
to make the camera compatible with the HAZMAT suit.
Several issues were identified related to the standard operating procedure:




It is important to clarify the paramedic’s intentions – in the context of a standard operating procedure
– when working with other agencies not involved in the project. This is to avoid any uncertainty
amongst cooperating agencies (fire department and ambulance services) regarding an ‘open mic’.
Note, that we were using a continuous real-time audio feed, as opposed to the traditional push-totalk microphone. A continuous open mic has advantages with regards to situational awareness of
the environment, compared to the traditional, non-continuous, push-to-talk microphone.
When the paramedic stopped streaming video, the sound was still transmitting. This may be seen as
problematic in terms of patient confidentiality.

We have addressed the sound issues mentioned above. The mute feature has been made more robust.
Upon closing the app, both the video and the audio transmission stops. For privacy, we have added an
audio toggle switch in the app with which the audio can be switched from the smartphone speaker to the
earphones.
Suggestions from Oslo Ambulance Service:








Probably, the best solution for fixing the camera is by using velcro (also known as “hook & loop”
it is a fastening technique comprising two matching flexible strips). In this way, the camera can be
remounted if it falls off during work. If it were fixated by screws instead, this would be more
difficult. During USAR operations, a camera that were fitted rigidly could lead to the operator being
stuck in debris.
Avoid that a single user account can be used to login from different hot desks. Make it possible for
only one hot desk to log in per username.
Make a software key lock that allows the BlueEye app on the phone to transmit while appearing to
be in standby mode.
Make a better connection, using an anchor or similar, between cable and phone, so that it doesn’t
get disconnected inadvertently.
Make a phone holder that turns the backside of the phone outwards. This helps to protect the phone,
since the scenarios involve crawling into tight spaces, while the phone is hanging on the chest part
of the suit. Also, inadvertent touching of the screen is avoided this way.
Sound transmitted from the hot desk should be “off” by default, to prevent noise disturbing the crew.

User experience quotes from incident commanders:







“The use of camera is the future. I was able to comprehend the situation from home”.
“This is perfect for achieving situational awareness”.
“Showing the picture to the fire brigade and police will help us work better together”.
The head band was difficult to use, as it goes around the ear at the same place as the cable from the
radio. Note, that the head attachment design has been improved after the Oslo pilot and the new
design with elasticated head band was successfully used in the H1C pilot in September 2021 in the
Netherlands (see Chapter 5).
The system worked very well in dark rooms in combination with the helmet-mounted light.

The following observations were made regarding battery life and video quality:



The battery was sufficient for one day of training.
Good picture quality. The picture was very good with no other particular issues. The camera was
added to the exercise just to create user confidence.

© 5G-HEART Consortium 2019-2022

Page 72 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)




The camera in combination with a positive pressure suit was a success. The picture inside the
biological suit was received by hot desk as good quality. There was a fear that the picture would get
distorted, but this was not the case. Communication was eased with the use of camera.
The camera increased the confidence of the team and incident commander.

6.4 Next-step plans
The next step plans comprise two activities:




Firstly, to conduct a controlled experiment, involving several scenarios, in which the effectiveness
and efficiency of the legacy method is compared to those of the newly proposed method. The legacy
method involves the incident commander managing a check list via audio only. The proposed
approach involves abovementioned immersive approach with wearable video (and audio). The
application-level KPIs to be assessed in the comparison are time to completion and procedure error
minimization.
Secondly, to conduct the network (quantitative) tests, as described above in Section 6.3.1.

Current experiments have been done by using 4G on Telenor’s commercial network in Oslo. Migration
to use the 5G-VINNI platform instead, as used for the other OUS-based experiments, has been planned.
It is however uncertain whether this is feasible due to limited device support on the 5G-VINNI RAN.
Commercial 5G is being rolled out in Oslo, and is considered for further experiments, however losing
the possibility of tailoring the slice definitions and setup.
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7 SUBCASE H2A: AUTOMATIC PILL CAMERA ANOMALY
DETECTION
7.1 Description and motivation
Colorectal cancer (CRC) is the third most common cancer mortality for both men and women in the
world, and the second leading cause of cancer-related death for both genders combined, thus early
detection and removal of subclinical polyps in the colon is crucial for prevention. In general, using
wireless technology to connect medical implantable devices to the Cloud to monitor health information
will have high societal impact.
The aim of this subcase is to demonstrate the feasibility of video streaming over a 5G network from an
endoscope capsule – that operates using our unique backscatter communications –, process that video
data at the network edge, and provide feedback to the endoscope capsule, all with acceptable latency.
Video processing is done by means of artificial intelligence (AI) and its aim is to detect colon anomalies,
or CRC, with high accuracy. The use of AI in medicine is advancing, it involves analysing medical data
to uncover clinical insights in order to help improve health outcomes and patient experience. Thanks to
recent advances in computer science and informatics, AI is quickly becoming an integral part of modern
healthcare. AI algorithms, and applications powered by AI, are being used to support medical
professionals in clinical, as well as in research settings. Especially deep learning and convolutional
neural networks (CNN) have been very successful in advancing computer vision and image processing
of natural image databases.
The potential of AI to automate tasks such as precancerous pathology detection, and novel advances in
endoscopy such as wireless capsule endoscopy (WCE), motivated us to combine these technologies as
an easy-to-use alternative that can potentially save thousands of lives and improve patient and clinician
experience. See also D3.2 [2]. Our group has been developing convolutional neural network (CNN)
based models, achieving excellent results, and proven the capability and potential of deep learning for
automatic detection and segmentation of pre-cancerous polyps in colonoscopy images and videos.
Leveraging this expertise, we can now further improve and adapt these models to automatically review
videos captured by Pill Cameras travelling through the bowel, enabling real-time control feedback if
anything suspicious comes to sight. The system has been implemented using Keras, Tensor Flow and
Pytorch libraries. We have been training different CNNs at the intervention centre (IVS) at OUS. The
automatic detection component of the system has been designed to be deployed in two alternative setups.
The first one envisions the polyp detection algorithm being performed in real-time at a remote location,
while the second one is designed to perform the automatic polyp detection on the edge using embedded
computing boards that are specifically designed to deploy machine vision applications on the edge.
Based on the ARM CPU architecture, accelerated machine learning, and featuring low-power
consumption, these edge devices allow us to deploy our deep learning application while consuming less
than 30W, while delivering top performance.
The real-time transmission of information to the Cloud is essential and can be used to control the imaging
parameters of the Pill Cameras online, with the help of a feedback loop from the deep learning model,
to generate high quality frames for reliable detection of gastric diseases such as polyps, bleeding, etc. It
is also possible to alternate the stream rate of the PillCam based on the received frames and the processed
data to save energy of the implant sensory system. Once the data package sent by the PillCam is received
at the remote location (Cloud 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 PillCam through the same end-to-end virtual network. The PillCam 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.
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7.2 Proposed setup
During this phase of 5G-HEART, a benchtop model has been developed. This involved design and
implementation of a hardware (HW) and software (SW) platform to facilitate the interface between the
in-body implant and the on-body communication systems. This interface is based on backscatter
communications. The video is subsequently streamed via LAN to a 5G modem. Pre-recorded endoscopy
videos are used during evaluation.
In addition, different models have been established for the deep learning model for polyp detection and
developing the end-to-end connection via 5G is planned.
Section 7.2.3 describes the near-patient HW part of the developed prototype. In Section 7.2.4, the SW
part of the system will be described.

7.2.1

Network architecture

The 5G-VINNI network in Oslo – and the installation targeted at the OUS buildings – is being used for
the technical evaluation. Refer to D3.2 [2], Section 6.2.3 or to D2.3 [6], Chapter 2 for details. The
implementation uses an eMBB slice as shown in Figure 14 in D2.3 [6].

7.2.2

User application architecture

Figure 42 End-to-End test setup for video streaming via 5G network for H2A

Figure 42 shows the overall test setup of the backscatter based capsule endoscope system in conjunction
with 5G network deployment and features. The capsule that has to be manufactured, will be able to
stream a pre-recorded video via backscatter communications.

7.2.3

Hardware components

The hardware system near the patient consists of two parts; one is a swallowable capsule comprising a
camera and the supporting electronics, battery, and transceiver, while the other is an on-body reader
device. Sections 3.1.2 and 3.1.3 of D3.1 [1] give a more encompassing overview of the hardware
architecture of the end-to-end system. The following hardware components have been used to realize
this system:








Huawei 5G CPE Pro 2 provided by Telenor (2x).
A laptop as the Client PC.
A desktop as the Server PC, it is equipped with NVIDIA RTX 3090.
FPGA PYNQ-Z1 boards [57].
STM32L4R5 board [58].
Self-made antennas and other components.
The in-house developed backscatter reader system.
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7.2.4

Software components

The software of the prototype comprises 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. Section 6.2.2 of D3.2 [2] gives a more encompassing
overview of the software architecture of the end-to-end system. 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 following software components have been used to achieve
the target:









Python programming.
Pytorch for the development of the deep learning algorithm.
Python-vlc video streaming and receiving.
The http protocol is used for video streaming.
VHDL for streaming.
Relevant Embedded software platforms.
OpenCV library to mature the latency.
Resnet34, a 34-layer convolutional neural network [56].

7.3 Testing and verification
7.3.1

Methodology

To evaluate the performance of our detection model, we compute two metrics; sensitivity (recall) and
precision, as defined below.
Sensitivity (Recall): the ratio of true detection outputs to the total number of polyps in the test dataset.
This metric shows the detection ability of a specific model.
Sensitivity = TP/(TP + FN) × 100
Precision: the ratio of true detection outputs to the total number of predicted outputs, including false
alarms. This metric shows the ability of a model to make correct predictions.
Precision = TP/(TP + FP) × 100
Where TP, FN, and FP stand for True Positive, False Negative and False Positive respectively.
We have trained the model with the following datasets:
1.
2.
3.
4.

CVC-ClinicDB [59]: contains 612 images of 31 unique polyps in different angles and view depth.
CVC-ColonDB [59]: contains 300 images of 15 unique polyps.
ETIS-Larb [60]: contains 196 images of 44 different polyps.
Kvasir-SEG [61]: contains 1000 images of 1000 different polyps.

We have split the training dataset randomly, using 5-fold cross validation to train the models and choose
hyper-parameters. We have only used images that contain polyps for training. To prevent the models
from overfitting due to a shortage of training data, Resnet34 was initialized with ImageNet pretrained
weights, and the up-sampling layers were randomly initialized. We’ve used the Adam optimizer to train
the models for 60 epochs with a learning rate 0.0001 (chosen using cross-validation) and a batch size of
10.

7.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5]. Table 15 presents the resulting list of network requirements together with
their target values.
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Table 15 Target KPI values for H2A

Network requirements
User experienced DL throughput
User experienced UL throughput

Target values
Low ≤ 1 Mb/s (control data to PillCam)
10 < High ≤ 100 Mb/s (image data from PillCam)
DL: Low ≤ 1 Mb/s
UL: High ≥ 10 Mb/s
High: 1 ~ 3 msec
Medium: 99.999%
Stationary
Low > 25 meters
Low: 3-4 devices at each end
N.A.
≤ 100 Mb/s/m2
Medium: Restricted

Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security/privacy

7.3.3


Measurement and testing tools

R&S HMO2024 [62] Digital Sampling Oscilloscope (DSO).

7.3.4

Intermediate results

The AI-based polyp detect is first addressed below, followed by backscatter communications, 5G
communications, the realization of the prototype setup and some targeted investigations into system
latencies.

AI-based polyp detection
Figure 43 presents our approach to detect polyps in a one-shot manner. Instead of generating a binary
output, which is normally used to train object segmentation models, we enforce a CNN-based encoderdecoder network to predict a 2D Gaussian shape. In our polyp selection model, we used an encoderdecoder based network from the U-Net family [55] (fully convolutional network with “u-shaped”
architecture). There are two main reasons that we have decided to use a U-Net based network. U-Net is
specifically developed for medical image segmentation and has proven itself very useful when there is
a limited amount of data available for training. The second reason is that this model is fast and can
usually be implemented in real-time. This network combines up-sampled feature maps in the decoder
part with the corresponding high-resolution feature maps from the encoder part via skip-connections.
This feature combination enables precise localization. For our U-Net model, we’ve used Resnet34 (a
34-layer convolutional neural network) as the encoder, which was pre-trained on the ImageNet dataset.
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Input Image

Output Detection
Figure 43 Real-time U-Net based polyp detection algorithm for H2A

We have shown that 2D Gaussian masks can be more efficient than binary masks to reduce the impact
of the outer edges of polyps during training, because a 2D Gaussian shape has smaller values on the tails
compared to the values around the mean. This property of the 2D Gaussian shape can give less
importance to the outer edges and force the models to learn surface patterns more efficiently than binary
masks. The strength of the predicated 2D Gaussian shapes can be used as the confidence values of the
detection to further reduce FP outputs.
We have quantitatively evaluated the performance of our trained model on a video dataset. The ASUMayo clinic video dataset consists of 20 training videos (10 videos with polyps and 10 videos without
any) and 18 testing videos. Unfortunately, due to licensing problems, we could not get our hands on the
18 testing videos of this dataset. Therefore, we decided to use the 10 training videos with polyps to
qualitatively evaluate the sensitivity and precision of our trained model. The model was running on an
NVIDIA RTX 3090 GPU Cloud-based high performance computing PC, and only required around 10
ms to process a frame. The sensitivity of the model on the 10 videos was 82.41% and the precision was
90.12%. These results show that the trained model can effectively detect polyps while making a low
number of false positives and also that it can be run in real time.

Backscatter communications
The backscatter reader system is used to read the implant capsule data, without having any active
transmitter in the capsule, thus saving a significant amount of energy in the capsule and increasing its
battery life. Backscatter is a kind of radar communication technique that uses the RF wave reflections
from a target (in this case the capsule). These reflections are modulated with the data streamed from the
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capsule’s camera sensor. Using this approach, the capsule’s onboard communication system is reduced
to a single switching gate that in principle consumes near to zero power (10 pJ/bit). This in turn enables
the capsule’s price to become extremely low, making a good case for mass production, enabling lowcost screening for colon cancer. Saving power in this way, the image quality and the illumination can
be improved by allocating the saved battery resources to those ends. Furthermore, other types of sensors
can be used in the capsule. Figure 44 shows an overall implementation of the backscatter-based capsule
endoscope system in conjunction with 5G network deployment and features. The system-level
architecture is illustrated in the picture, where a capsule has been manufactured that can stream a prerecorded video to the capsule’s internal backscatter switch system. A body-worn transceiver is used to
communicate with the capsule and bridge the signal eventually to the 5G network. This transceiver
comprises an antenna array, multiple transmitters and receivers to enable capsule localization and to
find the best signal conditions. The antenna array can address the signal fading that would otherwise
occur due to different rotations and orientations of the capsule passing through the large and small
intestines. A capsule with a length of 2.5 cm and a diameter of less than 1 cm is considered for this
subcase. An in-house backscatter radio system has been developed, supporting high data rates of up to
16 Mb/s, but while testing it has been used for up to 10 Mb/s. The backscatter reader is a quite
complicated subsystem with antenna control units, received signal sensing, RF power control, coupling
reduction circuits and so forth. The system emits a tone signal at 434 MHz at such a low signal level
that cannot be detected more than a couple of centimetres away from the body. Therefore, radio
frequency regulations will not affect market entry of this technology.
The output of the backscatter system can be displayed on a screen, and it can be bridged to Ethernet (and
sent as UDP packets), leveraging an in-house developed FPGA/SOC. If needed, the LAN can in turn be
connected to a Wi-Fi or 5G device. The data can subsequently be processed at the network edge,
applying the aforementioned polyp detection algorithms. The current prototype still lacks feedback from
the network side, but the next step development will include two-way communication.

Figure 44 Test setup for H2A with pre-recorded video instead of capsule camera

5G communications
For end-to-end testing over 5G, a Client PC was used to represent the PillCam, including backscatter
communications, and a Server PC was used to represent the Edge/Cloud computing running the polyp
detection and associated decision-making algorithms. The 5G-VINNI facility in Norway, as provided
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by Telenor, was used for 5G communication and two CPEs, also provided by Telenor, were used to
connect both ends to that network.
The python-vlc 3.0 library was used to stream the colonoscopy video from the Client PC to the Server
PC. Specifically, HTTP (Hypertext Transfer Protocol) was used to stream video stream over the 5G
network. Doing so, a latency delay of ~200 ms was observed. Observe that HTTP runs over TCP
(Transmission Control Protocol), which is connection-oriented, meaning that a connection between
client and server has to be established before data can be sent. The server must also be listening for
connection requests from clients before a connection is established. The three-way handshake needed to
establish this connection and the acknowledgements – and possibly retransmissions – needed during the
ongoing connection help to increase reliability but at the same time also increase latency.

Prototype setup
The benchtop prototype is a very important element of the research for this subcase, considering that
realizing a capsule, plus the need for approval by an ethics committee if to be used on patients with
potential polyps, is very time consuming and therefore out of scope for the project. Figure 45 shows the
test setup that we have developed to stream a video file from the first computer, via the backscatter
capsule, to the second computer. An open-cv program is used on the first PC to read the video file,
format it in a way that it can be read by the backscatter system and stream it to a microcontroller system
(MCU) with LAN interface that we have implemented. This part is to emulate the capsule camera,
specifically it is possible to stream a video file of a pre-recorded endoscopy session to test the system
end-to-end (i.e., including the AI applications on the edge). A phantom is used to simulate the
(propagation through the) human body. A capsule mock-up is realised, with the switching feature for
backscattering, where the switch is modulated with the data coming from the first computer and
microcontroller. The video can be fed to the FPGA/LAN interface and be streamed to a 5G modem or
directly to the second local computer for monitoring purposes or for local processing.

Figure 45 Benchtop setup implementation for H2A

Latency experiments
The backscatter system has a very small latency of 1 microsecond. It is measured by sending a sequence
of dummy data directly from a source to the capsule and receiving the data via the backscatter reader;
the data is monitored on a digital sampling oscilloscope; the same data has also been sent directly to the
DSO and by simultaneous comparison of the sequences the latency is measured. The required power for
the wireless capsule is negligible and is calculated about 1.5 nW. The reader system consumes most of
the power, in which the transmitter power consumption is 4 W, and the receiver power consumption is
10 W. In total the power consumption of the reader device is 14 W. To transmit the data to the network
an FPGA LAN interface is used, where the power consumption of the evaluation board is below 3 W.
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The latency of the communication from the LAN to the receiver computer has not been measured yet,
but this will not affect the overall latency that is mainly related to Edge computation.
A colonoscopy video is streamed frame by frame from the laptop PC to the server PC. The video is
compressed with the H.264 which is a block-oriented video compression standard. To measure the
latency of the video transmission, we used the open-cv library to add the timer clock of the laptop PC
on the frames before the transmission. When the frames are received by the server PC, the printed time
on the received frame is subtracted from the time clock of the server PC. The two timer clocks of the
laptop PC and the server PC were synchronized. The latency per frame was measured to be 200
milliseconds on average. Once a frame is received, the server PC runs the trained deep neural network
model for polyp detection.
We can divide the end-to-end chain into three sections: capsule to reader (computer), computer to
computer and the artificial intelligence part.
The capsule to reader section has a delay of is 1 microsecond, including data decoding, that is measured
using the R&S HMO2024 oscilloscope (DSO). The data packets are transmitted from the backscatter
reader to the FPGA modem using the UDP protocol to support a high data rate of minimum 10 Mb/s.
We haven’t measured the latency from computer to computer, so far, it’s all about modem to computer
latency.

7.4 Next-step plans
We have started to develop a capsule endoscope test setup with an integrated camera from AMS. This
camera provides a data rate of 15 Mb/s. A capsule with integrated camera and microcontroller will be
developed and tested, using the backscatter communications system. Some challenges that we need to
address in phase-3 of the project are related to the formatting of the video data from the camera module,
which is not adapted to the backscatter communication system. Low power data formatting using a
correct selection of microcontrollers will be our main task. Initially, we will feed the camera data to the
capsule’s antenna switch without any formatting and use a standard HDMI converter to display the video
on a screen. However, this approach will be challenging, considering that we do not have control over
the camera data format. To address this challenge, we will develop an FPGA-based system to display
the streamed video, or to make changes in the backscatter reader to support the new data format. Using
a powerful microcontroller in the capsule will also be considered in case those approaches will not be
successful. The latter approach would consume more power in the capsule for data formatting. We plan
to integrate a simple receiver in the capsule, to program the capsule on-air, to change the data rate or
format on request. By including a receiver in the capsule, and enabling commands from the network
side, we intend to control some preliminary features of the camera or the intensity of the light emanating
from the capsule. This system will be the first capsule that can stream video to a 5G network and receive
control commands from it, directing the capsule to modify its image capturing settings.
We plan to fully investigate the abovementioned latency issue with HTTP/TCP and will try to reduce it
by testing different UDP (User Datagram Protocol) based protocols, or, if possible, by enabling slicing
technology in the 5G-VINNI core network, in order to provide priority to the video stream. When a
video is streamed, it is first encoded and divided into segments. On the receiver side, the decoder needs
to create a full segment before sending it to the trained model. This decoding process usually generates
additional end-to-end latency. A better video segmentation and fragmentation approach must be
investigated to further reduce latency. The current onboarding setup to 5G-VINNI is based on a shared
eMBB slice in NSA mode. Upgrades are planned to deploy a dedicated e-health slice. Also, migration
of the subcase to an SA setup is anticipated. Additional network KPI measurements will be performed
to evaluate the effectiveness of these new configurations.
In parallel, we will further develop a faster and more accurate AI model. In particular, we plan to develop
a model that takes the temporal information between the frames into consideration, in order to make
output decisions and generate feedback signals to the client PC / PillCam more reliably .
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8

SUBCASE H3A: VITAL-SIGN PATCH PROTOTYPE

A single-use, direct-to-cloud, vital-signs patch prototype is being developed within Philips. The key
challenges encountered are battery lifetime and cellular coverage. Exploring and addressing these
challenges is Philips’ main contribution within the scope of this subcase. CEA, TNO and Telenor are
involved, complementing the work by Philips with their specific expertise.

8.1 Description and motivation
Direct-to-Cloud vital-signs patches
Vital-signs patches are small devices – “smart band-aids” – that are attached to a patient’s body to
measure his or her vital-signs over a period of time. Wireless communications are used to transfer the
vital signs periodically to a Cloud server in order to instantly notify caregivers in case deviations occur.
The specific topic of interest is so-called “Direct-to-Cloud” (D2C) vital-signs patches that leverage the
cellular network to connect anywhere, anytime, and hassle-free, specifically avoiding the need for a
gateway device such as a mobile phone. These devices leverage LTE-M and/or NB-IoT, the first 3GPP
cellular technologies specifically designed to enable such types of devices. Considering network
deployments in the key target markets, LTE-M was preferred over NB-IoT when starting prototype
development (see Section 7.3 of D3.2 [2]). For more detail the reader is referred to D3.2 [2] and D7.4
[3]. Deliverable D7.4 elaborates the benefits of this approach by detailing out the pain points addressed
for the various stakeholders and by providing an initial business case.

Application connectivity requirements
The (cellular) connectivity requirements of the D2C vital-signs patch are sketched below. The postsurgery patch, as described in D3.2 [2] and D7.4 [3], is addressed first followed by a wider perspective
for D2C vital-signs patches in general. Also, the specific challenges related to coverage are elaborated.

Post-surgery patch









The post-surgery patch requires some 140-150 bytes of binary payload (could be more if certain
more interoperable formats are preferred) to be uploaded to the Cloud, once every two hours.
The energy budget for a single upload is about 3 mWh.
As vital-signs (obviously) constitute health-related data, and as health-related data is considered
sensitive personal data (e.g., within the context of GDPR), integrity and confidentiality are of the
utmost importance.
Data delivery must be reliable. Amongst others, this means that message uploads must be
acknowledged, and that retransmission in case an acknowledgement fails must be attempted.
In addition, the patch must be able to send the message through, even under poor coverage, and
especially, on hospital general wards, and in patient’s homes. The energy budget stated above should
still suffice if the patch finds itself in the most difficult coverage situation for most of its lifetime.
The vital-signs data must end up in the (Amazon AWS powered) Philips Cloud. Integration into
the Philips Cloud should be as straightforward as possible. Ideally, the patch should interface
directly with the Philips Cloud (i.e., Cloud-native) leveraging, amongst others, its provisioning,
authentication, and data ingest capabilities, thereby avoiding custom-made Cloud service
developments.
Total cost of ownership is a critical factor for any value proposition. Consequently, also cellular
data charges should be minimized. This depends very much on the data plan agreed with the
M(V)NO in question but, in general, the more data, the more cost. Next to energy efficiency, data
charges provide another (secondary) argument to attempt to make the upload protocols as lean as
possible.
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The patch should support over-the-air (OTA) firmware updates, as it may have been on the shelf
for a significant amount of time (e.g., two years) before being deployed. Both modem and
application firmware may require at least one update.

D2C vital-signs patches in general
The post-surgery patch measures just very few vital-signs and is used to monitor patients both on the
general ward and after returning home. However, other types of patches, measuring different or
additional vital signs – or other parameters such as geo-location (H3B) – can be imagined, enabling
additional clinical use cases. A list of such potential patches and their use cases has been drafted by
interviewing technology, clinical and business experts throughput Philips.
More than a dozen different patch types were identified with a widely varying Technology Readiness
Levels (TRL). However, it seems that all these patches exhibit very similar communication patterns as
the post-surgery patch. Typically, a modest amount of payload (100’s of bytes) is sent every (few)
hour(s) to the Cloud. Specifically, there is no need for continuous streaming of data, such as ECG. The
total number of uploads over the lifetime of the patch is expected to be less than one thousand. In other
words, the post-surgery patch and use case are representative for a much broader class of patches
and associated use cases in terms of the network KPI’s required.

Challenges for coverage
As outlined above, Philips is developing a prototype vital-signs patch based on LTE-M and Cloud-native
data ingest protocols that should also function well on hospital general wards. During these
developments, it became clear that ubiquitous coverage in (amongst others) hospitals is not a given for
this type of device, which caused Philips to further investigate this topic, also within the scope of 5GHEART. This led to the identification of a number of issues:




In current practice, LTE-M is never deployed with the optional CE Mode B. The initial target of the
study item that led to the definition of LTE-M [14] was to provide 15-20 dB extra coverage when
compared with LTE. The result of this study item [15] [16] was that such extra coverage was
achievable if all the repetitions available in CE Mode B were available. This study item considered
the losses of having just one antenna but did not consider the fact that the single antenna in the vitalsigns patch has negative gain due to its small size and the fact that it is worn very close to the body.
Furthermore, [14] initially assumed conservative noise figures of 5 dB in the base station and 9 dB
in the device for determining the MCL of LTE. However, the results, shown in [15] [16], assumed
less conservative noise figures of 3 dB in the base station and 5 dB in the device. If CE Mode B is
not deployed, and more conservative noise figures are used in the calculation, the actual MCL of
LTE-M for the UL channel (PUSCH) is reduced from 165.1 dB to 145.1 dB. Likewise, the MCL
for the DL channel (PDSCH) is reduced from 164 dB to 145 dB. Both MCL are now closer to the
MCL of LTE, 140.7 dB for UL channel and 145.4 for DL channel as described in [14]. All this in
combination with a small antenna with negative gain results in a wearable device with similar or
worse coverage than a phone using LTE. Preliminary experiments within Philips point in the same
direction, i.e., coverage for the patch appears to be somewhat worse than for a smart phone.
Indoor cell phone coverage is not a given in all hospitals, but Distributed Antenna Systems (DAS)
and small-cell systems are common in many hospitals to enhance cell-phone coverage in these often
large and concrete buildings. However, it turns out that generally these indoor solutions do not
support LTE-M, as typically indoor solutions operate in 2600 MHz or maybe 1800 MHz bands, not
in the low bands (e.g., 800 MHz), whereas many operators deploy LTE-M only in the low bands. In
addition, those DAS systems may require some software updates to support LTE-M, depending on
the layer of the stack at which they operate. This means that getting indoor coverage of LTE-M in
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hospitals – opposed to cell-phone coverage – is either not possible or may involve significant effort
and cost. Note that in current practice LTE-M modems do support 1800 MHz but not 2600 MHz †.
Indoor cell phone coverage is also not a given for homes in all countries. For example, in Norway
there is 98% population coverage, but this relates to outdoor not indoor. Specifically, this poses a
problem for well-insulated homes. Operators use Voice over Wi-Fi (VoWiFi) to mitigate
insufficient coverage in homes, but this is not a solution for the vital-signs patch, considering that
‘out-of-the-box’ connectivity without pairing or entering Wi-Fi credentials is one of its key selling
points.

In conclusion, the LTE-M vital-signs patch will experience somewhat poorer coverage than cell phones
but furthermore cannot always count on the indoor enhancement methods that phones benefit from.
Next to abovementioned technical issues, in-hospital coverage can also face issues from a business
perspective, specifically related to (lack of) inter-operability between different M(V)NO’s and other
market players. This topic has been jointly explored by Philips and Telenor and is reported upon in (the
intermediate version of) D7.4 [3] followed by a joint conference paper [4]. The key message is that this
calls for an ecosystem approach. The intent is to continue the business model investigation with
involvement of OUS. Also, Philips intends to deploy a survey on the topic of in-hospital coverage with
hospitals within 5G-HEART. In particular, some insights were already gathered discussing the John
Radcliffe hospital with representatives from Oxfordshire County.

Research questions & topics
Considering the requirements and observations elaborated above, Philips has decided to (re)focus its
efforts with regards to the current subcase by addressing the research questions below.
Main research question:
How to minimize energy consumption for connectivity in D2C wearables, while safeguarding
reliability, security, privacy, and easy integration into the Philips Cloud?
Research question 1:
Which protocols and protocol options could help reduce energy consumption for data upload by
D2C wearables and how would they best be integrated with the Philips Cloud?
Research question 2:
Could the deep coverage modes of NB-IoT help address the coverage concerns for the patch, while
staying within its limited energy budget and if so, what would be the implications for integration
into the Philips Cloud?
Research question 3:
Would it be possible to perform a single firmware over-the-air (FOTA) update for the patch, while
staying within its limited energy budget?
Research question 4:
Would reduced transmit power – specifically, power class 6 (+14 dBm) – enable a smaller form
factor patch and if so, would that improve patient comfort, while safeguarding sufficient coverage?
Research question 1 concerns continuation of work from phase-1 (see Section 7.3 of D3.2 [2]). Research
questions 2 and 3 were newly identified during phase-2. Research question 4 (see Sections 7.2.2 and

†

The GSMA LTE-M deployment guide [13] states that bands 1, 2, 3, 4, 5, 12, 13, 20, 25, 26 and 28 are likely to be used in
actual deployments. This overview doesn’t include any bands in the 2600 MHz range. Consequently, modem vendors are not
likely to support such bands as well when producing global modules. Also, no modules supporting such bands have been
identified by the project members.
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7.4.2.2 of D3.2 [2]) was identified during phase-1 and wrapped up during phase-2. Therefore, within the
current deliverable, the following four topics are reported upon:





Selection and optimization of upload protocols (Research Question 1) [running].
Feasibility of NB-IoT for improved coverage (Research Question 2) [started].
Feasibility of firmware over-the-air update (Research Question 3) [to be started].
Exploration of potential benefits of reduced transmit power (Research Question 4) [completed].

Figure 46 illustrates the different topics addressed for this subcase. The study into upload protocols
(RQ1 = Research Question 1) is the main activity and the use case study was used to validate the KPI
assumptions initially made. The coverage exploration study emerged from concerns raised during
prototype design and gave rise to a more focused, short-term, study into whether NB-IoT’s deep
coverage modes could be part of a solution addressing these concerns (RQ2). Similarly, the FOTA study
(RQ3) is a new topic that came up and needs addressing to get a full picture of the energy consumption
of the patch. The reduced transmit power study (RQ4), which was intended to address perceived issues
with high peak currents during transmission, has been discontinued based on more recent insights.
Phase I

Phase II

Phase III

RQ4: Reduced Tx pwr
RQ3: FOTA
RQ2: NB-IoT coverage
Coverage exploration
RQ1: upload protocols
Use case expl.

2019

2020

2021

2022

Figure 46 Topics addressed for H3A (timing indicative)

A note on chapter structure
The setup used by the prototype patch developments within Philips is sketched in Section 8.2. It is very
similar to how a solution deployed in the market would look like. This description mainly serves to
provide some context to the experiments that are described in Section 8.3. The experiments are the main
focus of Philips’ contributions to this 5G-HEART subcase. They involve exploring the trade-off between
protocol overhead and energy usage for LTE-M and NB-IoT under varying coverage levels.
Specifically, the main discussion is found in the intermediate results section (Section 8.3.4), which is
structured in line with the four topics introduced above, as is the next steps discussion of Section 8.4.

8.2 Proposed setup
8.2.1

Network architecture

The (prototype) patches connect to live commercial LTE-M networks, using SIM cards with national
and international roaming, to enable operation across the world. As in-hospital coverage is of particular
importance, interoperability with coverage extensions such as DAS systems and small cells will be a
key factor to the success of the proposition. This topic requires more attention, as outlined in [4].

8.2.2

User application architecture

Figure 47 sketches a top-level view of the overall system. A patient is equipped with a sensor that sends
vital-signs “Direct-to-Cloud” via the cellular network. The hospital accesses the data from this Cloud.
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Figure 47 Top-level, end-to-end user application architecture for H3A

The scope of the work within 5G-HEART relates to – efficiently, securely, and reliably – uploading
vital-signs data to the Philips Cloud. This aspect is detailed out in Figure 48.
Vital-signs patch

(A)

Sensor(s)

Application
MCU

AT
cmd

Upload protocol

LTE-M/NB-IoT
modem

Philips Cloud

Power supply (battery)

Vital-signs patch

(B)

Sensor(s)

Application
MCU

AT
cmd

LTE-M/NB-IoT
modem

Optimized
upload
protocol

“Conversion
service”

Philips Cloud

Power supply (battery)

Figure 48 Architecture for H3A; (A) Cloud-native approach, (B) alternative approach

As explained in Section 8.1, a Cloud-native approach (A) is preferred. In this approach, the patch directly
uses protocols and protocol options as supported by the Philips Cloud. An approach (B) with a
“conversion service” in between could be conceivable if this would enable much more efficient upload
protocols. The latter would certainly be needed if the patch were to leverage NB-IoT’s deepest coverage
modes (see Section 8.3.4, “Feasibility of NB-IoT for improved coverage”).
Figure 48 also depicts the top-level block diagram of the patch itself. It leverages LTE-M / NB-IoT
modems available in the market today. These modems are controlled from the application MCU by
means of an AT-command set. The AT-commands are sent over a UART connection between MCU and
modem. Note, by the way, that some modem vendors integrate an application MCU in their offering.

8.2.3

Hardware components

Different modems available on the market will be used for the experiments. Therefore, the reader is
referred to Section 8.3 for specifics.

8.2.4

Software components

The modem firmware is part of the modem vendor’s offering. The application firmware running on the
MCU is being developed in-house by Philips, but less relevant for the experiments described in Section
8.3. Also Cloud and “Cloud conversion” software is described there.
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8.3 Testing and verification
8.3.1

Methodology

The work was conducted in an iterative way. It involved exploring design options through a variety of
literature studies to better understand topics such as IETF protocols, developments in 3GPP and Cloud
data ingest protocols and load balancing. Many of these literature studies were complemented with small
practical experiments, sometimes involving LTE-M / NB-IoT modems, but also quite often just PC’s.
The insights gained on these topics were complemented with rigorous energy measurements performed
by an automated test framework as described in Section 8.3.3. This way quantitative, statistically
relevant, information was obtained about the impact of different protocols, protocol options, 3GPP
technologies and features on energy consumption (and coverage) for cellular communication.

8.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5] (see also IR6.3 [7]). Table 16 presents the resulting list of network
requirements together with their target values.
Table 16 Target KPI values for H3A

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity

Target values
N.A.
Low ≤ 1 Mb/s
Low ≤ 1 Mb/s
Low > 1 s
Low: 99.99%
50 < Medium ≤ 200 km/h
N.A.
Low: 1000 devices per cell max
N.A.
≤ 1 Mb/s/m2
1 patient/m2 gives same number as peak rate
High: Confidential

Area traffic capacity
Security/privacy

However, that description does not explicitly address the two most challenging KPI’s for this subcase,
namely energy consumption and coverage. As stated in Section 8.1, “Application connectivity
requirements”:



The energy budget for a single upload is about 3 mWh.
The patch must be able to send the message through even under poor coverage, and especially, on
hospital general wards, and in patient’s homes.

The coverage requirement is not very well quantified, but generally speaking the patch must be at least
on-par with cellular phone coverage in spite of losing “a few dB’s” and this must still be true in a hospital
where a DAS, small-cell system or NPN is in place (i.e., these must be enabled to support LTE-M / NBIoT as well).

8.3.3

Measurement and testing tools

An automated test framework, as depicted in Figure 49, has been developed in house to enable rigorous
testing of different (IETF) protocols and protocol options on different modems, utilizing different 3GPP
standards and features. Specifically, the framework enables repeated tests (for statistical significance)
of energy consumption, peak power, and coverage.
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Control &
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Figure 49 Block-diagram of automated test framework for H3A

The framework comprises the following elements:







The (LTE-M / NB-IoT) modem is the device under test (DUT). Specifically, Sequans GM02s,
Nordic nRF 91 and u-blox R5 have been used within the scope of the current studies. Although this
framework has proven very effective in comparing different modem types, the focus of the work
conducted within the scope of 5G-HEART was in comparing protocols, protocol options, 3GPP
standards (LTE-M vs. NB-IoT, in particular) and 3GPP features such as PSM, RAI, etc. As the
support for some of the protocols, protocol options, etc. varies between modem types, different
modem types were used for different experiments, as described in Section 8.3.4 below.
The current meter (Otii Arc [19] by Qoitech) measures the current being drawn by the DUT from
the power supply as function of time, resulting in graphs as depicted in Figure 50. When multiplied
by the supply voltage and integrated over time, the energy expenditure of the (upload) operation (or
part of it) can be computed. Actually, the Otii combines a current meter with a power supply in a
single device.
The attenuator can weaken the antenna signal by a selectable number of dB. To enable fully
automated measurements, a software controllable attenuator (Adaura’s 2-channel USB RF
attenuator [20]) was chosen.
The control & analytics part (basically a PC running in-house developed software comprising mostly
Python scripts) feeds AT-commands into the DUT to make it execute a particular protocol with
particular options (etc.). It also configures and retrieves data from the current meter, and it can be
used to control the attenuator setting. It produces output as files in comma-separated value (CSV)
format and provides further tools for data analysis and (graphical) presentation. The data produced
also contain a lot of metadata as returned by the modem over the AT-interface, e.g., RSRP, Cell-ID,
TX-power, etc. Furthermore, the output data can optionally be uploaded into an Influx database and
then can be presented in an overview on a Grafana-based dashboard (see Figure 51).

Figure 50 Example output of current meter (H3A)
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Figure 51 Grafana-based dashboard for H3A (current vs. time and energy per phase)

Certain elements of the test framework – DUT, Otii and attenuator– are placed in a shielded box (Figure
52), i.e., Faraday-cage (JRE1724 by JRE Test LLC [21], featuring several shielded connections) to avoid
leakage of RF energy. This is of particular importance to get reliable results at high attenuator settings.
For example, for NB-IoT in deep coverage, a 45 dB attenuation setting has been used.

Figure 52 Automated test framework for H3A

Typically, testing is done on a life commercial network as available on the Philips Eindhoven campus
(e.g., Vodafone) but the test framework can also be integrated with a network simulator (Amarisoft)
instead, to enable better repeatability of tests. However, often life operation is preferred to keep in touch
with reality. Statistical significance is achieved by repeating the experiments a large number of times
(25-100).

8.3.4

Intermediate results

The results for each of the four topics/studies as introduced in Section 8.1, “Research questions & topics”
are discussed below, one by one, followed by some high-level observations that may be valuable to the
mobile community.
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Selection and optimization of upload protocols
This study attempts to answer the first research question: “Which protocols and protocol options could
help reduce energy consumption for data upload by D2C wearables and how would they best be
integrated with the Philips Cloud?”
The current research continues where phase-1, as documented in D3.2 [2], left off. Two key conclusions
at that time were (1) that LTE-M and NB-IoT are on par in terms of energy consumption when using
“plain UDP” as data ingest protocol and (2) that, for LTE-M, native data ingest into the Philips Cloud
(using HTTPS/OAuth 2.0) ‘only’ has a five times penalty relative to “plain UDP”, even though a
hundred times more data is exchanged (see Section 7.3 of D3.2 [2]). Observe, that “plain UDP” provides
neither security nor reliable delivery. Within the context of the current study, it is intended to provide a
baseline for the other protocols, not to serve as an actual design option.
However, it should be noted that the LTE-M and NB-IoT measurements were done using different
modems and involved quite some extrapolations, making them less accurate. Furthermore, all these
measurements were only conducted under typical coverage conditions, deep coverage was not
investigated.
In the meantime, most these shortcomings have been addressed and additional protocols and protocol
options have been identified and to some extent evaluated.

General observations
As a general observation, the energy usage of cellular communication is mostly impacted by (1) the
upload frequency, then by (2) the number of message flights (or handshakes, including the potential
retransmissions) during an upload and lastly by (3) the actual payload size in the messages. Each upload
– considering that they are an hour or more apart – involves booting the modem, attaching to the
network, performing the message flights and detaching from the network.
Observe that also the choice of modem has an impact on energy usage, which should be considered
when developing an actual product. However, that is out-of-scope for the current discussion on
protocols.

Plain UDP vs. HTTPS/OAuth (and other protocols) at varying coverage
For “plain UDP” over LTE-M, the energy expenditure is seven times higher when coverage is on the
edge (RSRP ~ -130 dBm) compared to when coverage is decent (RSRP ~ -100 dBm), whereas for
HTTPS/OAuth this is ten times. The energy difference between plain UDP and HTTPS/OAuth is a
factor four under decent coverage and a factor six at the edge of coverage. Also observe that the worst
case (3.72 mWh for HTTPS/OAuth at -130 dBm) is just slightly over the ~3 mWh budget as stated in
Section 8.1, “Application connectivity requirements” above.
Figure 53 shows some measurement results annotated with aforementioned ratios. These measurements
utilized Nordic nRF91 and a Vodafone Global SIM, connecting to the Vodafone NL network. In
between measurements, the modem is switched off and put to sleep, as additional measurements showed
this being significantly more energy-efficient than using PSM (observe that RAI for LTE-M is not
widely deployed, which would force the modem to stay awake during the whole RRC connected phase
until the modem goes to RRC idle, significantly increasing the energy consumption). Also, a Cloudproxy with a fixed IP-address was used, i.e., a small overhead for DNS lookup is not accounted for.
Furthermore, as a life network was used, results may vary from day to day.
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Figure 53 Energy consumption per upload in mWh (H3A)

In addition, CoAP/DTLS with pre-shared key (PSK) has been assessed, but is of lesser relevance, as
PKI (public-key infrastructure), i.e., key agreement and certificate-based server authentication) is
preferred for easy deployment. The CoAP/DTLS (PKI) numbers are expected to be much closer to the
HTTPS/OAuth numbers. This triggers the question whether an alternative, more energy-efficient, yet
still secure (!), protocol like CoAP/DTLS (PKI) is still worthwhile, especially considering that CoAP
over DTLS (or UDP at large) is not directly compatible with the Philips Cloud. Another alternative
under investigation (TLS/TCP-based) MQTT but has much better compatibility with the Cloud
architecture than CoAP over DTLS. However, considering that MQTT connections cannot be
maintained during the two hours that the modem is asleep, gives reasons to believe that it will actually
be less energy-efficient than HTTPS/OAuth (to be proven with actual experiments).
The reason for the relatively small difference between “plain UDP” and HTTPS/OAuth lies in the
substantial overhead caused by the cellular protocol. A significant part of the total energy consumption
of the upload protocol can be attributed to attach and detach, operations that are required each time again
because the modem goes to sleep to only wake up two hours later. This is intrinsic to the way cellular
protocols work, that is with pre-assigned timeslots and hence the need to synchronize time between UE
and base station. Possibly future 3GPP releases should consider a non-scheduled, i.e., contention-based,
protocol for this type of applications, akin to LoRa.
Nevertheless, it is very worthwhile to try and reduce the four to six times overhead as much as possible
without losing reliability, security, and Cloud-compatibility and this is exactly what the current effort is
about. Note that the current analysis focuses on energy only. However, another parameter to consider
may be the data cost paid to the MNO.
Two possibilities for optimizing the HTTPS/OAuth protocol have been identified (to reduce the gap
with “plain UDP”): extended OAuth token lifetime and TLS session resumption respectively.

OAuth token lifetime reduction
The OAuth token lifetime is 30 minutes by default. Considering that the patch uploads data once every
one or two hours, a new token needs to be requested for each upload. This means that each upload
comprises two full HTTPS exchanges; one to request a token and one to upload data using that token.
The lifetime of the token can be extended by configuring the Cloud service differently. Extending it to
one day means that only one of every 12 or 24 uploads requires two HTTPS exchanges, all the others
can re-use the token to upload the data directly (i.e., using only a single HTTPS exchange). This will
reduce the (average) energy consumption of an upload by 33% at the edge of coverage and 42% for
decent coverage. This means that the difference in energy consumption between “plain UDP” and
HTTPS/OAuth is reduced to a factor of 2.3 (decent coverage) to 4 (edge of coverage).
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TLS session resumption
TLS session resumption (SR) is a well-known mechanism to reduce the overhead of the TLS handshake
(HTTPS = HTTP/TLS/TCP/IP). The session keys negotiated for the first upload can be reused for the
next ones, at least until they expire, saving a handshake as well as the exchange of certificates. This way,
for example, only two full TLS handshakes will be needed per day, instead of having one for every
upload. However, the support of session resumption on the Cloud side is problematic in combination
with the use of load balancing. Load balancing means that for each upload the patch may be connecting
to a different physical server and that this other server may not remember the session details from its
predecessor. Cloud configurations exist to address this problem, but it is not yet clear how to enable it
for the Philips Cloud in its current configuration. In addition, such a solution would require the use of
so-called session tickets (as opposed to so-called session ID’s) and support for these is not yet common
among LTE-M modem modules.
Nevertheless, in order to get a first assessment of the potential gains, some preliminary experiments
were conducted with u-blox R5, the only modem decently supporting session resumption at the time,
see Table 17. The IAM service provides the OAuth login to obtain the token, while the TDR service
provides the data upload of vital signs into the Philips Cloud.
Table 17 Energy consumption w/wo SR with increasing attenuation (H3A)

Experiment
IAM (0 dB)
IAM (10 dB)
IAM (20 dB)
TDR (0 dB)
TDR (10 dB)
TDR (20 dB)

No SR
[mWh]
1.5
1.52
2.63
1.46
1.73
4.18

SR (corrected)
[mWh]
1.495
1.52
2.14
1.39
1.65
3.62

Savings
[%]
3.5
0
18.7
4.5
4.4
13.3

This shows that a resumed handshake saves up to 19% relative to a non-resumed handshake. However,
a few disclaimers should be made for these (very first) successful measurements:







The SR experiments were performed using a (non-load balanced) proxy server featuring session
ID’s (i.e., the only type of session resumption that’s actually supported by today’s modems). The
gains for session tickets might be slightly less.
The TDR exchange involves a 2 kB payload which explains the difference with the IAM handshake.
The typical 140-150-byte payload for the post-surgery patch upload will be closer to the IAM
numbers.
The certificate chain used for these experiments is shorter (2.1 kB instead of 4.6 kB) than used in
the typical Philips Cloud deployment. Therefore, in a real deployment, somewhat larger savings can
be expected.
These initial experiments were repeated only 10 times, leading to a very large spread, a lot of which
could be attributed to a large variation in attach times. Therefore, the numbers from the SR
experiments have been corrected to use the same attach-energy as measured in the non-SR
experiments.
One might expect session keys to have a 12-hour lifetime, meaning that in the most ideal case 5 out
of 6 of the handshakes could involve session resumption.

Nevertheless, tentatively, it seems that if one could put session resumption to work in a load balanced
server setting (which might actually not be the case) one could expect energy savings up to 20%.

Further developments in IETF
During phase-2, also a more thorough review of IETF standards was conducted related to shortening the
handshakes to further improve energy consumption (and while doing so, also data cost). Within the
context of IETF, many options to reduce the overhead of a handshake have been proposed. An overview
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of those options has been made, considering only those that permit a change of client IP address in
between uploads, as required by cellular devices that detach from the network in between uploads. Based
upon a comparison and analysis of the different options, see Table 18 for details, the following steps for
energy (and data cost) optimization for periodic cellular data upload applications have been obtained:
1. Short term: TLS 1.2 with extended token lifetime (no session resumption).
2. Mid-term: TLS 1.2 with session tickets will reduce every handshake (except for the first one) with
two messages, as well as avoid the need for recurring transmission of the server certificates,
improving battery life and reducing data cost. Issues with load balancing and lack of support by
modems still need to be addressed, however.
3. Mid/long-term: TLS 1.3 with (stateless) session resumption could further reduce the handshake
with two messages further improving battery life. Support still lacking by Cloud and modem
vendors.
4. Long-term: UDP-based protocols will be needed to avoid the last 2-way handshake, that is the TCP
SYN. Of those QUIC seems to be a credible contender as it appears the industry may get behind
this. It is unclear whether any of this is on the radar of Cloud and modem vendors.
For any of these steps, except the first two, the actual gains in energy consumption still need to be
assessed.
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Table 18 Options for reducing message flights & payload (H3A)
Protocol

Options

Reference

TLS 1.2

-

RFC 5246

Messages per
handshake
(excl. initial,
incl. TCP
SYN)
6

+SR Session ID
+SR Session
tickets

RFC 5246
RFC 5077

4
4

False Start
(cached_info)

RFC 7918+7924

4

TLS 1.3

-

RFC 8446

4

+SR server state

RFC 8446

2

RFC 8446

2

DTLS 1.2

+SR no server
state
-

DTLS 1.3

+SR Session ID
+SR Session
tickets
-

RFC 6347

4

RFC 6347
RFC 5077

2
2

draft-ietf-tls-dtls13-38

2

+SR server state
+SR no server
state

0
0

Big

Modem
support?

Comment

Y

Y
Mid-term, if
load
balancing
could be
addressed
Similar to
TLS 1.3,
1-RTT
(+cached_i
nfo for
smaller
messages)

Big
Mid/longterm

Big

Y
Y

Y

Big
0-RTT
0-RTT

draft-ietf-tls-dtlsconnection-id-09

0

QUIC

Open connection

draft-ietf-quictransport-34

0

As
DTLS/CID

0

As DTLS
1.3 (0RTT)

0

Similar to
DTLS/CID

“Fast Session
Resumption in DTLS
for Mobile
Communications”
[12]

Feasible
with cloud
convertor
& existing
modems?

Short term

Persistent
connection

TCS

Opportunity

Y

DTLS/CID

Session
resumption

•
•

Data
size

Long-term,
best
performance
Long-term,
best
performance
Long-term,
best
performance,
possible
industry push
Long-term,
best
performance,
possible
industry push

Keeping TCP connection open not very realistic (modem wakes up from sleep and gets new IP address)
MQTT adds two extra message flights (CONNECT/CONNACK). Not an option

Feasibility of NB-IoT for improved coverage
This study attempts to answer the second research question: “Could the deep coverage modes of NBIoT help address the coverage concerns for the patch, while staying within its limited energy budget and
if so, what would be the implications for integration into the Philips Cloud?”

Lean-and-mean protocol
Due to the fact that operators typically don’t support CE Mode B for LTE-M, whereas EC Mode 2 is
mandatory for NB-IoT, theoretically a link budget gain of some 15 dB, with respect to LTE, can be
expected in the best-case deployment scenario. However, this will only be possible with massive
repetitions; whereas LTE-M CE Mode A doesn’t repeat a symbol for more than 32 times, EC Mode 2
could go to up to 2048 times. This in turn implies that deep coverage equates extremely low data rates
and consequently that the protocol used must be as lean and mean as possible. In particular, HTTPS /
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OAuth – with up to 24 message flights and more than 10 kB of data exchanged – will not be feasible;
either the battery will run out very quickly or the protocol will time out before that.
Integrity / authenticity, confidentiality, and reliability are hard requirements. As such authenticated
encryption (e.g., AES-CCM) and data acknowledgement (with retransmission) seem unavoidable.
However, easy Cloud integration and device provisioning could be compromised in favour of deep
coverage, while still fitting the power budget. Therefore, a lean-and-mean, UDP-based protocol could
comprise the following elements:








One uplink UDP packet with vital signs.
One downlink UDP packet for end-to-end acknowledgement.
VPN (edge) deployment to avoid DDoS attacks.
Binary-encoded vital-signs data.
Reduced sampling rate if acceptable to the application (i.e., less than once per 5 minutes).
In-factory distribution of (symmetric) encryption keys.
AES-CCM for confidentiality/integrity/authenticity (using a minimum acceptable MAC size).

Therefore, a single handshake comprising a 24-byte UDP uplink packet and a 1-byte UDP downlink
packet is foreseen as the basis for conducting experiments. Obviously, this approach has many
drawbacks, like having to deploy and maintain a dedicated “conversion service” as depicted in Figure
48(B) and the whole logistics of out-of-band key distribution and management.

Deployment modes
In addition to the repetitions, NB-IoT can be deployed in three different modes, each of them offering
different characteristics [17]:




Standalone deployment: where NB-IoT can either occupy one or more GSM carriers (200 kHz) or
be deployed in a band adjacent to LTE.
LTE guard band deployment: where NB-IoT operates within the guard-band of an LTE carrier.
LTE in-band deployment: where NB-IoT is deployed within the LTE bandwidth.

Standalone deployment offers the largest link budget due to lower interference, followed by the guard
band deployment and the in-band deployment. Besides some online blogs [18], little appears to be
known from literature about the MCL that each deployment mode can offer. At the time of writing there
is no definitive indication as to which one of the three deployment modes has been deployed more often
by operators, although guard-band deployment seems popular.

Test plan
An agile, fail-fast, approach is taken to explore the feasibility, comprising the following steps:
1. Compare attach/detach for NB-IoT vs. LTE-M at increasing levels of attenuation:
– When does it break, i.e., how much dB gain does NB-IoT have over LTE-M?
– How much energy does attach/detach take for NB-IoT at deepest coverage?
2. Add sending uplink UDP packet with 24-byte application payload (i.e., six 4-byte samples).
3. Add sending downlink UDP packet with 1-byte payload as acknowledgement.
Subsequent experiments might address quantifying the sensitivity for payload size, consider options like
BEST, OSCORE, CP CIoT EPS Optimization, and EDT and attempt to assess what a certain gain in dB
means for actual coverage in hospitals and beyond.
As part of the phase-2 activities, first results for step-1 – comparing attach/detach for NB-IoT vs. LTEM, at increasing levels of attenuation – have been obtained. Further experiments will be conducted as
part of phase 3 (see Section 8.4).
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Experimental setup for attach/detach (step-1)
The test framework depicted in Figure 52 has been used to connect to the commercially available
Vodafone network at the Philips Research premises in Eindhoven. Both the NB-IoT and the LTE-M
measurements used the same cell tower (different cell-ID’s), and both operated in band 20. This
Vodafone NL, NB-IoT network is deployed in the guard-band. The Nordic nRF9160dk modem was
used.
A total of 25 iterations of the experiment has been performed to deal with statistical variance. In each
iteration, first the LTE-M measurements were conducted at increasing attenuation level, followed by the
NB-IoT measurements. By interleaving the LTE-M and NB-IoT measurements in this way, slow
(daytime) variations in signal conditions were mitigated. The attenuation was increased in 10 dB steps
for decent coverage, followed by 2 dB steps for poorer coverage (starting at 30 dB for LTE-M and 40
dB for NB-IoT), in order to balance the run-time of the experiment with accuracy. A timeout was
applied; if an attach operation doesn’t succeed after 4 minutes it will be aborted and the attach is
considered not successful. In this case, higher attenuation levels were also aborted for the remainder of
the iteration.

First results for attach/detach (step-1)
Figure 54 shows the successful attachments for the subsequent 2x25 iterations of the experiment. Each
attachment is shown as a blue or orange dot at the respective attenuation level. As can be seen the LTEM (blue) and NB-IoT (orange) measurements were interleaved. The diagram clearly shows that NB-IoT
is capable of handling more attenuation.

Figure 54 Successful attachments (H3A)

The highest attenuation levels at which attach was still possible (i.e., corresponding to the highest dot in
each column) was subsequently presented in a box plot, see Figure 55. To be able to calculate a correct
average, outliers have been removed from the data set for creating this boxplot. This diagram clearly
shows a significant link budget gain of ~12 dB in favour of NB-IoT.

Figure 55 Highest attenuation at which attach still possible (H3A)
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Figure 56, Figure 57, Figure 58, and Figure 59 show the attach time, energy consumption, uplink
repetition factor and downlink repetition factor respectively, each time as function of attenuation level
for both LTE-M (left) and NB-IoT (right). Observe that the repetition factor is the maximum value that
the network allows; the actuals may be lower.

Figure 56 Attach time for LTE-M (left) and NB-IoT (right) vs. attenuation (H3A)

Figure 57 Energy consumption for LTE-M (left) and NB-IoT (right) vs. attenuation (H3A)

Figure 58 UL repetition factor for LTE-M (left) and NB-IoT (right) vs. attenuation (H3A)

Figure 59 DL repetition factor for LTE-M (left) and NB-IoT (right) vs. attenuation (H3A)
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Most interesting to note (Figure 57) is that the energy consumption for NB-IoT attach/detach at worst
possible coverage (48 dB attenuation) is some 4-5 mWh. Although this exceeds the energy budget for
upload of ~3 mWh (even without any data transfer taking place, just attach/detach) this is still in the
right ballpark. For example, if the vital-signs patch experiences poorest coverage only part of the time,
it would still be beneficial. Obviously, this also correlates with attach taking more time if coverage
becomes worse (Figure 56); up to a minute or more, especially for NB-IoT.
The uplink repetition factor for LTE-M maxes out on 32, which is expected considering that CE Mode
B is not supported. The downlink repetition factor maxes out on 16, which seems to indicate that LTEM is somewhat uplink limited. In contrast, for NB-IoT the maximum repetition factor of 2048 (EC Mode
2) is not at all observed. For uplink it maxes out at 32 and for downlink at 512. Apparently, NB-IoT is
downlink limited. This is, as a sidenote, consistent with a module vendor’s argument that power class 5
(+20 dBm) is just as good as power class 3 (+23 dBm). See Figure 58 and Figure 59.
Figure 60 shows the RSRP observed for each of the individual measurements as dots. The top diagram
shows the results for the subsequent 25 iterations of the LTE-M runs and the bottom diagram the same
for the NB-IoT runs. An interesting observation is that the RSRP for neither LTE-M nor NB-IoT ever
drops below the -140 dBm mark, whereas there seems some further room for improvement for NB-IoT,
as the maximum repetition factor of 2048 is not reached (see above). This may be the result of the cell
configuration not permitting lower RSRP values to camp on the cell (i.e., q-RxLevMin-r13 setting in
SIB1) but that topic will be further investigated in phase-3. As a sidenote, observe that LTE-M
experiences lower RSRP at a similar attenuation level (i.e., RSSI). This can be explained by the
difference in the number of resource blocks.

Figure 60 RSRP as function of attenuation for LTE-M (top) and NB-IoT (bottom) (H3A)

Preliminary conclusions & observations
In conclusion, NB-IoT seems a promising alternative to LTE-M, as it could improve the link budget by
~12 dB, while not exceeding the ~3 mWh energy budget for vital-signs upload by too much. However,
more work is needed to reach a more definitive conclusion.
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One observation, requiring further investigation, is that the RSRP appears to be capped at -140 dBm,
which might lead to NB-IoT not showing its full potential. However, it should be noted that any further
coverage enhancement for NB-IoT (i.e., more repetitions) will cause a larger deviation away from
abovementioned energy budget.

Feasibility of firmware over-the-air update
This study attempts to answer the third research question: “Would it be possible to perform a single
firmware over-the-air (FOTA) update for the patch, while staying within its limited energy budget?”
FOTA update has very different characteristics from vital-signs upload, as addressed by the other
studies/topics; the ability to receive a large amount of data, once over the battery lifetime of the device,
as opposed to transmitting many small amounts of data over such lifetime. A first estimation of the
energy consumption has been made for LTE-M.
Two cases are distinguished, an update of the MCU running the sensor algorithm (512 kB) and a partial
update of the modem firmware (700 kB). Observe that the firmware for a particular modem counts some
16 MB, but a full FOTA update is technically not possible for this modem due to insufficient flash
memory. Yet possibly, larger incremental updates than 700 kB can be anticipated.
First experiments indicate that the MCU update takes between 5.7 mWh (-100 dBm) and 17.7 mWh (128 dBm) and the partial modem update between 7.2 mWh (-100 dBm) and 22.3 mWh (-128 dBm), see
Table 19. The -100 dBm numbers are based on actual measurements, while the -128 dBm measurements
are based on extrapolations, leveraging the relative increase (factor) in energy consumption observed
from the upload experiments, which may not be very realistic.
Table 19 (Estimated) energy for firmware download (H3A)

Energy (mWh)

-100 dBm

Full MCU update (512 kB)
Partial Modem update (700 kB)

5.7
7.2

-128 dBm
(extrapolated)
17.7
22.3

Therefore, first signs are encouraging (considering the size of the battery) but better estimates for modem
firmware update size are needed, regarding the size of an incremental update after two years of shelf
life.

Exploration of potential benefits of reduced transmit power
This study attempted to answer the fourth research question: “Would reduced transmit power –
specifically, power class 6 (+14 dBm) – enable a smaller form factor patch and if so, would that improve
patient comfort, while safeguarding sufficient coverage?”.
The prototype patch is a power class 3 device i.e., its maximum transmit power is +23 dBm. The
maximum transmit power is a property of the LTE-M modem, specifically of the RF power amplifier
(PA) that it comprises. Typical modems on the market are either power class 3 (+23 dBm) or power
class 5 (+20 dBm).
Within 3GPP power class 6 (+14 dBm) has been standardized as well (Rel 14 for NB-IoT and Rel 15
for LTE-M). The aim as anticipated in D3.2 [2], Section 7.4.2.2, was to investigate whether a reduction
in maximum transmit power (i.e., +14 dBm) would lead to a significant reduction in peak current drawn
from the battery. The expectation was that a lower peak current would enable a smaller battery and
hence a smaller patch. That way wearability, i.e., the comfort of the patient wearing it, could potentially
be improved. At the same time, obviously, a lower transmit power would lead to reduced coverage of
the device and one has to be aware that the patch has a tiny antenna which is worn close to the body,
reducing its coverage compared to a phone.
Table 20 shows a theoretical extrapolation of the peak current of a typical power class 3 (+23 dBm)
LTE-M modem. The peak current when transmitting at +23 dBm is 450 mA, of which the PA consumes
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400 mA and transceiver baseband the remaining 50 mA. As a reduction of 9 dB in transmit power
corresponds to a factor eight, this means that a +14 dBm PA would theoretically require 50 mA current,
leading to a total modem peak current of 100 mA.
Table 20 Extrapolation of peak current towards lower transmit power (H3A)

Max PA current
Transceiver current
Peak current

23 dBm
400 mA
50 mA
450 mA

20 dBm
200 mA
50 mA
250 mA

14 dBm
50 mA
50 mA
100 mA

Regrettably these theoretical numbers could not be validated in practice. No +14 dBm modems exist on
the market today and very few +20/23 dBm modems can be clipped at +14 dBm (and those do not
support 3GPP compliant power-class signalling). Some modems allow readout of actual transmit power
(which could be correlated to actual current consumption), but the outcome of these experiments was
disappointing (i.e., did not support the theory outlined above).
Nevertheless, the potential impact of reduced peak current (450 mA → 100 mA) on battery size has
been briefly assessed for the post-surgery case. Given the current LiMn battery chemistry (and other
readily available ones) and use case, the size of the battery appears to be mainly determined by energy
content, rather than by peak current. Even for a use case with a shorter lifetime (and/or fewer uploads),
the reduced peak current could at most help reduce the device thickness by a few mm’s, whereas
wearability doesn’t seem to be a real problem with the current prototype.
In addition, MNO’s do not seem eager to support +14 dBm, possibly because of the negative impact on
coverage, and/or the additional investments needed to compensate for it. As a consequence, module
vendors do not seem to be moving in the direction of power class 6 (only) modules.
Considering the above, it has been decided to discontinue this investigation.

Observations on mMTC technology & deployments
Small D2C wearables constitute a new class of mMTC devices putting challenging demands on energy
expenditure and coverage. The various studies/topics addressed by this subcase have highlighted a
number of issues with present-day cellular deployments, as well as 3GPP technologies. Some key issues
are enumerated below to serve as feedback to the mobile community:





Indoor coverage enhancements (DAS, small cell, etc.) often don’t take LTE-M/NB-IoT into
account. This poses a serious problem to the uptake of small D2C wearables.
In addition, interoperability of (inter)nationally roaming wearables with indoor operator-bound or
NPN deployments needs to be addressed (see [4]).
The absence of CE Mode B in LTE-M deployments means that LTE-M powered wearables may
actually experience worse coverage than phones. Therefore, also the uptake of small D2C wearables
in e.g., homes may negatively be affected (however, in some markets NB-IoT may be a fallback).
The energy expenditure for small D2C wearables uploading a small amount of payload (e.g., ~100’s
of bytes), a few times a day, is dominated by attach/detach. These two NAS procedures can be
avoided by configuring PSM so that the device only has to establish the RRC connection without
any extra NAS procedures. Unfortunately, this alternative may consume even further energy due to
the lack of RAI support across operators for LTE-M and NB-IoT forcing the device stay awake until
it goes to RRC idle. In conclusion, RAI support for both LTE-M and NB-IoT could also be beneficial
to the uptake of small D2C wearables.
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8.4 Next-step plans
Selection and optimization of upload protocols
The phase-2 experiments for the selection and optimization of upload protocols will be finalized within
phase-3. Most notably, more thorough experiments to assess the potential benefits of TLS session
resumption are foreseen, although the possibility to do so will depend on proper support by the available
modems.

Feasibility of NB-IoT for improved coverage






For phase-3, the main target is to get a more accurate estimate of both the link budget gain, as well
as the energy expenditure. For this, data transfer – comprising a 25-byte payload UDP uplink packet,
followed by a 1-byte UDP downlink packet in its most rudimentary form – needs to be added. Also,
the impact of PSM may be investigated to reduce energy expenditure, as by resuming the RRC
connection some of the attach/detach overhead can be avoided. In addition, CEA and TNO intend
to complement this with a technical discussion.
In addition, a higher-level perspective is needed in order to ‘translate’ the link budget gain to actual
advantages for coverage in hospitals and homes, also considering in-hospital infrastructures such as
DAS, small cells, and signal repeaters.
Another potential topic to investigate in more depth could be the suspected -140 dBm cap.
Similarly, the diffusion and impact of deployment modes on MCL could be worthy of further
research. Philips, TNO and CEA intend to discuss this topic further in phase-3, drawing in MNO
perspectives from Telenor.

Refer to Section 8.3.4, “Feasibility of NB-IoT for improved coverage” – “Test plan” for further potential
topics.

Feasibility of firmware over-the-air update
Obtain better size estimates for (incremental) modem firmware updates after two years of shelf life by
discussing with modem manufacturers and perform actual measurements of large data downloads under
deeper coverage levels.

Exploration of potential benefits of reduced transmit power
N.A. (investigation discontinued as described above)
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9

SUBCASE H3B: LOCALIZABLE TAG
9.1 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. The subcase, H3B Localizable Tag,
is based around the same scenario as Subcase H3A. Its objective is to evaluate the feasibility of a reliable
and low cost, low power localisation technique to complement the cloud connectivity of H3A. The
research work hence focuses on providing a lightweight and accurate radio-localisation feature on
wearable health monitoring patches. GNSS modules with low power consumption are currently
commercialised for IoT devices. Nonetheless, the current mMTC application is expected to demand a
very stringent power consumption. Thus, complementary location methods should be specified for
narrowband transmissions, notably for 5G-NB-IoT evolutions [25][2] (D3.2).
As stated in Section 8.2.1 of D3.2 [2], narrowband communication systems such as NB-IoT and LTEM are not suitable for accurate ranging [25]. Therefore, a new “phase-coherent multi-channel” approach
is proposed that addresses these shortcomings by combining (narrow-band) channels over the whole
band, in order to create the much-needed bandwidth for accurate localisation.
The phase-1 field trials focused on lab experimentations. A laboratory hardware platform based on RF
and digital COTS was defined and developed, and subsequently its performance was validated in the
laboratory (AWGN Channel). The phase-2 field trials were conducted on the campus. An assessment of
an intermediate version of the narrowband LPWA location algorithm was performed over the air, in a
realistic environment. The tests have been performed outdoors with LOS and NLOS propagation
conditions and subsequently indoors. This phase has been completed. Performance results of the trial
have been very encouraging particularly when LOS operation is predominant.
During phase-1, in the open field, a 10-20-fold improvement of localisation accuracy has been observed
D3.2 [2]. In phase-2 further investigations have been conducted by combining simulation work with
field trial results.

9.2 Proposed setup
A ranging procedure will be performed by each base station that can communicate with the patch. The
purpose of this operation is to estimate the distance between the patch and each base station. Based on
these measurements, the simplest and most effective approach is that ranging information will be
extracted by the different base stations and subsequently centralized to the 5G servers or the emergency
centre, which will 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. One can also
imagine sending vital-signs 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 mMTC
network.

9.2.1

Network architecture

The network architecture is described in Section 8.2.1 of D3.2 [2].

9.2.2

User application architecture

Not applicable, although motivated by the application needs of a localizable patch, the work conducted
by CEA aims to develop novel localisation technology for consideration by future releases of 3GPP.
Such technology will likely find much broader application than in just vital-signs patches.
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9.2.3

Hardware components

An experimental transceiver testbed has been used for the indoor field trial (Figure 61) [22]. It is built
around a Software Defined Radio (SDR) that includes a radiofrequency (RF) front-end system-on-chip
from Analog Devices (reference AD9361) and a Xilinx Zynq-045 Field Programmable Gate Array
(FPGA) with integrated dual Cortex-A9 ARM processor. The electronic board is interfaced to a GNSS
module to obtain a ground truth for outdoor measurements.
Digital intermediate frequency up-/down-mixing stages are implemented in digital in the FPGA to
coherently process a 10MHz bandwidth by sequentially selecting at the receiver 1MHz channels. This
architecture ensures that Δ𝜙 , is constant for all channels c as required by Equation (9.4).
Two transceiver testbeds perform a multi-channel two-way ranging protocol using the ultra-NB scenario
parameters (see Table 22). The transmit power is set to PTX = 0dBm. The radio frequency filters and
the circulator, connecting TX and RX to the same antenna, add an attenuation ARF of approximately 5
dB.

Figure 61 Transceiver testbed with SDR, RF components, GNSS module, power supply (H3B)

9.2.4

Software components

The SDR platform described in Section 9.2.3 is operated through dedicated SDR software, designed to
coherently process 10MHz of bandwidth. Slices of 1 MHz filtered sample channels can be processed by
external CPUs (PCs). Real time samples may be stored in databases along with GNSS localisation data
to enable future algorithm improvements.

9.3 Testing and verification
As mentioned above, the work by CEA during phase-2 comprised the complementary activities of
simulations and field trials, respectively. The results of both activities are addressed subsequently in
Section 9.3.4.

9.3.1

Methodology

This set of measurements completes the phase-1 performance measurements that have been performed
around the premises of CEA and that are documented in D3.2 [2]. The performance of the narrowband
radio-localisation approach with real signals and in a realistic environment (outdoor/indoor, urban) has
been measured as part of phase-1. However, no experimentation of coherent multi-channel ranging has
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been performed so far in a severe indoor environment. This is particularly important for the H3B
scenario, as indoor propagation is rarely dominated by line-of-sight (LOS).
Experimental measurements have been conducted within the premises of CEA in Grenoble, France.
Measurements have been taking place over two different days and two measurement campaigns. An
overview plan of the measurement environment is given in Figure 62. The Radio Frequency (RF)
propagation environment is typical of office buildings. A base station is positioned outside the building
(BS) and ranging measurements are performed along a planned path (put in green in Figure 62). An
optical laser ranging tool has been used to manually geo-reference ten reference points (from P0 to P9).
These reference points are within the building premises and serve to evaluate the performance of the
experimental coherent multi-channel ranging system in an indoor environment. The reference points are
classified into two categories, LOS and NLOS depending on their ability to be in direct line-of-sight of
the base station. P0 to P5 are considered to be in LOS and P6 to P9 in NLOS.

Figure 62 Field trial plan and measurement plan for indoor performance (H3B)

© 5G-HEART Consortium 2019-2022

Page 104 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)

Figure 63 Trial setup for H3B, Position of P0 (left), Field Trial Setup (middle), Field trial environment, hallway,
points P2 to P5 (right)

9.3.2

List of key performance indicators

The user requirements associated with this subcase have been analysed and converted into a set of
network KPIs in D2.2 [5]. Table 21 presents the resulting list of network requirements together with
their target values.
Table 21 Target KPI values for H3B

Network requirements
User experienced DL throughput
User experienced UL throughput
Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security/privacy

Target values
N.A.
Low ≤ 1 Mb/s
Low ≤ 1 Mb/s
Low ≥ 1 s
Low: 99.99%
50 < Medium ≤ 200 km/h
1 < Medium ≤ 25 meters
10-meter radius (indoor) and floor-accurate (vertical
resolution ≤ 3 meters)
Low: 1000 devices per cell max
N.A.
≤ 1 Mb/s/m2
High: Confidential

The KPI for the localisation work is mainly focused on ranging metric accuracy (RMS error). The
conversion from ranging performance to localisation performance is degraded by the geometric dilution
of precision (GDOP) function of the scenario deployment. Assuming a nominal GDOP of 1, the ranging
metric performance directly translates to localisation performance. This is the assumption that has been
made in this study and trials.
As the focus for this work is on localisation accuracy, most of the other KPI’s (e.g., reliability, mobility,
and security/privacy) are not addressed by the current work. Observe that the KPIs as listed in Table 21
relate to the use case of a localizable tag, whereas the work on this subcase particularly focuses on
location accuracy, a key element of the scenario.
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9.3.3

Measurement and testing tools

Localisation ranging performance in an indoor environment has been performed using manually
annotated reference points (P0 to P9) and results have been analysed using box-and-whisker plots.

9.3.4

Intermediate results

Simulations
Principles of Phase-of-Flight (PoF)
Note to the reader: this is a plain copy of the corresponding paragraphs of Section 8.2.2 in D3.2
[2]. It is included here solely for the reader’s convenience, considering that it introduces the
notations and the approach used in the sequel. The reader who is already familiar with this
content of may skip directly to “Performance in presence of AWGN for 5G-NB-IoT” below.
The principle of phase coherent multi-channel approach is to rely on more accurate ranging estimates
while keeping the instantaneous RF signal properties of Low Power wide area signals (e.g.: cellular
IoT). A time-frequency representation of the multi-channel ranging signalling process is given in Figure
64 where two nodes sequentially perform a two-way packet exchange on different frequencies,
𝑓 = 𝑓 + 𝑐Δ𝑓, 𝑐 ∈ [0, 𝐶 − 1]. With constant carrier frequency, 𝑓 , a channel spacing Δ𝑓 and a total
number of 𝐶 channels. The two-way exchange is designed to synchronize both nodes that do not share
a common reference clock. Packets of instantaneous narrow bandwidth 𝐵𝑊
and characterised by
transmission times 𝑇 provide long-range connectivity.

Figure 64 Multi-channel ranging time vs. frequency for 𝐶 sequentially aggregated narrowband channels of
bandwidth, 𝐵𝑊 , form a virtual bandwidth, 𝐵𝑊 = (𝐶 − 1)Δ𝑓 (H3B)

The cross correlation of the received signal 𝑟
𝑋 ∈ {1,2} is given by:
[ ]
,

Ω

[𝑡 , 𝛿 ] =

[ ]

(𝑟

with the transmitted known preamble 𝑠 for both nodes

[ ]

[𝑘 −

])∗ 𝑠 [𝑘] ⋅ 𝑒

(9.1)

with complex conjugate (⋅)∗ , sampling interval 𝑇 over 𝐾 samples. For each channel 𝑐, estimates of the
relative Carrier Frequency Offset (CFO), 𝛿 , the Time-of-Arrival (ToA), 𝑡 , the Phase-of-Arrival (PoA),
[ ]
[ ]
𝜙 , and the amplitude, 𝐴 , are given, according to [26], by:
^ [ ]
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The PoA estimates for the received signal from node 1 (resp. 2) at node 2 (resp. 1) are given by:
𝜙
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and
𝜙

[

]

=𝜙

[ ]
,

− 2𝜋𝑓 (𝜏 − 𝑡 ) + 𝜑 − 𝜙

[

]
,
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[ ]

with propagation delay, 𝜏 , radio channel phase, 𝜑 , and initial transceiver oscillator phase, 𝜙 , .
Furthermore, the return packet – Equation (9.3b) – integrates a phase error due to the CFO and because
[ ]
the phase measurement is taken at time 𝑇 + 𝑇 + 𝜖 after PoA, 𝜙 . This phase error can be corrected
with a CFO estimate and the a priori knowledge of 𝑇 + 𝑇 . CFO estimation should fulfil 𝜖 <
𝜖 /(𝑇p + 𝑇g ), when maximum acceptable range error is 𝜖 .The time synchronization error 𝜖 may be
considered negligible as 𝛿 𝜖 ≪ 𝜏 . The time offset between both nodes, 𝑡 , is cancelled when
combining Equations (9.3a) and (9.3b):
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= −4𝜋𝑓 𝜏 + 2𝜑 + Δ𝜙

,

, (9.4)
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With Δ𝜙 , = 𝜙 , − 𝜙 , + 𝜙 , − 𝜙 , . PoF imposes a transceiver architecture that ensures Δ𝜙 ,
is constant for every channel, 𝑐 . When multipath propagation is considered, the channel transfer
function, 𝐻(𝑓), can be reconstructed with amplitude and PoF estimates on channels 𝑐 ∈ [0, 𝐶 − 1] as
follows:
𝐻 = 𝐻(𝑓)|(

^ [

)

=𝐴

] ^ [

𝐴

]

^ [ , ]

𝑒

. (9.5)

Applying the inverse discrete Fourier transform (iDFT) to 𝐇 = [𝐻 , … , 𝐻
version of the channel impulse response (CIR), ℎ(𝜏) [26].

] results in a sampled

The theoretical range resolution for this multi-channel processing scheme is determined by the virtual
bandwidth, 𝐵𝑊 , and is equal to Δ𝑅 = 𝑐 /(2(𝐶 − 1)Δ𝑓) = 𝑐 /(2𝐵𝑊 ) [27], where 𝑐 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 𝐇. Performance of this range estimator may be compared to state-of-the-art legacy
Time of Flight (ToF) estimation.
Single channel ToF measurements, 𝑑 , , may be obtained for each channel 𝑐. Comparison to PoF
based ranging, is done using the median of 𝐶 single channel ToF measurements in order to provide a
fair comparison, noted 𝑑 , . 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 𝑑 ,
is derived by searching
for the first path above a certain threshold, 𝛾
and is derived relative to and in a certain range before
the global maximum, 𝑅first , in the estimated channel impulse, ℎ(𝜏).
In the presence of NLOS, ranging information between transmitters is often biased and the measure
should be discarded. NLOS propagation is detected using a statistical estimate of the resulting CIR based
on a measure of its delay spread:
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𝜎 =

𝜏 − 𝜏

, (9.6)

with first and second moment 𝜏 and 𝜏 of the amplitude of CIR ℎ(𝜏). The delay spread estimate is
compared to a threshold ζ to classify the nature of the propagation between line-of-sight (LOS) or NLOS
[30]. This metric has already been evaluated in the context of a campus and proved very valuable [28][2]
(D3.2). However, the behaviour and performance of the approach has not yet been evaluated in severe
indoor environment where multipath propagation is prevalent.

Performance in presence of AWGN for 5G-NB-IoT
The principles of coherent multichannel ranging have been evaluated by numerical simulation under
additive white Gaussian noise (AWGN) channel conditions and CFO in order to theoretically estimate
the ranging performance of the algorithm and compare them to field measurements. Simulation
performance results are given in Figure 65.
Two different signal scenarios have been considered, an ultra-narrowband (Ultra-NB) scenario and an
evolution of 5G-NB-IoT. In both cases two transceivers perform a multi-channel, two-way ranging
according to Figure 64.
Ultra-NB Scenario

SNR (dB)

Figure 65 Simulated performance for ultra-NB (H3B)
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Figure 66 Simulated performance for NB-IoT evolution (H3B)

For the ultra-NB scenario, a 256-bit Gold code is modulated on a Binary Phase Shift Keying (BPSK)
at a rate, Rc = 10kb/s and repeated C = 16 times with a channel spacing Δf = 200kHz.
For the cellular NB-IoT scenario, it is assumed that signalling is transmitted over a NPUSCH channel
modulated using a single carrier modulation (π/2-BPSK) at rate equal to 15kHz for the uplink and
NPDSCH over a 180kHz bandwidth for the downlink. The transmitted signal consists of a Barker
sequence of Nc = 7 bits in order to fit the coded sequence within the duration of a NB-IoT frame slot.
The transmitted sequence is repeated on C = 16 different frequencies with a channel spacing Δf equal
to 180kHz. The complete localisation signal could therefore be transmitted over one 15kHz single carrier
NB-IoT frame (or approx. 16ms) when FDD is considered. This hypothesis is coherent with the low
power application but requires an adaptation of NB-IoT that would consider a frequency hopping
evolution.
The scenario parameters are summarized in Table 22 and simulated performance is given in Figure 63
and Figure 64 along with the Cramer Rao Lower Bound associated to these scenarios. The main
difference between both scenarios comes from the sequence duration that has been considered as the
CRLB (and hence the overall performance) is a function of the overall received signal energy. Since the
virtual bandwidth, BWvirt is of the same order of magnitude, performance is dominated by the SNR at
the receiver.
Table 22 Waveform and Multi-Channel Ranging Scenario Parameters (H3B)
Parameter
Sequence Type
Sequence Size
Narrow Bandwidth, BWsym
Channel Spacing, Δf
Virtual Bandwidth, BWvirt
Sequence duration
Range Resolution, ΔR

Ultra-NB

NB-IoT Evolution

Gold
256 bits
10kHz
200kHz
3MHz
819ms
50m

Barker
7 bits
15kHz
180kHz
2.7MHz
16ms
55m

Performance for the ultra-Narrowband scenario and for the NB-IoT scenario are very similar but shifted
by the SNR value of the overall sequence. This is mainly, because the sequence duration is much larger
with the parameters that have been selected for ultra-Narrowband than for the parameters selected for
NB-IoT. For 10dB SNR, the NB-IoT selected sequence performs with an accuracy of up to 1m RMS.

© 5G-HEART Consortium 2019-2022

Page 109 of 133

D3.3 Initial Solution and Verification of Healthcare Use Case Trials (v1.0)

CFO correction is assumed using the Mengali algorithm [24] and is efficient. This compares to 90m
RMS when legacy Time of Flight is considered.

Extension of the technique to MF-PDoA
The technique has been so far evaluated for two-way ranging scenarios, where elements (nodes or basestations) sequentially perform a two-way packet exchange in order to remove absolute time
synchronization constraints. When LPWA base stations (e.g., 5G-NB-IoT eNB) are strictly
synchronized using e.g., GNSS time reference, time difference of arrival (TDoA) is preferred as it does
not require a bi-directional exchange and therefore preserves the energy of the IoT node and limits
spectrum occupancy. Application of TDoA positioning techniques to multi-frequency PoF ranging or
Multi Frequency-Phase Difference of Arrival (MF-PDoA) is however not straightforward.
Range difference estimates between a transmitter T and multiple base stations Ri,Rl, ∆d[Ri,Rl], can then
be used by an hyperbolic multilateration algorithm to derive the position of the transmitter.

Figure 67 Principles of MF-PDoA (H3B)
In order to evaluate the quality of the localisation metrics in this context, a signal model with
impairments is considered. An arbitrary RF transmitter architecture is allowed on the node side, while
on the base station, the reception stage is done through an Intermediate Frequency (IF) followed by a
digital conversion and a second conversion stage performed digitally to keep coherence of phase
between frequencies as required. It should be noted that this architecture model is compatible with
cellular Internet of Things (IoT) base stations where receiver bandwidth is often much larger than a
single channel.
Since transmitter and base stations are generally not synchronized with respect to the absolute reference
time t, their local time may be expressed as:
𝑡[
where 𝛿

[ ]

]

= 1+𝛿

[ ]

𝑡+𝑡

[ ]

(9.7)

is the normalized relative frequency offset of element X ∈ {T,Ri}, t0[X], the start of operation
[ ]

[ ]

for element X. In the following equations and without loss of generalization, 𝛿 and 𝑡 are set to
zero. As the localisation scenario only considers one transmitter and multiple receivers, performance
estimation of the ranging metrics may be done considering that the transmitter time is the reference time
and imperfect synchronization of the receivers is relative to the transmitter time.
The phase of the received signal 𝜙

[𝑻,𝑹𝒊]

[𝑻,𝑹 ]
𝝓𝒄 𝒊 [𝒌]

Where 𝛿

[ ,

]

sampled every kTs at base station Ri is then given by:
[𝑻,𝑹𝒊]

= 𝟐𝝅 𝜹𝒇

is the relative frequency offset and equal to:
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[

𝛿

[ ,

]

=

]
[

(9.9)

]

[𝑻,𝑹𝒊 ]

The principle of MF-PDoA is based on the quasi-linear relationship between phase 𝝓𝑨𝒄
transmission in a homogeneous medium (e.g., free space or air).

and delay of

MF-PDoA relies on a pair of base stations (Ri,Rl) to estimate the difference of phase of arrival at both
stations. As for classical Time Difference of arrival, MF-PDoA constant but unknown terms in the
phases of arrival are eliminated by the difference operation.
The PDoA measurement between the transmitter T and the pair of base stations (R i,Rl) for channel c has
been derived is equal to:
ΔΦ

[

,

]

[𝑘] = 𝜙

[ ,

]

[𝑘] − 𝜙

[ ,

]

(9.10)

[𝑘]

Equation (9.10) can then be extended in detail and analysed. Details of the derivation of this equation
have been omitted in this report and can be found in [29].
Δϕ
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(9.11)
When the base stations are perfectly synchronized in both time and frequency, i.e., 𝛿
[

]

[

[ ]

=𝛿

[

]

and

]

𝑡
= 𝑡 , only the first three terms of Equation (9.11) remain. The base station IF mixing architecture
constraints ensures phase coherence of the local oscillator during the entire MF-PDoA reception stage.
[ ]
[ ]
Hence, receiver phases 𝜙
and 𝜙
are constant over every c channel. The term of interest
[ ,

]

[ ,

]

τ
−τ
can be estimated and the channel term (i.e., the second term) can be mitigated on the
range difference estimation.
In the more realistic case of imperfect synchronization between the base stations, e.g., when base stations
are synchronized through GNSS signals, the time and frequency offset terms of Equation (9.11) have to
be considered.
[

]

[

]

The inter-base station time synchronization offset, ∆𝑡 ≈ 𝑡
−𝑡
in term 3 of Equation (9.11),
directly impacts range difference measurement, as it depends on the channel frequency 𝑓 and is
therefore generally not compensated for.
The term fourth term of Equation (9.11), although directly impacted by the relative time and frequency
[ ] [ ]
[ ]
[ ]
errors 𝑡 , 𝑡 , 𝛿
and 𝛿 , is constant during the reception process. It thus has very little impact
on the range difference estimation.
Finally, the last term of Equation (9.11) is a phase rotation that is function of each channel c, the carrier
frequency 𝑓 and the channel frequency 𝑓 . It is due to the relative CFO between the base stations Ri and
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[

]

[ ]

Rl. Although estimation of the CFO, 𝛿
and 𝛿 , is possible, the level of precision required is such
that it would lie below the theoretical bound. This approach is therefore excluded. To compensate for
this last term a symmetric frequency hopping scheme is thus introduced as illustrated in Figure 68.

Figure 68 Time vs. frequency spectral representation of transmitted MF-PDoA signal (H3B)

A frequency hopping scheme repeated with time reversal symmetry should thus be considered. The time
reversal symmetry imposes that the signal transmitted at time t = kTs is the same as the one at time
(N-k)Ts. Let assume that the duration of the narrowband signal s0 is equal to NcTs. Every NcTs seconds,
the carrier frequency of the signal is therefore changed. The overall c channels are covered in CNcTs
seconds and the overall signal duration is equal to NTs seconds, with N=2CNc. Besides, if at time t1=kTs,
channel frequency of the narrowband signal is fc, then it is also the channel frequency of the channel at
time t2 = NTs - t1 = (N-k)Ts since channels are assumed stationary. The phase, Δϕ
added to Δϕ

[

,

]

[

,

]

[k], is thus simply

[(N − k)T ] and distance difference is evaluated on the resulting phase [29].

Performance of MF-PDoA in presence of AWGN for 5G-NB-IoT
A simulation scenario geared towards application of MF-PDoA to NB-IoT has been considered. For this
case, it is assumed that signalling is transmitted over a Narrowband Physical Uplink Shared Channel
(NPUSCH) modulated using a single carrier modulation (π/2-BPSK) at rate equal to 15kHz. The
transmitted signal consists of a Barker sequence of Nc = 7 bits in order to fit the coded sequence within
the duration of a NB-IoT frame slot. The transmitted sequence is repeated on C = 16 different
frequencies with a channel spacing Δf equal to 180kHz. The complete localisation signal could therefore
be transmitted over two 15kHz single carrier NB-IoT frames (or 16ms). CRLB is estimated for this
scenario. The carrier frequency error is set to ±1ppm, as NB-IoT requires transmitters to synchronize
within ±0.2ppm [23] and therefore receivers are not expected to compensate for frequency errors as
large as simulated. The carrier frequency error requires compensation at the receiver, however and the
Mengali algorithm is also used [24]. The time synchronization between the receivers is relaxed. For each
receiver, time synchronization errors are introduced using a normal distribution of increasing standard
deviation, respectively 10ns, 30ns and 50ns on each receiver. It should be noted that although the
numerology of NB-IoT has been carefully considered, frequency hopping is currently not supported by
the standard and would require some amendments.
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Figure 69 Evaluated performance for NB-IoT evolution, range difference error vs. SNR at receiver for different
levels of synchronisation errors between eNBs (H3B)

Figure 69 gives the performance results for this scenario. The duration of the sequence is designed to be
as short as possible to limit time transmission. Hence, the performance of the TDoA and MF-PDoA
algorithms converge for relatively large SNR values. For an SNR of 10dB, the standard deviation error
of MF-PDoA is equal to approximately 2m while the standard deviation error of TDoA is equal to 150m.
A floor performance behaviour is observed when the synchronization between receivers is relaxed: when
the synchronization error is set to 10ns (respectively 50ns), the RMS range error floor is equal to 4m
(respectively 21m) at the 10dB reference point. Both TDoA and MF-PDoA are robust to synchronization
timing errors between receivers, as performance is progressively degraded when systems are badly
synchronized. However, MF-PDoA remains significantly better than TDoA. The TDoA performance is
much worse than MF-PDoA (i.e., larger than 120m) than the error due to time synchronization (i.e.,
21m).
The simulations performed for this NB-IoT scenario demonstrate the feasibility of MF-PDoA in the
H3B application context and demonstrate the concept in a 5G cellular mMTC environment.

Field trials
In order to validate the experimental setup, a first set of measurements is performed through a cable
plant (conducted emission test). Both transceivers are connected through a coaxial cable in order to
evaluate and compare the experimental performance with the theoretical AWGN scenario simulated in
Section 9.2.2. For this first set of measurements, the measured RMS range error is equal to 177m when
legacy ToF is considered and equal to 2.6m RMS range error when the new PoF metric is used. It should
be noted that the mean and median values for the legacy ToF algorithm is significantly biased for all the
experimental measurements. This could be attributed to the hardware setup and to the lack of accuracy
of ToF when narrow bandwidth signals are considered. Performance has been reported as measured;
however, biases could be mitigated.
An overview of the statistic distribution of the measurement points is given in Figure 70. Box-andwhisker plots have been used to analyse the performance results. Each plot gives the minimum, the
maximum, the sample median, and the first and third quartiles of the measured error. Performance errors
are in line with the theoretical results of Section 9.2.2. The measured performance level is comparable
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to simulated performance. This tends to suggest that RF and hardware impairments are second order for
the targeted localisation accuracy of ~10 meters. Statistics of performance are also analysed when NLOS
detection is activated (introduced in Section 9.2.2) with a threshold set to 75m. This threshold has proven
efficient for outdoor measurements [2] (D3.2) [28].

Figure 70 Performance (range error) comparison through cable plant (H3B)

Ranging measurements over the air (radiated emission) are then performed and compared to their
reference ranging value. A total of 2051 measurement points have thus been collected. Analysis is done
separately for reference points that are in LOS (Figure 71) from the base station to reference points that
are in NLOS (Figure 72).
For the reference points identified in LOS, the measured RMS range error is equal to 181m and 3.8m
for respectively legacy ToF and PoF. Furthermore, the ranging error, once outliers are removed, lies
within ±10 meters. Half of the points are within ±4 meters.
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Figure 71 Performance (range error) comparison for LOS reference points (H3B)

This tends to suggest that indoor propagation does not affect the performance of the coherent multichannel ranging PoF algorithm. This result is significant as indoor propagation tends to spread the
channel impulse response even when in LOS, as reflections occur along the inside walls of the building
and could cause severe degradation of performance. Degradation is expected to be further exacerbated
by the fact that the instantaneous transmitted signal is very narrowband.
Also note, that when in LOS, the NLOS detection criteria do not affect the statistics of the ranging
performance, although 1.2% of the PoF ranging measurements are detected as NLOS by the NLOS
detection algorithm and thus would be potentially discarded by the localisation solver.
For the reference points located in NLOS from the base station (P6 – P9 in Figure 62), the RF signal is
transmitted through a non-direct path, hence the error introduced by the estimation technique is as
expected significantly biased. For legacy ToF, the biases introduced by the multipath environment setup
are well below the level of performance of the algorithm. Performance degradation is thus not observed.
For the newly developed PoF algorithm, a significant ranging error is observed, furthermore the error is
spread over a larger distance: for legacy ToF, the measured RMS Range error increases slightly to 188m,
while the PoF performance is much more degraded, as the error varies from approximately -24m to
+55m. However, when the NLOS detector is activated, the ranging error variations are significantly
reduced. Ranging estimates vary from +5 to +42 meters, suggesting that transmission is dominated by
a main indirect path. Furthermore, 48% of data measurement points are rejected by the NLOS detector.
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Figure 72 Performance (range error) comparison for NLOS reference points (H3B)

Coherent multi-channel ranging (PoF) has been evaluated in an indoor environment and compared to
simulated performance. The ranging precision is not degraded and consistent with simulated
performance when propagation occurs in quasi-LOS, even for this type of (indoor) environment.
Furthermore, when transmission is in NLOS, the performance is significantly biased due to the nondirect propagation path. However, the variance of the signal measurements is significantly improved in
comparison to the legacy ToF ranging metrics. These field trials complete the performance results
already acquired and documented in D3.2 [2] on the CEA campus where the performance gain of the
new technique was achieved. In an outdoor environment, 30m accuracy was measured under multipath
propagation environment with the new technique in comparison to 250m using SoTA ToF approaches.
The concept is furthermore sufficiently flexible to be advantageously adapted to 5G-NB-IoT evolutions,
as long as frequency hopping mechanisms is considered.

9.4 Next-step plans
The aim of the phase-3 trials will be to conduct advanced field tests in the city of Grenoble – a very
difficult propagation environment for localisation, in particular due to outdoor NLOS propagation
conditions – to evaluate the location algorithms. The propagation environment will therefore mainly
focus on urban environments with strong multipath components. As for the previous phases, a
combination of field trials and simulation will be conducted to evaluate the evolution to 5G-NB-IoT to
improve localisation performance.
The phase-3 trials will rely on more extensive radio metric statistics through measurement campaigns
in the city of Grenoble to propose and evaluate evolutions of localisation algorithms for LPWA
networks. Radio metrics (RSSI, TOA) will be collected through the CEA proprietary infrastructure that
is currently being deployed in the Grenoble Area. To achieve a large amount of data collection and as
diverse as possible radio signals from an urban environment, crowdsourcing will be considered. Because
of frequency licence regulations, COTS LPWA infrastructure (e.g., LoRa) will be considered to generate
radio signal signals but with similar propagation characteristics as 5G NB-IoT (bandwidth, path loss,
sensitivity). The measurement database will be exploited to identify and further improve localisation
approaches for 5G NB-IoT evolutions. These improvements will be finally evaluated on 5G-VINNI
after a feasibility phase.
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10 SUBCASE H3C: AQUACULTURE REMOTE HEALTH
MONITORING
10.1 Description and motivation
Health status and safety of workers within the aquaculture industry, particularly in low- and middleincome countries (LMICs), has not been given due importance to date. Farm hands and other workers
in aquaculture are susceptible to many occupational diseases and injuries in the course of their work. It
is worth noting that, according to Norwegian studies, fish farming has been considered one of the most
high-risk occupations. There are many different types of occupational hazards, categorized according to
the causative agent and the effects on health. For instance, sprains, strains, or fractures can be caused by
slips and trips, falls from height, falls overboard or wet surfaces. Other safety-related effects are injuries
(acute or not), from cuts and amputations to electrocution or musculoskeletal injuries that are caused by
needle-sticks, unprotected machinery, transport and trucking, or pressure (or power) washers.
Hypothermia or hyperthermia due to cold and heat respectively, backache caused by vibration, sunburn,
keratitis, cataract, pterygium, and blindness due to solar radiation and noise induced hearing loss due to
noise in the work environment are included in the physical hazards/problems. Low back, neck and
shoulder pain, tendonitis, tenosynovitis, bursitis, and carpal tunnel syndrome are caused by ergonomic
factors such as heavy lifting, awkward work postures, prolonged standing, repetitive movements, or
overexertion. Psychological effects (due to abusive social environment, sleep deprivation, or the killing
of (large) fishes) may also amplify the physiological risks and hence the motivation [31]. Similar
problems are found to be the main reasons for self-reported sickness absence, according to another
Norwegian survey. More specifically, this survey revealed that the major reasons are the
musculoskeletal problems (e.g., strain, inflammation, etc.) and acute injuries (fractures, crush, cuts, etc.)
[32].
Especially in Greece, where marine aquaculture ranks first in the aquaculture sector [33], the workplace
hazards to which aquaculture workers are exposed, should be mitigated. The remote health monitoring
system presented in this subcase is designed to serve among others this purpose, i.e., the mitigation of
aquaculture workers’ hazards and risks.
The WINGS remote health monitoring system aims at providing real-time monitoring and constant
situational awareness of the health status of the workers and/or vulnerable people in remote locations,
such as aquaculture sites. Workers in the aquaculture industry will be equipped with wearable devices
measuring major vital signs such as heart rate, sinus rhythm/electrocardiogram (ECG), oxygen
saturation, etc. Supervisors of the aquaculture area and/or professional caretakers will be equipped with
smart glasses to remotely provide additional insights to the professional caregiver /medical experts. They
will be able to: a) be informed of the workers being monitored and appropriate alarms may be raised, if
necessary, b) be on alert if the system identifies any abnormality in usual patterns of oxygen saturation
or forecasts time periods with increased risk and c) facilitate and improve their work due to the
automated decision making and the videocalls (from the dashboard and through the smart glasses) with
the subjects, as well as the forecasting and visualization techniques.

10.2 Proposed setup
Based on the overall functionality of the solution, the test cases that are going to be studied during the
trials are defined as follows:
1. Remote monitoring of workers’ vital signs
The main body of this test case is the collection of vital-signs measurements from wearables. The
devices transmit the data to the Cloud over a mobile device. Data from the wearable devices (ECG,
heart rate, oxygen saturation and GPS) worn by the workers is analysed by the WINGS STARLIT
platform [37]. The analysis provides additional insights into the health status of the workers in case
of an emergency or potential future hazard. Vitals are displayed on interactive graphs in various
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time windows. This information can also be downloaded in common formats (.csv and .pdf). The
dashboard offers the functionality of notification management (change criticality or status, add
comments, etc.) and video-calls on demand. The solution will enhance the quality of life in
aquaculture areas providing full confidence and peace of mind for the aquaculture workers, their
relatives, and colleagues.
2. Live video streaming with smart glasses
The resolution of important issues is not always supported by indirect communication. This part of
the subcase aims to connect supervisors or caretakers within the aquaculture areas to remote medical
experts with “see-what-I-see” video collaboration. The supervisors/caretakers in aquaculture areas
use smart glasses to enable live streaming in case direct communication with a remote medical
expert is deemed necessary. The medical expert will be able to provide remotely the necessary
guidelines and advice on worker care in case of emergencies or further examine them depending on
the criticality of the event.
From the application side, the subcase will incorporate support for devices (smartwatches) measuring
major vital signs, their visualization on devices easily portable on site (e.g., mobile, tablet) and, in a
more specialized environment, an expert formatted dashboard that includes deeper analysis of the
monitored parameters, as well as the efficient communication through smart glasses.
From the network perspective, the execution of the trials will begin with the utilization of the current
commercial 4G network to obtain baseline measurements. These will be used for later comparisons with
the results from connectivity tests using the 5G infrastructure. 5G achieves low latency and high
reliability to guarantee timely interactions and delivery of data. In the case of an accident, it is critical
to ensure the timely communication between the relevant actors (aquaculture workers and first
responders). The transition from the 4G to the 5G network will be very short since the infrastructure that
will be used has already been setup for tests for the Aquaculture vertical.

10.2.1

Network architecture

This subcase is a concurrent aquaculture scenario and will leverage the ICT-17 5G-EVE, (5G European
Validation platform for Extensive trials) platform for the trials. OTE will manage the network
architecture that is going to be used during the trials, while ERICSSON will be providing the network
equipment. More information about the architecture of 5G-EVE and regarding the aquaculture of
Skironis can be found in D2.3 [2].

10.2.2

User application architecture

The WINGS remote health monitoring system comprises: a) Wearable devices for heart rate, oxygen
saturation (SpO2) and sinus rhythm monitoring (ECG) as described in Section 10.2.3 below, b)
intelligence for identification of current issues, forecasting of future issues and health emergencies and
notification, and c) a dashboard for providing the health care professionals with visualization of health
monitoring data, notifications and alerts. Figure 73 illustrates the H3C overall concept of the
Aquaculture Remote Health Monitoring.
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Figure 73 Aquaculture remote health monitoring subcase architecture for H3C

10.2.3

Hardware components

The terminal equipment components are: a) a Withings ScanWatch, b) Vuzix Blade Upgraded Smart
Glasses and c) a Samsung S10 5G phone acting as a gateway:
a) Withings ScanWatch: the ScanWatch is a smartwatch that allows to continuously scan vital
parameters to detect heart health conditions. It boasts a medical-grade ECG and an oximeter for
SpO2 measurements. Overall, it provides tracking of the following metrics:
o Heartbeat notifications: high or low heart rate, irregular heartbeat;
o Heart rate: beats per minute;
o Breathing disturbances: detection via oxygen saturation;
o Electrocardiogram: tracing of a 30-seconds ECG recording on a millimetric grid;
o Oxygen saturation level (medical-grade SpO2), and various others [34].

Figure 74 Smartwatch by Withings

b) Vuzix Blade Upgraded Smart Glasses: the Vuzix Smart Glasses deliver a hands-free connection
of the digital world to the real world, providing unprecedented access to location-aware information,
data collection, remote support communications with both audio and video, and more [35].
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Figure 75 Vuzix Blade Upgraded Smart Glasses

c) Samsung S10 5G: To make use of the 5G network available, a 5G compatible phone is essential.
The Samsung S10 is the device currently used in the test set up.

Figure 76 Samsung S10 5G

10.2.4

Software components

User interface and data visualisation
Withings [36] provides a built-in REST API to integrate with the devices and retrieve the users’ data
from the Withings Cloud. Whenever a new record is registered to a device, the Withings API notifies
the STARLIT platform to retrieve the available data based on a specific timeframe. The communication
is based on the OAuth2 protocol, that uses HTTPS requests and utilizes access and refresh token
authentication to ensure security in all communications. Data are visualized on a user-friendly
dashboard, screenshots of which can be found in the following figures. The user can log in to the web
application through the login page (Figure 77). The authentication service sets the current user
information object from the server response at the local storage of the client’s browser and the routing
guard will check the user’s role and permissions and will redirect the user to the view requested.
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Figure 77 WINGS STARLIT Remote Health Monitoring Login Page

The home page of STARLIT Remote Health Monitoring Platform is shown in Figure 78.

Figure 78 WINGS STARLIT Remote Health Monitoring patients view

The vital parameters of the subscribed users are depicted on interactive graphs, while historical data and
predictions can also be presented. The user can select the time period of the data to be visualised and
download the measurements in common formats (Figure 79).
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Figure 79 WINGS STARLIT Patients detailed personal information
Medical experts and/or supervisors of the aquaculture area can view the list of the recorded notifications,
and respond with comments, change their status (from active, to pending, etc.), change their criticality
(from high to low etc.), and so on. The notification list view of STARLIT Remote Health Monitoring
Platform is shown in Figure 80.

Figure 80 WINGS STARLIT Notifications and Alerts management

The users of the system are able to view the subscribed workers on interactive map Figure 81.
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Figure 81 WINGS STARLIT Patients location monitoring (geofencing)

10.3 Testing and verification
10.3.1

Methodology

Pilots will be carried out in collaboration with a medical expert and volunteers from the aquaculture
area. Volunteers in the aquaculture area e.g., workers and supervisors will be equipped with wearables
(smartwatches) and smart glasses respectively. A medical expert will remotely monitor the parameters
collected by the devices and the health status of the workers, handle the notifications, and provide
guidance to the supervisors/caretakers in case accidents may occur. The medical expert will evaluate the
system for the usability and reliability of the results and so will the workers/supervisors from their own
perspective.
Regarding the application level KPIs, the following KPIs will be validated: RTT latency, service
reliability, service availability and throughput (uplink/downlink). Throughput (uplink/downlink) will be
validated only at the IP layer. It is not considered practically feasible to validate RAN latency. In
addition, the usability of the solution will be evaluated and measured taking into account the reduced
number of phase-to-phase visits with medical experts, the number of accidents resolved by remote
examination and the enhanced user experience with the real-time access of data.

RTT latency (IP and APP layer)
For measuring RTT latency, two paths are distinguished as depicted in Figure 82. The first path (short
path) is located between the wearable devices and the server (for publishing the new health
observations), while the second path (long path) starts from the generation of health observations
triggering an emergency and ends up in actual notification of the emergency situation.




Collection at IP layer:
o Short path:
 Ping from UE (wearable) to server.
o Long path:
 Not possible.
Collection at APP layer:
o Short path:
 ADD timestamp to requests. Calculate DIFF in time between request from wearable
and response from server.
o Long path:
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ADD timestamp to requests. Calculate DIFF in time between request from wearable
and response from notification.

Figure 82 RTT latency (H3C)

Service reliability (APP layer)
In order to measure and validate service reliability, the definition in ITU-R M.2410 is considered:
Reliability: (ITU-R M.2410) Reliability relates to the capability of transmitting a given amount
of traffic within a predetermined time duration with high success probability. Reliability is the
success probability of transmitting a layer 2/3 packet within a required maximum time, which
is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress
point to the radio protocol layer 2/3 SDU egress point of the radio interface at a certain channel
quality. This requirement is defined for the purpose of evaluation in the URLLC usage scenario.
Validation methodology: The packet error rate at the APP layer will be measured. Packets that arrive
delayed or erroneous are considered lost.

Service availability (APP layer)
Availability refers to the percentage of time that a system is fully operational. Because of the rates at
which the site is being tested and upgraded, it would be impractical (and deceptive) to measure the
network availability, this being defined as the ratio of uptime over the total time (uptime plus downtime).
Instead, we decided to estimate the service availability as one minus the measured packet error rate
during the operation of a service.
Validation methodology: The packet error rate at the APP layer will be measured. Note that packets that
arrive delayed are still considered arrived packets, as opposed to the definition of service reliability
above.
Concerning the KPI measurements, two measurement methods are proposed for the trials, based on
measuring the collected results from “ping” and “iPerf”. Ping is a software tool which measures the
network layer RTT for messages sent from one machine to another machine. IPerf is an open-source,
multi-platform and freely available tool which is capable of measuring the network layer (i.e., DL and
UL) throughput, etc.

10.3.2

List of key performance indicators

As H3C is a subcase that was recently added to the project, the user requirements associated with it have
not yet been analysed and converted into a set of network KPIs, as was done for the other subcases in
D2.2 [5]. Therefore, a new table has been created. Table 23 presents the resulting list of network
requirements together with their target values, for H3C.
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Table 23 Target KPI values for H3C

Network requirements

Target values
Guaranteed: 1 Mb/s (per user)
Maximum: 5 Mb/s (per user)
Guaranteed: 10 Mb/s (per user)
Maximum: 50 Mb/s (per user)
Both DL and UL:
100 < Medium ≤ 1000 Mb/s
5 < Medium < 10 msec (RAN Latency - one way)
10 < Medium < 100 msec (Round trip)
99.99%
2 < Medium ≤ 5 km/h
5m
Low: 2 devices
100 < High ≤ 1000 transactions/s
200 Mb/s/m2
High: Confidential

User experienced DL throughput
User experienced UL throughput
Broadband connectivity/peak data rate
Latency requirements
Reliability
Mobility
Location accuracy
Connection (device) density
Interactivity
Area traffic capacity
Security/privacy

For the H3C trials, the network and application KPIs to be measured and validated are the following:





RTT latency (round trip time)
Throughput (UL/DL)
Service reliability
Service availability

10.3.3

Measurement and testing tools

As described above, iPerf and ping are used to measure network performance.

10.3.4

Intermediate results

Regarding the devices, as listed in Section 10.2.3, the Withings ScanWatch has successfully been
integrated into the STARLIT platform and data is collected and visualised through the process described
in Section 10.2.4. The Vuzix smart glasses have also been tested and live streaming is achieved through
the Messenger Application. As for the analytics part, a deep convolutional neural network is developed
to analyse the ECG signal obtained from the Withings wearable devices. Predictive algorithms have also
been developed for the SpO2 parameter using open data repositories. Concerning the network, the
network deployed with mMTC will potentially be used for the experiments as well.
Subcase H3C was initiated in autumn 2020. The first test results will be available by the end of the year.

10.4 Next-step plans
The WINGS STARLIT software platform is configured and will be used for the trials of the subcase. In
order to establish and prepare the overall solution, WINGS has established a continuous collaboration
with a medical expert in order enhance the credibility of the service. Piloting activities will be carried
out in collaboration with the medical expert and volunteers from the aquaculture area to test the
reliability of the solutions. In addition, the integration with the network has already been established via
WINGS’ Smart Gateway and will be completed with its integration with the wearables. Smart glasses
from RedZinc will be also used by medical experts to provide remote support as part of the overall
solution. It is also worth noting that, so far, tests have been carried out using 4G. The 5G integration and
the expected benefits of using 5G will also be evaluated.
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11 CONCLUSION
This deliverable has captured the phase-2 (evolved) trials of the healthcare vertical use cases of 5GHEART. The phase-2 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-2 trials, next-step plans have also
been made for each of the subcases, as preparation for follow up trials.
Table 24 summarizes the motivation of each healthcare subcase, and its phase-2 proposed trial setup,
trial plan, actually performed trials, trial results and recommendation for improvement for the future
trials. The trial plans listed in the table are taken Section 5.2 of D3.1 [1], except for the subcase H3C
that was only recently added to the healthcare vertical. For many of the other subcases, some deviations
from the original plan have occurred, due to progressive insights and/or the COVID-19 pandemic related
delays.
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Table 24 Progress-to-plan for phase-2 trials
Sub
case

Motivation

H1A

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

360 and single lens
cameras

To provide support by
a remote expert when
examining a baby
suffering from
Congenital Heart
Disease using
ultrasound

EPIQ / Collaboration Live
on 5G-VINNI.

H1B
CHD

Proposed setup

5G NSA network

DNL ultrasound /
LiveSwitch on
5Groningen (and other
facilities).
3D visualization on
LiveSwitch.

H1B
Robot

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

Master-Slave robotic
system.
6DOF UR5 Manipulator.
Phantom Omni haptic
device.
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Trial plan
(Phase-2)

Actual trials (Phase-2)

Trial results

Recommendation

 Using LTE and 5G
 Move 360 camera to
OUS in Oslo
 Connect to 5G-VINNI
platform
 Interconnect 5GTN
and 5G-VINNI
 Playback from Oslo to
Oulu
 Introduce audio
feedback channel
 Adapt and extend the
Skype-like platform to
offer more options for
tele-ultrasound
 Develop the AR-based
platform
 Evaluate effectiveness
of the different
approaches (skypelike, AR-based, Robot)
to deal with the
identified scenarios,
preferably AB testing,
or benchmarking of
current practices

Live video streaming
with high uplink
capacity requirements
and low latency options.
Integration with 5GVINNI postponed to
phase-3.

Verification of the proposed setup
over 5G NSA. Extensive network
delay and end-to-end latency
measurements with and without
uplink congestion. UL delay 12
ms, DL delay 6ms, and end-toend well under 200ms for single
lens camera.

Test the setup by varying the
distance between camera and
UE, and possibly with
different QoS values.

Hospital grade EPIQ
solution used for
clinical testing on
healthy adults and on
babies with CHD.

Inexperienced students can do
crude examinations of the heart
under remote support of an expert
(preliminary conclusion).

 Test the upgraded
reliable robotics
framework over 5G
network locally at
OUS
 Design an emergency
protocol on top of

Preliminary clinical test
on a healthy adult using
a robotic system with
three fixed cameras as
the video solution to
capture ultrasound
pictures of the heart.
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Same setup used for
demo over 5G-VINNI
during review meeting.
AR and DNL solutions
under development will
be tested on
available/alternate 5G
facilities (5G-VINNI is
hard due to travel
restrictions).

A remote guidance team
examining a new-born with CHD
can reach the same treatment plan
as the responsible clinician
(preliminary conclusion).
Point-to-point streaming through
STUN doesn’t work out-of-thebox on the 5G-VINNI facility,
possibly MEC is needed.
Managing high bandwidths, data
integrity and real-time guarantees
on WebRTC platforms requires
more work.
The robotic system with three
fixed cameras can capture
ultrasound images of sufficient
quality within an appropriate
examination timeframe.
Upgraded the system with a new
3D printed part to improve the
robotic-assisted ultrasound

Test the robotic system on at
least 20 healthy volunteers
and compare the results to a
"golden standard" physical
examination in terms of
ultrasound image quality and
time spent to evaluate the
feasibility of utilizing the
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Image from the
remote hospital.

3 Fixed cameras for video
streaming.
Gamma SI-65-5
force/torque sensor.

H1C

To improve patient
care quality and
efficiency of
ambulance services.

Audio-video headset.
Vital parameters monitor
device.
5G SA network.

H1D

To evaluate the use of
wearable video in a
paramedic ‘buddy to
buddy’ situation, with
particular focus on
urban search and
rescue and incident
commander support.

4G and 5G network.
Public and private.
BlueEye application
deployed in Oslo with
improved cameras (as
used in Groningen
experiment H1C).







UDP for the robotics
framework
Evaluate effectiveness
of the different
approaches (skypelike, AR-based, Robot)
to deal with the
identified scenarios,
preferably AB testing,
or benchmarking of
current practices
Implement 5G in a
warehouse
environment
Ultrasound with AR
Repeat simulations
and measurements

 Implement 5G
connectivity
 Repeat simulations
and measurements

BlueEye cloud deployed
in Frankfurt and locally in
Oslo (subject to virtual
machine availability).

examination, by better positioning
the probe over the patient’s body.
Analyses of the various risk
factors of the experiment to pass a
safety check from the hospital
and the Norwegian Drug
Federation before testing the
system over 20 healthy
volunteers.
Different clinical cases
with different levels of
emergency, involving
AZG. Video only. The
test with ultrasound is
planned at a later stage

The 5G SA network works well,
with Ping latency (with a local
server) down to 7 ms and
application-level end-to-end
latency down to 290 ms (incl.
Internet). Video quality improved
since the phase-1 trials. Received
some further recommendations
from the medical professionals of
AZG.

Improvement in the position
of the headset, microphone,
cable, use of the camera of
smartphone for snapshots
pictures, etc.

Technical tests to
measure performance of
the service at different
locations where there
are different 5G
coverage levels and
capacity.

Expected technical test results
are:

300-1500 kbps range and
better for 4G (sustained
uplink bitrate, with loss as
measured by the receiving
codec).

300-5000 kbps range for 5G.

<< 1000 ms application
delay for 5G.

Recommend technical tests
in public 4G, public 5G and
private 5G network in Oslo,
and in private 5G network in
Oulu.

Simulation of a
contagious medical
event with
approximately 20
paramedics.
Measurement of
accuracy of incident
procedures where the
remote incident
commander has audioonly vs. audio-withvideo.
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robotics system in a busy
clinical practice.

Expected scenario results are:

Higher accuracy and
integrity of standard
operating procedure using
video compared to audio
only.

Reduced time to complete
patient procedure with video
compared to audio only.

Recommend medical
simulation with 20
paramedics as part of
training event.
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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.

Simulator/Emulator of
video capsule.
Computer for the video
streaming.
Backscatter reader.
Computer acting as a
server.
5G Network.
AI polyp Detector.

 Develop the interface
to the proprietary inbody communication
and on-body receiver
system with a 4G/LTE
and prepare a design
document to bridge
intra-body
communication system
with 5G
 Demonstrate the
communication system
in computer and in
human phantoms

Backscatter system
operation for video
streaming.
Backscatter data/video
streaming to a hub using
standard LAN.
Simulator for streaming
pre-recorded endoscopy
video to a backscatter
capsule.
Deep learning model for
polyp detection
End-to-end connection
via 5G has been
established.

A backscatter capsule is
fabricated and tested in a
phantom. Video streaming using
a camera benchtop board at 10
Mb/s.Video is decoded and
displayed on a screen. The data is
sent to and saved on the hub
computer (backscatter data
streaming through LAN UDP).
A pre-recorded colonoscopy
video is tested for streaming from
PC1 via USART to an MCU. The
MCU emulates the endoscopy
capsule for sending camera data
via backscatter communications.
The MCU interface has been
tested, the MCU-PC connection is
replaced with a LAN (to support
10 Mb/s). The data is streamed
via LAN connection to PC2, and
the video real-time display is
completed.
Fastest polyp detection model
with good accuracy has been
chosen. Speed (10 ~ 15 ms/frame
on 3090 NVIDIA GPU).
Precision 94%, Sensitivity 80%
(tested). Improvement of the
model is in progress.
1st endpoint: a client PC
streaming pre-recorded
colonoscopy video. 2nd endpoint:
a server PC receiving the
streaming and running the polyp
detection model. End-to-end
connection between the client and
server has been tested. Latency
for video streaming is around 200
- 250 ms (tested). Latency needs
to be lowered (in progress).
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This system will be the first
capsule that can stream
video to a 5G network and
receive control commands
from it, directing the capsule
to modify its image
capturing settings.
We plan to develop a model
that takes the temporal
information between the
frames into consideration, in
order to make output
decisions and generate
feedback signals to the client
PC / PillCam more reliably.
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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.

Automated test
framework for NBIoT/LTE-M power and
coverage measurements
connecting to commercial
networks in the
Netherlands (or
alternatively network
simulator).

 Evaluation of selected,
advanced features
from Release 14-16
with regards of their
benefits to the patch
clinical case(s)
 Potentially, broaden
the application into
more demanding
clinical cases.
 Define next steps for
evaluation in 3rd phase

Comparative analysis of
IETF protocols.
Investigation of
coverage issues and use
of NB-IoT deep
coverage to mitigate
them.
Investigation of
additional clinical cases.
Investigation of benefits
of power class 6 (Rel-14
/ Rel-15).

Very chatty HTTPS/OAuth
protocol still feasible for postsurgery patch. Deeper
understanding of roadmap to less
chatty protocols.
NB-IoT may outperform LTE-M
by ~12 dB and still more-or-less
fit the power budget (preliminary
conclusion). In-hospital coverage
is challenging for a number of
reasons and an ecosystem
approach is needed.
Alternate clinical cases found
have similar network
requirements as post-surgery
patch.
Power class 6 doesn’t provide
significant battery size benefits
for the current use case yet
exacerbates the coverage
situation.

H3B

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

Field measurements on
CEA Campus using CEA
experimental SDR
platform.

 Intermediate tests on
CEA premises
 Intermediate version
of algorithms and
demonstrator

Field trials on CEA
campus and CEA
premises to validate
performance of
algorithms on LOS and
multipath propagation
environments both
outdoors and indoors.

Promising performance of
localisation accuracy in both
outdoors and indoors
environments. Tenfold gain with
the new technique in comparison
to SoTA. Performance does not
collapse when indoors.

H3C

To provide real-time
monitoring and
constant situational
awareness of the
health status of the
workers and/or
vulnerable people in
remote locations, such
as aquaculture sites.

Remote monitoring of
workers’ vital signs.



Live video streaming
with high uplink
capacity requirements
and low latency options.
Integration with 5GEVE.

Remote monitoring of workers’
vital signs and immediate
response.

Live video streaming with
smart glasses.
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Implement 5G
connectivity

Live video streaming with smart
glasses and remote healthcare
delivery and support.
Verification of the proposed setup
over 5G.
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Test the setup by varying the
position of the worker
(check geo-fencing
functionality), the thresholds
for raising alerts and video
performance.
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