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Executive Summary

This deliverable presents the validations and proofs of concept of solutions
developed in the framework of the LEXNET project. Following the organisation of the
project itself, the document distinguishes two main parts.

The first part (Part-A) focuses on the Exposure Index (EI) assessment validation.
This concerns how the global metric defined in the framework of the project can be
practically implemented to provide the full picture of a population Electromagnetic
Field (EMF) exposure from all the wireless standards considered in LEXNET. The
characteristics and validation of the three EMF measurement tools developed in
LEXNET are detailed (or reminded when already described in the first WP6
deliverable): the low cost dosimeters deployed in the city of Santander; the selective
wearable dosimeter version integrated from individual WP3 sub-components; and a
connected measurement device (i.e. with an active wireless communication) that
capture downlink (DL) and uplink (UL) key parameters. Part-A also presents the
implementation and demonstration of EI assessment methodologies based on
dosimeters, network monitoring tools, drive-test equipment, multi-source database, or
simulations, and finally how and by whom they could be exploited to evaluate the
LEXNET global metric. In particular, the demonstrations include two real-life
measurement campaigns leading to the EI assessment in large-scale cellular
networks: in the cities of Santander (involving drive test, dosimeter measurements,
simulations and a smart city infrastructure) and Belgrade (involving network
monitoring and drive test).

Compared to Part-A that aims to provide absolute values of EI, the second part of the
deliverable (Part-B) re-uses the EI metric but for relative exposure reduction
evaluation applied to a set of low EMF techniques. Some of the components and
radio link techniques studied in WP4 have been selected for such demonstration. The
LTE superdirective antenna combined with a low noise receiver are integrated into a
demonstrator; characterization, laboratory radio-link tests and simulations show how
this solution can fulfil dense deployment of low EMF small-cell base stations.
Besides, the smart beamforming test bench demonstrates how to reduce the Specific
Absorbtion Rate (SAR) for mobile or laptop usages.
Part-A also illustrates how a change in a cellular network topology, i.e. adding a
macro-cell or micro-cell, affects the user QoS and EMF exposure. We understand
from those use cases how the installation of new antennas can reduce the population
exposure. The analysis on topologies is broadened with system-level simulations on
dense urban small-cell deployments, in addition to the macro co-channel layer, and
considering the contribution from the wireless NLOS small-cell backhaul.
Wi-Fi offloading is also evaluated, showing how the offloading policy and the Wi-Fi
AP deployment influence the network performance and exposure.
Finally, exposure reduction in WLAN-managed networks is addressed thanks to an
optimized AP deployment design, and gateways that propagate scheduled on/off
commands to APs.
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List of acronyms

Abbreviation Meaning
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1 INTRODUCTION

This document is the second part of Deliverable D6.2. Part-A was devoted to the
validation of EI assessment tools and methodologies. Part-B addresses the validation
of various promising low EMF technologies, which were previously identified or
elaborated by the LEXNET partners [D4.2] [D5.2], by means of demonstrations and
performance evaluations. Hence, the main objective is to assess the EI reduction
obtained from those technologies, while keeping an appropriate Quality of Service
(QoS).

Section 2 provides a summary of all the evaluation results, including the EI reduction
factor obtained for each evaluated technology.

The details are given in sections 3-5, where each evaluated technology is reported
as follows:

 Short description of the technology (details are in general available in [D4.2] or
D5.2].

 Description of the test setup, including a hardware, middleware or software
demonstrator, and a test platform able to compute QoS and exposure metrics.
Some of the test platforms are similar to the ones presented in [D6.2-A].

 Presentation of QoS and EMF evaluation results.

More precisely, section 3 is devoted to the investigation of three different low EMF
topologies: installation of new macro or micro cells in poor-coverage areas (section
3.1); activation of a micro cell in a hotspot area (section 3.2); and large-scale
densification based on a small-cell layer (section 3.3). Section 3 finishes with a
discussion on 2G switch off, which has not been practically evaluated but is a critical
step towards EI significant reduction (section 3.4).

The evaluation of low EMF radio components is given in section 0, including: small-
cell RF front-end demonstrator with a compact steerable directive antenna and a
configurable low-noise receiver (section 4.1); advanced beamforming antenna
demonstrator (section 4.2); and large-scale deployment of small-cells with
beamforming or beamsteering antennas (section 4.3).

Finally, low EMF network techniques are studied in section 5: LTE to Wi-Fi offloading
in an urban environment (section 5.1); and Management of Wi-Fi AP on/off in a
typical office scenario (section 5.2).

The conclusions are drawn in section 6, highlighting the benefits we expect from
some of the evaluated technologies in terms of EMF exposure.
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2 EVALUATION RESULTS AT A GLANCE

We introduced in [D6.2-A, section 2] the four main scenario classes that were
addressed in the LEXNET validation and demonstration task: Traditional 3GPP
outdoor cellular network; Smart city with traditional 3GPP outdoor cellular networks
and sensing capabilities; Managed WLAN, mainly in large environments; and Small-
cell offloading in heterogeneous networks (including 3GPP small-cells and Wi-Fi
access points).

Smart city was a major use case in the EI assessment demonstration. However there
was no possibility to change the cellular network infrastructure (it is a real network in
exploitation) or resource management policies in the smart city environment.

The distribution of the technology evaluations in the three remaining scenario classes
is illustrated in Figure 1.

Figure 1: Scenarios for Lexnet technology demonstration.

New topologies have been evaluated in urban cellular networks, either based on trial
measurements or simulations. Switching off the 2G voice and migrating towards 3G
has not practically been tested but is discussed in the document.
The low EMF radio components have been demonstrated by the development and
characterization of hardware prototypes and laboratory measurements; and have
been validated for an indoor small-cell scenario.
Besides, the low EMF network management has been mostly evaluated by
simulation, but completed by laboratory validation in case of the scheduled
deactivation of wireless routers.
As shown in the diagram, some technologies were evaluated together. First, the
steerable directive antenna and low-noise receiver have been integrated into a
unique demonstrator, characterized in a laboratory scenario. Second, the measured
properties of the directive antenna have been introduced in a system-level simulator
to assess its performance in a dense small-cell deployment.
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The main results are summarized in Table 1, while the details and complementary
evaluations are given in sections 3-5.
The test scenario in Table 1 is described by a short description, the baseline situation
(i.e. before implementation of the LEXNET evaluated technology) and the proposed
improvement. The results on EI are composed of three reduction factors, i.e. on DL-
EI, UL-EI and total EI. All components are not necessarily available.

Table 1: Summary on evaluation results.

Technology Section Test scenario QoS EI reduction

Design optimization 3.1

Simulation.
Baseline: Existing LTE urban cellular
network.
Improvement: adding micro-cells to
improve the network performance in
poor-coverage areas.

High local
improvement

And in macro area:
DL peak Thr  1.2
UL peak Thr  1.0

In macro area:
DL 
UL  1.6
EI  1.6

Design optimization 3.2

Measurement in a marketplace.
Baseline: 2G/3G poor coverage in a
hotspot area.
Improvement: Activation of a micro-cell

High local
improvement

No change in macro
area, except 3G DL 
1.3.

In micro area:
2G DL  1.3
2G UL  5.9
3G DL 
3G UL  46
(2G+3G) EI  5.8

Small-cell
densification

3.3

Simulation.
Baseline: Traditional LTE macro urban
network.
Improvement: Deployment of a co-
channel dense small-cell layer.

DL peak Thr  2.4
UL peak Thr  1.5

DL  2.3
UL  4.4
EI  4.3

Low-noise receiver 4.1

Laboratory testbed, with short-range
useful link. No interference.
Baseline: UL sensitivity with traditional
receiver.
Improvement: UL sensitivity with
configurable low-noise receiver

SNR  1.3
UL  1.3 at constant
SNR

Beamforming
antennas

4.2

Laboratory testbed with a short-range
radio link.
Implementation of probes to capture the
SAR evolution vs antenna radiation.
Baseline: Beamforming with traditional
single-stream null steering.
Improvement: Beamforming with a new
two-stream “hybrid” approach.

Equipment lab
validation here.

See [D4.3] for
evaluation results

Equipment lab
validation here.

See [D4.3] for
evaluation results

Small-cells with
steerable directive
antenna

4.3

Simulation.
Baseline: Dense urban small-cell
deployment with omni antennas.
Improvement: Installation of
beamforming or beamsteering antennas
at the SC base station

With the steerable
directive antenna:
DL peak Thr  1.2
UL peak Thr  1.5

DL  6.3
UL  1.2

Wi-Fi offloading 5.1

Simulation.
Baseline: Urban LTE macro-cell
network.
Improvement: Offloading of some
applications towards existing Wi-Fi APs.

From the offloading
“reference” scenario:
DL peak Thr  1.8
UL peak Thr 

From the offloading
“reference” scenario:
DL  2.5
UL 
EI  1.8

Wi-Fi APs with
on/off scheduling

5.2

Middleware implementation.
Laboratory validation and Evaluation
into a real environment.
Baseline: APs always switched on.
Improvement: AP on/off management
according to meeting schedule.

Unchanged
DL  1.1
UL 
EI 
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3 LOW EMF NETWORK TOPOLOGIES

This section discusses the most relevant results of studies that evaluate, either by
simulation or measurement, the impact of topology changes in cellular networks:
installation of an additional macro-cell or additional micro-cells in an existing network;
deployment of a dense small-cell layout for massive traffic offloading in a two-tier
network.

3.1 Small changes in network topologies

The evaluation reported in this section does not rely on a new technology or design
optimization technique; and it does not necessarily aim at demonstrating an exposure
decrease. The objective is actually to illustrate how the radio-planning tool can help
the operator to characterize the evolution of EI when making simple and local
modifications in the topology of an existing network.

3.1.1 Evaluated solution

Radio-planning simulations, as introduced in [D3.3] and demonstrated in [D6.2-A,
section 6.4], can be used by cellular operators to assess the network KPI evolution,
including the novel EI.
Two kinds of network topology modifications are illustrated here:

 Adding a new macro site in an area suffering from poor service coverage;
 Deploying few micro cells in the same area.

3.1.2 Test setup

The test is conducted in a real LTE network in Santander downtown, which was
already simulated in [D62-A, section 6.4]. The study area is covered by 13 LTE cells.
As shown in Figure 2 in the dotted circle, a part of the area under analysis of size
200m70m, low-quality coverage is offered to deep-indoor users (actually a lower
coverage quality is correlated with a lower DL exposure level).
We then assume that the operator is willing to locally improve the network coverage,
by either adding a 2-sector macro eNodeB, or adding three micro cells distributed in
the streets of the low-quality area. The properties of the macro eNodeB are similar to
the ones already deployed in the study area: transmit power of 40 W; directive
antenna with 6° down-tilt; located 3m above a dominant rooftop. The small-cells have
omni-directional antennas transmitting at a maximum power of 5W, and are assumed
to be located on lampposts, 8m above the ground.
What is expected in both tested situations are a local increase in the DL exposure
(close to the new antennas) and a reduction of the UL exposure. However, the
evolution of the global exposure over the whole Santander downtown area
(2230mx1430m in this study) is far less obvious and is characterized exploiting
simulation advantages.
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Figure 2: Total DL field strength from an existing LTE network in Santander; and position of an
the additional sites under test.

The QoS and EMF metrics are predicted within the downtown area represented in
Figure 2. However the simulation takes also into consideration the interference
coming from all cells located in the vicinity of this study area, as they play a
significant role in the calculation of both the SINR and the EMF values. The whole
predicted Santander scenario is actually composed of 53 cells, in addition to the 13
cells mentioned here above.
The same kind of topology evolution (i.e. adding some macro or micro eNodeB in
low-quality coverage areas) is assumed to be reproduced over the whole Santander
city; therefore the DL cell load variations predicted in the study area are applied to all
neighbouring cells. This leads to a general evolution of the interference levels, which
means that the results below are valid only if the evaluated topology modification is
generalized over the whole city (i.e. 1 additional macro 2-sector site or 3 additional
micro sites for 13 existing macro cells).

3.1.3 Evaluation results

Figure 3 plots the difference observed between the reference network and the one
resulting after deploying the new base stations, for two of the metrics of interest:

 The DL total field strength;
 The UL throughput, which is correlated to both the evolution of QoS and UL

exposure.
In order to carry out a thorough analysis, those metrics are predicted over two
different surfaces:

 A limited area around the new base stations (200m around the macro site,
100m around each micro site)

 The whole study area shown in Figure 2.
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Figure 3: Evolution of the DL total field strength and UL throughput.

The evolution in the new cell’s vicinity is the expected one. We can see that the
global behaviour is more interesting. When adding the macro site, the DL field
strength is increased in 9% of locations; is unchanged in 22% of locations; and is
reduced in 69% of locations. The mean variations given in Table 2 show that the
whole-area DL field strength, or DL exposure, is divided by 1.15. The mean DL
exposure does not change when the micro sites are added.
The global reduction in the DL field strength means that the local increase is more
than compensated at a larger scale. Actually this comes from the general cell load
reduction. Figure 4 shows the statistical distribution of those cell loads. In the initial
network, two cells (among 13) have more than 50% of the overall load. But the
service area that is covered by those cells is significantly reduced with the
introduction of the new base stations; therefore their load is strongly reduced. Then,
the interference levels decrease in the nearby cells, the link performance benefits
from it, and finally (if the same user traffic is kept) the cell loads over the whole test
area decrease. The average reduction is of 7 dB.

Table 2: EI variations when adding new base stations in poor-coverage areas.
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Figure 4: Reduction in DL cell loads.

The UL throughput is only changed very locally, i.e. at 3% of locations. However, this
local improvement is observed within an area that was initially suffering from low
performance. Hence, the throughput improvement and the reduction of the UL
transmit power lead together to a whole-area UL exposure divided by 1.09 or 1.64
with the new macro site or micro sites, respectively.
The ratio obtained between DL and UL contributions in section [D6.2-A, section 6.4]
is used here to evaluate the impact on the EI. The major contribution is coming from
UL; thus the global EI evolution follows the trend observed on the UL link direction.

Finally, a traditional network with new antennas installed in poor-coverage areas
leads (as expected) to a large increase in the local DL field strength, but a significant
decrease in the local EI (where the UL is the major contributor). At a larger-scale,
both DL and UL exposure reductions are observed.

3.2 Small-cell offloading

Small-cell offloading is evaluated in a live network using microcells in GSM and
UMTS technologies, as an illustrative example of the small cells group with highest
transmit powers.

3.2.1 Evaluated solution

The scenarios that are evaluated are described in [D6.2-A, section 3.4]. The aim is to
compare the EI with the micro layer turned on and off, over the coverage area of
observed macro sites (“macro area”) and over the coverage area of the micro sites
(“micro area”).
The observed macro and micro sites have the characteristics shown in Table 3.

Table 3: Characteristics of the macro and the micro layer.

Site type Technologies
UMTS carriers/GSM
TRXs

Transmit power

Macro site
GSM 4 42dBm per TRX

UMTS 3 43dBm per carrier

Micro site
GSM 2 37dBm per TRX

UMTS 2 34dBm per carrier
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The cell statistics is taken for the exact time of measurements. Measurements were
taken for a two hour period, one scenario after the other, during heavy load hours. In
this sense, the calculated EI values can be considered as the worst case, compared
to other periods of the day.

The input data for the EI calculation are shown in Table 4 for the scenario with micro
layer turned on, and in Table 5 for the scenario with micro layer turned off.
In order to assess the DL component of the EI, field strength samples measured in
the field are divided into two groups, one pertaining to the micro area, and another
one corresponding to the macro area. The coverage of the micro layer has been
verified with the drive-test tool. The recorded samples are first scaled for the indoor
attenuation of 18 dB, as explained in section 6.3 of [D6.2-B] (AttFactor = 0.126).
Average values are then combined with respect to the percentages of population in
the micro and the macro area, by averaging over power. In this way, we can assess
the DL components of the EI over each respective area.

Table 4: Input data for scenario Micro ON.

Scenario MICRO ON

Data UMTS macro layer UMTS micro layer

Avg. UE Tx power [dBm] -7,19 -23,68

Fractions of UE Rx power samples for
good, medium and bad radio conditions
[%]

Good Medium Bad Good Medium Bad

38,73% 39,40% 21,87% 64,19% 31,98% 3,83%

Average voice usage in time (per 1h), all
users [Erl] 33,22 1,99

Average data usage UL in time (per 1h),
all users [Erl] 38,13 1,48

Average data (UL and DL) usage in time
(per 1h), all users [Erl] 148 6,02

Average data volume UL (per 1h), all
users [kbits] 3.412.947,00 101.895,00

Recorded average field intensity [V/m]* 0,152 0,202

Data GSM macro layer GSM micro layer

Avg. UE Tx power for voice service [dBm] 29,79 22,28

Fractions of UE Rx power samples for
good, medium and bad radio conditions
[%]

Good Medium Bad Good Medium Bad

15,30% 59,05% 25,65% 35,50% 58,93% 5,57%

Recorded average field intensity [V/m]* 0,103 0,121

* The value given for the macro layer is related to the macro area excluding micro area, while the
value given for the micro layer is for the micro area
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Table 5: Input data for scenario Micro OFF.

Scenario MICRO OFF

Data UMTS macro layer

Avg. UE Tx power [dBm] -6,2

Fractions of UE Rx power samples for
good, medium and bad radio conditions
[%]

Good Medium Bad

36,76% 43,15% 20,09%

Average voice usage in time (per 1h), all
users [Erl] 36,52

Average data usage UL in time (per 1h),
all users [Erl] 41,96

Average data (UL and DL) usage in time
(per 1h), all users [Erl] 159

Average data volume UL (per 1h), all
users [kbits] 3.452.109,00

Recorded average field intensity in the
macro area excluding micro area [V/m] 0,152

Recorded average field intensity in the
micro area [V/m] 0,199

Data GSM macro layer

Avg. UE Tx power for voice service [dBm] 29,76

Fractions of UE Rx power samples for
good, medium and bad radio conditions
[%]

Good Medium Bad

14,88% 61,31% 23,81%

Recorded average field intensity in the
macro area excluding micro area [V/m] 0,103

Recorded average field intensity in the
micro area [V/m] 0,107

Percentages of users per technologies and layers are taken from the signalling
messages in the core network, for the exact period of measurements. The
corresponding values are shown in Table 6.

Table 6: Fractions of users per technology and layer, extracted from signalling messages.

Fractions of users per technology and layer
based on signalling messages

Users

GSM macro 45,59%

GSM micro 1,52%

UMTS macro 52,03%

UMTS micro 0,86%

3.2.2 Evaluation results

The calculated values for the EI over the whole population, for the macro and for the
micro area, for the two scenarios, are shown in Table 7.
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Table 7: EI values.

Area
considered

EI over population or
over users only [W/kg]

Micro ON Micro OFF ΔEI with micro on

Macro area EI for the population 1,37375E-05 1,40383E-05 -2,14%

Micro area EI for the population 3,27715E-06 1,9014E-05 -82,76%

The overall results show the improvement of the population exposure with the
introduction of the micro layer, both for the macro and the micro area. The overall
improvement of the EI is more than 80% in the micro area, and more than 2% in the
macro area. This is expected, as the micro area represents the zone of bad coverage
of the macro layer. Further insight is obtained by observing the EI components per
technology and uplink/downlink, over the micro and the macro area. Table 8 shows
the percentage share of these EI components in the overall EI (over micro and over
macro area), whereas Table 9 shows the absolute values with the growth per
component.

Table 8: Shares of the total EI per technology and uplink/downlink.

EI per population, shares per technology and UL/DL

Area
considered

Technology UL/DL Micro ON Micro OFF
Δshare in total EI with
micro on

Macro area

UMTS
UL 0,10% 0,14% -0,04%

DL 0,29% 0,28% 0,01%

GSM
UL 99,25% 99,23% 0,02%

DL 0,36% 0,35% 0,01%

Micro area

UMTS
UL 0,01% 0,07% -0,06%

DL 0,30% 0,02% 0,28%

GSM
UL 97,62% 99,60% -1,98%

DL 2,07% 0,28% 1,79%

First, GSM UL causes the major part of the EI. This is expected considering the
technology intrinsic characteristics and also due to the fact that a large number of
users are actually connected to GSM, since many of them are voice-only users, using
a GSM-only device or GSM-only user option on the device. The largest improvement
with the introduction of the micro layer is observed over the micro area for the GSM
technology.

It is also clear that the DL part of the EI pertaining to UMTS technology is bigger than
the UL part, except for the micro area with micro layer turned off. UMTS is an
interference limited system, and its efficient power control is one of its most important
features. Due to the presence of surrounding base stations and sectors, with up to
three carriers, the UMTS DL component is very strong, in both scenarios. In the
macro area it is 50% higher than the UL component. In the micro area, the DL
component is even stronger with the micro layer turned on, due to the decrease of
the UL component (signal quality improved leads to lower UE Tx power levels) and
the increase of the DL component due to addition of the new layer. When the micro
layer is turned off, UMTS UL component becomes dominant over the DL component
in the micro area, since this area is then left with the bad coverage of the macro
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layer. If more users were connected to the UMTS, its UL component would be higher,
and the GSM UL component would decrease, but due to technology differences,
GSM component would still dominate.

Table 9: EI components per technology and uplink/downlink.

EI per population, components per technology and UL/DL

Area
considered

Technology UL/DL Micro ON [W/kg] Micro OFF [W/kg] ΔEI with micro on

Macro area

UMTS
UL 1,43648E-08 1,93276E-08 -25,68%

DL 3,92593E-08 3,94291E-08 -0,43%

GSM
UL 1,36343E-05 1,39304E-05 -2,13%

DL 4,96398E-08 4,91624E-08 0,97%

Micro area

UMTS
UL 2,85246E-10 1,31376E-08 -97,83%

DL 9,83112E-09 9,54128E-09 3,04%

GSM
UL 3,19936E-06 1,89384E-05 -83,11%

DL 6,76735E-08 5,29195E-08 27,88%

Looking at the absolute values and the growth percentages, it is obvious that the
introduction of the micro layer brought huge improvements for most of the EI
components, but also a slight increase of some of them. UMTS UL component over
the macro area is improved (decreased) by 25%, and over the micro area by 97%,
due to the improvement of received signal level. The UMTS DL component is
somewhat higher over the micro area with the micro layer turned on. Over the macro
area, the UMTS DL component is slightly reduced with the addition of the new layer,
but this is the result of averaging over the whole population and the increased data
usage in the scenario with the micro layer off (laptop usage has somewhat higher
SAR values), as the average field strength is of course somewhat higher in the other
scenario.

The GSM UL component over the micro area is improved by 83% due to
improvement of the received signal, which results in more than 2% improvement over
the macro area. The GSM DL component over the micro area is increased by 27%,
which is reflected over the macro area as an increase of less than 1%.

Looking per technologies, both UL and DL components, the EI over the micro area is
improved for both technologies.

3.2.3 Conclusion

The introduction of the micro layer in both technologies, GSM and UMTS, brings a
remarkable decrease in the exposure index for the population in the coverage area of
the micro. But it is important to remark that the improvement depends much on the
structure of the micro area (building, outdoor), the profile of users and their usage
(GSM-only users).

GSM technology causes a huge part of the UL exposure, due to its inherent
properties. Introduction of the micro layer increases to some extent the DL
component for both technologies, but the improvement of coverage leads to lower
powers emitted by UEs and to the significant reduction of the UL component. UMTS
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DL component is generally higher than the UL one for the given topology, due to
various factors: inherent properties concerning power control, the impact of
surrounding base stations and sectors with multiple carriers, or the large number of
users connected to GSM, thus reducing the UMTS UL component.

As an illustration, for the topology described in [D6.2-A, section 3.4], the improvement
in the EI when the micro was turned on compared to the scenario when it was turned
off, was about 67%. This improvement is mostly due to the improvement of the GSM
UL EI. Given that the studied area was a business building, indoor environment, with
distributed antennas on different floors, which are therefore close to users, the DL
components for both GSM and UMTS grow drastically when the micro layer is added.
The overall UMTS component (UL and DL) grows in fact by a small percentage, but
the GSM component decreases.

This leads to the conclusion that the small cells layer should be carefully planned
based on usage data and characteristics of the area. For indoor environments, small
cells with lower powers are more suitable (pico, femto), while for the outdoor
environment cells with higher powers can be used. The needs for capacity, coverage
and decreased exposure are mostly in line, and the topology can be thus optimized
considering the EI as another KPI.

3.3 Small-cell densification

The small-cell densification that was initially studied in [D5.1] is completed here by
the system simulation tool described in section [D6.2-A, section 6.4] run on the Paris
scenario of [D6.2-A, section 3.2].

3.3.1 Evaluated solution

Small-cells are small base stations that are expected to increase the broadband
service coverage of cellular networks, providing the required capacity in hotspots or
high traffic areas. The LTE-A standard from 3GPP release 10 has defined solutions
to limit the degradation from co-channel interference in two-tier macro and small-cell
networks [WAN], and these should allow dense small-cell deployments. As the field
trials became reality in 2015, the first operational deployments are expected very
soon. Two-tier topologies might rapidly be a key asset in future networks. Hence,
evaluating the impact of such topologies on the EMF exposure is an essential
outcome of the LEXNET project.

The scenario that is evaluated here consists in a dense small-cell deployment over a
dense urban area, as shown in Figure 5. It was demonstrated in [D5.1] that a
significant gain may be reached jointly on the network capacity, user experience and
EMF exposure. The [D5.1] results are completed in this deliverable by:

 Considering heterogeneous and time-variant traffic;
 Adding the impact of the small-cell wireless backhaul on EMF exposure;
 Computing the Exposure Index from both DL and UL contributions, and taking

into account space and daily traffic variations.
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Figure 5: Two-tier network deployment.

3.3.2 Test setup

Small-cells are deployed in addition to the macro LTE-A network described in [D6.2-
A, section 3.2]. The properties of the additional small-cells and user traffic are
summarized in Table 10.

Table 10: System parameters in the small-cell densification scenario.

Small-cell
layout

Spectrum usage: co-channel.

SC deployment: Average ISD of 50 m.

Maximum total transmit power: from 100 mW to 5 W.

Antenna: omnidirectional, 5 dBi, 6 m above ground.

UL noise figure: 2.5 dB.

ABS dedicated resources: 25%

CRE offset: 12 dB

User trafic

DL peak trafic of 55 Mbps/km² or 332 Mbps/km² (see below).

UL trafic = 33% of DL trafic.

20% outdoors, 80% indoors.

Indoor users distributed into several floors.

Co-channel interference is managed thanks to the ABS (Almost Blank Subframe)
technique, which dedicates some radio resources to the users located at small-cell
edges. Besides, the CRE (Cell Range Extension) mechanism gives a priority to
small-cell attachment in order to maximize the macro offloading.

A user traffic map is created from geographical and social network data. This map
represents the space and daily variations of the users in the 7th district of Paris. It is
exploited here to optimize the small-cell deployment (i.e. the distance between
antennas is inversely proportional to the local user density) and calculate the EI (note
we assume that the relative population and user distributions are similar). Figure 6
shows the map for the outdoor user distribution at 23:00. About the same distribution
is considered indoors, but taking into account the building height, i.e. the number of
users inside a building is proportional to its height. In average (space and time
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average), 80% of users are located inside the buildings. The time variation of the DL
user traffic (in Mbps/km²) is given by Figure 7, with a peak demand at 23:00.
The considered traffic brings the LTE macro-cell network at its capacity limit,
meaning that a small percentage of users (about 1%) cannot be served at peak hour.

Figure 6: Spatial outdoor user distribution at
23:00. Figure 7: Time variation of DL user traffic.

Small-cells are linked to the cellular core network by the so-called small-cell
backhaul, provided either from an optical fiber connection, a millimeter wave LOS
link, or a sub-6 GHz NLOS wireless backhaul. The latter solution is viewed as a
relevant candidate when the optical fiber is not available in the deployment area, or
the fiber leasing is too expensive; furthermore, the number of deployed small-cells
makes the installation of dedicated point-to-point LOS links rather difficult.
The small-cell deployment is completed here with LOS P2P (Point to Point) links at
60 GHz when possible, and a 3.5 GHz P2MP (Point to Multi Points) backhaul in
NLOS situations. The backhaul impact on the EMF exposure is assessed and
combined with the DL EI contribution of the Radio Access Network (RAN).
The backhaul properties are summarized in Table 11.
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Table 11: Backhaul network parameters.

System

LOS V-band P2P:

FDD 2x500 MHz.

Central frequency: 60 GHz

MIMO configuration: no (single antenna)
NLOS Sub-6GHz P2MP:

FDD 2x20 MHz.

Central frequency: 3.5 GHz

MIMO configuration: Dual-polar. spatial multi-plexing

Hub

Colocated with macro sites.
LOS V-band P2P:

Maximum total transmit power: 6 dBm

Antenna: directional, 2° HPBW, 40 dBi

UL noise figure: 4.5 dB
NLOS Sub-6GHz P2MP:

Maximum total transmit power: 27 dBm

Antenna: directional, 65° horizontal HPBW, 18 dBi

UL noise figure: 4.5 dB

Remote

Colocated with small-cell sites
LOS V-band P2P: same as hub node.

NLOS Sub-6GHz P2MP:

Maximum total transmit power: 27 dBm

Antenna: directional, 24° horizontal HPBW, 17 dBi

UL noise figure: 4.5 dB

Finally, the evaluation scenario and evaluation metrics are described in Figure 8. The
performance of the two-tier scenario is predicted in two different user traffic
conditions: 1) same traffic than in the macro-only network, i.e. 55 Mbps/km²; 2) at the
maximum network capacity, i.e. 332 Mbps/km². The first results stress how the
exposure is reduced when introducing small-cells. The latter ones show how the user
performance and the EMF exposure might evolve in time if the user traffic is
exploding as expected.

Figure 8: Evaluation scenario for small-cell densification.
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3.3.3 Evaluation results

The simulator generates several maps: per metric of interest, per hour (over a 24-
hours total period) and at different floors (from the ground-floor to the 10th floor).
Some maps are given in Figure 9 to Figure 11, from the two-tier scenario at constant
user traffic.

Figure 9: Total DL field strength at the ground floor (outdoor + indoor) and peak hour (23:00).

Figure 10: Total DL field strength at the 6
th

floor (height = 19.5 m) and peak hour (23:00).
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Figure 11: UL transmit power at the ground-floor and peak hour (23:00).

The variations of both DL and UL power values over the day are shown in Figure 12.
Those mean values have been obtained from the aggregation of all predicted pixels
and floors, taking into account the local user density. The user traffic reduction at
night obviously leads to a significant improvement of both the DL exposure (because
of a lower cell load) and UL exposure (thanks to a better link performance).

Figure 12: Averaged DL field strength and UL transmit power vs time.

Figure 13: Averaged DL and UL peak throughput vs time.
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At constant user traffic, the benefit of the two-tier deployment compared to the
macro-only network is obvious for DL and UL peak throughputs. Even with a traffic 6
times higher in the two-tier network (and unchanged in the macro-only network), the
DL peak throughput remains significantly better, while the UL peak throughput goes
down back to the macro-only level.
Table 12 summarizes how the mean performance of the two-tier network (user QoS,
network QoS and EI) changes compared to the macro-only reference. The EI is
computed from the LEXNET reference scenario that was briefly described in [D6.2-A,
section 3.3] but with the specific user spatial and time variations that were considered
here. At constant user traffic, the EI is divided by 4.3, thanks to the strong reduction
in the dominant UL component.
Besides, the improvement in the instantaneous transmit power and throughputs is not
enough to compensate a 6x increase of the user traffic; the DL field strength is
multiplied by 3.4; the UL component and global EI are degraded by 40%.
The conclusion is that a dense small-cell network brings a very significant benefit on
user QoS, network capacity and EMF; however it is not sufficient to compensate the
effect of a large user traffic rise, i.e. 6 times higher, on the EI.

Table 12: EI variations when adding a dense small-cell layout, and increasing the user traffic.

The backhaul design has been realized with a backhaul planning tool [SIR] that
performs automated hub selection, small-cell remote attachment and antenna
orientation. The planning aims to provide each small-cell with the required network
capacity. In this study, it is computed by aggregating the user throughputs of each
small-cell in the busy hour, and in the scenario with maximum network throughput.
The resulting backhaul is presented in Figure 14. The LOS V-band segment is
composed of 30 transmitters located at five different macro sites, and serving 30
small-cells. The NLOS sub-6GHz segment is composed of 25 hubs located in nine
different macro sites, and connecting 94 small-cells. The proposed hybrid wireless
backhaul approach was found specifically suitable for dense outdoor small-cell
networks. Small-cells in LOS of hub sites (typically macro-cell sites) benefit from
great mean and peak throughputs. Furthermore, the designed sub-6GHz P2MP
backhaul network outperforms the mean throughput targets, allowing future traffic
demand growth and possibly small-cell BS upgrade with more bands. It also allows
the small-cells to provide a good user experience with min and average peak
throughputs of 40.0 and 98.72 Mbps respectively.
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Figure 14: Small-cell wireless backhaul network.

The mean power density from the proposed wireless backhaul is then compared to
the mean power density generated by the RAN network (macro and small-cells). The
backhaul contribution is computed from only the DL traffic in the NLOS segment. We
can state that,

 The contribution from the LOS backhaul links is negligible because of the high
antenna directivity;

 The UL contribution of the NLOS backhaul is small compared to the DL
contribution, as the backhaul remote antenna installed at the small-cells is
directive, and oriented towards the macro hubs.

For simplicity, the comparison is done in the streets only.
The result from Table 13 shows that the backhaul contribution is small: 16% of the
total DL exposure. Therefore the proposed backhaul design does not significantly
change the conclusions drawn above on the small-cell benefits or limitations.
However its impact is not negligible. It is concluded that, in general, the wireless
backhaul contribution has to be taken into consideration for a fair EMF small-cell
analysis.

Table 13: Mean power density from the RAN two-tier network and the wireless backhaul.

3.4 Switching off 2G voice

The critical contribution of 2G networks to the population EMF exposure is known
from many years; and has been quantified with the LEXNET EI in Santander and
Belgrade testbeds as reported in [D6.2-A]. It appears from Trace mobile
measurements in Santander that 2G EI is two orders of magnitude higher than any
other cellular network, mainly because of the UL transmit power. Another result, from
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network monitoring in Belgrade, shows that EI-UL from 2G is three orders of
magnitude higher than in 3G [D6.2-A, section 7.3.4], knowing that the 3G voice traffic
is slightly higher than 2G, and is only a portion of the total UL traffic. The average Tx
power during a phone call (in high load hours) is 31 dBm with 2G, while the average
transmit power is only -9.4 dBm in the 3G macro network.
Based on [D6.2-A, section 7.3.4], we can estimate that EI-UL would be roughly
reduced by three orders of magnitude if 2G was switching off and the associated
resources were devoted to 3G voice.

A migration towards VoLTE would have been a more valuable scenario, however no
EMF measurement of UL VoLTE was available.

Even in absence of any precise gain quantification, the migration of 2G towards a
more recent cellular technology is obviously a mandatory step for EI reduction. The
impact of any other technique studied in this document would be negligible as long
as a significant part of voice communications will be transmitted with the current 2G
transmit power.
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4 LOW EMF COMPONENTS

Several radio components investigated by LEXNET partners have been prototyped
and their impact on the link performance and EMF exposure has been evaluated in
laboratory testbeds. The validation, characterization and evaluation of two
demonstrators are reported in this section: 1) a LTE RF front-end that integrates a
compact directive antenna and a reconfigurable low-noise amplifier, suitable for
implementation in small-cell base stations; and 2) beamforming antennas whose
impact on field radiation and human exposure is assessed through an innovative
laboratory testbed composed of EMF probes.
Those laboratory demonstrations are completed with system-level simulations to
assess the QoS and EMF performance of steerable directive antennas or
beamforming in large-scale small-cell deployments.

4.1 LTE RF front-end and antenna testbed for small-cell BS

4.1.1 Evaluated solution

LTE RF front-end and antenna testbed combines a smart antenna and a
reconfigurable low noise receiver based on techniques studied in [D4.3]. The EI
evaluation shows the improvement compared to a typical architecture
(omnidirectional antenna and reference receiver). The envisaged demonstrator aims
to fulfil constraints of dense small cell (SC) base station (BS) deployment in a dense
urban environment following the 3GPP guidelines [3GPP]: the SCs form a 3×3
cluster located inside each Macro Cell (MC) sector. However such a density of SC
BSs is costly and complicated to deploy on such a wide scale. The idea is to validate
the simulated characteristics with a single link experimental characterisation (spatial
filtering and noise figure) even if the dense scenario specifications are not reached.
As only hardware components have to be validated in this work, it is decided to
simplify the validation scenario with only one UL transmission, from a UE to a SC BS,
and one UL blocker associated to either the MC BS or another SC BS.

Two separate LTE UL frequency bands are selected for the SC BS demonstration:
band 20 (832-862 MHz) and band 3 (1710-1785 MHz). The aforementioned indoor
scenario will be emulated during the demonstration.

From the component developments reported in [D4.3], two techniques are
appropriately combined for SC BS deployment: the miniature and directive antenna,
and the reconfigurable low noise receiver. The combination of both solutions ensures
additive gains due to the independency of the individual concepts, which are
described below.

4.1.1.1 Miniature and directive antenna concept

Compared to an omnidirectional radiation pattern, the proposed antenna focuses its
energy only in the useful angular sector. In the proposed demonstrator, the antenna
benefits of a reduction factor of 5 compared to equivalent directivity antenna. This will
be integrated into a typical SC BS equipment with an approximate radiating elements
cylindrical dimensions 11 x 8 cm (diameter x height) corresponding to 0.28 x 0.2
wavelength at 850 MHz. The major innovation regarding the SotA of the developed
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antenna is twofold: first the dual band (band 20 (832-862 MHz) and band 3 (1710-
1785 MHz)) and secondly its beam which can be controlled in azimuth for 6 angular
directions. This last point is made possible thanks to tunable impedance loads that
control the coupling effect between the central driven element and the other parasitic
elements. The concept scheme is reminded in Figure 15. A picture of the finale WP6
prototype is given in Figure 16. Notice that the ground plane is quite large (40 cm
diameter) for this realisation but will be reduced in future version by re-using the
metallic case of the SC BS device. The system-level performance assessment can
be found in [D4.2]. It is briefly reminded that to behave super-directive (that is spatial
filtering while reducing its dimensions), the antenna efficiency is compromised. Thus,
the overall concept of this kind of antenna makes the assumption that in SC BS
deployment scenario, the interference impact overrides the budget link impact. Notice
that at this stage of development, the prototype does not incorporate omnidirectional
pattern mode and thus the allocation of all the surrounding UEs and their tracking for
the optimum beam are not addressed in the LEXNET project.

Figure 15: Dual band parasitic antenna array concept with its band and beam-steering
implementation.

Figure 16: Illustration of the dual band compact and directive antenna in LTE band 3 and band
20: final WP6 prototype top view (left) and details of the impedance load control for the beam

steering feature (right).
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4.1.1.2 Reconfigurable low noise receiver concept

Reconfigurable low noise receiver architecture is proposed to achieve better noise
figure (NF) performance. The aim is to reduce the receiver NF compared to reference
multi-band receiver architecture. The proposed solution consists of a wideband
receiver architecture instead of the narrowband performance presented in traditional
multi-band architectures. It implements a reconfigurable band pass filter and a
reconfigurable oscillator able to work in different LTE frequency bands, adding a fixed
intermediate frequency (IF) at 140 MHz to improve the rejection to interfering signals
(Figure 16). More information about the design and initial EI evaluation can be found
in [D4.2] [D4.3]. The solution is more promising when a large number of frequency
bands are considered in the same receiver, due to its reconfigurability feature. The
integration of this solution with the miniature and directive antenna reduces the
interferences impact, protecting the first LNA from high power interfering signals and
relaxing the maximum input power compared to reference architecture.

Figure 17: Block diagram of the reconfigurable low noise receiver.

4.1.1.3 LTE SC BS RF front-end and antenna concept

Both previous low EMF techniques are appropriately combined for SC BS
deployment. The association of both techniques takes benefit from two independent
concepts at the UL: the spatial filtering with interference mitigation (signal-to-
interference-plus-noise ratio (SINR) improvement) for the antenna and the sensitivity
enhancement (NF reduction) for the receiver. From the antenna view point, the
receiver could compensate the potential losses inside the antenna structure. From
the receiver view point, the spatial filtering reduces the impact of blockers and
eventual spurious signals.

4.1.2 Test setup

The methodology considers the individual evaluation comparing each component
with the associated reference component, the so called “SotA” configuration. The
super-directive antenna is compared with an omnidirectional antenna, and the
reconfigurable low noise receiver is compared with a reference receiver. At last the
“LEXNET SC BS” configuration is evaluated and its performance is compared to the
three previous configurations. Table 1 summarizes the associated tested
configurations. This procedure allows assessing the EI ratio reduction of both
individual and combined developed components.
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Table 14: Comparison process of the associated tested configurations.

Configuration name Reference antenna LEXNET antenna

Reference receiver “SotA”
“Miniature and directive

antenna”

LEXNET receiver
“Reconfigurable low

noise receiver”
“LEXNET SC BS”

The test setup for each tested configuration is described below.

4.1.2.1 Miniature and directive antenna test setup

The antenna characterization is carried on in a controlled environment that is the
anechoic chamber (6m long) where the antenna can be rotated to measure the
radiation pattern in the different cut-planes. The complex impedance is checked by
comparing with the simulated one. In a second step the matching network is realized
based on the complex impedance measured in both bands. Then the radiation
patterns are measured at different frequencies and for two positions of the beam
(forward and backward) thanks to the RF switches. Both gain and directivity can be
extracted and compared with simulated result.

4.1.2.2 Reconfigurable low noise receiver test setup

The receiver characterization is carried out testing the performance in the proposed
solution (“Reconfigurable low noise receiver” configuration) and the reference
solution (“SotA” configuration). The reconfigurable low noise receiver is compared to
a reference dual band receiver, which includes a RF switch and a bandpass filter
before the first LNA (Low Noise Amplifier). Both receivers, whose block diagrams are
shown in Figure 18 and Figure 19, operate in LTE band 3 and 20. The green circle
shows the scope of the hardware development in LEXNET, which is limited to RF/IF
stages.

Figure 18: Block diagram of the reference receiver.
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Figure 19: Block diagram of the reconfigurable low noise receiver.

For the receiver validation, EI evaluation is derived from RF signal metrics. The
reference receiver and the reconfigurable low noise receiver are compared in terms
of NF performance and SNR performance, which eventually derives to EI ratio. The
evaluation is performed in RF/IF stages due to lab equipment constraints.

Two different test setups are used to evaluate NF performance (Figure 20a) and SNR
performance (Figure 20b).

a) b)
Figure 20: Test setup to evaluate a) NF performance and b) SNR performance.

Firstly, NF performance was evaluated using the signal analyzer and a noise source.
Secondly, SNR performance was evaluated using the vector signal generator, which
can generate 10 MHz LTE UL signal, and the signal analyzer.

Moreover, in the reconfigurable receiver, the bandpass filter reconfigurability was
also assessed with a network analyzer and the results are shown next.

4.1.2.3 LTE SC BS RF front-end and antenna test setup

Finally, the “LEXNET SC BS” validation is based on SINR and SNR measurements.
Thus SINR (UE received signal strength to blocker one plus noise power ratio)
comparison corresponds to the EI ratio. Meanwhile SNR (UE received signal strength
to noise power ratio when blocker is switched off) comparison is used to assess
whether the QoS is maintained.

The global validation has been done in two steps due to the non-availability of the
dual-band compact and directive antenna at the time of this document delivery. In a
preliminary step the {antenna+receiver} have been tested in typical (not controlled)
laboratory conditions (ie not in anechoic chamber). Once the demonstrator will be
fully operational, it is planned to install it into the CEA LETI anechoic chamber (22 m
long) which is equipped with a 4 m diameter turn table to measure different angular
positions of the blocker. In both configurations, an omnidirectional antenna emulates
an UE transmission of an LTE signal to the SC BS, Figure 21 Simultaneously on the
same frequency band, another UE so-called blocker transmits to another SC or
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directly to the MC. The latter interfere with the considered SC when the SC BS has
an omnidirectional pattern (“SotA” configuration) and far less with a directive pattern
(“Miniature and directive antenna” configuration). Notice that when the blocker is
aligned with the UE, the antenna spatial filtering doesn’t occure anymore as in the
omnidirectional case but this corresponds merely to 1/6 of the directions.

Figure 21Top view illustration of the test setup: “SotA” (left) and “Miniature and directive
antenna” configurations (right)

The super-directive antenna (“Miniature and directive antenna” configuration) is
compared with a standard 3 dBi omnidirectional dual band (bands 3 and 20)
monopole with equivalent dimensions (“SotA” configuration).

For the antenna validation, only RF signals metrics are measured to derive EI ratio
and QoS. Thus SINR (UE received signal strength to blocker one plus noise power
ratio) comparison corresponds to the EI ratio. SNR (UE received signal strength to
noise power ratio when blocker is switched off) comparison is used to check that QoS
is maintained.

Figure 22: Test setup to evaluate the LEXNET SC BS.

4.1.3 Evaluation results

For proof-of-concept (PoC) validation, different hardware prototypes were
manufactured for the miniature and directive antenna, and the reconfigurable low
noise receiver. Furthermore, the reference components, i.e. the omnidirectional
antenna and the reference receiver, were also manufactured. In the following
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sections, the evaluation results of the individual components and the LEXNET SC BS
prototype are presented.

4.1.3.1 Miniature and directive antenna evaluation

The complex impedance of the antenna is measured in both bands. In the lower
band (band 20), the simulated impedance is retrieved. Antenna gains are measured
in two cut-planes and the experimental results fit the simulated one. The -3 dB
apertures are well retrieved, despite some difficulties to find the optimal cut-plane
where the front-to-back ratio is optimised.

Unfortunately in the higher band (band 3) the results are not available at the time of
this document writing. Thus the validation results cannot be shown in this band with
the final dual band antenna.

(a) (b)

(c) (d)
Figure 23: Simulated (blue) and measured (red) normalized realized gain at 855 MHz (central

frequency of band 20) in the horizontal cut-plane (a,b) and in the vertical cut-plane containing
the beam direction (c,d) for two beam-steering direction: forward (a,c) and backward (b,d).

4.1.3.2 Reconfigurable low noise receiver evaluation

Two hardware prototypes were manufactured, one for the reference receiver and
another for the reconfigurable receiver. Both receivers operate in band 3 and band
20. Figure 24 presents the reference receiver prototype which has one RF board and
one supply and control board integrated in a single aluminium box. There is a
dedicated control circuit to switch between LTE band 20 and LTE band 3.
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a) b)
Figure 24: Reference receiver prototype: a) RF board (top view) and b) Supply and control

board (bottom view).

Figure 25 shows the reconfigurable low noise receiver prototype which has also one
RF board and one supply and control board. There is also a dedicated control circuit
to tune the three varactors which configure the bandpass filter and to program the
reconfigurable oscillator. In the reconfigurable receiver prototype, a RF coupler was
integrated in order to test the reconfigurable bandpass filter.

a) b)

Figure 25: Reconfigurable low noise receiver prototype: a) RF board (top view) and b) Supply
and control board (bottom view).

To configure and test both prototypes, a console was prepared to select the
operating band and tune the varactors. This console can run in a laptop which
connects with both prototypes through Inter-Integrated Circuit (I2C) interface. For
PoC validation, the console is configured appropriately depending on the frequency
band. Figure 26 shows the console to configure the receiver prototypes.
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Figure 26: Console to configure both receiver prototypes.

Apart from LTE band 20 and LTE band 3, the reconfigurable bandpass filter was
experienced at different operating bands tuning the voltage at three varactors. Figure
27 presents the performance at those frequencies.

a) b)
Figure 27: Reconfigurable bandpass filter performance: a) Gain at RF coupler output and b)

Input return loss.

The proposed solution enables to operate in different bands without additional RF
components. Meanwhile, the reference solution requires RF components for each
frequency band. Hence, the reconfigurable solution is more promising when a large
number of frequency bands is supported.

Concerning EI evaluation, NF tests were performed in both receivers. Figure 28
shows NF results in the reference receiver and the proposed solution results are
depicted in Figure 29.
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(a)

(b)
Figure 28: NF results in the reference receiver prototype: a) LTE band 20 and b) LTE band 3.

(a)

(b)
Figure 29: NF results in the reconfigurable low noise receiver prototype: a) LTE band 20 and b)

LTE band 3.

Table 15: Comparison in NF performance between the reference receiver and the
reconfigurable low noise receiver.

NF – LTE Band 20 NF – LTE band 3

Reference receiver 2.7 dB (3dB max) 3 dB (3.1 dB max)

Reconfigurable receiver 1.7 dB (1.9 dB max) 2 dB (2.2 dB max)

NF improvement ≈ 1 dB ≈ 1 dB 



Document ID: D6.2: Report on validation
FP7 Contract n°318273

Version: V1.0 37
Dissemination level: PU

Table 15 summarizes NF results from both solutions. The reconfigurable low noise
receiver improves by around 1 dB the NF performance before demodulation stage.

Besides the typical method exposed above, the NF performance can also be
calculated as follows:

ܨܰ =
ܵܰ ܴ
ܵܰ ܴ௨௧

Through this method, both solutions were also evaluated using 10 MHz LTE UL
signal. Defining the same ܵܰ ܴ in both prototypes, ܵܰ ܴ௨௧ improvement works out
NF enhancement between solutions. This alternative method allows EI evaluation in
the LEXNET SC BS prototype. Firstly, the method was validated with the receiver
prototypes. The output signal was measured for -50 dBm input signal and -70 dBm
input signal (which represent realistic values) and none input signal which refers to
noise floor.

Table 16 summarizes the SNR evaluation in the reference receiver and the
reconfigurable low noise receiver prototypes for different input signal level. For each
frequency band, SNR results are compared.

Table 16: Comparison in NF performance between the reference receiver and the
reconfigurable low noise receiver, based on SNR measurements.

The reconfigurable solution presents around 1dB SNR improvement, regardless of
input signal level in line with NF enhancement shown in Table 2. Therefore this
alternative method is validated for EI evaluation. This method is proposed mainly to
evaluate the LEXNET SC BS prototype because the conventional method to evaluate
the NF performance is not applicable.

Based on the simulation-based receiver evaluation in [D4.3], 1 dB NF enhancement
before demodulation stage implies about 1.5 dB total NF enhancement comparing

LTE band 20 @ 850 MHz LTE band 3 @ 1750 MHz

Input signal:
-50 dBm

Output

signal (dBm)

Noise

floor

(dBm)

SNR

(dB)

Output signal

(dBm)

Noise floor

(dBm)

SNR

(dB)

Reference receiver
-34.3 dBm -85.2 dBm 50.9 dB -36.1 dBm -86.3 dBm 50.2 dB

Reconfigurable

receiver
-32.5 dBm -84.6 dBm 52.1 dB -35.3 dBm -86.5 dBm 51.2 dB

SNR

improvement
1.2 dB 1 dB

Input signal:
-70 dBm

Output

signal (dBm)

Noise

floor

(dBm)

SNR

(dB)

Output signal

(dBm)

Noise floor

(dBm)

SNR

(dB)

Reference receiver
-54.3 dBm -85.2 dBm 30.9 dB -56.1 dBm -86.3 dBm 30.2 dB

Reconfigurable

receiver
-52.5 dBm -84.6 dBm 32.1 dB -55.3 dBm -86.5 dBm 31.2 dB

SNR

improvement
1.2 dB 1 dB
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both solutions. As a result, UL EI reduction in small cell scenario using this low EMF
technique is 29.2% the one it was studied in [D4.3].

4.1.3.3 LTE SC BS RF front-end and antenna evaluation

To overcome the non-availability of the final antenna prototype in band 3, the
previous super-directive single band prototype (developed in the band 3 [D4.3]) has
been used temporarily for the common and global evaluation of the antenna and
front-end combination.

For simplicity of these preliminary tests, the measurements are not carried on in
anechoic chamber but in the large room of TTI RF laboratory, Figure 30. The four
configurations are evaluated in term of signal and noise levels, reported in Table 17.

The following analyses can be drawn:
 The swap from standard to super-directive antennas does not disturb the +1 dB

improvement on SNR bring by TTI receiver. This +1 dB amount can be directly
translated in term of potential EI reduction for the UL at the UE side.

 As expected, the super-directive antenna presents a lower gain (-6 dB measured
on the received signal strength) compared to the omnidirectional antenna.
However the relevant result will be to measure a SINR improvement once
blockers will be introduced, which was not planed at that time of this preliminary
campaign.

 Preliminary conclusion seems that there is no noise level degradation due to the
introduction of the LEXNET super-directive antenna on the noise figure of the
global receiving chain. This is an important result as it validates that the 5 dB
loses (due to poor efficiency of the super-directivity mechanism) are not
completely transduced to the noise figure of the receiver chain. This is not a trivial
result even inside the antenna designer community. It confirms the potential of
such super-directive antenna for future deployment.

(a) Testbed with the standard
omnidirectional antenna

(b) Testbed with the LEXNET single-
band super-directive antenna

Figure 30: Testbed of the LTE RF front-end and antenna evaluation.
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Table 17: SNR evaluation and estimated improvements.

Reference receiver
Standard antenna LEXNET antenna LEXNET/std

Signal level
improvement

(dB)

Noise
level

(dBm)

Signal
level

(dBm)

SNR
(dB)

Noise
level

(dBm)

Signal level
(dBm)

SNR
(dB)

-86.0 -50.5 35.5 -87.0 -56.5 30.5 -6.0

LEXNET receiver
Standard antenna LEXNET antenna LEXNET/std

Signal level
improvement

(dB)

Noise
level
(dBm)

Signal
level
(dBm)

SNR
(dB)

Noise
level
(dBm)

Signal level
(dBm)

SNR
(dB)

-86.5 -50.0 36.5 -87.5 -56.0
(-60.5@+90deg)

31.5 -6.0

SNR
improvement
(dB)

+1 +1

4.2 Beamforming antenna testbed

4.2.1 Evaluated solution

As indicated in [D4.3, section 3.3.3], this work presents null steering for the purpose
of exposure reduction for a person using a Wi-Fi enabled laptop. The goal is to use
experimental data to find a phase offset angle between a pair of transmit antennas
that can allow for the implementation of null steering. The work is further extended to
facilitate the transmission of a second data stream from the second antenna in a pair
of antennas mounted on a laptop. This extension to current techniques [LEN1] [QAM]
[KHA] [LEN2] [CHI1] [HOC1] [HOC2] is referred to as the ‘hybrid’ technique
throughout this section since it is a hybrid of very phase-weighted simple null steering
and the modulation alphabet technique known as ‘SAR Codes’ [HOC1] [HOC2].
Null steering technique simply sends copies of the same transmit signal from either
RF chain; the hybrid technique uses both this type of simple null steering in
conjunction with modulation alphabet design. In order to explain the concept, first
consider the modulation alphabet at the output of the two RF chains, i.e. ‘Tx 1st

stream’ and ‘Tx 2nd stream’ in Figure 31 for the simple case of null steering. The
symbol encircled in red is the symbol of choice at this particular sample time; clearly
this symbol is the same in both transmit streams, as would be expected.
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Figure 31: Modulation alphabet at transmit streams when simple null steering is applied.

In contrast to this simple transmission scheme, consider now that the symbol on the
second stream is different to that of the first stream but exhibit some dependence.
This is shown in Figure 32.

Figure 32: Modulation alphabet at transmit streams where the second stream shows an angular
dependence on the first, i.e. the original ‘SAR Codes’ concept.

The idea is that when a symbol for the first stream is transmitted, it is possible to
encode a separate data stream in the second stream whose symbol alphabet is
dependent on that of the first stream. In this case when the QPSK from the upper left
quadrant is to be transmitted from the first stream, the second stream can transmit
one of either two symbols that are phase rotated copies of that of the first stream.
These two new symbols are in effect created by phase rotating the symbol from the
first stream by ± .ߠ This choice of symbol allows for the encoding of information in
the second stream. This concept by itself formed the basis for ‘SAR Codes’. It was
proposed in [HOC1] [HOC2] that the angle ߠ could be used to steer a null to the user.
However a rigorous examination of the SAR Code concept showed that this idea
would not work very well in conjunction with the widespread and practical signal
transmission scheme OFDM. Also, if the angle to steer the null to the user required a
modulation dependence angle, ,ߠ near to 0o or 180o, the scheme would become
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impractical since the modulation symbols available on the second transmit stream
would be too close to one another in I-Q space.

However as explained in [D4.3, section 3.3.3], when this defunct SAR Code idea with
ߠ fixed at 45o was combined with simple null steering, a workable ‘hybrid’ system
model emerged. It is the goal of this section to implement this system on a testbed
demonstrator.

4.2.1 Test setup

The set-up is depicted in Figure 33. A laptop running MATLAB and Xilinx developer
studio controls three WARP Virtex II boards [MAN] via a hub. A measure of exposure
is made from both a laptop emitting radiation and measured by probes on the chest
as well as from a probe inside a skull phantom that has a mobile device attached to
it. As the signals are being transmitted from either the laptop or the mobile device,
they are being received by an AP antenna, which is also being controlled by WARP
Virtex II board. Note that in total, two of the WARP Virtex II are receiving, i.e. one
receiving the access point signal and the other receiving signals from either probe
configuration (chest or skull phantom). Two signals are implemented : (i) Null steering
with selection combining at the receiver and the hybrid signal. In both cases, the
signal used is based on 5 MHz MIMO LTE signal thus MIMO-OFDM is implemented.
The probe antennas are UWB with 2.3 dBi gain (omnidirectional).
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Figure 33: Beamforming testbed set-up.

4.2.2 Evaluation results

The demodulation of the novel waveform of the hybrid system model was
successfully achieved. It is shown in Figure 34 for a receive SNR of approximately
20 dB. The BER was zero. In this case, the mobile device at the skull phantom was
transmitting but similar results were achieved with the laptop device as transmitter.
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Figure 34: In-phase (I) and quadrature (Q) components of the received signal of the hybrid
system model when implemented on the WARP Virtex II based testbed demonstrator. The

receive SNR was 20 dB and the uncoded BER was 0.

Next the receive probe power for the case of the laptop as transmitter and for the
case of the mobile device as transmitter are examined. Considering firstly, the laptop
transmitter, the null angle for null steering and the hybrid system is varied over 0o to
360o. The emitted signal power is received by 4 probe antennas on the user’s chest.
These 4 signals are combined with a combiner before being attenuated by a 6 dB
attenuator to perform an averaging using hardware. The results are given in Figure
35. It should be stressed that the absolute values of the power measurement should
be ignored as they are simply decided by manipulating several transmit and receive
gains to suit the dynamic range of the input ADC. The point of interest here is the
overall pattern, which established quite clearly that a null can indeed be steered to
the user at approximately 300o. Each plot is averaged over 5 complete set of probe
power vs null angle measurements at the WARP Virtex II probe receiver board.

Figure 35: Probe power gain vs null angle for the case of the laptop transmitter and chest
mounted probes.
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For the case of the mobile device transmission and the skull phantom probe, the
angular variation with respect to probe gain is given in Figure 36. Again each plot is
averaged over 5 complete set of probe power vs null angle measurements at the
WARP Virtex II probe receiver board. Several transmit and receive gains have been
manipulated to suit the dynamic range of the input ADC. It is logical that the power
gain range is higher for the case of the mobile device since the probe is subjected to
less path loss. It is also clear that there is a clear angle where the exposure can be
reduced at approximately 25o.

Figure 36: Probe power gain vs null angle for the case of the mobile device and skull phantom

probe.

4.2.3 Concluding remarks

In this section, the novel ‘hybrid’ system model introduced in [D4.3, section 3.3.3] that
facilitates simple null steering with more than one transmit data stream was
implemented on a testbed demonstrator that is based on WARP Virtex II hardware. It
was shown that the novel system model can successfully transmit and receive these
new waveforms as well as demodulate two separate data streams while providing a
reduction in user exposure due to the null that the system can steer to the user
simultaneously to data transmission. It is stressed that, while the results clearly show
that such a system is practically viable, this is just demonstrator for the system and
that exact values for the nulling angle required and the exposure reduction achieved
are not necessarily obtainable using this approach. The work in [D4.3, section 3.3.3]
was more rigorous in this regard and the reader is referred here for an examination of
the reduction in exposure index that can be achieved.

4.3 Large-scale beamforming simulation

Laboratory evaluations are completed by the simulation of dense outdoor small-cells
deployed in an urban environment. Beamforming and steerable antennas are
assumed to be installed at the small-cell. The impact on the DL/UL user throughput
and EMF exposure are jointly assessed over a scenario with medium traffic load (i.e.
the average small-cell traffic load is around 15%).
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4.3.1 Evaluated solution

The evaluation consists of the comparison between four different antenna systems at
the small-cell:

1. Single omni-directional antenna;
2. Beamforming with two omni-directional antennas, using LTE TM6 scheme;
3. Beamforming with four omni-directional antennas, using LTE TM6 scheme;
4. And beamsteering with the directive antenna proposed in section 4.1.

The gain of the omni-directional antenna is 2.15 dBi. The LTE TM6 codebook, with
two antennas, proposes four radiation patterns with maximum additional 3dB gain.
The codebook with four antennas is composed of 16 possible radiation patterns with
a maximum additional gain of 6dB [R&S]. Besides, the directive antenna can be
steered in 8 different directions; its maximum gain is 1.3 dB below the one of the
omni-directional antenna.
The maximum emitted power is kept constant for all four test scenarios. The total
user throughput served by the network is constant as well.

4.3.2 Test setup

The simulation is conducted within the tool presented in [D6.2-A, section 6.4], which
relies on a precise description of the urban environment and deterministic ray-based
propagation predictions. Here the simulator is set in a specific mode, so-called
Monte-Carlo, where discrete users are randomly dropped in the prediction area, and
KPI statistics are built from a succession of runs. At each Monte-Carlo iteration, the
simulator determines each user attachment (considering an omni-directional antenna
pattern at the small-cells and best RSRP), selects the antenna beam that maximizes
the useful signal strength for each user, calculates DL/UL interferences, which
depend on the antenna beam and user activity, and finally gets the user DL/UL
throughput from a mapping with SINR.
The advantage of using a ray-based propagation model in the analysis is two-fold.
Firstly, the antenna is ‘masking’ a dispersive propagation channel, instead of a
single-path channel as is often done in large-scale studies. When applying
beamforming or beam-steering in a dispersive radio environment, the higher the
channel spatial dispersion is, the lower the signal strength, and possibly the stronger
the interference. Secondly, the interference between two communications in two
neighbour cells does not only depend on the distances or link directions. Still, some
correlation might happen between separated links, due to particular reflections,
diffractions, or a general canyon effect along the streets. As a result, pointing the
beam of a small-cell in a direction opposed to a neighbour-cell user does not
guarantee that the interference is null at the user position. Both reasons make the
present simulation more realistic than beam-steering studies based on the single
direct-path assumption.
As shown in Figure 37, the evaluation is conducted in the Paris downtown with only
small-cells (no co-channel macro layout) and 60% indoor users distributed in different
floors. Other simulation parameters are given in Table 18.
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Figure 37: Small-cell deployment in a dense urban environment.

Table 18: System parameters.

System
LTE FDD 2x10 MHz.

Central frequency: 2 GHz.

Small-cell
layout

SC deployment: 14 small-cells in 0.2 km² (69 cells per km²).

Height: 6 m above ground.

Maximum transmit power: 5 W.

Antenna for cell selection: omnidirectional, 2.15 dBi.

UL noise figure: 2.5 dB.

User
equipment

UL transmit power: 23 dBm (fixed for simplicity).

Antenna: omni-directional, 0 dBi, 1.5 m above ground or floor.

DL noise figure: 9 dB.

User trafic
Data trafic.

200 Mbps/km² DL.

33 Mbps/km² UL.

At each Monte-Carlo iteration, a random set of users are positioned in the blue area
of Figure 37. As the Monte-Carlo simulation proved to rapidly converge, 30
independent runs were sufficient to reach statistically tight performance results. The
performance has been estimated only from the users attached to the five central
small-cells represented by red dots in Figure 37. Indeed the interference calculated at
the users located close to the external boundary of the simulation area is
underestimated and the resulting user performance is therefore not fair.
Besides, in order to capture the DL EMF exposure suffered by the population and not
specifically by the users, EMF probes have been distributed into the simulation area
independently of the user locations.

Figure 38 gives a short description of the evaluation scenario, where the omni-
directional and LTE beamforming use cases are considered as references; the small-
cell with the LEXNET directive antenna is the tested innovation.
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Figure 38: Evaluation scenario for beamforming network simulation.

4.3.3 Evaluation results

Table 19 summarizes the simulation results for both DL and UL directions, including:
the DL cell load (ratio of allocated cell resources); the mean DL power density
obtained from the sum of DL transmissions at the probe locations; the median peak
user throughput; and the peak throughput at the cell-edge (10% worst percentile).
The small-cells obviously take great advantage from the beam-forming or beam-
steering effect, with a mean DL traffic load reduced by 25%. Compared to the single
omni-directional antenna, the steerable directive antenna leads to a significant
increase of the median DL peak throughput (+37%), and even more at the cell edge
(+78%) where the antenna gain degradation is more than compensated by the
reduction of the inter-cell interference. The mean DL power density is divided by 6.3.
Getting such a strong exposure reduction factor together with a significant QoS
improvement is quite a challenge, and this obviously appears as an interesting gain
brought by the directive antenna.
The gain on the UL performance is highly significant as well. The median and cell-
edge peak throughputs are respectively improved by +24% and +714%, while the
global transmit power efficiency (UL throughput per unit transmit power) is enhanced
by +16%. This latter result means that the EMF exposure of a mobile user, due to its
own device transmission, is divided by 1.16 in average (provided its network usage
remains constant).
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Table 19: Evaluation results from beamforming network simulation.

The LTE TM6 scheme with two antennas also provides good performances, but
slightly lower than the ones obtained with the steerable directive antenna on the
downlink, and far lower at the UL cell-edge. Besides, the reduction factors on the
EMF exposure are limited to 1.17 and 1.09 for DL and UL, respectively.
The gain on user throughput and UL exposure is further enhanced with four
antennas; and is very close to the one obtained with the steerable directive antenna.
Despite the increased antenna gain in the beam direction (up to 6 dB compared to
the omni-directional antenna), the DL exposure improvement is very limited. Besides,
the four-antenna beamforming must be of a size much larger than the steerable
directive antenna (section 4.1.1.1), which makes its integration into small base
stations more complex.

The main conclusion is that beamforming and beamsteering lead to a significant
improvement of the user throughput along with a reduction of both DL and UL
exposure. In particular, the steerable directive antenna allows the DL exposure to be
divided by 6.6.
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5 LOW EMF NETWORK TECHNIQUES

Two low EMF management techniques, initially investigated by the industry for
reducing congestion risks in cellular networks (Wi-Fi offloading), reducing the power
consumption in WLAN (switching off some AP’s in absence of users) are evaluated
here in terms in EMF.

5.1 Wi-Fi offloading

The investigations on the Wi-Fi offloading policy, as it can be implemented in the
ANDSF (Access Network Discovery and Selection Function) have been initiated in
[D5.2], where it is shown that offloading may significantly reduce the DL exposure
contribution coming from a traditional LTE macro layout [D5.2, section 7.1]. A two-tier
system-level simulation was also introduced that predicts the user distribution and
user performance for different offloading scenarios.

Those results are completed in this document with evaluation of the EI reduction; and
the comparison between various scenarios and offloading strategies. The evaluation
relies on two complementary system-level simulation platforms: a two-tier dynamic
simulator on one hand, using analytical models; and a coverage-based simulator
(radio-planning like), using deterministic prediction for the LTE layer and an
abstraction model for integration of Wi-Fi offloading.
On the one hand, an accurate analysis is performed by the system-level simulator
that makes use of radio-planning techniques, relying on a real urban environment
model and a deterministic propagation loss prediction scheme is applied over 3D
static maps. By this way, the tool is able to accurately calculate the received field, UL
transmit powers and throughput, which allows the estimation of both DL and UL EMF
values.
On the other hand, the analysis depicted above lacks from a detailed modelling of
network selection and resource allocation procedures based on services demand. In
this sense the second tool, whose modelling takes a larger number of abstractions, is
able to consider different access policies, carrying out a step-wise service analysis.

5.1.1 Evaluated solution

Traffic offloading from the cellular 3GPP networks (3G or 4G) to Wi-Fi access points
is governed by policies defined at the national level in the ANSDF block. The
nationwide offloading policy selects a set of services (e.g. video download) that must
be, as far as possible, transferred to Wi-Fi with the aim to optimize the core network
efficiency in terms of delay, capacity and cost. Several policies are defined for
different environments (rural, suburban, urban, dense urban) and time periods. This
technique is viewed as a very cost-effective solution to support important traffic
increase in the cellular network with only a limited investment in the infrastructure.

A study based on the measured nationwide traffic data in the Orange’s French 3G
network has shown that 45% traffic offloading was an appropriate target to improve
latency and throughput in the core network. This target is used in the evaluation
below as an objective given by the ANDSF, but its application depends on radio
constraints or criteria. The radio network simulation considers together the ANDSF
policy and some QoS measurements that could be made by the user equipment in
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order to decide the transfer from 3GPP to Wi-Fi. At the end, the radio network
simulator provides a QoS evaluation for users initially connected to the 3GPP
network, and the prediction of DL/UL exposure taking both into account the 3GPP
and Wi-Fi contributions.

5.1.2 Test setup

The coverage-based simulator is the tool introduced in [D6.2-A, section 6.4],
providing outdoor and multi-floor indoor QoS and EMF maps, but extended with
introduction of three new blocks devoted to the Wi-Fi offloading study:

1. A 2.4 GHz Wi-Fi abstraction model that provides statistics on the maximum Wi-Fi
DL/UL PHY throughputs available at indoor locations. Those statistics consider
both the backhaul throughput limitations due to fixed internet access and the Wi-
Fi max throughputs itself. The abstraction model also gives an estimate of the
average DL exposure, both in outdoor and indoor environments, as generated by
the Wi-Fi AP layout for a given traffic load.

2. A RAT selection module that decides for each user whether the communication is
served by the LTE or the Wi-Fi network.
First, the type of service (to be offloaded according to ANDSF policy or not) is
simulated in a random way. Afterwards, two QoS metrics are involved in the
decision: the LTE DL throughput available at the user location, which is predicted
in a deterministic way; and the Wi-Fi DL throughput, which is randomly generated
from the Wi-Fi abstraction model (i.e. a statistical throughput probability function).

3. Finally, the multi-RAT network performance is obtained from the LTE simulation
process described in [D62-A, section 6.4] for non-offloaded users; and from the
Wi-Fi abstraction model for offloaded users.
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Figure 39: Methodology for Wi-Fi offloading evaluation based on coverage simulations.

The reason why we evaluate the Wi-Fi performance from an abstraction model, even
if the LTE network is simulated in a deterministic manner, is two-fold: 1) The spatial
distribution of private APs in the environment is unknown, and not controlled by the
operator, so it can be seen as random; 2) The evaluation is conducted at a large
scale in a dense urban environment, including several macro LTE base stations,
which would have required the distribution and prediction of many thousands of APs
in a full-deterministic approach.
The elaboration of the Wi-Fi abstraction model and its validation against
measurements are detailed in Appendix A3.

The main principles of the Wi-Fi offloading scenario are summarized in Figure 40.
The study is conducted in a large dense urban environment, where Wi-Fi and LTE
service coverage are reached everywhere. The LTE network is assumed to be highly
loaded without having reached its saturation state and we can therefore assume that
all users would be eventually served.
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Figure 40: Evaluation scenario for Wi-Fi offloading.

The detailed simulation parameters are presented in Table 20 to Table 22. The
offloading is allowed only towards the APs managed by the considered LTE operator.
This operator is assumed to be the incumbent fixed access operator in the area, with
40% of APs.
The backhaul performance, from xDSL or optical fiber, is taken into account, such
that the xDSL restriction on the peak throughput is integrated in the RAT selection
process. The offloading is allowed only for indoor users. Two categories of mobile
users are distinguished:
 The ones being located at home with both their fixed Wi-Fi and mobile LTE

access managed by the same operator. Consequently they can be offloaded to
the Wi-Fi with full access to the AP bandwidth. Furthermore, as both the AP and
the user are located in the same location, they most likely benefit from high Wi-Fi
radio performance.

 The ones who cannot take benefit from a full access to an AP located in their
vicinity. Those users can only be offloaded to the Wi-Fi exploiting the shared
resources of an AP managed by the cellular operator; hence, depending on the
user location from this AP, there might be non-optimal Wi-Fi radio performance.
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Table 20: Wi-Fi layout properties.

Wi-Fi technology
802.11n
2.4 GHz

Wi-Fi AP access
Private AP, with P% of them giving a shared access to the mobile users of
the same operator

AP deployment
Indoor
5000 APs/km²

%AP owned by the considered LTE
operator

40% (i.e. assuming that is the main nationwide Wi-Fi operator)

Backhaul
Q% APs connected to fiber
(100-Q) % APs connected to ADSL

Fiber performance Assumed to be much higher than mobile user needs

ADSL performance 15 Mbit/s DL

Max bandwidth allowed for shared
access

40% on both radio interface and backhaul

Initial traffic on private APs 65 Mbit/s per AP

Table 21: Mobile user properties.

Mobile user traffic
35 Mbit/s/km² DL and 2 Mbit/s/km² UL
 LTE layer close to overloading

Mobile user distribution
20% outdoors
80% distributed into the different building floors

Table 22: Offloading rules.

ANDSF policy Offload video traffic, i.e. 45% of whole traffic

QoS-based selection criteria Wi-Fi DL max throughput (incl. backhaul limitation) > LTE DL throughput

Mobility
Offloading only allowed for static users
For simplicity, all outdoor users are assumed to be moving; and all indoor
users are assumed to be static

Mobile user location

Distinction between
- R% of users with full Wi-Fi access: the user is at home and can be

offloaded to their AP with full access.
- (100-R)% of users with shared Wi-Fi access: the user is not at home

or having a different operator for their fixed Wi-Fi access

5.1.3 Evaluation results from coverage-based simulations

The first evaluation scenario assumes unrestricted Wi-Fi broadband access, i.e.
Q=100% of private APs are attached to optical fiber and R=100% of indoor mobile
users have a full-access to a neighbor Wi-Fi AP. Those assumptions make the
simulation setup very close to the one evaluated in section 5.1.4 with the dynamic
system-level simulator, and thus allows both simulation tools to provide together an
accurate EI estimate with a per-service QoS analysis. Figure 41 gives the EI before
(blue) and after Wi-Fi offloading (red), showing a significant EI reduction of 3.3. The
distinction is made between DL and UL contributions, as well as between LTE and
Wi-Fi components in the case of the two-tier network. It is noticeable that the UL
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contribution remains almost constant. Indeed, the proximity of the Wi-Fi AP does not
lead to any reduction of the UL transmit power, as this power is fixed on Wi-Fi links.
Besides, the DL population exposure takes a great benefit from the offloading. The
contribution from the Wi-Fi transmissions is negligible, and the average transmit
power of LTE macro eNodeB’s decreases along with the traffic load.

Figure 41: Exposure Index along with Wi-Fi offloading and unrestricted Wi-Fi broadband
access.

The evaluation continues with a more realistic and restricted access to the Wi-Fi
broadband deployment. Four scenarios are considered. The first one is so-called
“reference” offloading scenario and makes the assumptions depicted below:

 P=25% of the private APs permit the external users to have a shared access;
 Q=50% of private APs are connected to the optical fiber, while the others

(50%) are fed by xDSL, with maximum throughput of 15 Mbps on the
downlink. Note that only 40% of this maximum throughput is available in
shared access;

 R=50% of mobile users are considered being at home, and may be offloaded
to their own AP without any bandwidth restriction.

Each of the three other offloading scenarios has one input assumption that differs
from this reference use case: 1) shared access is allowed with P=100% of the private
APs; or 2) Q=100% APs are connected to the optical fiber; or 3) R=90% of mobile
users can be offloaded to their own AP with full access.
With those complementary scenarios, we can characterize the EI sensibility to the
Wi-Fi AP properties. The analysis is far from being exhaustive, as there is still a large
number of sensitive inputs in this evaluation; however, this initial analysis gives us
some interesting trends.

The evaluation of the reference offloading scenario leads to the comparison given in
Figure 42, which reports on DL/UL throughputs and three EMF metrics:

 Total DL field strength;
 Indoor UL Tx power efficiency, which is defined as the transmit power and the

user peak throughput; the higher the efficiency value is, the lower is the
exposure generated per unit data rate;

 EI values.
Figure 42 gives the global performance of the two-tier network, but also distinguishes
between the performance of users still connected to a LTE eNodeB and users that
have been offloaded to Wi-Fi.
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Figure 42: Network QoS and EMF performance before (blue) and after (red) the activation of Wi-
Fi offloading.

The benefit of the Wi-Fi offloading is obviously strong on both the mean DL
throughput ( 1.8) and the mean DL field strength ( 2.5) as the macro eNodeB
transmission and the DL interference are both significantly reduced.
The Wi-Fi offloading leads to an increase of the DL exposure in the close vicinity of
the AP, but the impact of the additional AP radiation over the whole population
remains negligible, compared to the LTE network contribution: 50 times lower inside
the buildings, and 450 times lower in the streets.
The Wi-Fi UL performance is slightly worse than the LTE UL performance. But the
comparison is very sensible to the SNR-to-throughput mapping tables implemented
in the scenario. It is worth recalling that the UL performance is of similar order for
indoor LTE users and offloaded Wi-Fi users.
Finally, the global EI is divided by 1.8, mainly because of the DL exposure reduction.

The results from all offloading scenarios are summarized in Figure 43. The EI
reduction is obviously proportional to the offloading ratio (percentage of users being
offloaded). We then illustrate how the AP configuration or user situation can influence
the offloading performance and exposure level.
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Figure 43: Network EMF performance for different AP configurations or mobile user situations,
before (blue) and after (red) the activation of Wi-Fi offloading.

Remark that the strong and linear EI decrease is valid only as long as the DL
exposure is predominant compared to the UL exposure contribution.

5.1.4 Evaluation results from dynamic simulations

This section presents the main results obtained by means of analytical system-level
simulator. This tool implements analytical models for both the LTE coverage and the
corresponding resource allocation schemes, and an abstraction of Wi-Fi technology.
More details about the models implemented can be found in [D5.2, section 7.2]. In
brief, the tool performs a dynamic analysis over a scenario by applying the access
policy on consecutive snapshots. For each snapshot users’ position and service
activity varies according to a specific pattern, and the output of one snapshot is used
to feed the following one (for instance, when a service is dropped); in this way the
scenario dynamics and memory can be taken into account.

The scenario studied has a size of 1350x1350m2 where the LTE base stations are
deployed following a hexagonal deployment; on the other side, the Wi-Fi access
points are randomly deployed within the area.

Over this scenario 500 users are moving according to a Random Waypoint model
with a speed randomly selected within [1, 3] m/s. Each user is able to initiate 2 types
of services: heavy and light, following an ON-OFF model with different parameters. In
addition, snapshots are taken every 10 seconds.

The particular values of the user density and services parameters are depicted in
Table 23. As can be seen, type 1 users are allowed to connect to Wi-Fi access
points, while those belonging to type 2 are limited to the cellular network.

Table 23: Traffic configuration.

Services
Type Traffic (Kbps) ON (sec.) OFF (sec)

Video (V) 1000 300 1200
Internet (I) 64 60 80

Users
Type Services Amount (%) Access

1 V+I [30, 45, 60] All Networks
2 V+I [70, 55, 40] Only Cellular
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Over this scenario, we have varied the percentage of users of each type, in order to
study the impact of the offloading policy. For all the configurations, 10 independent
simulations of one hour (i.e. 360 snapshots) are performed. The users who are
allowed to connect only to LTE select the cell with higher RSRP; when such cell
cannot accommodate enough resources to satisfy the user’s demand, the user will try
the following and so on. In the case of users allowed to establish Wi-Fi connections,
the access point that provides the highest data rate is selected. If the selected access
point is saturated, then the user would try connecting to the next one. Only if no Wi-Fi
connections are available, the user will try to use the LTE layer.

First, we have analysed how the load of the different access elements vary with the
percentage of users that apply the offloading policy; for this first analysis, 100 Wi-Fi
access points have been considered. Figure 45 shows the CDF of the relative load of
the LTE cells (i.e. each eNB sector) assuming different percentages of offloading;
besides, we also study the occupancy of the Wi-Fi access points for the different
offloading configurations. In the case of LTE technology, the maximum relative load
for the defined scenario is rather low (below 6%) despite the amount of offloaded
traffic; nevertheless, we can also observe a load reduction if traffic gets higher. On
the other hand, Figure 44 shows that Wi-Fi access points are inactive most of the
time, even when 60% of traffic is offloaded. It has been also seen that, even for a
30% of offloaded traffic, some accesses might get temporarily saturated.
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probability of mutual interference is higher, yielding an increase of the outage
probability.

Figure 46: Probability of service failure.

The percentage of time that a particular service is connected to each technology is
depicted in Figure 47. This metric is only taken for services that can be offloaded and
is measured as the time that a service is connected to one of the technologies
divided by the total time the service is active. In general, it is observed that, with low
number of access points, services with longer duration spend more time connected to
the LTE network.

Figure 47: Ratio of time in each technology for offloading services.

Finally, Figure 48 illustrates the number of handovers, both vertical and horizontal,
per unit time; again, it is only measured for those services that are allowed to use Wi-
Fi. In general, the number of vertical handovers is negligible when compared to the
horizontal ones, especially between two different access points. If we analyze these
results together with the failure probability seen earlier, we can conclude that in most
cases, the reason for dropping services is outage.
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Figure 48 Number of handovers per snapshot vs. the number of access points deployed

5.2 Scheduled On/Off propagation in a wireless mesh network

The scheduled On/Off propagation technique particularly fits a managed WLAN
scenario. The main idea is to be able to centrally schedule the switching off or on of
one wireless radio of a Wi-Fi AP within a mesh network. The proposed technique,
with its associated architecture and specific software development, offers a user-
friendly way to schedule on/off periods of Wi-Fi activity for the APs of a mesh
network, relying on a smart propagation of these events.

One of the main use case scenarios of this technique could be in a (small) work
environment, where mesh-capable Dual Band Dual Concurrent (DBDC) APs are
deployed in the meeting rooms. The 2.4 GHz Wi-Fi radio is used to provide service
and connectivity inside the room, while the 5 GHz Wi-Fi radio is used for the mesh
network in order to connect the APs to each other and eventually to the Wide Area
Network (WAN)/Internet.

Assuming one DBDC AP serves one meeting room, when booking a room for a
meeting, the time slot can be used as an “on” period of the radio providing the
connectivity in the room (2.4GHz). If no meeting is planned, this radio can be in an
“off” state. For managed WLAN environment, such procedure must be user friendly,
without needing to access physically the AP in the meeting room. It must also be
flexible, as booking rooms are often not definitive, with cancelling or changing time
slots on the go.

This solution will most likely impact non-users in terms of EMF, which may lead to a
small EI reduction. Adjusting the transmit power during the communication as
proposed in [D4.3] would lead to higher EI reduction.

5.2.1 Evaluated solution

5.2.1.1 Wireless meshed network

Before presenting the solution itself, it is worth mentioning that the wireless mesh
network functionality is based on a proprietary implementation different from what
has been standardized in [IEEE]. Each AP being DBDC, the 5GHz radio is used for
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the mesh communication. Within our wireless mesh network implementation, a
master AP, called Gateway Controller (GWC), plays the role of the portal. It is
connected to the WAN and is in charge of giving IP address to any station (STA)
associated to the wireless mesh network. Any additional AP added to the mesh will
be referenced as APx as shown in Figure 49 with three APs.

Figure 49: Wireless Mesh Architecture.

Without entering into too much detail, the main building blocks enabling our wireless
mesh functionality within the DBDC APs are the following:

 Partial use of the Ad-Hoc feature defined in IEEE 802.11;
 Use of the Optimized Link-State Routing (OLSR) protocol as defined in

[IETF1] for the route table construction and update;
 Use of the Dynamic Configuration of Ipv4 Link-Local Address [IETF2] for an

automatic address allocation;
 Use of General Routing Encapsulation (GRE) [IETF3] and its extension

[IETF4] for encapsulation within the mesh.

5.2.1.2 Calendar-based architecture

The LEXNET deliverable [D6.1] presented the DBDC AP characteristics and the
architecture chosen to implement the scheduled on/off technique for a standalone
case (no mesh network). The architecture was based on the use of a calendar server
and the handling of calendar events, which are known for their footprint optimisation
in terms of network load and CPU usage. We extended this architecture to the
wireless mesh network as shown in Figure 50.
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Figure 50: Calendar-based Architecture.

Radicale solution (http://radicale.org/) is used to provide the calendar server as it is a
light weight and extremely portable solution to handle CalDAV [IETF5] protocol (a
calendar extension of WebDAV [IETF6]).

5.2.1.3 Scheduled On/Off process

In the standalone case, the “lexnet” process running in the AP periodically checks the
calendar events stored in the Calendar Server and parses the events introduced by a
Client. The event duration represents the time where the 2.4 GHz Wi-Fi radio will be
shut down.

The main role of the “lexnet” process is to:
 get events stored in the Calendar Server;
 set the Wi-Fi status accordingly to the events.

Figure 51: “lexnet” process main tasks.

In the wireless mesh network case, instead of all APs having a “lexnet” module
polling the calendar server, we developed a propagation mechanism in which only
the main AP (GWC) will poll the Calendar Server for any change in all the calendars
(one per AP). If one modification is found for one AP, it will push a notification toward
the target AP using the “Software Bus” we developed.

http://radicale.org/
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A detailed implementation of the “lexnet” process is given in Appendix A2.

5.2.1.4 Propagation through a “Software Bus”

We developed a solution to enable message exchange between threads, process
and hosts using a single API, facilitating the software development.

Within different machines, several processes are running and scheduled by the
machine operating system. Each process can be made of several threads, each
thread running and scheduling different users or system tasks.

We developed a software solution allowing different tasks to exchange messages.
For the tasks to communicate we need their processes to be part of a “software bus”
and we introduce the following components. Each process contains a bus
management module for communication. Each thread also has a bus management
module which integrates a scheduler for scheduling the tasks. Finally, we add to each
task a FIFO data structure. More details on the implementation of the “Software Bus”
are given in Appendix A2.

5.2.2 Test setup

Before testing the scheduled on-off propagation mechanism, we validated the
performance of our wireless mesh network solution. As a reminder from [D6.1] our
DBDC APs are implementing IEEE 802.11n solutions for both the 2.4 GHz and 5
GHz ISM band.

5.2.2.1 Wireless mesh network performance

We set up the triangle configuration given in Figure 52, where the 5 GHz antenna
connectors are wired to be able to reproduce our tests. We use 6 splitters, 6 variable
attenuators, 6 fixed attenuators (-20dB), 12 SMA(F)-SMA(M) cables and 6 SMA/ULF
cables.
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Figure 52: Wireless mesh network setup.

Different configurations were tested, where PCs were either connected to the 2.4GHz
radio or to the Ethernet port of the AP to stress the 5GHz link, the 2.4GHz link or both
by sending in one direction or in both directions high TCP traffic using IxChariot from
Ixia [IXC].

For example when only one PC is connected to the 2.4GHz radio while the other is
on the Ethernet, we stress the 2.4 GHz radio where we want a throughput of at least
65 Mbps at the application level. If both PCs are connected to APs through Ethernet
cables, we stress the 5 GHz radio where we want a throughput of at least 110 Mbps
at the application level. Figure 53 and Figure 54 show the results obtained through
the two previous setups, respectively. More simulations results and test results are
provided in Appendix A2.

-20dB attenuator

variable attenuator

splitter

AP1AP2

GWC
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Figure 53: Wireless Mesh Network 2.4GHz stress.

Figure 54: Wireless Mesh Network 5GHz stress.

The wireless mesh network performance being validated, we set up the test bed
demonstrating the scheduled on/off solution.

5.2.2.2 Scheduled On/Off set-up

We set-up an over-the-air testbed made of the following equipment:

 One Linux PC: A host and a virtual machine (Qemu) are running on the same
hardware.

o The virtual machine is in charge of emulating the Operator network.
This allows the master gateway GWC to set up its Point-to-Point
Protocol (PPP) connection and get time synchronization through a
Network Time Protocol (NTP) server (which will use the hosting PC
clock as a time reference). The operator network emulator is reachable
at the IP address 10.0.0.1. The virtual machine also runs the Radical
calendar server which is accessible at the IP address 192.168.130.1.
Note that the calendar server can be reached by the gateways despite
being on another local network because a bridge has been setup on the
Ethernet port toward the Qemu machine.

o The host is running the client in charge of filling event to the data
server. This is done through Mozilla Thunderbird in our case which
supports the calDAV protocol through its lightning plugin. It has the IP
address 192.168.130.10 and will forward any packet to the virtual
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machine. Note that the host cannot be reached by the gateways as it is
part of another local network (host and virtual machine).

 Three Gateways: The gateways are connected to each other through the 5
GHz Wi-Fi radio and broadcasts the “Lexnet” SSID on the 2.4GHz Wi-Fi radio.
The master gateway (GWC) is connected to the Linux PC through an Ethernet
link, while additional gateways are named “AP2” and “AP3”. GWC receives the
IP address 10.67.15.6 for its PPP connection. Any device connected using the
LEXNET SSID network will receive an IP address in the form of 192.168.1.x. It
will be able to ping the calendar server (192.168.130.1) but not the PC linux
host (198.168.130.10). A bridge is setup within the Linux PC to redirect traffic
to the Qemu (192.168.130.1), which hosts the calendar server.

 One monitoring PC: This PC captures Wi-Fi SSID presence (and their
received power level) using InSSIDer software from metageek [INS].

Figure 55 summarizes the testbed setup while Figure 56 shows when it is deployed
in one single meeting room (for convenience).

Figure 55: Testbed set-up principle.
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Figure 56: Over the air testbed set-up.

The test is successful; it is reported with more details in Appendix A2.

5.2.3 Evaluation results

5.2.3.1 Principle

Any calDAV client having access to (and thus synchronized with) the three calendars
can create an event in any of them. By default, the duration event indicates the time
during which the Wi-Fi 2.4GHz radio will be switched off. It is assumed here that the
Wi-Fi is always on. Note that the complementary behaviour is possible where the Wi-
Fi 2.4GHz radios are off by default and an event indicates when the radio should be
switched on.

When the three APs (GWC, AP2 and AP3) are running, we can see the three
LEXNET networks operating using InSSIDer as shown in Figure 57.

Figure 57: (GWC-ON, AP2-ON, AP3-ON), probe close to GWC.

We set up through the calendar client three events, one for each gateway as shown
in Figure 58. Each event lasts an hour and is separated by 5 minutes from the next
one.



Document ID: D6.2: Report on validation
FP7 Contract n°318273

Version: V1.0 67
Dissemination level: PU

Figure 58: Event scheduling.

The first AP to switch off is AP2 in our planning. So we get the monitoring PC close to
AP2 and we wait for the event to occur. Figure 59 shows the 2.4GHz networks
operating just before the first event where the three APs are running and broadcast
the LEXNET SSID.

Figure 59: (GWC-ON, AP2-ON, AP3-ON), probe close to AP2.

When the event related to AP2 occurs (at 7:05), AP2 switches off. This can be seen
on Figure 60, with one network disappearing from the probe.
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Figure 60: (GWC-ON, AP2-OFF, AP3-ON), probe close to AP2.

Five minutes later (7:10), it is time for GWC to switch off, leaving only AP3 on as
shown in Figure 61.

Figure 61: (GWC-OFF, AP2-OFF, AP3-ON), probe close to AP2.

We decide then to remove the event associated to GWC through the calendar client,
leaving only AP2 event currently running and AP3 event to be run on the server. The
result is that the LEXNET network handled by the GWC goes up again as shown in
Figure 62.

Figure 62: (GWC-ON, AP2-OFF, AP3-ON), probe close to GWC.



Document ID: D6.2: Report on validation
FP7 Contract n°318273

Version: V1.0 69
Dissemination level: PU

When the event associated to AP3 occurs (at 7:15) the only LEXNET network left is
the one from GWC.

Figure 63: (GWC-ON, AP2-OFF, AP3-OFF), probe close to GWC.

As shown above, the scheduled on/off mechanism mainly targets places where no
Wi-Fi connectivity is needed. Therefore, the EMF will be reduced for passive people
(non-user), who are only being affected by “downlink” transmissions. For the EI as
defined in LEXNET, considering only active users, the impact of our solution may be
minimal.

5.2.3.2 Exposure Index evaluation

In order to evaluate more precisely the impact of this solution on the EI, we mimic our
solution within the w-iLab.t testbed in the pseudo-shielded environment (see [D6.1],
section 5.3). In this testbed, we have defined three rooms in which an AP is deployed
(red circle). The blue circles represent a STA for which transmit and/or receive power
will be collected. We only use some of the available nodes as either APs or STAs as
shown in Figure 64.

Figure 64: Rooms and nodes assignment.

In our setup, we assume that a meeting is being held in Room #2 with active Wi-Fi
users (transmit and received power will be collected), while a training session is
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ongoing in Room #1 with no active Wi-Fi users (only downlink power will be
collected). We consider two air interface loads:

 low air interface usage: each STA of Room #2 transmits the equivalent of 1
minutes of uplink traffic (cumulated) and receives the equivalent of 4 minutes
of downlink traffic (cumulated). This means that AP1 (node 55/F6) will transmit
the equivalent of 24 minutes (+ beacon).

 high air interface usage: each STA of Room #2 transmits the equivalent of
1.5 minutes of uplink traffic and receives the equivalent of 6 minutes of
downlink traffic, except one STA (node 49/H5) which will transmit the
equivalent of 15 minutes (desktop sharing) and receives the equivalent of 2
minutes of traffic. AP1 (node 55/F6) will then transmit the equivalent of 32
minutes (+ beacon).

For each of the load, we assume that GWC and AP2 are either on (transmitting
beacon only) or off which leads to a total of 4 different scenarios:

 Scenario 1: low air interface usage, all APs on.
 Scenario 2: low air interface usage, only AP2 on.
 Scenario 3: high air interface usage, all APs on.
 Scenario 4: high air interface usage, only AP2 on.

Scenario 1 and scenario 3 represent the baseline.

Table 24 summarizes duration chosen for the 4 scenarios. In each one, we assume a
transmit power of 16 dBm and the following SAR values for an adult using a laptop:

 SAR DL = 0.0049 W/kg (for an incident power density of 1 W/m2)
 SAR UL = 0.0027 W/kg (for a transmit power of 1 W)

Remark that we have taken into account the downlink exposure from the APs, the
uplink exposure of a person to the exposure of its own laptop, and the exposure of a
person by the laptop of another person.

Table 24: Scenario parameters.

Nodes Exposure duration (sec)

S1 S2 S3 S4 Presence body

C6 (=AP) 72 0 72 0 N

F6 (=AP) 1512 1512 1992 1992 N

G1 60 60 90 90 Y

H1 60 60 90 90 Y

F2 60 60 90 90 Y

F4 60 60 90 90 Y

G5 60 60 90 90 Y

H5 60 60 900 900 Y

K1 (=AP) 72 0 72 0 N

When we compute the EI over all users present for the 4 scenarios, we get the
values given in Table 25.
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Table 25: EI (in W/kg) evaluation.

DL Exposure Index for user at corresponding node (see Table 24)

S1 S2 S3 S4

1.705E-11 0.000E+00 1.705E-11 0.000E+00

2.312E-10 2.312E-10 3.046E-10 3.046E-10

4.575E-12 4.575E-12 6.862E-12 6.862E-12

2.867E-12 2.867E-12 4.301E-12 4.301E-12

4.206E-12 4.206E-12 6.308E-12 6.308E-12

2.258E-12 2.258E-12 3.387E-12 3.387E-12

3.623E-12 3.623E-12 5.435E-12 5.435E-12

4.802E-12 4.802E-12 7.202E-11 7.202E-11

1.414E-13 0.000E+00 1.414E-13 0.000E+00

2.707E-10 2.535E-10 4.201E-10 4.029E-10
Total DL EI

(W/kg)

UL Exposure Index for user at corresponding node

S1 S2 S3 S4

1.7915E-06 1.7915E-06 2.6872E-06 2.6872E-06

1.7915E-06 1.7915E-06 2.6872E-06 2.6872E-06

1.7915E-06 1.7915E-06 2.6872E-06 2.6872E-06

1.7915E-06 1.7915E-06 2.6872E-06 2.6872E-06

1.7915E-06 1.7915E-06 2.6872E-06 2.6872E-06

1.7915E-06 1.7915E-06 2.6872E-05 2.6872E-05

1.79148E-06 1.79148E-06 6.71806E-06 6.71806E-06
Total UL EI
(W/kg)

S1 S2 S3 S4

1.7918E-06 1.7917E-06 6.7185E-06 6.7185E-06 Total EI (W/kg)

The DL exposure is reduced when only AP2 is on (scenario 2 and 4) compared to the
baseline when all APs are on (scenario 1 and 3, respectively), while UL exposure is
not affected. In the low air interface usage scenarios (1 and 2), the DL exposure is
reduced by a 6.35% factor, while in the high air interface usage scenarios (3 and 4),
the DL exposure is reduced by a 4.09% factor.

However, the global EI computations show almost no reduction at all, since EI is
highly dominated by the uplink and our approach tends to reduce the downlink EMF.
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6 CONCLUSION AND RECOMMENDATIONS

Part-B of the LEXNET deliverable D6.2 was devoted to the demonstration and
evaluation of some promising low EMF techniques, either relying on new topologies,
new components or new management techniques. This work was carried out based
on preliminary evaluations and specifications coming from [D4.3] and [5.2], and via
the implementation into real wireless networks, laboratory testbeds and HetNet
simulation platforms.

Network local improvement
It was demonstrated that a local network densification (i.e. by adding a macro or
micro base station) with the objective to improve the service in a poor coverage area,
or to offer higher capacity in a hotspot, creates a local increase in DL exposure but
this may be positively balanced by the UL exposure reduction.

Small-cells
In order to raise the coming challenge of sustaining the demanding throughput in
dense or ultra-dense scenarios without increasing the EMF level, a novel small-cell
component architecture (compact and directive antenna & low noise RF front-
end) has been developed and demonstrated in LEXNET. The combination of both
techniques takes benefit from two independent concepts at the UL: First the spatial
filtering (interference mitigation via a SINR improvement) for the antenna; and
secondly the sensitivity enhancement (NF reduction) for the receiver. From the
antenna view point, the receiver compensates the 0.5 dB losses inside the antenna
structure. From the receiver view point, the spatial filtering reduces the impact of
blockers and eventual spurious signals. A system-level simulation has validated the
overall benefit at both UL and DL on a large-scale SCBS deployment scenario,
showing 20% EMF reduction while increasing the mean SINR (+6 dB). The
beamforming with low antenna complexity and compact form factor appears as a
promising solution in this specific context but need to increase its technological
maturity before it can be integrated into commercial hardware equipment.
The impact of a wireless small-cell backhaul, in particular for NLOS situations, was
also quantified in terms of EMF exposure and proved to represent about 10% of the
overall DL small-cell contribution.

Beamforming antennas
The main benefit of the antenna beamforming method is that it achieved comparable
SNR benefit from using multiple antennas with the new hybrid beamforming
proposed in LEXNET, to that of conventional diversity gain that is achievable from
multiple antennas applied together with the modulation and coding schemes used in
4G.
The technology would be applicable to tablet devices and laptop computers as it
would reduce the exposure towards the user assuming the device is aware of the
user direction. Such devices require omni-directionality on their antenna elements
due to their changing orientation and position, hence it would be necessary to apply a
suitable beamforming adaptively based on the direction of the user. It is possible to
ascertain or estimate the direction of the user using other appropriate technologies
such as image recognition with optical cameras typically existent in such devices.
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Wi-Fi offloading
Enabling Wi-Fi offloading will mainly be driven by the need to avoid congestion in the
core network or access network. We demonstrated in two complementary HetNet
simulations that such offloading is beneficial for both the user QoS and the DL
exposure, which is divided by 2.5 in our scenario (the reduction in the macro-cell
traffic load has a larger impact than the distributed increase in Wi-Fi duty cycles). Of
course, the density of Wi-Fi access points compatible with such offloading, the fixed
backhaul performance, and the Wi-Fi offloading large-scale policy, do all influence
the EMF reduction. We evaluated the impact of some of those parameters through a
parametric study.

On/off
The main innovation in the scheduled on/off propagation technique is the “software
bus” solution we developed. This solution allows a propagation of any kind of
messages in a simple way from our middleware. In the LEXNET project, we used the
“on/off message” as a visible way to validate and demonstrate our software
implementation but its impact on EMF after evaluation is very limited. Instead of
sending on/order message through the software bus, we can think about messages
affecting for instance the transmit power during communication as we have done in
[D4.3]. Indeed an evaluation of the EI (for active users) through system-level
simulations shows in [D4.3] that significant EI reduction can be achieved while
maintaining quality of service.

As a first main output of this validation work, it appears that the experimentation
generally confirmed the expected low EMF performance.

Comparing the different evaluated techniques is not a straightforward exercise (those
technologies cannot all be applied at the same scale or do not have similar technical
maturity) however we can stress some benefits and make recommendations:

 2G is today the access technology that generates the highest exposure, as
measured by EI; this mainly comes from the strong mean UL transmit powers
during the voice calls.
Migrating the voice calls from 2G to a more recent access technology is
obviously the most beneficial evolution for EMF.

 Small-cell densification leads to strong EI reduction, mainly on the UL
contribution.
However this strong reduction is true at constant traffic. And small-cells will
obviously be deployed to offer higher capacity and then enable higher mobile
traffic. The conclusion must then be reformulated as follows: small-cells are to
be preferred to macro-cells (in terms of QoS, power consumption but also
EMF exposure) to answer the expected mobile traffic rise.

 Implementing beamforming or beamsteering systems at the small-cells can
reduce the DL exposure in a very significant way.

 The reduction of the UL exposure by high-efficiency low noise amplifiers at the
base station is a very interesting low EMF solution that converts a reduction of
the noise figure into a reduction of exposure (when noise is the limiting factor).
This solution is of interest whatever the access technology and deployment
are.



Document ID: D6.2: Report on validation
FP7 Contract n°318273

Version: V1.0 74
Dissemination level: PU

 Wi-Fi offloading leads to a significant DL exposure reduction, while its impact
on UL is uncertain.

 Finally, and contrary to usual perception, a local network densification done
from careful planning does not necessarily degrade the population exposure,
even with the introduction of a new macro-cell.

For a summary on the EI reduction factors for each evaluated low EMF technology,
go to section 2.
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APPENDIX A2: SCHEDULED ON/OFF PROPAGATION

Appendix A2 gives additional detailed information on the scheduled on/off
propagation scenario presented in section 5.2.

1. Description of the “lexnet” process.
2. Description of the innovative “software bus”.
3. Details on the on/off propagation validation.
4. Additional evaluation results.

1. Scheduled On/Off module description: the “lexnet” process

For the “lexnet” process to operate, we introduced many new modules as highlighted
in red in Figure 65.

Figure 65: Software architecture supporting the “lexnet’ process.

The role of each module is as follows:
 lexnet: The process responsible of getting the events and setting the status of

the Wi-Fi based on the starting and ending dates.
 cliUrl: A library responsible of managing the webDav requests.
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 parser: A library responsible of parsing the webDav responses.
 cliDav: A library which uses cliUrl to make the requests and receives the

webDav responses from parser module.
 calendar: A library that receives the events from cliDav and parses them

using iCal format.
 date: A context needed by the module calendar to make the events calls at

the right time.
 timezone: A library to interpret correctly the time zone of the events.
 Intf-Wi-FiAp: The interface responsible on setting the state of the 2.4 GHz Wi-

Fi radio.
 lexnet-smu: The interface which communicates with intf-wifAp.
 intf-meshInfos: The interface which facilitates the communication between

gateways on a mesh network (which will be later explained as it is used for the
propagation).

For the two main roles of the “lexnet” process, the following message sequence
charts are followed:

 To get an event, the following blocks are involved as shown in Figure 66:
1. lexnet process executes cliDav.
2. cliDav executes cliUrl by specifying the URL of the CALDAV server.
3. cliURL sends a CALDAV request to the calendar server.
4. The server sends the CALDAV response to parser.
5. parser parses the CALDAV responses using libexpat.
6. parser sends the parsed response to cliDav.
7. cliDav sends the responses to calendar.
8. calendar parses the iCal events using the library timezone and stores

them.

Figure 66: Getting an event from the Calendar Server (Radicale).

 To set the Wi-Fi status, the following blocks are involved as shown in Figure
67:

1. calendar verifies the date of the events using the library date.
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2. When the date is matched, calendar calls the iCal event.
3. lexnet sets the Wi-Fi status by sending a request to intf-Wi-FiAp.

Figure 67: Setting the Wi-Fi Status.

In the wireless mesh network case, instead of all APs having a “lexnet” module
polling the calendar server, we developed a propagation mechanism in which only
the main AP (GWC) will poll the Calendar Server for any change in all the calendars
(one per AP). If one modification is found for one AP, it will push a notification toward
the target AP using the “Software Bus” we developed through the intf-meshInfos
interface.

2. “Software Bus” Description

Within different machines, several processes are running and scheduled by the
machine operating system. Each process can be made of several threads, each
thread running and scheduling different users or system tasks.

For the different tasks to communicate (exchange message) we need their processes
to be part of a “software bus” and we introduce the following components. Each
process contains a bus management module for communication. Each thread also
has a bus management module which integrates a scheduler for scheduling the
tasks. Finally, we add to each task a FIFO data structure.

Afore any message exchange between tasks is possible, an initialization step is
performed where one process is designated as master of the software bus while the
others are all slaves.

Before a source task transmits a message to a destination task, the bus management
module of the thread owning the source task will check if it also owns the destination
task. If this is the case, then the message will be posted on the FIFO data structure of
the destination task, waiting for scheduling and processing.

Otherwise the bus management module of the thread owning the source task asks
the bus management module of the master process to search for the destination
task:

 If the bus management module of the master process determines that the
destination task is handled by a thread of the master process, then it sets up a
remote relay task within this thread and advertises the bus management
module of the thread owning the source task that a path has been found
(through the remote relay task). Otherwise, the bus management module of
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the master process broadcasts to the other bus management modules of the
slave processes a message seeking the destination task.

 If the bus management module of a slave process determines that the
destination task is handled by a thread of its slave process, then it sets up a
remote relay task within this thread and advertises the bus management
module of the master process that a path has been found (through the remote
relay task). The bus management module of the master process forwards this
information to the bus management module of the thread owning the source
task.

Once the bus management module of the thread owning the source task knows that
the destination task has been found, it creates a relay task within the thread owning
the source task to communicate with the remote relay task running in the thread
owning the destination task. Through this relay link, the message will be posted on
the FIFO data structure of the destination task, waiting for scheduling and
processing.

As shown in Figure 68, software buses can be interconnected with each other and
the unicity of the users will be preserved through the pair made of the bus name and
the user (task) name. As long as the buses and the user names are known,
everything is handled internally as previously described for a message to reach its
destination.

Figure 68: Software bus principle.
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The messages are exchanged through a client/server model using the FIFO data
structure, where two types of message can be sent and placed in the queue of the
user waiting to be processed.

 Command: One user (here B) plays the client and sends a command to
another user (here A) which plays the role of the server. The command can
request or not an immediate response.

Figure 69: "Command" message.

 Notification: One user (here A) plays the server and sends a notification to
other users (here B and C) which play the role of the clients. The notification
can request or not an immediate response.

Figure 70: "Notification" message.

In our solution, the notification messages are used by the GWC to send to the APs
the events through this “software bus” to trigger a change in their 2.4 GHz Wi-Fi
radio.
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3. Test on the on/off scheduling

The on/off scheduling is validated from the test setup described in section 5.2.2.2.
Details are given below.

The calendar server is launched on the virtual machine using the following command:
~# ./radicale.py -D

The calendar server can be reached on the IP address 192.168.130.1 and will listen
on the port 5323 by default. To check that this server is reachable, opening a browser
and entering the web address http://192.168.130.1:5232 should return a page with
the message “Radicale works!”.

The calendar client (Mozilla Thunderbird) is launched on the Linux PC. It is
configured such that it will interact with three different calendars on the network
hosted by the calendar server (one per gateway). If those calendars are not present,
Radicale will create them.

Figure 71: Mozilla Thunderbird calendar configuration.

Finally, the “lexnet” module is launched from the master gateway (GWC) using the
calendar address and its listening port as follows in our example:
~#lexnet http://192.168.130.1:5232

Once running, the GWC (10.67.15.1) periodically requests any modification on any of
the three calendars to the calendar server (192.168.130.1) through the PROPFIND

http://192.168.130.1:5232/
http://192.168.130.1:5232/
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method in the same way as the one described in described in [D6.1]. The following is
an output example produced by the Radicale server when a request is received on its
port 5232 (see part bolded in green).

PROPFIND request at /calendar/GWC/ received
Request headers:
{'HTTP_HOST': '192.168.130.1',
'REMOTE_ADDR': '10.67.15.1',
'REQUEST_METHOD': 'PROPFIND',
'SERVER_PORT': '5232',
Sanitized path: /calendar/GWC/}

PROPFIND request at /calendar/AP2/ received
Request headers:
{'HTTP_HOST': '192.168.130.1',
'REMOTE_ADDR': '10.67.15.1',
'REQUEST_METHOD': 'PROPFIND',
'SERVER_PORT': '5232',
Sanitized path: /calendar/AP2/}

PROPFIND request at /calendar/AP3/ received
Request headers:
{'HTTP_HOST': '192.168.130.1',
'REMOTE_ADDR': '10.67.15.1',
'REQUEST_METHOD': 'PROPFIND',
'SERVER_PORT': '5232',
Sanitized path: /calendar/AP3/}

4. Additional Wireless Mesh Network Performance

This section describes some tests on the mesh performance, in addition to the results
presented in section 5.2.2.1. Two connected clients can communicate whatever their
positions are in the mesh network and whatever their local connection technology is:
2.4GHz Wi-Fi (WLAN) or Ethernet (LAN). Figure 72 reminds the Wireless mesh
network structure.

Figure 72: Wireless Mesh Network setup.
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The following tests have been performed to assess the data traffic performance.

Table 26: LAN-LAN traffic.

Steps Expected results Result Throughput

1- Build a three Livebox Mesh network (GWC, AP1,AP2)
with a star topology. ==> GWC then AP1 and AP2.

1- Mesh network is operational

2- Connect with Ethernet PCLAN0 on GWC and PCLAN2 on
AP2. Ping from one to other.

2- Ping successful.

3- Start a bidirectional TCP High_Throughput Chariot traffic
between PCLAN0 and PCLAN2 for 2 minutes

3- The bidirectional traffic is launched
correctly.

Passed 166.03 Mbps

4- Connect with Ethernet PCLAN0 on GWC and PCLAN1 on
AP1. Ping from one to other.

4- Ping successful.

5- Start a bidirectional TCP High_Throughput Chariot traffic
between PCLAN0 and PCLAN1for 2 minutes

5- The bidirectional traffic is launched
correctly.

Passed 127.40 Mbps

6- Connect with Ethernet PCLAN2 on AP2 and PCLAN1 on
AP1. Ping from one to other

6- Ping successful.

7- Start a bidirectional TCP High_Throughput Chariot traffic
between PCLAN1 and PCLAN2for 2 minutes

7- The bidirectional traffic is launched
correctly.

Passed 207.50 Mbps

Table 27: WLAN-WLAN traffic.

Steps Expected results Result Throughput

1- Build a three Livebox Mesh network (GWC, AP1,AP2)
with a star topology. ==> GWC then AP1 and AP2.

1- Mesh network is operational

2- Connect with Wi-Fi STA0 and STA1 on GWC. Ping from
one to other.

2- Ping successful.

3- Start a bidirectional TCP High_Throughput Chariot traffic
between STA0 and STA1 for 2 minutes

3- The bidirectional traffic is launched
correctly.

Passed 30.92 Mbps

4- Connect with Wi-Fi STA0 on GWC and STA2 on AP2. Ping
from one to other.

4- Ping successful.

5- Start a bidirectional TCP High_Throughput Chariot traffic
between STA0 and STA2 for 2 minutes

5- The bidirectional traffic is launched
correctly.

Passed 15.41 Mbps

6- Connect with Wi-Fi STA2 and STA3 on AP2. Ping from
one to other.

6-Ping successful.

7- Start a bidirectional TCP High_Throughput Chariot traffic
between STA2 and STA3 for 2 minutes

7- The bidirectional traffic is launched
correctly.

Passed 34.71 Mbps

8- Connect with Wi-Fi STA0 on GWC and STA4 on AP1. Ping
from one to other.

8- Ping successful.

9- Start a bidirectional TCP High_Throughput Chariot traffic
between STA0 and STA4 for 2 minutes

9- The bidirectional traffic is launched
correctly.

Passed 25.56 Mbps

10- Connect with Wi-Fi STA2 on AP2 and STA1 on AP1. Ping
from one to other.

10- Ping successful.

11- Start a bidirectional TCP High_Throughput Chariot
traffic between PCLAN2 and PCLAN4 for 2 minutes

11- The bidirectional traffic is launched
correctly.

Passed 18.11 Mbps

Table 28: WLAN-LAN traffic.

Steps Expected results Result Throughput

1- Build a three Livebox Mesh network (GWC, AP1,AP2)
with a star topology. ==> GWC then AP1 and AP2.

1- Mesh network is operational

2- Connect with Wi-Fi STA0 and with Ethernet PCLAN0 on
GWC. Ping from one to other.

2- Ping successful.

3- Start a bidirectional TCP High_Throughput Chariot traffic
between STA0 and PCLAN0 for 2 minutes

3- The bidirectional traffic is launched
correctly.

Passed 82.38 Mbps

4- Connect with Wi-Fi STA0 on GWC and with Ethernet
PCLAN1on AP1. Ping from one to other.

4- Ping successful.

5- Start a bidirectional TCP High_Throughput Chariot traffic
between STA0 and PCLAN1 for 2 minutes

5- The bidirectional traffic is launched
correctly.

Passed 74 Mbps

6- Connect Wi-Fi STA1 and Ethernet PCLAN1 on AP1. Ping
from one to other.

6-Ping successful.

7- Start a bidirectional TCP High_Throughput Chariot traffic
between STA1 andPCLAN1 for 2 minutes

7- The bidirectional traffic is launched
correctly.

Passed 90.66 Mbps

8- Connect with Ethernet PCLAN1 on GWC and with Wi-Fi
STA1 on AP1. Ping from one to other.

8- Ping successful.
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9- Start a bidirectional TCP High_Throughput Chariot traffic
between STA1 and PCLAN1 for 2 minutes

9- The bidirectional traffic is launched
correctly.

Passed 69.29 Mbps

10- Connect with Wi-Fi STA2 on AP2 and with Ethernet
PCLAN3 on AP3. Ping from one to other.

10- Ping successful.

11- Start a bidirectional TCP High_Throughput Chariot
traffic between STA2 and PCLAN3 for 2 minutes

11- The bidirectional traffic is launched
correctly.

Passed 72.9 Mbps
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APPENDIX A3: WI-FI ABSTRACTION MODEL FOR OFFLOADING

STUDIES

The abstraction model presented in this Appendix was built for the LTE to Wi-Fi
offloading scenario (section 5.1). It was elaborated in the medium-size area shown in
Figure 73. The number of APs, distributed in the different floors of this area, was
deduced from a typical Wi-Fi penetration rate, i.e. 5000 private AP/km². The location
of APs is drawn from a random generator, but with some constraints to prevent from
having two APs in the same “apartment”.
The propagation around all those APs is simulated from the Volcano ray-based
model using parameters calibrated for the prediction of dense femto-cell coverage
and interference. These parameters have been derived from advanced studies in the
frame of the European project FREEDOM few years ago [COR]. The propagation
loss is predicted inside the building where the AP is located, but also in surrounding
streets and other buildings.
The simulation is validated by comparison to 2.4 GHz Wi-Fi measurements collected
in Santander downtown. A perfect match is not expected, as the uncertainties on the
AP density and Wi-Fi traffic are too much strong. However the objective is to check
that the metrics of interest are well simulated with a realistic order of magnitude.

Figure 73: Deployment of Access Points within the Wi-Fi study area (blue polygon). All APs
from different floors are superimposed in the view.

The signal propagation from the AP deployment towards the streets is simulated and
compared to the statistics extracted from the Santander drive-test measurements.
One particular metric is used: the total beacon power, which is computed from the
Wi-Fi scanner measurements by summing the received beacon power from all
detected APs. Figure 74 shows the CDF built from the measurements (black line)
and the same CDF built from the simulations (red line). The shapes of CDFs do not
perfectly match but the median values are very close; and the RMSE is only 6.8 dB.
This conclusion makes us confident in the ability of the Wi-Fi abstraction model to
represent (with simplifications) the reality.
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Figure 74: Comparison between outdoor Wi-Fi simulations and measurements (Santander
downtown) based on the total beacon power.

The measurements at 2.4 GHz from the fixed dosimeters of the SmartSantander
platform have also been compared to the simulations, considering the total received
signal power instead of the total beacon power. This received power depends on
each AP duty cycle, which relies on the user traffic conditions. There is thus an
additional uncertainty that is related to the coherence between the real traffic during
the measurement and the one assumed in the simulation inputs. Here again, the
highest part of the CDF (high signal levels) does not match: the simulation is
pessimistic. But the difference at the 60% percentile (about 75 dBV/m) is less than 2
dB. The measurements below this 60% percentile are not available.
Even if the comparison shows strong uncertainty, it is confirmed that the Wi-Fi signal
level simulated in the street is of a good order of magnitude.

After this validation, the final step in the construction of the Wi-Fi abstraction model is
the calculation of DL exposure and DL/UL max throughput maps in the streets and at
the different floors (Figure 75) from which indoor and outdoor statistic distributions
are derived.
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Figure 75: DL field strength generated at the ground floor by the Wi-Fi Access Points.


