Z

oyREINDEER
D2.3

Hardware requirements to support energy

transfer

Project number:
Project acronym:

Project title:

Project Start Date:

to energy-neutral nodes

101013425
REINDEER

REsilient INteractive applications through hyper Diversity in
Energy Efficient RadioWeaves technology

15t January, 2021

Sl 42 months
ele = less | H2020-1CT-52-2020
Sl s s | Report
Sl leen e e | [CT-52-2020 / D2.3 /1.00
Workpackage: RUlu-

Due Date:
Actual Submission Date:

Responsible Organisation:
Editor:

Dissemination Level:
Revision:

Abstract:

Keywords:

315t March, 2023
315t March, 2023

KU Leuven

Jarne Van Mulders
PU

1.00

This deliverable reports on the evaluation and design of hard-
ware resources needed for transfer of energy to energy-
neutral nodes and backscattering-based connectivity to these
nodes. The assessment of the hardware requirements takes
energy efficiency as an important target, and includes differ-
ent aspects such as synchronization, reciprocity calibration,
and out-of-band constraints due to frontend non-linearities.

Wireless Power Transfer, Distributed large arrays, energy-
neutral nodes

The REINDEER project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement
No 101013425.




D2.3 - Hardware requirements to support energy transfer to energy-neutral

2
nodes T@E{EINDEER

Editor

Jarne Van Mulders (KU Leuven)

Contributors (ordered according to beneficiary numbers)

Chesney Buyle, Daan Delabie, Bert Cox, Jarne Van Mulders, Gilles Callebaut, Liesbet Van der
Perre (KU Leuven)

Liang Liu, Ove Edfors (ULUND)

Benjamin Deutschmann, Thomas Wilding, Klaus Witrisal (TU GRAZ)

Ulrich Mhimann (NXP)

Reviewers

Sai Subramanyam Thoota (LiU)
Pal Frenger (Ericsson)

Disclaimer

The information in this document is provided as is, and no guarantee or warranty is given that the infor-
mation is fit for any particular purpose. The content of this document reflects only the author’s view — the
European Commission is not responsible for any use that may be made of the information it contains. The
users use the information at their sole risk and liability. This document has gone through the consortium’s
internal review process and is still subject to the review of the European Commission.

REINDEER D2.3 Page |



D2.3 - Hardware requirements to support energy transfer to energy-neutral

2
nodes T@E{EINDEER

Executive Summary

This deliverable of the REINDEER project reports on the outcome of Task 2.4 and provides the
required provisions at the infrastructure side for energy transfer to connect to and interact with
energy-neutral nodes. The specific hardware requirements are assessed, taking into account the
target to establish low complexity and energy efficient solutions.

The assessment presented in this deliverable mostly focuses on the practical deployment of wire-
less power transfer (WPT) from the distributed infrastructure to provide good coverage and po-
tentially service many devices. Requirements assessed include the energy supply, antennas,
power and hardware architecture and components. Specific limitations and implementation chal-
lenges are zoomed into. Backscattering approaches, proposing an elegant way to connect to
energy neutral (EN) devices, are studied also in particular regarding transmission range and
multi-device solutions when operating from distributed architectures.

The overall outcome of this deliverable is a comprehensive view on the hardware requirements
at the infrastructure side to support energy transfer to energy-neutral nodes, in line with its major
objective. Moreover, it discusses algorithmic and procedural aspects that have a major im-
pact on these hardware requirements, e.g., regarding transmit waveform, synchronization, reci-
procity calibration, and backscattering. A major conclusion is that even the most challenging use
case considered in REINDEER can be served within the regulatory limits by the RadioWeaves
infrastructure, which can benefit from great transfer efficiency improvements thanks to the
coherent operation from the distributed contact service points (CSPs).
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Glossary

ADC analog-to-digital converter.
ASK amplitude shift keying.

AWGN additive white Gaussian noise.
BER bit error rate.

CDMA code division-multiple access.
CE channel estimation.
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CSP contact service point.
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FDMA frequency-division multiple access.
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RW RadioWeaves.
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SNR signal-to-noise ratio.
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Chapter 1

Introduction and system parameters

Connectivity to energy-neutral devices is a novel functionality targeted in 6G which is envisioned
to enable new use cases in different environments, as introduced in deliverable D1.1 [1]. In-
deed the possibility to interact with many things based on low cost labels that may not need a
battery, opens opportunities to for example efficiently track and trace goods, support transfor-
mation of working and living environments, and develop novel games. This deliverable gives an
overview of the functional and architectural requirements to support wireless power transfer in
RadioWeaves enabled interaction with EN devices. It refines the general architectural concepts
presented in REINDEER deliverable D2.1 [2] where RadioWeaves architectures are proposed
to serve different wireless functions to support the requirements of novel use cases. The first
WP2 deliverable also introduces adequate terminology for the novel distributed communication-
computation infrastructure.

The CSP is introduced in D2.1 and consists of a Sensing Element (SE), a Processing Element
(PE), a Charging Element (CE) and a Data Storage Element (DSE). The main focus here is on
defining the optimal recommendations specifically for wireless power transfer, hence related to the
CE, while disregarding communication requirements. Deliverable D2.1 has introduced wireless
power transfer for RadioWeaves in section 6.3. The benefits of a distributed RadioWeaves archi-
tecture for WPT was demonstrated through preliminary simulations. The results have indicated
that a high array gain is achievable, and that the multiple-input single-output (MISO) operation
results in considerably lower path losses compared to single-input single-output (SISO) systems.
The architecture to support coverage for EN devices was also already introduced in D2.1 (Section
6.3.4). Here, a more comprehensive analysis will be explored, discussed in Section 3.1.

We assume in the project and this deliverable that the energy to power the energy-neutral devices
comes from CSP devices only. One or multiple radio elements (REs) from the CSP will ensure
power delivery to the devices, operating in one or multiple frequency bands considered in REIN-
DEER: 900 MHz, 2.4 GHz, 3.8 GHz, and 5 to 6 GHz. Other elements of the infrastructure can
be responsible for the management of the WPT procedures and scheduling. These may include
the federation anchor (FA), when needed for the synchronization a synchronization anchor
(SA), resources to provide localization of nodes, etc., that may be required to realize the energy
transfer.

This deliverable clearly is closely linked to WP4 focusing on interaction with EN devices and
other WP2 deliverables detailing solutions for networking in distributed massive MIMO (mMIMO).
In particular the following results presented in related REINDEER deliverables are of interest to

REINDEER D2.3 Page 4 of 59



D2.3 - Hardware requirements to support energy transfer to energy-neutral

Z
nodes T@BEINDEER

get a more comprehensive understanding on the methods and solutions to power EN devices in
a RadioWeaves-based network:

« D4.1 introduces the main elements of an RF WPT architecture and discusses the hardware
requirements at the EN device side. In contrast, this deliverable focuses on the CSP side.
The benefits of multiband signals, which was already briefly discussed in D4.1, are explored
more comprehensive. Further, ready-to-use RF harvester efficiencies are illustrated as
reference case for the challenging electronic shelf label (ESL) use case, which is elaborated
in this deliverable.

» D4.1 also provides a detailed discussion on the applicable regulations, as summarized and
related to in this deliverable.

» The initial access for EN devices is covered in D4.2, where also signaling for energy har-
vester efficiency improvements is proposed.

» The closed loop approach to enable coherent operation in a distributed architecture and
the possibility to use backscattering for the pilots to establish this approach are explained
in detail in D4.2. This deliverable complementary handles the CSP hardware architecture
enabling this closed loop approach in a distributed infrastructure.

+ Synchronization for coherent operation in distributed wireless power transfer approaches is
discussed in D2.2.

Major system parameters and symbols. This deliverable in line with the focus of the REIN-
DEER project further assumes TDD operation and reciprocity-based beamforming.

This deliverable is further organized as follows. The next chapter first shortly revisits the use
cases leveraging on EN nodes, and considers the overall wireless power transfer system in terms
of energy and power requirements and efficient. Chapter 3 focuses on the options and techniques
to provide and enhance coverage and service multiple devices. Next, limitations and implemen-
tation challenges are discussed in Chapter 4. The specific hardware requirements for the CSP
are elaborated on in chapter 5. Chapter 6 zooms in on the backscattering technique to connect
to EN nodes. Finally, the requirement are summarized and major conclusions are formulated in
Chapter 7.

REINDEER D2.3 Page 5 of 59
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Chapter 2

Wireless power transfer to energy neutral
devices

This chapter provides the top-down view on the requirements of the distributed RadioWeaves
infrastructure to power EN nodes, starting from the needs of novel applications expected to be
supported in 6G networks. This chapter leverages on the approaches introduced in D4.1 [3].
The relevant use cases are shortly revisited in the first section of this chapter, while the following
respectively treat energy supply, antenna options, and input power requirements at the EN side.
The latter is further considered in the remaining of this deliverable to determine the radiated power
levels that should be generated by the infrastructure and the, potentially cooperating, CSPs in
particular.

2.1 Use cases recap

Deliverable D1.1 [1] identified thirteen use cases within four main application domains where RW
has the potential to bring considerable technological and societal advantages. These applications
domains include (l) adaptive robotized factories, warehouses, retail and logistics, (ll) immersive
entertainment for crowds of people, (lll) human-machine interaction in care environments, hospi-
tals and assisted-living, and (IV) home automation and smart home systems. Detailed technical
requirements and specific key performance indicators (KPIs) were defined for each use case,
providing relevant and measurable values for evaluating the RW performance.

This deliverable investigates the hardware requirements of CSPs with WPT capabilities. To obtain
realistic specifications for these hardware blocks, we rely on representative use cases that may
benefit from this functionality. Some applications require substantial computational power and
hence not all use cases stated in D1.1 [4] are relevant to this study. Table 2.1 gives an overview
of use cases and their corresponding KPIs that are considered in drawing up the necessary WPT
hardware requirements. By dividing the power density with the device density, we are able to
calculate the DC power that needs to be delivered by the device’s power circuitry in order to
support the desired application.

REINDEER D2.3 Page 6 of 59
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Table 2.1: Key performance indicators related to wireless power transfer.
Application Application Power density | Devices density | DC Power Carrier frequency
Domain [MW/m?] [per m?] [mW] [GHz]
I Electronic Labelling 0.24 20 0.012 24 5+
& People Tracking 0.1 2 0.05 09 24 38 b5+
1 Patient Monitoring <1 2 <0.5 09 24 5+
& 1v Smart Home Automation 0.25 100 0.0025 2.4 5+

2.2 Practical considerations in radio frequency wireless power
transfer

Table 2.1 shows the DC power required by a device to fulfil its intended application. However,
the RF power that ultimately needs to be available at the input antenna of the device should be
considerably higher because of two main reasons: energy harvester efficiency and energy buffer
leakage. This section will briefly discuss how and to what extent these parameters will affect the
CSP hardware requirements.

2.2.1 RF energy harvesting efficiency

Deliverable 4.1 (System design study for energy-neutral devices interacting with the RadioWeaves
infrastructure) [3] initially provided a model of a WPT link. The typical blocks involved in RF power
transfer are again summarized in Figure 2.1. RF power is generated by one or multiple CSPs at
the RW infrastructure. Affected by the wireless channel, the RF waves propagate to the receive
antenna of a RW device, after which the rectifier performs the essential conversion from RF to
DC power. This DC power can either be consumed immediately by the EN device (load) or stored
in an energy buffer such as a supercapacitor.

Y

RwW
CSPs

Channel

Y

Matching

Network

Rectifier

DC
Charger

Buffer/

load

Figure 2.1: Radio frequency wireless power transfer link and receiver architecture

The entire conversion, however, does not come without losses in and between each of the blocks.
The remainder of this paragraph focuses on the losses in the RF to DC power conversion, ulti-
mately requiring a higher RF input power to meet the DC needs.

1. Matching network. When the output impedance of the receiver antenna does not match
with the input impedance of the rectifier, power losses will occur due to reflections. There-
fore, a matching network must be applied to tune both blocks to each other. Impedance
matching in energy harvesting is, however, challenging because the impedance of the
following rectifier circuit is highly dependent on the operating frequency, input power and
load impedance [5]. Moreover, matching networks typically consist of passive components
where parasitic components will cause additional energy losses. ldeally, the impedance of
the antenna is matched directly to that of the rectifier, making the matching network obso-
lete and avoiding the associated losses. This conclusion was also drawn in evaluation of
the power harvesting efficiency of D4.1 (Section 5.2) [3].

REINDEER D2.3 Page 7 of 59
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RF to DC efficiency: rectifier. The rectifier converts the high-frequency RF signal into DC
power. This involves losses occurring in the diodes that make up the rectification circuit.
The RF to DC efficiency can be improved through the choice of the rectification element as
well as the rectifier topology. The rectifier design presented in D4.1 reported a harvesting
efficiency of 40 % using an RF charge pump implementation. Looking at the commercially
available AEM30940 RF energy harvester from E-peas [6], maximum efficiencies up to 60 %
have been reported, even including the matching network efficiency.

DC to DC efficiency: DC charger. A DC-DC converter converts the output voltage of
the rectifier circuit to the desired operating voltage. The rectifier's output voltage can also
be tuned directly to the desired voltage level using for example a multiplier rectifier topol-
ogy, making a DC-DC converter obsolete. In order to extract maximum power from the
RF source, it is critical to operate at the optimum impedance. DC-DC converters with
built-in maximum power point tracking (MPPT) functionality provide automatic impedance
adjustments. This conversion can be combined with a Constant Current (CC) and Con-
stant Voltage (CV) gradient to charge a certain type of energy buffer such as a capacitor,
supercapacitor or battery.

Figure 2.2 shows the implementation block diagram of a typical EN device without external stor-
age capabilities, and thus purely passive operation. Here, the antenna is directly matched to

the input impedance of the IC and connected to RF1 and RF2 terminals. This avoids additional
losses in the matching network and increases sensitivity. The analog front end (AFE) consists of
a rectifier, a voltage regulator, modulator, demodulator, and adjustable antenna trimming capabil-
ities. The digital control module integrates the required protocol handling (protocol state-machine
and anti-collision handling), and data and memory management. Operational frequency is in the
range from 868MHz to 2.4GHz, dependent on the antenna design. This EN device can operate
approximately down to -23dBm available RF power below 1GHz. In this range, the RF-to-DC
conversion efficiency is around 45%. Details on the performance are provided in D4.1.

antenna

RF

RF1

£

RECT

RF2

ANALOG
INTERFACE

VDD

data
in

data
out

]

DIGITAL CONTROL

ANTICOLLISION

READWRITE
CONTROL

ACCESS CONTROL

EEPROM INTERFACE
CONTROL

R/W

Memory Safeguard
CONTROL

RF INTERFACE

CONTROL

EEPROM

MEMORY

SEQUENCER

CHARGE PUMP

Figure 2.2: RF energy harvester IC implementation [7].

The AEM40940 integrated circuit is one of the few commercially available harvesters specifically
for RF harvesting with matching circuit suggestions, built-in rectifier, and built-in voltage converter.
Like its competitive counterparts, the DC-DC converter is equipped with MPPT functionality. The
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datasheet represents the efficiency as a function of its input power for several frequency bands, as
shown in Figure 2.3a: 867 MHz, 921 MHz and 2.4 GHz. These graphs clearly show the non-linear
behavior of the energy harvester with an efficiency depending on the input power. Moreover,
the reported numbers confirm and clarify that the losses in the harvester are considerable and
should be taking into account when budgeting transmit power and energy at the infrastructure
side. The efficiency data is converted to the DC output power related to input power and shown

in Figure 2.3b [8].

1,

] o -2 867 ﬁgz 867 MHz
/ " --- 921 MHz ;
— o5 | N | --- 921 MHz
K 2 K e 2400 MH 08T 9400 Mz )
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g | , Bad "@.,..O. - (&)
5 10 "l 3 ’O [m) 027 /.&/"‘
5 e e
® 0 o o889
T T T T T T T T T T T T T
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Input power [dBm] Input power [dBm]

(a) Harvester efficiency (b) DC output power vs input power

Figure 2.3: AEM40940 RF energy harvester [8].

2.2.2 Energy buffer leakage

In several use cases, the incident RF power is insufficient to power the EN device or perform
its intended functionality right away. Consequently, RF power must be harvested over a longer
period of time and the energy must be collected in some type of buffer. Taking the example of
a supercapacitor, the dielectric insulator separating the conductor plates does not offer perfect
insulation. A very low current will flow through the insulator, called the leakage current, causing
the capacitor to discharge slowly over time. The typical leakage current of a capacitor is on
the order of microamperes, and is affected by factors such as the dielectric material, ambient

temperature and voltage rating [9].

Depending on a use case, trade-offs may arise in charging an EN device efficiently. Consider for
example an use case where an EN device consumes a considerable amount of energy to execute
a certain action, yet only a few times a day. On the one hand, one could allocate a large amount
of resources to create a high power RF spot at the EN device for only a short time. However,
due to the non-linear behavior of the energy harvester, the power conversion may happen at a
lower efficiency compared to a lower RF input power. In this case, losses due to buffer leakage
will be low as the collected energy can be consumed rather immediately. On the other hand, you
could also allocate less RW resources that transmit a lower power spot continuously over a longer
period of time. In this case, the energy harvester may operate at a higher efficiency, yet leakage
losses can slowly add up. Hence, a lot of parameters such as availability, energy needs, energy
harvester efficiency, and energy buffer leakage current will greatly affect the optimal charging

strategy.

REINDEER D2.3 Page 9 of 59
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2.3 Required DC energy for a particular challenging use case

In this section, specific use cases described in D1.1 are considered in more detail. The goal
is to define and estimate the required transmit power that should be radiated by the antennas.
The latter will be discussed in Chapter 3. Different deployment scenarios such as tennis arena,
production hall, supermarket, large apartment and patient care were introduced in D1.1. It would
take us too far to comprehensively simulate and discuss all use cases. For simplicity, we fur-
ther in this report consider the most challenging deployment scenario based on the assessment
presented in Table 2.1, namely the supermarket equipped with ESLs is considered as a repre-
sentative. These devices are assumed to be of EN class 1. Figure 10 from D1.1 describes the
supermarket layout with a 5 m high ceiling and dimensions of 60 m by 30 m. To reduce complex-
ity, one aisle is considered with neighboring antenna arrays that can be enabled to feed the EN
devices. Within an aisle, a federation with one FA is assumed to control the antenna resources in
an optimal manner to provide sufficient RF power to all EN devices.

Figure 2.4 shows a 3D sketch of the considered shop aisle with dimensions 20 m by 4.4 m and
2.5m high cabinets. The shelves of the cabinets have a width of 1 m and the cabinets have 6
shelves. Three antenna arrays, consisting of lambda/2 placed antennas, are located at (0, n, 3),

(2.2,n,5) and (4.4,n,3) [m]. Withn = S 1 - 2 and M the number of antennas in one antenna

array given by M = 20m - (%)_1. Assuming a carrier frequency of 868 MHz, 117 antennas in

each array can be placed in the 20 m-long aisle. In total, we consider 351 available antennas in
this particular case for one aisle. The total number of transmit antennas is indicated as L (= 3M).

The use case analysis defined that there can be up to 600 ESLs in a shop aisle. The daily re-
quired DC energy is related to the ESL refresh rate and the energy to perform an ESL screen
update. The largest consumer of one ESL device is the E-Ink Raw Display. In D1.1, it was
stated that it takes 450 mJ (15s x 30 mW) to update the display. Additional energy is needed to
power the microcontroller (MCU) and demodulate the downlink information. In total, 500 mJ of
energy is required for one ESL screen update. Assuming this happens twice a day, an amount
of 1 Ws/day/ESL of energy should be delivered, which corresponds to a constant net power of
12uW. It may be noted that the EN device should have a storage capacity to store enough en-
ergy to support one ESL update. Suppose the harvester can boost the voltage with an MPPT
boost converter to 5V, then the buffer capacitor will have to be larger than 40 mF to store the
0.5J of energy. This capacity is not readily available in common aluminium electrolytic capaci-
tors. Electrostatic double-layer capacitors (EDLC) can offer an alternative to buffer this amount
of energy. For example, the FYLOH473ZF KEMET capacitor with a capacity of 47mF could be
selected. The voltage rating, of this specific capacitor, is 5.5 V.

The amount of DC energy to refresh the ESL and track the customers is hence defined, while the
required DC power is not yet quantified and is further analysed in Section 2.5.

2.4 Antenna selection to energize electronic shelf labels

The antenna selection strongly impacts the performance of a RadioWeaves system. The consid-
ered antenna types, orientation and also achievable gain are clarified in this section.
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Figure 2.4: 3D representation of a supermarket aisle with 351 antennas transmitting on 868 MHz. The
orange digits represent the antenna numbering.

2.4.1 Antenna topology and orientation

Two antenna configurations are proposed that are considered in the calculations of the next sec-
tion. Figure 2.5a shows the dipole configuration and Figure 2.5b visualizes the patch antenna
orientation. Both the receive antenna (right figure) and one of the transmit antennas (left fig-
ure) are visualized in Figures 2.5a and 2.5b. To better represent reality, the patch antenna was
assumed to be placed at an angle of 30°, since this is usually the case for ESLs in supermarkets.

A half wave dipole antennas (2.15dBi) with radiation pattern shown in Figure 2.6 and a patch
microstrip inset-fed antenna [10] (7 dBi) with radiation pattern shown in Figure 2.7 are considered
further in the calculations. The orientation of the dipole antennas is assumed to be parallel to the
z-axis and the patch antennas in the arrays are placed parallel to the xy-plane. The polarisation
losses will be neglected in this deliverable.

2.4.2 Antenna location and individual gain

Further estimates from Chapter 3 consider two representative ESL locations. The worst-located
ESL is situated at a corner side with respect to the arrays with (1,0,0) coordinates. The best-
located ESL is found in a central location with coordinates (1, 10,2). Based on the transmit
antenna locations and the ESL placements, the gain of the antenna can be determined. This
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(a) Dipole antenna orientation (b) Patch antenna orientation

Figure 2.5: Orientation of the transmit and receive antenna on the antenna arrays (infrastructure) side and
the ESL side respectively.

Radiation pattern half wave dipole antenna Radiation pattern half wave dipole antenna
90° 90°

0° 180°

270° 270°

(a) Constant ¢ equals 0°. (b) Constant 8 equals 90°.

Figure 2.6: Dipole antenna with radiation pattern G(6, ¢) = 1.646 sin?(9).

requires the antenna radiation pattern from Figures 2.6 and 2.7 in combination with the angle of
incidence. The angle and thus the linear gain differs for each transmit antenna. The results for
the closest located ESL and furthest located ESL are presented in Figure 2.8. The linear gain
is calculated 351 times, i.e. for each situation. The three antenna arrays are visible in the figure
through the abrupt change in gain from one antenna to another (visible at antenna number 116
to 117 and 233 to 234). The gain of the dipole antenna is the same for transmitter and receiver
since these two antennas are parallel to each other (Figure 2.5a). Considering the situation with
the patch antennas, the gain for transmitter and receiver differs from each other. The angle of 30°
at the receiver increases the gain positively, especially for the transmit antennas from array 2 and
3 (antenna 217 to 350).

2.5 Required input RF power

2.5.1 Power requirements for positioning and/or tracking a device

D1.1 stated that passive tags can be engaged to track devices in factories, schools, hospitals,
etc. Lets assume that people or devices are tracked in the aisle from Figure 2.4, then D1.1 es-
timated to facilitate thousands of passive tags, attached or integrated to the consumer goods in
that space. The individual tag sensitivity is rated to be approximately —23 dBm. This provides
sufficient power to the tag to communicate with the infrastructure. Passive tags use backscat-
ter technology to communicate with the infrastructure, hence the position detection technology
is mainly integrated in the infrastructure supported for instance with distributed antenna arrange-
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(a) Constant ¢ equals 90°. (b) Constant # equals 90°.
Figure 2.7: Radiation pattern of patch antenna [10].
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Figure 2.8: Linear antenna gain between ESL and each transmitter antenna

ments (multi-static). The tag supports the ranging signaling requirement in the backscatter modu-
lation hardware to ensure ultra-low power operation. In case of an active ranging support feature,
the tag sensitivity will decrease to a value in the range of —10 dBm due to the required powering
of an active transmitter. This means also that a storage device needs to be present, with an
estimated capacity of 470 uF to survive short active communication bursts in the range of 100 ms.

2.5.2 Power requirements for the ESL use case

Continuing the previous example from Section 2.3, no active communication is required and it
is assumed that the location of the EN devices is determined during the installation process.
Consequently, it is necessary to have a reference value regarding the minimum RF power to be
received. Previous ESL requirements stated that a constant amount of 12 uyW of DC net power
is needed. This estimation assumed that the ESL can be powered and store energy nonstop
continuously. To better assess the reality, the self-discharge of the energy buffer should also
be included in the estimations, especially when the energy buffer is recharged over a very long
period of time.
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To determine the input RF power level, the harvester efficiency should be determined. Since
there are many possible implementations of RF harvesters and the efficiency is not constant over
the full input power range, the efficiency level is assumed to be constant for simplicity reasons. In
the sequel, a harvester is assumed to have a constant efficiency of 30 %.

Assuming that a constant net power of 12 uyW should be received and taking into account losses
in the harvester conversion, there should a receive level of at least —14 dBm of input power. Note
that this level is above the input sensitivity of most harvesters.

Chapter 3 will study whether, e.g., —14dBm, power can be received at each ESL location. If
this is not feasible, each device can be powered separately. Assuming 600 tags and 2 screen
updates each day, there are 72s of charge time to store 500 mJ of energy in the buffer. This
equates to 7mW of power to be received during each time period. Assuming that the harvester
has an efficiency efficiency of 30 %, the received RF power should be 23 mW or ~ 14 dBm.

Before going deeper into the calculations and estimation, the locations of the ESLs are illustrated
in Figure 2.9. We assume in this deliverable that the 600 ESLs are divided over two YZ-planes
(x =1m and x = 3.4m). The ESLs were numbered, also shown in the figure, which is crucial to
understand the figures form Section 3.3.1. ESL-number 1 and 154 correspond with the furthest
and closest located ESLs, respectively.

YZ-plane (X =1 m)

Figure 2.9: ESL indices and locations.
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Chapter 3

Providing wireless power transfer
coverage

This chapter describes coverage options to compare power transfer to EN devices along SISO
on the one hand and MISO on the other hand, the latter operating either non-coherently or coher-
ently. An estimation of the transmit power is provided using ideal calculations, supplemented by
simulations with a better approximation of the real circumstances. This chapter further discusses
techniques that can have an impact on the transmit power level. Beam sharing is considered
and related to power spot size. The usefulness of multi-band operation and adequate transmit
waveforms is also discussed.

3.1 Assessment of WPT coverage options

There are several implementation approaches to provide WPT to the EN devices. Section 6.3.3
from D2.1 mapping to the architecture already described two options concerning cooperative
WPT from multiple RadioWeaves panels. A more extensive discussion is provided here.

Consider three CSPs installed against the walls with one EN device randomly placed in the envi-
ronment, as proposed in Figure 3.1. The signals from each CSP can reach the EN device. The
euclidean distances differ between the CSP and EN device d1 < d2 < d3. To provide sufficient
energy on the desired location, four provisioning options are considered.

1. Option 1: One single antenna foresees coverage over the whole area. There are no other
CSPs or they are not configured to act as a CE. For instance, they may miss the appropriate
hardware and REs.

2. Option 2: Multiple distributed CSPs with corresponding REs can potentially provide energy
towards the EN device. In this option it is assumed that only the closest CSP contributes to
energy provisioning. A coarse-grained localisation system for estimating the best located
CSP should reduce the charging distance of this SISO system and could improve efficiency
compared to option 1. Moreover, other properties can be considered during the optimiza-
tion, such as antenna gain. Despite the shortest distance of a given transmit antenna to the
EN device, a slightly further situated antenna may provide better antenna gain and overall
efficiency. In the example sketched in Figure 3.1, CSP 1 is the closest to the EN device and
would be selected by the federation.
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Bcsp1 BWcsp2

BMcsp3

Figure 3.1: Providing energy to EN device with multiple CSPs. Each CSP contains one or more RE with
potential beamforming properties.

3. Option 3: Non-coherent operation by multiple distributed CSPs. Multiple distributed CSPs
with CE capabilities send out energy without synchronised radio elements. This non optimal
way or RF energy delivery, yet unavoidable during the initial access procedure is explained
in D4.2. From a hardware perspective, the complexity is low since specific synchronization
elements and procedures could be neglected.

4. Option 4: Coherent operation by multiple distributed CSPs could generate a power spot
at the EN devices location. The CSPs should be synchronized. This deliverable further
discusses how coherent distributed beamforming can be supported at the hardware level.

These four briefly discussed coverage options are elaborated and further applied to the case
study sketched in Figure 2.4 from Section 2.3.

3.1.1 Option 1 and 2: SISO operation antenna selection and efficiency

The infrastructure could power an EN device with one single RE. This means that if there are
multiple EN devices, the same number of antennas will be active so that each device is assigned
to one TX antenna. We assume the best placed antenna is selected to have the lowest path
losses. At this point we neglect possible interference between the signals that could occur from
multiple simultaneous SISO transmitters. This can be justified especially when there is a relatively
high distance between multiple EN devices. Unlike Section 3.1.2, interference between multiple
transmit signals is considered. In this analysis, it is assumed that there is a trade off between
taking the closest transmit antenna or a better located TX antenna due to losses related to the
antenna radiation patterns. Table 3.1 presents the distance d,,.;;, referred to the closest located
transmit antenna, as well as the most optimal distance d,,imq, related to the antenna with the
lowest losses. The transmit power required to energize the ESLs, supplemented by the efficiency,
is calculated in four situations. The quantity P L,,.imq represents the optimal path loss and P, ;
the transmit power with [ the antenna number, retrievable in Figure 2.4.
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No. Location Antenna | dmau [m] | dopmml [m]  PLoptimar [AB] 1 [-] || Pio, [dBm] || Efficiency [%]

1 Shortest dipole 4 . -35.2 52 21.2 0.030
2 Furthest dipole -44.7 24 31.3 0.003
3 Shortest patch -27.6 54 13.6 0.17
4 Furthest patch -28.9 0 14.9 0.13

Table 3.1: Antenna selection, transmit power requirement, and overall efficiency for SISO operation. ESL
requiring constant RF power of -14 dBm with 351 potential antenna locations of which the best-placed
antenna is selected to power the EN device. The working frequency amounts 868 MHz.

Table 3.1 reveals that transmit antennas with higher Euclidean distances with respect to the EN
device, sometimes give better efficiency levels. Also, the transmit power can be reduced signifi-
cantly by selecting a better situated antenna. The CSP hardware can in this case be simplified to
an architecture without synchronisation requirements. A more comprehensive discussion on this
architecture is provided in Section 5.1.1.

3.1.2 Option 3: Estimated CSP transmit power requirement for non-coherent
MISO operation

Similar estimations are provided for the option combining the energy of multiple transmit anten-
nas. A synchronized architecture is assumed to be unavailable, thus the transmitted RF power
from the 351 antennas will interfere randomly. Equation (3.1) approximates the receive power
for a non-coherent system F,,,.. Width L the number of antennas, F,,; the transmit power
per antenna [, and [, the path loss between each transmit antenna and the EN device receive
antenna.

rxnc— Zptxlﬁl (31)

Equation (3.2) represents the simulated path loss model based on the Friis transmission equation.
With Gy, and G, the antenna gain and ¢, and ¢, the angles related to the incident RF beam
that differs for each transmit antenna location. d; represents the euclidean distance between the
transmit antenna and the EN device.

N\ 2
Bi = Gz (01, 1) - Gra(O1, 1) - (M) (3.2)

Table 3.2 shows the results for the ESL use case presented in Figure 2.4. The calculations
estimate the transmit power to achieve —14 dBm of receive power, for the closest located ESL
and furthest located ESL, and for both dipole and patch antenna configurations (Figure 2.8).

PG represents the path gain, P, 0anm gives the receive power if P, ; equals 0 dBm. To receive
—14dBm, the transmit power should be adjusted from 0dBm to P, ;. Consequently, P, total
represents P, ; - 10log(L).

With 351 radiating antennas with random phases, the results show that at least 9.3 dBm of trans-
mit power should be emitted in case of dipole antennas. For the implementation with patch
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No. ESLlocation Antenna || P p, ,—odsm [ABm] || Py, [dBM] Py yo [dBm] || PG [dB]  Efficiency [%]

1 Shortest dipole -16.3 2.3 27.8 -41.8 0.007
2 Furthest dipole -23.3 9.3 34.8 -48.7 0.001
3 Shortest patch -11.9 2.1 23.4 -37.4 0.018
4 Furthest patch -15.2 1.2 26.7 -40.6 0.009

Table 3.2: Transmit power requirement and overall efficiency for non-coherent MISO operation ESL re-
quiring constant RF power of -14 dBm. All 351 transmit antennas could contribute to the total received RF
energy. The operating frequency is taken to be 868 MHz.

antennas, the transmit power can be further reduced to 1.2 dBm. The proposed amount of trans-
mit power is required to feed the ESL at the worst positioned location. Consequently, other ESLs
with better and shorter locations, will receive more energy than actually needed.

Comparing Table 3.1 to Table 3.2, it appears that the efficiency is rather low, compared to a
SISO system. Using multiple antennas to power an ESL results in lower efficiency levels. Note
that the efficiency in this table is determined per ESL. Since there is no coherent operation by
the infrastructure, the power will be averaged over the entire room. Assuming, 600 ESLs in the
supermarket corridor, the approximate efficiency could increase by a factor of 600. Consequently,
the overall efficiency level will end up higher compared to SISO operation, if multiple EN devices
are considered.

3.1.3 Option 4: Estimated CSP transmit power for coherent MISO opera-
tion

The most efficient WPT option can be realised with coherent operation. However, this comes
with extra complexity as it requires the infrastructure to synchronize CSPs in time, phase, and
frequency to enable coherent operation. The discussion related to synchronisation challenges is
further elaborated in Section 4.1. In order to achieve phase coherence, reciprocity calibration of
the RF front-ends is needed. Aspects regarding the accurate calibration of the RF chains of the
transceiver are discussed in Section 4.1.3. Further, Equation (3.3) represents the receive power
estimation F,, . with perfect constructive combination at the location of the EN device. Again, j;
can be substituted by Equation (3.2).

L 2
Pra:,c = (Z V th,lﬁl) (33)
=0

If we recalculate the receive power for the ESL use case we get the values for required transmit
power and achieved efficiency presented in Table 3.3.

No. ESLlocation Antenna || P p,. ,—gdsm [ABm] | Py [ABM] Py tore [dBm] || PG [dB]  Efficiency [%]

1 Shortest dipole 11.1 2.9 28.4 -14.3 3.7
2 Furthest dipole 3.9 10.1 35.6 -21.6 0.7
3 Shortest patch 18.5 -4.5 21.0 -7.0 20.0
4 Furthest patch 15.7 1.7 23.8 -9.8 10.5

Table 3.3: ESL requiring constant RF power of 14 dBm. All 351 transmit antennas could contribute to the
total received RF energy. Considered working frequency is 868 MHz.
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The patch antenna achieves a high gain for the incident RF radiation perpendicular to the an-
tenna surface. The gain related to the transmit antenna location was already demonstrated in
Figure 2.8. As a result, an theoretical overall RF-to-RF efficiency can increase up to 20 %' for the
specific with the 351 coherently cooperating patch antennas, which is considerably higher than
the dipole configuration. In addition, below 0 dBm of transmit power is required to recharge the
ESL capacitor.

The total transmit power P, .. falls within the limits of the regulations, as elaborated on in
D4.1 [3]. The higher efficiency for the same amount of receive power evidently corresponds to
lower transmit requirements. This is the case even assuming that the strength of power spots
should be 14 dBm to generate the 1200 (600 ESLs x 2 updates per day) spots per day, which is
28 dBm higher compared to the non coherent case. It should be noted that these are still ideal
approximations and simulations trying to mimic reality. Reflections and polarization losses were
neglected.

3.2 Realistic assessment based on simulated channels

In the above assessment, some idealised conditions have been assumed, e.g., assuming line-
of-sight (LoS) situations and no multi-path reflections. We have furthermore performed a more
realistic analysis to estimate the transmit power requirements and achievable transfer efficiency
performing simulations based on data from measurements of real channels. The channel model
implemented in the simulator corresponds closely to the model described in Deliverable D2.1 [11].
Polarisation losses are not accounted for in the simulations, yet they could be easily added ei-
ther by interpreting a specific deployment scenario or by simply assuming a 3 dB loss occurring
when linearly polarized antenna(s) are used on one side of the link, and circularly polarized an-
tenna(s) on the other side (as is commonly done in radio frequency identification (RFID)) [3].
This simulator-based assessment is performed specifically for the most efficient case of coherent
MISO transmission, which we consider most relevant in the frame of a RadioWeaves infrastruc-
ture.

No. Location Antenna || Pr.p,. ,—odsm [ABm] || Py [dBm] Piajorat [ABm] || PG [dB]  Efficiency [%]

1 Shortest dipole 30.6 -16.6 2.2
2 Furthest dipole 10 3 35.8 -21.8 0.7
3 Shortest patch 24 7 -10.7 14.8 -0.8 83.2
4 Furthest patch 211 -7.1 18.4 -4.4 36.3

Table 3.4: Estimated transmit power requirements and transmit efficiency from simulations based on actual
measured channel data.

The results of this assessment based on simulated channels are shown in Table 3.4. These
demonstrated that again, significantly higher path gains are achievable compared to non-coherent
operation. Compared to estimations by applying Equation (3.3) represented in Table 3.3, there is
a huge increase in efficiency with patch antenna transmitters and receivers. It should be noted
that the simulations take into account the shelves which serve as additional reflection surfaces.
Previous ideal calculations neglected these surfaces. The higher path gains can possibly be
explained by a favorable situation due to these additional reflections.

"Note that this is an impressive number for RF-based WPT over distances in the order of meters, this high number
being achieved thanks to the optimal MISO operation in combination with the beneficial antenna orientations
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3.3 Techniques to support multi-device operation and enhance
coverage and efficiency.

We here discuss the opportunities offered by an infrastructure with distributed CSPs and support-
ing multi-band operation to improve coverage and connectivity to multiple devices in the environ-
ment. From the use cases analysis [1], it is clear that the latter is key as a massive number of EN
devices may need to be serviced in one environment. Furthermore, the impact of the transmit
waveform on the energy harvesting performance is discussed.

3.3.1 Beamsharing

The concept of beamsharing can be applied to wirelessly charge multiple ESL at the same time.
This yields the possibility to reduce the overall transmit power or the transmission time, and avoid
using antennas that contribute only marginally. Beamsharing can be implemented following two
strategies: i) through sharing uplink pilots [12] or ii) via exploiting channel correlation between
different ESLs. The former gives several ESLs the same uplink pilot. In the (uplink) channel
estimation phase, the CSPs will estimate the joint channel responses of all the ESLs sharing
the same pilot. When maximum ratio transmission (MRT) is used during WPT, the beam will be
shared between these ESLs. As the joint channel is estimated and MRT transmission is per-
formed, ESLs with a higher gain will receive more power. Hence, this method is inherently unfair.
Another approach is to use the full channel state information (CSl) knowledge to group ESLs with
correlated channels. Due to the high number of densely distributed ESLs, the probability that
some ESLs share channel characteristics can be exploited. The high density supplemented with
the indices was already illustrated in Figure 2.9. The spacing between the ESLs is 50 mm and
40 mm along the Z- and Y-axis respectively.

3.3.1.1 Power Spot size

The supermarket example illustrated in Figure 2.4 is considered. In the remainder of this section,
we investigate the possibility to do beamsharing when we have 600 ESLs uniformly spread over
the 6 shelves of each of the two racks. As a first exploration of beamsharing, we assess the
power spot size when wirelessly charging one ESL at a time, assuming free space conditions
(Equation (3.2)). The received signal strength and power spot size when targeting the furthest
located ESL and closest located ESL are depicted in Figures 3.2 and 3.3 when using MRT with
dipole antennas for a 2D plane of the environment perpendicular to the store cabinets with (x =
1). A —3dB threshold is used to delineate the power spot area (with respect to the received
power at the target ESL). The spot area increases from 0.0457 m? to 0.3967 m? when moving
from the best to the worst case position. Consequently, assuming a density of 20 devices per
square meter, the probability that one of the remaining 19 EN devices (per square meter) is lying
in this spot is 4.5 % for the best case location and 39.7 % for the worst case location.

We can conclude that for a situation with a few hundreds of devices in the environment, one may
always expect some of them to automatically benefit from beamsharing. In case these sharing
situations are somehow identified and located, this could be exploited in an optimized charging
scheduling and hence improve overall efficiency. The latter can be in particular relevant for nodes
in bad locations where efficiency is lower on the one hand, and beamspots and the possibility
that they can be shared are larger on the other hand.
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Figure 3.2: Assessment for the power beamed towards the node at position No.1 (best case) from Ta-
ble 3.3. (a) indicates the signal strength and (b) the power spot size in a 2D plane that is situated perpen-
dicular to the shelves at x = 1 in Figure 2.4.
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Figure 3.3: Assessment for the power beamed towards the node at position No.2 (worst case) from Ta-
ble 3.3. (a) indicates the signal strength and (b) the power spot size in a 2D plane that is situated perpen-
dicular to the shelves at x = 1 in Figure 2.4.

3.3.1.2 CSl-based beamsharing

When the CSl is known for all the ESLs, this information can be used to group ESLs with corre-
lated channels for WPT purposes. Figure 3.4 depicts the channel correlation matrix R = HH”
where H € CX*M contains the channel coefficients between each ESL k and antenna element
m. The correlation matrix R illustrates the correlation between the channels towards the ESLs.
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As illustrated in Figure 3.4, some ESLs show higher channel correlation with each other than
others, which can be exploited during the wireless charging phase.

400

200

0 100 200 300 400 500

Figure 3.4: Channel correlation matrix R. It illustrates which antennas are highly correlated with each
other for the K ESLs.

To see the contribution of each antenna element to the channel correlation, all ESLs with a chan-
nel correlation above —3dB are selected for a given reference ESLs, i.e., taking a column of
Figure 3.4 for a given target ESLs. Let P be the channel matrix of these grouped ESLs. The
antenna correlation matrix Rqye = PP, where P € CE+*M and K, is the number of selected
correlated ESLs. This information can be used in the federation orchestration phase of the Radio-
Weaves network. Two examples are shown in Figure 3.5a and Figure 3.5b for the closest located
ESL and furthest located ESL respectively. It shows that some antennas have a high correlation
between the selected users, indicating that these antennas contribute more to the beamsharing
than the others. In the federations stage, both R and R, can be used as performance met-
rics to i) group ESLs (R) and ii) reduce the operational number of antennas (R,;) contributing
significantly to the WPT.
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(a) Ran; of closest located ESL. The group size is 2 (b) R of furthest located ESL. The group size is 8
with ESL indices 154 and 155. with ESL indices 0, 6, 7, 13, 19, 21, 25 and 29.

Figure 3.5: The antenna correlation matrix Rant of the grouped ESLs.

3.3.2 Multi-band operation

Multi-band operation for RF WPT exploits multiple frequency bands to increase the total amount
of receive power and thus harvested energy. As stated in D4.1 [3], this could be interesting for
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medium to higher power demanding applications, and to achieve higher localization accuracy or
multi-band communication. The total harvested DC power (P, ,,,») of a multi-band harvester with
N contributing bands is given by:

N
Prymb = 10 Z G Phy rEDC (3.4)

The RF to DC power conversion efficiency (nzr pc) contains the matching network efficiency, the
rectifier efficiency and the DC charger efficiency, as discussed in Section 2.2.1, which here needs
to be determined for every individual single-band link. G; denotes the antenna’s gain at the i-th
frequency and 7. the DC combining circuit efficiency [13]. The harvested DC power can therefore
be increased if an efficient DC combining circuit is used. Combining DC voltages typically can
be achieved with two approaches: voltages are either combined after the rectifiers or after the
DC/DC converters to charge a common storage element. A matching circuit and rectifier need to
be provided for each band to maximize the overall efficiency, yet this negatively affects the overall
complexity, cost, weight and size of the EN device [14]. Different types of rectifiers are used in
practice. A distinction can be made between the series, parallel, and Greinacher rectifier, with
the latter being by far the most commonly used due to the higher DC output voltage levels [13],
[15]. The number of stages within this voltage multiplier affects the RF to DC efficiency, voltage
output, and design of the matching circuit, and this moreover depends on the exploited frequency
band. More specifically, increasing the frequency or number of stages decreases the impedance
of the voltage multiplier [14], [16].

In general, the efficiency of a multi-oand WPT system is reported to be higher than that of a single-
band system [14]-[17] since additional energy is transferred from the antenna to the rectifiers of
the other bands, even when the non-ideal impedance matching is taken into account [16]. The
efficiency strongly depends on the input power [13], load [15], and frequency band [14]. Higher
frequency bands cause lower efficiency compared to lower frequency bands at the same RF
power density, due to parasitic element losses. Besides, more coverage is possible at lower
frequencies due to the smaller path loss. The duty cycle regulations and energy harvester ICs
are typically more optimal for lower frequency bands [18].

Due to the increased design complexity of the EN device, since multiple impedance matching
networks, specifically designed antenna’s, multiple rectifiers and DC/DC converters are needed,
we opt to not further consider multi-band devices within REINDEER. The single-band operation
makes it possible to design a simpler, less expensive, smaller and lighter EN device. The fact that
this goes along with a reduced performance is less problematic since the target use cases, as
mentioned in Table 2.1, have a relatively low power specification and a low update rate. Besides,
the multi-band operation can only increase the total amount of energy transferred but does not
offer a growth in coverage, with the latter being the main limitation to encounter. If an EN device
still needs to use multi-band WPT, for example to improve positioning accuracy or communication
throughput, and this device has the necessary hardware, the REINDEER concept can easily be
extended to a multi-band system since multi-band antennas have already been designed for
the CSPs. However, the operation of the WPT concept can be demonstrated via single-band
operation.
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3.3.3 Transmit waveforms

This section briefly discusses the dedicated transmit waveforms that could be generated by the
CSP radios to increase WPT performance or to have downlink communication. This information
can be further related to the hardware requirements in Chapter 5. Specific and comprehensive
waveform design related to communication is not discussed in this deliverable.

3.3.3.1 Increasing harvesting performance by multi-tone excitation

Previous research has studied the impact on rectifier circuits for several types of input waveforms
to increase efficiency. Beside a single tone continuous wave (CW) signal, other signals such
as two-tone CW signals, chaotic waveforms, pulse signals, analog and digital modulated sig-
nals, frequency-shift keying signals, white noise, and orthogonal frequency-division multiplexing
(OFDM) signals have been proposed [19]. In general, higher peaks yield higher efficiency levels
because of the non-linear behaviour of the diode. The harvester efficiency depends both on the
carrier frequency and the input power level. The frequency dependency is due do the matching
network characteristics, while the input power dependency is explained by the non-linearity of
the diode model. This field of research is treated in REINDEER deliverable D4.2 [20], where it is
explained that not every rectifier circuit is suitable to achieve efficiency gains with high peak-to-
average power ratio (PAPR) signals.

From a CSP perspective, it is primarily interesting to generate high PAPR signals, only if analysis
results show a potential to achieve RF to DC efficiency gains at the EN device harvester. Since
gains are not per definition achievable [19], it is highly recommended to firstly simulate the signals
under the expected circumstances. [21] shows, e.g., the impact for a range of loads on the
efficiency. This research shows efficiency gains with multi-sine signals for a restricted ranges
of loads and even efficiency drops for low resistant loads. In short, sufficient research on the
circuit design is crucial to avoid even poor efficiency compared to single tone signals. Most
research such as [19], [21] focuses on RF to DC conversion via a single diode. These RF to DC
circuits have proven to achieve higher conversion gains on peak signals with respect to constant-
envelope signals. If the received power increases due to increasing efficiency, in fact the coverage
area also expands. Still, the system will not reap benefits from an overly complex implementation.
Chapter 3 showed that the single tone approach could deliver enough energy to the EN devices
without exceeding the regulations for the ESL use case.

Generating multi-sine RadioWeaves signals is more challenging to support. The infrastructure
should have control over the start of the multi-sine signal envelope period, beside the phase
of the carrier frequency. Among phase synchronisation, also time synchronisation is required
to provide overlap of the varying envelope signals (coming from different transmitting locations)
at the desired (EN device) location. Research on multi-sine RF-based WPT has shown that
the additional complexity involved in realizing efficient transfer, in particular to achieve coherent
transmission from multiple antennas, is significant [22]-[24].

Waveforms with a non-constant envelope impact the hardware, more specifically the selection
and type of the power amplifier (PA). The related challenges and associated hardware to support
the transmission of high PAPR signals is briefly discussed in Section 5.2.2.
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3.3.3.2 Simultaneous power and data

Class 1 EN devices (as defined in the use cases catalogue in D1.1 ) require simultaneous power
and data transfer. This means that the power carrier needs to be always on during communication
in both directions, uplink and downlink, because typically only a very small capacitor is integrated
in the device to survive the modulation gaps only. However, before any downlink communication
can be initiated, the power carrier should be on for a sufficient time to allow the device to stabilize
the internal voltage references. After this initialization phase, the communication can start. To
keep the complexity of the EN device demodulator very low, modulation signaling as illustrated in
Figure 3.6 shall be considered.

DSB- or SSB-ASK Modulated RF PR-ASK Modulated RF
- ~ -
\ W\ [ W\ /'ﬂ _ﬂ ﬂ‘ W
\ 0 ﬂ A
A A \ZILINZ v
ATATRY (LA AL BV
U ‘{U v ||| W '
I AN
ﬂ'l \ ‘M} b\ | | U_U
RF EI/elope Unmodulated Modulated Field with  Phase Field with  Modulation _ A-B
Field Field Phase ¢ Transition Phase —¢ Depth ~— A

Figure 3.6: Proposed downlink modulation schemes: DSB, SSB, or PR-ASK modulation providing high
modulation depth, copy of Figure H.1 in Annex H, pp. 143 of [25].

Specifically, the power carrier shall be modulated with double (DSB) or single-sided (SSB) side-
band ASK, or phase reversal (PR) ASK. The modulation depth shall not be below 80%. Uplink
communication should be backscatter modulation in this case, because this can be implemented
with low complexity on the EN device modulator. Only a switching transistor across the antenna
terminals needs to be managed with an on-off keying (OOK) digital signal train. In addition, this is
also the simplest implementation of a simultaneous power and data transmission uplink. Overall,
the modulation sequence shall be similar to the RFID Gen2v2 Specification, which is illustrated
in Figure 3.7.

QueryRep
or other

i i i command if
interrogator ||[setect ][ ch[|T”wery JJ|I1 g I A TIMMMMNINIES I Couervmes | epc s vata
NAK if EPC
[ Jllis mvate
Tag PCIXPC, EPC, PacketCRC |

Ta T, T, T, T,
-~ - - - >

Single Tag Reply

Figure 3.7: Protocol sequence of continuous power and data transfer, copy of Figure 6.18, pp. 42 of [25].

Here the interrogator is functioning as power carrier provider and communication initiator, whereby
Select, Query, Ack, QueryRep, and NAK are specific downlink communication sequences, using
modulation patterns as illustrated in Figure 3.6. The Tag, or EN device, responses with RN16 and
EPC packet (e.g. electronic product code of a shelf item). The RadioWeaves infrastructure needs
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to support this kind of simultaneous power and data transfer scheme to support electronic labels
(RFID tags). Other use cases using custom specific class 1 EN devices might differ in terms
of the protocol sequence given in Figure 3.7, yet they would have to follow downlink modulation
schemes according to Figure 3.6 and device backscatter modulation to guarantee simultaneous
power and data that allows low complexity hardware at the EN device.
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Chapter 4

Implementation challenges and regulatory
limitations

This chapter zooms in on specific implementation challenges to achieve coherent WPT operation,
which has been shown to enable a significantly higher efficiency than SISO or non-coherent MISO
operation, yet requires synchronization in time, phase, and frequency. Further, limitations due to
regulatory constraints are discussed.

4.1 Coherent operation

There is a need for some cooperation between the different CSPs to achieve some levels of
synchronization. The focus here is on the wireless power transfer requirements, supplemented
with calibration options of the CSP hardware. The latter also has its impact on the support to
transmit the desired signals and create a collaborative RadioWeaves infrastructure.

4.1.1 Architectures for coherent operation

A distinction can be made between time synchronization, frequency synchronization, and phase
synchronization. We refer the reader to D2.2 [26] to consult the different implementation options
to realize synchronization. Ideally, when there is a perfect synchronization between the CSPs,
both drifts and offsets do not occur. If certain offsets are still present, they can be eliminated via
reciprocity calibration from Section 4.1.3. Moreover, synchronization errors can be tolerated to
some extent, as elaborated in Section 4.1.2.

Assuming perfectly synchronized RF front-ends and time-synchronized control logic, the infras-
tructure will be able to generate a beam spot by distributed beam-forming. In this case, the
location of the EN device is considered to be known and the weight vectors are calculated via
MRT. This working principle could be used in the ESL use case, where the position of the ESL is
fixed and does not change over time.

Because of the limitations of previous methods and the unknown location in many use cases, it
may be better to use the closed-loop approach explained in D4.2 [20]. In short, the proposed
process consists of three steps. First, a non-coherent waveform is emitted by several REs. The
buffer of the EN device can sufficiently charge. Secondly, a pilot is backscattered by the EN de-
vice, which provides each CSP with information about the location of and channel to this device.
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Lastly, a re-transmission with the same phase relative to the internal CSP reference clock is suf-
ficient to generate a power spot around the EN device. The architecture related to this approach
is discussed in Section 5.1.2.

4.1.2 Consequences of inaccuracies in synchronisation

mMIMO systems can benefit from large array gains Gy = L (Where L denotes the number
of transmit antennas in a MISO system) given fully phase-coherent operation and perfect CSI.
In a realistic implementation, however, phase synchronization can only be realized with limited
accuracy. Phase errors manifest in power losses which impact the system performance both for
communication purposes due to a decreased signal-to-noise ratio (SNR), and for WPT due to
lower power budgets.

4.1.2.1 Fundamental performance limits

In the following, we derive the fundamental performance limits of mMIMO systems subject to
phase synchronization errors. We consider a MISO system with L transmit antennas transmitting
power wirelessly to a single EN device. For channel state estimation and communication with
the EN device, we consider time division duplexing (TDD) and reciprocity-based MRT. In [27], we
derived the system efficiency, i.e., its path gain PG, for noisy channel estimates h = h+n, with
the i.i.d. noise samples [rn], ~ CN (0, 0%).

In this section, we derive the system efficiency with inaccurate phase synchronization. We model
the received signal as

y=h's+n with s = v/ Py w (4.1)

where n ~ CN (0, c2) denotes complex additive white Gaussian noise (AWGN) and s is a transmit
signal vector with a transmit power P,.. The weight vector elements
[hl;
[w], = el ¥ (4.2)
il
are formed through MRT on the true channel h but each antenna ¢ € {1 ... L} suffers from i.i.d.
synchronization errors ¢, ~ N(0, 030). We further assume that the distributions of n and ¢, are

independent, and we assume that the power of the noise n (i.e., for ambient energy harvesting)
is negligible when compared to intentional WPT.

We denote the channel power gain (which is actually an efficiency) by the average path gain
of all L antennas, i.e., by Ga, = 7||h|> & PGsso. Through the definitions above, we find an
analytical closed-form expression for the expected efficiency of a reciprocity-based beamformer
PGR suffering from synchronization losses

T2
po B} (5)cae (49
R = = he )
Pix Il ! 2) "
——
~L2
4
% Var{p,}>In||h[*=In|k|4 ... low sync. regime
~§LGu e"’i, In2<Var{¢,}<In ||k|*~In||k|4 ... logarithmic regime (4.4)
LGy, Var{go;}<In2 ... high sync. regime

which is derived in (A.3) in Appendix A.
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Figure 4.1: Efficiency of a reciprocity-based beamformer suffering from phase synchronization errors
based on a measured channel vector h (measured with a synthetic aperture measurement testbed de-
scribed in [11], [27]). The efficiency is evaluated by means of an MC analysis (i.e., PGyc) and the analytical
closed-form expression in (4.3) (i.e., PGR) with the respective synchronization regimes in (4.4).

4.1.2.2 Measurement-based performance evaluation

We demonstrate the fundamental performance limits on channel measurements acquired with a
vector network analyzer (VNA). We evaluate a MISO system' with L = 1000 antennas operating
at a frequency f = 3.8 GHz and an EN device at a distance of ||| ~ 12.3m. We evaluate
the system efficiency on a measured channel vector h, which we assume is the “true”® channel,
given that we have a reasonably high measurement SNR. Figure 4.1 shows the efficiency of
a reciprocity-based beamformer that has perfect CSl (i.e., the measured channel vector h) but
suffers from the phase errors described in (4.2). The analytical expression in (4.3) is evaluated
and compared against a Monte Carlo (MC) analysis with M = 10° realizations of (4.2), denoted
PG\, times all L antennas, where both curves show a good correspondence. Furthermore, the
mean PG, of the distribution is augmented by symmetric confidence intervals U, for which one
random realization of PG is located within the interval (PGr — U, PGg + U,) with a confidence

"Please refer to [27] for more information on the measurement scenario.
2We make this assumption knowing that the “true” value of a measurand is generally unknown and our corrected
measurement result is merely its best estimate [28].
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level g, i.e., the probability
¢ =P{PGr— U, < PG < PGr+U,}. (4.5)

Figure 4.1 shows the intervals (PGgr — U, PGr + U,) computed for the confidence levels ¢ €
{50 %, 90 %, 98 % } based on the M realizations from the MC analysis.

The performance characteristic can be divided in the three synchronization regimes described
in (4.4):

The low synchronization regime is dominated by a non-coherent operation and the array acts
as a “stochastic” beamformer. In [27], we show that a beamformer with random weights that are
circularly-symmetric complex Gaussian, i.e., w exhibits random phases [w], ~ CN(0, 02 ) where
|lw|| = 1, has an expected mean path gain PGgsgo corresponding to an equivalent SISO sys-
tem. Interestingly, a non-coherent operation of the array, i.e., exhibiting random phases Z[w], ~
N(0,02) but deterministic amplitudes |[w],| = [[h]| /|h]|, still holds a gain of G\. ~ 2.7dB
compared to PGy in the case of a perfectly known channel vector h. To express this gain
analytically, we rearrange the term for PGy in the low synchronization regime in (4.4) as

ARrlE  RlE 1 7 2|l

PGg =~ =5 —HhH2 R 5 PGsiso (4.6)
IRl IRt L (235, 1[R)]?)
=Gn~PGsiso
/-1'2 + 0_2
_ ( G Gch) PGy (4.7)
’uGch

where we define the sample mean ¢, = 7>, |[h]¢|?, corresponding to the 1% sample raw
moment of the SISO channel power gains |[1],|, and the biased sample variance o, =

T3 ([R]ef? - 1ic,, ), corresponding to the 2" sample central moment of the SISO channel
power gains. This allows to express the first term in (4.7) by means of the coefficient of variation
Cy = :z—l which then corresponds to the non-coherent gain through

ch

Gue =1+ 2. (4.8)

Note that the coefficient of variation ¢, is @ measure for the dispersion of the channel power
distribution of all L channels from an RW to an EN device. It attains ¢, = 0, i.e., no gain over a
SISO system, for |[h],]* = |[h],|> V ¢,7 € {1 ...L}. Consequently, in a distributed architecture
with some arrays being closer to the EN device than others, the coefficient of variation ¢, is higher
than in the case of using only a single array. As indicated in the figure, random beamforming,
sometimes also termed opportunistic beamforming, may achieve another efficiency improvement
of 6dB on top of G\ within the 3o-intervals (capturing approx. 98 % of the weight realizations,
and thus coinciding with the PGy £ Uggy, confidence interval.). In this regime, the PG is chi-
squared distributed and o denotes its standard deviation (please refer to [20, Appendix C] for
more details on the no-intervals). We have found that this gain is also available in the case
of circularly-symmetric complex Gaussian weight realizations, in contrast to G\¢ [27]. Targeting
higher gains will be practically unreasonable for most applications due to the large number of
weight realizations involved. The amplitudes |y| are approximately Rayleigh-distributed in this
regime.

As the synchronization improves, PGy enters a regime of logarithmic increase with the phase
error variance Var{y,}, where the amplitudes |y| are approximately Gaussian. In this transition
region from a “stochastic” beamformer to a deterministic beamformer, the relative width of the
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confidence intervals (£5a-ts, £Garts

with improving phase synchronization.

) of the reciprocity-based beamformer likewise decrease

Entering the high synchronization regime, PGy saturates at the MISO path gain PG\so requiring
both perfect CSI and perfect phase synchronization, and leveraging the full array gain Guay = L.
Unless operating in the low synchronization regime, the synchronization power loss (actually a
gain) can be approximated as

Gsyne ~ 6_03’ . (4.9)

The REINDEER consortium recommends having a synchronization with a maximum phase error
standard deviation of o, < vIn2 ~ 47.7°, which corresponds to an expected power loss (gain)
of Gsyne & —3 dB with respect to perfect phase coherency. Achieving Gsyne > 90 % and thus
o, < vV—1In0.9 = 18.6° could be a targetted technical specification for many hardware imple-
mentations.

4.1.3 Accuracy of reciprocity assumptions and calibration

A known challenge in mMIMO operating in TDD whereby downlink transmission is with CSI ac-
quired based on uplink pilots, is the need to cope with non-reciprocity of RF front-ends. Indeed
while the radio propagation itself and the antennas can be considered reciprocal in downlink and
uplink when transmitting over the same frequency band, this can not be said for the multiple
transceiver front-ends operating in either receive or transmit in uplink and downlink. The struc-
ture of the problem allows the non-reciprocity to be resolved at the access infrastructure side
by calibration techniques. The problem has been clarified and potential solutions were originally
proposed for conventional multiple-input multiple-output (MIMO) [29]. For mMIMO communica-
tions, calibration processes clearly can become much more tedious because of the high number
of antennas, yet previous research has shown that the specifications can become more relaxed
[30]. Several solutions to implement non-reciprocity calibration have been proposed in literature
for central arrays, e.g., by Vieira and co-authors [31], and for distributed topologies [32]. In the
frame of REINDEER, over-the-air reciprocity calibration procedures have been extended to dis-
tributed panels of antenna arrays [33], i.e. reciprocity calibration of CSPs in the RW concept,
based on a joint beam scanning procedure, executed by all CSPs, to collect measurements for
the calibration. These REINDEER results will be included in the upcoming D3.2 [34].

For the case of reciprocity based WPT, the corresponding reciprocity calibration procedure de-
pends on whether the same transmit chains in CSPs are used both for communication/positioning
and WPT, or if a separate set of transmit chains are needed to achieve high-enough WPT effi-
ciency. In the former case, the reciprocity calibration process for the purpose of communica-
tion/positioning can be reused, without additional CSP complexity. In the latter case, where sep-
arate transmit chains are used for WPT, an additional but lower-accuracy, reciprocity calibration
procedure is needed in the CSPs. This is a consequence of, as elaborated on in Section 4.1.2,
the relatively low requirement on phase accuracy for WPT, compared e.g. to the requirements
for complex waveforms in high-rate communications. We also expect devices relying on WPT for
their operation to have lower requirements on latency introduced by any necessary calibration
process to be performed, relaxing requirements on reciprocity calibration for WPT even further.
The details of these requirements are subject for future studies.
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4.2 Exposure limits and regulations

The European regulations on radiated power and duty cycle limitations were discussed in detail
in D4.1. A summary of the guidelines for the major bands considered for WPT is provided here,
as we relate them to the assessment made for the infrastructure output requirements derived in
the previous chapters of this deliverable.

Table 4.1 summarizes the exposure limits imposed by regulations for different frequency bands.
We note hereby that it is not straightforward to interpret the regulatory framework in the context
of transmission from many points in a distributed architecture. In the most strict sense, one could
state that the overall transmit power and duty cycle from cooperating CSPs should comply with
the regulations. Considering the regulations as imposing limitations per transmitter, one could
conclude that all CSPs are individually allowed to transmit up to the levels and duty cycles listed
in Table 4.1. With coherent operation for the use cases and deployment scenarios considered
in REINDEER, the most strict interpretation of regulations can be adhered to. Clearly the more
relaxed interpretation would open up possibilities to increase the range of WPT in a RadioWeaves
environment significantly, and/or allow many more devices to be served.

Of course, in any case, it remains vital to respect safety limits. The International Commission
on Non-lonizing Radiation Protection (ICNIRP) defines guidelines for limiting exposure to elec-
tromagnetic fields [35], clarifying the amount of permissible EMF absorbed by the body skin from
EM waves with frequencies 100 kHz to 300 GHz.
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Table 4.1: Overview regulatory standards for (e.i.r.p.) levels > 20 dBm for ISM bands 0.9, 2.4 and 5 GHz

Start freq. (MHz)

Stop freq. (MHz)

Bandwidth (MHz)

Device category

Max. power (mW)

Duty cycle

Radio Frequency

865 868 3 Identification (RFID) 2000 (e.r.p.) Polite access only
devices
. 500 (e.r.p.), Polite access, and
Non-specific short-range . .
865 868 3 dovi APC or < 10 % for network access points
evices
comparable < 2.5% otherwise
Non-specific short-range Polite access, or
869.4 869.65 0.25 ) 500 (e.r.p.)
devices <10%
. 500 (e.r.p.), Polite access, and
Non-specific short-range . .
874 874.4 0.4 devi APC or < 10 % for network access points
evices
comparable < 2.5% otherwise
Radio Frequency
916.1 918.9 2.8 Identification (RFID) 4000 (e.r.p.) Polite access only
devices
. 500 (e.r.p.), Polite access, and
Non-specific short-range § .
917.3 918.9 1.6 devi APC or < 10 % for network access points
evices
comparable < 2.5% otherwise
Wideband data ) .
2400 2483.5 83.5 o . 100 (e.i.r.p.) Polite access
transmission devices
Radio Frequency Identification ) )
2446 2454 8 . 500 (e.i.r.p.) Polite access
(RFID) devices
. P Polite acces, or
Radio Frequency Identification . ]
2446 2454 8 . 4000 (e.i.r.p.) <15%
(RFID) devices
over any 200 ms
Wireless Access Systems (WAS)/ ) )
5150 5250 100 200 (e.i.r.p.) Polite access
Radio Local Area Networks (RLANSs)
Wireless Access Systems (WAS)/ ) .
5250 5350 100 ) 200 (e.i.r.p.) Polite access
Radio Local Area Networks (RLANSs)
Wireless Access Systems (WAS)/ . )
5470 5725 255 ) 1000 (e.i.r.p.) Polite access
Radio Local Area Networks (RLANSs)
Wireless Industrial Applications ) .
5725 5875 150 400 (e.i.r.p.) Polite access

(WIA)
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Chapter 5

Contact service point hardware
requirements for WPT

This assessment describes the specific hardware requirements at the infrastructure side to pro-
vide energy to the EN and potentially backscattering nodes. This chapter refers back to Sec-
tion 3.1 and discusses hardware related challenges and requirements specifically for wireless
power transfer and not for communication, localisation, etc, of course with the understanding that
the transferred energy may be used at the EN side communication or positioning purposes.

5.1 Options to implement the CSP architecture

Several architectural proposals are suggested for the implementation of the channel estimation
(CE) of the CSP, in particular focusing on the RF front-end. Given the typical low complexity of
the digital baseband and control with respect to communication and positioning functionalities, it
is assumed that available resources for the latter could be reused for WPT.

The final decision on which RF front-end architecture to implement will depend on the use case
specifications and potential trade-offs between performance, e.g., in terms of number of EN nodes
that can be served, and hardware complexity. This section discusses the more complex archi-
tecture to enable coherent operation by multiple CSPs resulting in a highly efficient energy de-
livery solution, which is a main benefit arising from the distributed architecture with many radios.
Moreover, the RF front-end components for SISO or non-coherent operation systems are also
discussed, showing that the complexity could be significantly reduced yet consequently providing
lower performance values as was explained in Chapter 3.

5.1.1 CSP transmit RF front-end without synchronization capabilities

The options 1, 2 and 3 described in Section 3.1, do not require hardware components for synchro-
nization. In these cases, one or more low-complexity CSP implementations suffice to support RF
energy transfer. Figure 5.1 shows basic RF front-end architectures which are sufficient to support
SISO and non-coherent energy transfer. The baseband signal could also consist of a multi-sine
signal to generate a high-PAPR signal. This could ensure energy gains in the RF-DC conversion
of the harvester, as discussed in Section 3.3.3. The transmit waveform then consists of frequency
components that are upconverted by the local oscillator (LO) and the mixer. On the contrary, a
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Figure 5.1: Basic RF front-end architecture.

constant frequency baseband signal will produce a single tone signal f;, after mixing. Actually, in
the most basic implementation with single tone signals, even the mixer could be removed as for
SISO or non coherent wireless power transfer only an amplified single-tone RF signal is required.
To further support beamforming, a phase shifter can be added between the mixer and the PA to
construct phased arrays, shown in Figure 5.1b.

Several challenges are associated with supporting multi-band signals. On the one side, there is
need for wide-band antennas, briefly discussed in Section 5.2.1. Generating such signals can be
done, for example, by equipping the RF front-end as in Figure 5.1a with multiple LOs, mixers and
phase shifters that then go through an RF combiner and a wide-band PA. The amplified multi-
band signal must then be radiated through an associated multi-band antenna. In previous deliv-
erables, it was mentioned that the Reindeer project considered four frequency bands (868 MHz,
2.4 GHgz, 3.7 GHz and 5 GHz). Therefore, the RF front end hardware should be suitable to operate
in these frequency bands.

5.1.2 CSP architecture for coherent WPT in RadioWeaves infrastructure

The fourth option discussed in Section 3.1 considers a RadioWeaves infrastructure with multiple
distributed CSPs that coherently operate and serve the EN device with RF power. The signals
generated by multiple CSPs create a power spot around the EN device. In this section, the
minimum hardware requirements to only generate power spots at the EN device locations are
explored. No hardware for communication, localization or other functions are discussed here. The
CSP hardware for two implementation options will be discussion further: distributed beamforming
via MRT and a closed loop approach.

5.1.2.1 Distributed beamforming via MRT - local open loop approach

Assume the EN device location is known and the channel response is estimated, then Figure 5.2
illustrates the minimal hardware components to create power spots via MRT. This open loop
approach refers to the CSP itself. The whole implementation with central processing units, X-haul
communication links and CSPs can be represented in fact as a globally closed loop system where
each openenly communicating CSP system requires information from the centrals processing
unit.

By supplying a distributed input reference clock without frequency offset and drift to the individual
PLLs, the desired stable RF frequencies on each CSP can be generated. If the registers of all
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Figure 5.2: Minimal RF front end components to generate power spot. This analog implementation is the
most basic and low cost CSP architecture to support beamspots at the desired location.

PLLs are set to the same values, then all LO signals should have the same output frequency. The
PLL may not cause any unwanted phase offsets so that all LO signals can be assumed phase
coherent. Therefore, a phase coherent PLL implementation is required and further explained in
Section 5.2.3.

The processing element (PE) gets phase information through the X-haul communication interface
from the edge computing service point (ECSP). The digital-to-analog converter (DAC), embedded
in the PE, outputs a DC voltage that is mixed with the LO signal. After amplification, the amplified
phase shifted signal is radiated via the antenna to the EN device.

A digital alternative for the analog baseband implementation from Figure 5.2, can be obtained by
replacing the phase shifter by a mixer. Unlike a DC output voltage generated by the the PE, a
baseband signal could then be fed to the input of the mixer, making the architecture also usable
for communication. To accomplish baseband transmission, the DAC will generate samples at a
certain frequency. Consequently, an additional low-pass filter (LPF) behind the DAC and before
the mixer is recommended in such an architecture, further complicating it.

5.1.2.2 Locally closed loop approach

This approach is explained more extensively in D4.2. The minimum hardware required to support
this approach is explained here. In short, predefined reference signals, called pilots, are trans-
mitted or backscattered by the EN device and received by several CSPs. Via these signals, the
CSP does not need any channel information as it can easily rebroadcast the same signal. Via
these uplink pilot messages the CSPs have enough information through the involved receivers to
regenerate a power spot around the EN device, meaning that the transmitted signal should have
a similar phase shift as the incoming pilot signal.

Figure 5.3 shows the minimal CSP requirements to support the closed loop approach. One
transceiver antenna is proposed. This implementation assumes a half duplex front-end system.
An RF switch distinguishes the RX chain from the TX chain.

The pilot signal is received by the transceiver antenna and redirected to the RX chain. The
low power signal is first amplified through a low noise amplifier (LNA) and then compared to
the LO through the phase detector. The phase detector is actually a mixer generating two signal
components f;, — fio and f;,+ fi, as output. The PLL is assumed to be set at the same frequency
as the backscattered signal. This means that f;,, = fi,. The output of the phase detector will
generate a sine signal with only one frequency component 2 - f;, and a DC offset. The latter
represents the phase between local oscillator and input signal. After filtering the phase detector
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Figure 5.3: Minimal CSP architectural hardware requirements to support the closed loop approach.

output, only the DC offset remains and is forwarded to the embedded analog-to-digital converter
(ADC) of the PE. The reverse principle is valid by using the DAC to generate the same DC voltage
and thus same phase offset against the reference signal. Here the PE actually serves as a kind of
buffer to store the DC voltage obtained during the pilot transmission. The RF switch can now be
connected to the PA of the TX chain. The DAC can generate the desired voltage that will ensure
a phase shifted signal. Note, that the RX and TX chain should have similar behavior. The phase
offsets coming from TX and RX paths and components should be equal. Section 4.1.3 handles
this requirement and reciprocity calibration.

Lets us assume each CSP has a reference clock without frequency offset and drift. A phase syn-
chronized mechanism is not required since it only servers as a reference clock for the receiver
and the transmitter front-end. Thus, there is no need for a phase coherent PLL. The PLL is further
discussed in Section 5.2.3. The most important requirement is to have a stable clock which is
not drifting in time. Strict time synchronisation is also not required. This simplified representation
assumes only single tone signals to be re-transmitted. High-PAPR signals require more complex
hardware and are left out of the scope of this discussion on CSP hardware requirements. More-
over, the CSP depicted here has only one antenna. However, the PE may serve multiple similar
RF front-ends in one CSP to drive multiple antennas simultaneously.

In essence, the CSP hardware must be able to measure the phase of the pilot signals with respect
to the internal LO. Furthermore, a phase offset must be added to the LO to re-radiate the same
signal and generate a power spot at the desired location. Other hardware implementations than
the one proposed here are possible, for example to increase the flexibility of the hardware to also
allowing communication or support multi-band operation.

The schematic represented in Figure 5.3 illustrates the analog solution for the closed loop ap-
proach. An alternative implementation could be realized based on a digital baseband signal, for
which the phase detector and phase shifter can be replaced by a mixer to upconvert the base-
band signals while still managing the desired phase. The result is then a CSP architecture that
allows communication by radiating baseband signals generated by the PE and alternating provide
energy to the EN device.
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Figure 5.4: Low cost multi-band antenna design.

5.2 Analysis of the individual components

In this section we list the critical hardware components of the CSP for WPT purposes, in particular
realting to the antenna and RF front-end, and discuss them briefly.

5.2.1 Low cost antennas

The choice of the antenna will highly depend on the use case, deployment scenario and ex-
pected EN device locations. The implementation example of Figure 2.4 showed that the patch-
antenna for this scenario provides the best performance and efficiency. The design of the antenna
should be consistent with the operating conditions so that the maximum benefit of antenna gain
is achieved and polarization losses are minimized.

A reasonably small bandwidth for the REs is sufficient to support wireless power at the infrastruc-
ture side. No communication is necessary and in view of hardware complexity, we assume only
a single frequency component to be radiated. In exceptional cases, high-PAPR signals can be
considered, as discussed in Section 3.3.3. For example, a multi-sine signal can be radiated with
limited antenna bandwidth, meaning a couple of MHz should already suffice.

The harvested energy per unit time can be increased by implementing a multi-band harvester in
the EN device as discussed in Section 3.3.2. Regulatory constraints can be overcome to some
extent by combining multiple frequency bands, each with their limitations, using this approach.
The antenna presented in Figure 5.4 can be widely used. This antenna can transmit and receive
in the 868 MHz, 2.4 GHz and 5 GHz bands.

Section 6.2 investigate the trade-off between the antenna gain and the backscattering range for
different use cases. The parameters antenna gain and obviously operating frequency partially
determine the antenna dimensions. Consequently, bigger antenna elements will affects the unit
price.
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5.2.2 Power amplifiers

The PA is a major contributor to the power consumption in a WPT system. It should first of all
generate the power to be radiated to the antenna. Moreover, depending on the waveform to be
transmitted, it should demonstrate a linear behavior in a certain range. However, a high dynamic
range typically comes with a low efficiency, as this will require the PA to operate in a point backing
off from the most efficient zone, which is near it's saturation. The linearity requirement and the
target to provide the highest possible efficiency will be the main factors in decision on which class
of amplifier to select for the PA. We here below discuss key parameters to be taken into account
when selecting a PA, relate these to the specifications for WPT, and comment on the suitability
of different classes of PAs from that perspective.

The DC to RF efficiency of the WPT transmit process is determined by dividing the radiated RF
power by the consumption of the components from Figures 5.1 to 5.3 that generate and amplify
the desired signals. In the CSP, much of the power will be lost in the PA operation, and hence it
is of key importance to select a suitable technology.

The PA’s main task is amplifying the signals coming from the phase shifter or mixer to the desired
RMS voltage level, so that the desired power in [dBm] is radiated at a matched impedance of
50 €2. The maximum power required by a certain use case, will clearly impact the PA technology
selection. A distinction between switched mode PAs and linear PAs is often made. More about
the types and classes is explained in detail in [36], [37]. The class-A PA corresponds most closely
to an ideal linear amplifier. Its main drawback is the typically low efficiency of < 50 %.

Continuing with the specifications, the PA bandwidth can be rather small for the signals to be
radiated to support the energy transfer, especially if only single tone signals are considered.
Even for high PAPR signals, generated by multi-sine signals, a bandwidth of only a couple of
MHz is sufficient. Distortions, introduced by the amplifier, are better avoided since these can
cause the power to get dispersed over multiple spectral components, resulting in efficiency drops
of the WPT over the link. Consequently, the harvester efficiency will be lower than expected,
e.g., if the signal is not proportionally amplified, as can happen by a clipping signal in the PA.
However, when considering total energy consumption operating a PA close to saturation in a non-
linear region, can be most efficient. The impact of non-linear distortions in distributed mMIMO
is more comprehensively discussed in Section 5.3. In addition, the PA should not introduce
any arbitrary phase shift or at least any occurring offsets should be measured and eliminated,
since this would cause a significant problem in (distributed) beamforming as is required for a
RadioWeaves system.

Simulations that carefully simulate the room and use case, provide an approximation of the re-
quired transmit power each individual RE element. Consequently, these results help to select
the most appropriate PA technology. In Table 3.3 from Chapter 3, this was calculated for the
ESL use case for coherent operation. From this analysis it is concluded that a transmit power
per individual antenna less than 10dBm is required, which corresponds to only 10 mW of RF
power. Very low cost PAs, such as a Monolithic Amplifier [38], can suffice. With only one IC and
some matching components, this PA circuitry is complete. Higher efficiency can be obtained by
selecting switched mode PAs. Class E amplifiers are designed to achieve high efficiency levels
and are perfectly suitable for operation in the UHF band. The latter more complex design serves
extremely high efficiencies. E.g. in [37] Figure 7.18 (page 211), a class E amplifier is reported
achieving an efficiency of 87 % for 31.7 dBm output power. Beside the efficiency, the bandwidth
of these PAs can be very broad [39], [40], which make these amplifiers very good candidates
for RF-WPT in RadioWeaves. Any occurring phase offset due to class E PAs can be resolved in
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reciprocity calibration mentioned in Section 4.1.3.

High PAPR signals need to be supported in basestations for 4G and 5G networks. This re-
quires PAs with a linear response and a high dynamic range. Conventional architectures such
as class A amplifiers will in these circumstances operate at low efficiency. The efficiency of PAs
can be improved with envelope tracking or Doherty techniques [36]. Similar techniques could
be considered to improve the DC-RF efficiency of the CSPs in the RadioWeaves architecture. A
Doherty transmitter is implemented with one main PA and an auxiliary PA. The latter is accessed
during peaks in the signal [36]. However, the expected power levels related to the considered
use cases (D1.1) are relatively low compared to the required power levels in macro base sta-
tions, and notably the PAPR of the signals will not be high and an efficient operation point can
be established. We expect only marginal energy gains by implementing Doherty amplifiers and
consequently the design complexity and cost will unnecessarily increase. The designer could
make a trade off between complexity of the amplification hardware and the power consumption.

As an example, a commercially available highly efficient single channel CMOS power amplifier
[41] for RF-based WPT is proposed by Energoues.

5.2.3 Phase-locked loop

A PLL is usually necessary to generate the desired RF signal from an input reference signal.
Even with direct RF sampling, the reference signal may be lower than all the clocks. Because
of the crucial role and the requirement to have a good knowledge of the all clocks, frequency
synthesizers and their main shortcomings and features are analyzed in this section.

The classical N-integer PLL integration transforms a reference frequency F, to a higher output
frequency F,.,. The ratio is denoted by N such that F,., = N - F,. F,.,/N is compared to F, by
the phase detector. In case of frequency difference, the voltage at the voltage-controlled oscillator
(VCO) is adjusted, so that Fy,co/N is locked at the reference frequency. By modifying the divider
N, the output frequency can be adjusted. The basic schematic is shown in Figure 5.5 [42].

Input Phase Loop
Clock Detector  Filter Amp VCO

Fy . Fr /\/ Fvco
@‘ . R %

=N

Figure 5.5: Basic PLL scheme [42].

Often a clock input source F'x, for example, from a temperature compensated crystal oscillator
(TCXO) is divided by R, giving F,.. The output frequency related to the reference frequency can
be calculated via Equation (5.1). A TCXO, as input source, can provide higher frequency stability,
lower than 1 ppm and is often selected. The frequency stability of F,,., will be equal to the stability
of the input frequency source (e.g., if selected, the TCXO stability).

Fx  Fyco
Fo=X_ 5.1

REINDEER D2.3 Page 40 of 59



D2.3 - Hardware requirements to support energy transfer to energy-neutral

Z
nodes T@BEINDEER

The spacing between the discrete frequency components that can be generated, called channel
spacing, is represented by F,.. For an integer-N PLL, the phase detectors are running at the refer-
ence frequency, which equals the channel spacing frequency. F). consequently also corresponds
to the frequency resolution. A smaller channel spacing £, logically results in a more accurately
adjustable output frequency, with the consequence that the frequency multiplication N should be-
come large to achieve the same output F,.,. Unfortunately, the phase noise depends on N and
is given by 20log(V) [42]. The phase detectors are responsible for close-in phase noise, which
means the phase noise close to the carrier frequency. For example, for N equal to 10000, the
phase noise will be 80 dB worse.

After the phase detector, typically a loop filter is placed. The purpose is to reduce the harmonics
or spurious signals around the reference frequency +F,. To reduce the spurious signals as
much as possible, it is best to select a narrow bandwidth for the loop filter. However, a narrower
bandwidth increases the time to switch between channels. If N could be reduced, F,. can increase
and as a consequence the loop filter bandwidth may increase, so a smaller switching time Ty,
is obtained [42]. Since RF wireless power transfer does not require rapid switching between
frequency channels, this PLL integration is sufficient.

A more recent PLL technology allows the phase detector frequency to be increased without sacri-
ficing synthesizer channel spacing or frequency resolution. With a fractional-N PLL, the frequency
resolution can be set as a fraction I of the phase detector frequency. This is done by dynamically
adapting the divider, from Figure 5.5, between N and N + 1. The average divider ratio is given
by K/F where K, represents the fractional channel of operation and F' represents the fractional
resolution or modulus. To accomplish this, the low complex division circuit (ensuring the division
N from Equation (5.1)), is replaced by the fractional accumulator. The implementation details of
the fractional accumulator are out the scope of this discussion. Equation (5.2) represents the F,.,
of a fractional-N frequency synthesizer.

Fyco = F, - (N + %) (5.2)
Generating output signals with PLLs could results in synchronisation issues, even while using the
same reference clock. More specifically, phase offsets can occure and should be controlled accu-
rately during the selection of the PLL architecture. In the reindeer project perfectly synchronized
signals are crucial to support several use cases in a distributed architecture. Further analysis in
this section looks at the PLL synchronisation issues and how they can be solved.

5.2.3.1 Frequency drift/offset

We first assess the frequency drift and offset impact by the PLL. As already mentioned, the
frequency stability of the PLL output signal depends on the stability of the input clock. Since
the PLL circuit does not change the frequency stability, the reference clock, available on each
CSP, should be perfectly synchronized (explained in D2.2 [26]). Suppose a reference clock, with
accurate frequency stability, is distributed to all CSP devices, then a frequency drift cannot occur.
Similarly, since the same clock is routed to all CSPs, frequency offset cannot occur.

5.2.3.2 Phase drift/offset

A phase drift can occur due to a frequency offset or drift between two reference signals of two
individual PLLs. This logically will not create a constant phase neither a coherent phase relation
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between the output signals of the PLLs. However, even for phase coherent reference signals,
the PLL can introduce phase offsets, which leads to problems, for example, in distributed beam-
forming to correctly steer the phased-array antennas. Suppose the same reference signal is
connected with two individual PLLs and they are both set to the same multiplication factor N.
Then both PLLs will lock at the desired output frequency. Furthermore, a phase lock will occur on
both PLLs. However, a phase difference between the output signals of both PLLs may occur and
can vary between zero and one period. It may be noted, that the phase does not drift and remains
constant in time. Since this phase offset is unwanted, its occurrence of these phase offsets must
be controlled and eliminated.

5.2.3.3 Phase coherent PLLs

According to [43], phase coherency can be achieved with an N-integer PLL. The same reference
clock is required on the one hand, and on the other hand, each PLL must be reset at the same
time to align the PLL counters to ensure the internal dividers in the PLL start counting from the
same start-point.

Conversely, a fractional-N PLL will lock on one of the F' phase offsets with respect to the input
reference. Relative phase coherency will not occur between the output of multiple fractional-N
PLLs. A simple reset signal, as can be done in integer-N PLLs, cannot solve the problem here.
We leave the detailed description out the scope of this analysis and refer the reader to [43].

5.2.3.4 Eliminating phase offset

Some fraction-N PLL implementations come with an input pin to enable phase coherency. An
example is the LMX2594 [44], which has a SYNC input to synchronize its output with the incom-
ing pulse. With a distributed PPS signal, phase offsets can be eliminated. Another solution is
to measure the phase offset by providing a feedback link from the TX RF chain back to the RX
RF chain. While keeping the PLL registers and settings, the phase offset will stay constant in
time. The unknown offset can be measured first and subsequently eliminated in software. For
example, a hardware example with feedback loop between TX and RX chain can be found in the
AD-FMCOMMS5 RF development board. After measuring the phase offset, the offset can be
corrected upon transmission of a new signal. This principle is linked to reciprocity calibration from
Section 4.1.3. Limited offsets may still be present and tolerable, as discussed in Section 4.1.2
where the acceptable phase offsets for generating a power spot within a RadioWeaves infrastruc-
ture were clarified.

5.3 Out-of-band constraints due to frontend non-linearities

It has been discussed in Section 3.3.3 above considering waveforms that from a perspective of
receiving energy at the EN side, the actual hardware circuits often will operate more efficiently
with high-PAPR signals. However, these waveforms require a high dynamic range of the PA, re-
sulting in the operation of the PA at a lower efficiency than it's optimal point. The reason for which
the PAs is often working in a low-efficient operating point is the fact that PAs demonstrate non-
linear behavior when working in their most efficient zone near saturation on the one hand, and
the fact that high-PAPR transmission waveforms demonstrate a high dynamic range, and hence
require the PA to work with a significant back-off with respect to this most efficient zone, on the
other hand. A trade-off between performance and efficiency is hence to be made [45]. Non-linear
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distortions result in both in-band signal degradation and out-of-band emissions. The latter are
especially problematic as they may result in regulatory violations.

Several authors, including partners in REINDEER, have investigated how non-linear distortion
terms may or may not get dispersed or receive antenna gain in massive MIMO systems deploy-
ing one central array [46], [47], and distributed massive MIMO systems in particular [48].These
analyses show that:

« It is an over-simplification to assume that distortion terms from non-linear PA operation in
large array systems are uncorrelated [46].

* In several non-trivial situations, e.g., in transmission to one or few terminals in (predomi-
nantly) LoS situations, non-linear distortion terms will combine coherently [49], both in-band
and out-of-band. The dynamic range of precoded signals in massive MIMO transmission is
often large, which hence requires a significant back-off and inefficient operation of the PAs.
Techniques such as digital pre-distortion (DPD) may to some extent improve the efficiency-
linearity trade-off [50]. Also, novel precoders have been proposed that prevent coherent
combination in space of non-linear distortion terms [51].

* In evolving from transmission from one central large array to distributed massive MIMO
antennas and arrays, it is noted that for a system having the same total number of anten-
nas, the distortion in distributed deployments is considerably more uniformly distributed in
space. Moreover, the places where potential coherent combination of distortion terms is
to be expected, are more contained and can be found in a beamspot around the intended
terminal(s) [48].

We consider the above for the case of WPT from CSPs in a RW infrastructure and the question
addressed in this deliverable to specify the RW hardware requirements to support energy transfer
to energy-neutral nodes. For (multi-user) communication the main performance goal is to max-
imize signal-to-interference-plus-noise ratio (SNIR). Contrary, for transferring energy to devices
one can simplify that the main goal is to maximize the received power, and , e.g., multi-user
interference will not be equally detrimental. To maximize the actually amount of energy to be
transmitted, if possible CSPs providing a LoS situation to the devices and charging them mostly
via the dominant path, will be favorable. In combination with the goal to operate the PA efficiently
close to saturation, there is a significant risk that non-linear distortion terms and resulting out-
of-band radiation will occur. The following guidelines hence need to be considered in view of
optimizing energy efficiency of WPT in the PA stage within regulatory constraints:

1. Waveform and precoding design: from the PA stage perspective, one could favor tech-
niques resulting in (close to) constant envelope per antenna transmission, as for example
discussed in [52]. Also, precoders such as proposed in [51] are of interest in particular
in the large antenna case, as they allow operating the PAs close to saturation and exhibit
an overall energy benefit, while a possible impact in terms of interference does not pose a
problem for WPT.

2. The selection of a PA to equip CSPs for WPT may differ from the one for communication
purposes, as the latter may require a better linearity and higher dynamic range. A trade-off
between hardware reuse for the different functions to be supported at the CSP on the one
hand, and energy efficient operation at the other hand, needs to be made. As the RF front-
ends for WPT can be low-complexity and in order to achieve a high energy efficiency, it is
the working assumption in REINDEER that separate radios will be foreseen for the WPT
functionality.

REINDEER D2.3 Page 43 of 59



D2.3 - Hardware requirements to support energy transfer to energy-neutral

Z
nodes T@BEINDEER

Chapter 6

Backscattering

As little energy is available at EN devices, backscatter communication is considered to transfer
information back to the RW infrastructure. Compared to active transceivers, signals are no longer
created using powered RF front-ends. In backscattering, incident RF waves from surrounding
sources are used as a medium to convey information. While this strategy could should drastically
improve power consumption, at the EN side, challenges arise in, among other things, improv-
ing the transmission range and separating simultaneously backscattered signals from multiple
EN devices. The former challenge is the result of the additional attenuation radio waves expe-
rience due to retransmission. The latter problem follows from the often non-existent or limited
synchronisation in communication between EN devices given their limited energy budget.

6.1 RF backscattering recap

Deliverable D4.1 [3] initially analyzed the link budget for RF backscattering in a RW environment.
As we will continue to build on the concepts and conclusions presented herein, this paragraph will
briefly describe the mathematical equations involved in RF backscattering as well as recapitulate
on the studies and design choices that have been made earlier on.

When radio waves impinge on an object, a portion of the energy is reflected back to the source. In
RF backscatter communication, this scattering property is used to embed information in incident
radio waves and convey information wirelessly to a receiver device. The far field parameter used
to describe the scattering property of an object is the radar cross section (RCS) o, is defined
in [53] as:

“a fictive area intercepting that amount of power, which, when scattered isotropically,
produces at the receiver a density which is equal to that scattered by the actual
target.”

A simplified approach is visualized in Figure 6.1, intuitively showing that many parameters will
affect the RCS value, such as the relative position of the transmitter, receiver and scatter device,
as well as the scatter device’s geometry, material and orientation, the radio wave frequency and
polarization [54].

Introducing a backscatter device with radar cross section ¢ into a Friis transmission scenario
gives rise to the bistatic radar range equation:
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where

+ P,y is the received power at the receiver side,

« Iy and I, are the reflection coefficients at the input terminals of the transmitter and receiver
antenna respectively,

« ) is the signal wavelength,

* d; and d, are the distances between the transmitter device and the backscatter device, and
the backscatter and receiver device respectively,

» P, is the transmit power,
* Gy and G, are the antenna gains of transmitter and receiver antenna respectively,

* |p. - pu|” and |py, - p:|” are representing the polarization mismatch between the transmitter
and backscatter device, and the backscatter and receiver device respectively.

The bistatic radar range equation (Eq. 6.1) shows that an EN device is able to transmit information
to a receiver by modulating its RCS. Practically, Green [55] presented that the RCS can be altered
by changing the antenna load. Connecting two different loads Z;,i € {1,2} to the backscatter
device’s antenna leads to two different reflection coefficients, and consequently a differential RCS
Ao [56]:

A2G2
 Arw
where G, is the gain of the backscatter antenna and I'}, ; is the antenna mode of the backscatter
antenna for load i. This is only true for minimum scattering antennas, as is elaborated in more
detail in Deliverable 4.1 [3].

Ao

|Fb,0 - 1—‘b,1| ) (62)

We identified on-off keying (OOK) as a very suitable modulation technique for uplink data backscat-
tering in Deliverable 4.1 [3]. OOK can be realised through load switching, which is easy to im-
plement, inexpensive and has been proven to work in several wireless technologies [57], [58].
One major drawback of this modulation method, however, is that it is relatively susceptible to
noise. The theoretical upper limit on the achievable bit rate R,,., for amplitude shift keying (ASK)
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backscatter communication was approximated using the Shannon-Hartley theorem:

Ruax < Bloga(1+ SNR)
(6.3)

Psi na
< Blogy(1+ —* b,

noise

where B is the bandwidth of the backscatter channel, SNR is the signal-to-noise ratio, Psignal iS
the average signal power over the bandwidth B and P,.s. is the average noise power over the
bandwidth B.

In the presented setup, Psigna is attributed to the differential received backscatter signal coming
from the backscatter device AP, ;, which can be obtained by introducing the differential RCS
from Equation (6.2) in Equation (6.1). We consider perfectly tuned antennas and no polarization
losses.

NGy G,

AP., = P Ao ————.
PR R B &

(6.4)

If the backscattered signal can be filtered out perfectly, for example by using a local oscillator, we
only need to take into account the AWGN channel assumed by the Shannon-Hartley theorem for
P.oise- The latter is determined by the noise figure NF' of the used hardware, the bandwidth B
and the noise power density Ny, in its term function of the temperature 7" and Boltzmann constant
k.

Hz

Consequently, the Shannon-Hartley equation for the considered backscattering system becomes:

Rpax < B -log, (1 + SNR)
P, Ao —(V G G (6.6)

4m)3 d% d%

Pnoise

If we consider a MISO system where several transmitters work together, we have to account for
the additional array gain Gaay:

)\2 Gt GrGarray
P Ao v

P noise

Ryox < B-logy | 1+

6.2 Extend transmission range

Communication range plays a crucial role in the applicability of RF backscattering in many use
cases, and consequently for the feasibility of EN devices. However, as radio waves get signifi-
cantly attenuated after backscattering, the communication distance is negatively affected. In this
regard, RW brings the advantage of many radio elements. On the one hand, transmitter and
receivers can be allocated closer to the backscattering device, minimizing distance. On the other
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hand, multiple radio elements can cooperate to create larger apertures, compensating for the
larger distances. This section investigates the infrastructure resources needed in a RW environ-
ment to allow for backscattering over large distances. The use cases presented in Deliverable
1.1 [1] serve as a base for this study.

6.2.1 Backscattering communication range

Starting from the adapted Shannon-Hartley equation (Eqg. 6.7), we are able to gain insights in
the RW and channel resources needed for proper decoding of the backscattered signals at the
receiver. The trade-off between the RW and channel parameters on the one side, and the maxi-
mum feasible propagation distances between each of the devices becomes clear by isolating d;
and ds in Eq. 6.7. d; is the distance between the RW transmitter(s) and the backscatter device,
and d; is the distance between the backscatter device and the RW receiver(s).

Pt AU}‘Q Gt GrGarray

Rmax In 2

(47T)3<€ B - 1)Pnoise

(dydy)? < (6.8)

From Eq. 6.8 it is clear that the RW infrastructure can effectively increase d, and/or d, by boosting
the total transmit power P; and/or allocating more RW transmitters to increase the total array gain
Garray-

6.2.2 Allocation of RW resources

The backscatter communication range that needs to be covered will be determined by the envi-
ronment in which the application is running. Equation (6.8) shows that it is in the advantage of the
RW infrastructure to keep the distance to the backscattering EN device small as less transmitters
and/or readers will have to be allocated to ensure reliable communication. However, multiple ap-
plications may need to be served at the same time, with the result that not all RW elements will
be available at a certain moment in time. This section investigates how RF resources need to
scale in order for RF backscattering to work in realistic scenarios.

In what follows, we assume a MISO backscatter setup, composed of multiple transmitters placed
at a distance from the receiver. We also consider true-to-life channel parameters and system
components. An overview of these assumptions is listed in Table 6.1. For both the transmitter
and receiver antennas we consider )\/2 dipoles with a theoretical gain of 2.15dBi. The working
frequency of the system is considered to be 868 MHz. A realistic value for the differential RCS is
obtained from the research in [59] in which measurements were performed on an NXP UCODE 7
RFID tag. The RCS value is reported to be —15dBsm or 0.0316 m? at 868 MHz. For the noise
figure, we took the TI™ CC2590 2.4 GHz RF front-end as an example, providing a worst-case
representative number of around 5dB [60, Figure 3].

To obtain baseline target numbers regarding data rates and communication ranges to be achieved,
we rely on the use cases drawn up in Deliverable 1.1 [1]. Table 6.2 gives an overview of the use
cases where RF backscattering is used by EN devices for uplink communication. It provides both
minimum and maximum values on the data rates targeted for the listed applications, along with
typical venue scenarios where these may be deployed. Table 6.3 provides realistic area sizes for
those venue scenarios.
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Table 6.1: Overview of the true-to-life channel and component parameters in the calculation of the required
RW resources.

Physical modality Symbol Value
Antenna gains Gy, G, 2.15dBi
Wavelength A@ 868 MHz 0.345m
Differential RCS Ao —15dBsm
Noise figure F 5dB

Table 6.2: Typical data rates and venue scenarios for use cases relying on RF backscattering (based on
D1.1[1]).

Minimum Maximum

Application data rate datarate Typical venue

[kbps] [kbps]
Patient monitoring 0.1 1000 Hospitals, care environments
Tracking of goods 100 1000 Warehouses, sales floor, hospitals
Patient finding 1 1 Hospitals, care environments
People tracking in large venues 1 1000 Factories, events, schools, hospitals
Position tracking of robots and UVs 1000 10000 Factories, hospitals, care environments
Smart home automation 50 50 Home

Based on the established Shannon-Hartley equation (Eq. 6.7) we are able to determine the min-
imum RW resources needed to cover the distances d; and d,. By RW resources we mean two
parameters that can be dynamically and easily adjusted by the RW infrastructure to compen-
sate for a larger total backscatter communication distance, which are the total transmit power F;
(within regulatory boundaries) and the array gain Ga..y. Equation (6.9) shows the rearranged
Shannon-Hartley equation (Eqg. 6.7) with P, and G ...y isolated. From this formula it is clear that
P; - Garay Should be increased proportionally to the square of (d; - d3) in order to achieve the
desired range.

(47T>3(6 Rmag - - 1)Pnoise<d1d2)2
Ao GG,

Garraypt 2 (69)

Figure 6.2 shows the minimum RW resources P - G ..y in function of the product d, - d,, for typical
application data rates as presented in Table 6.2. Two cases are depicted. Figure 6.2a shows the
scenario where the fraction of the available bandwidth B to the maximum data rate R,,.. is 10
[222]. Figure 6.2b shows the case for a ratio of 5 [2].

Table 6.3: Typical area sizes for venue scenarios in Table 6.2 (based on D1.1 [1]).

Venue Realistic area size

Production hall 140m x 70 m x 15 m height
Supermarket 60m x 30 m x 5m height

Large apartment 15m x 10m x 2.5 m height
Hospital floor 20m x 75m x 3.5m height
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Figure 6.2: Minimum RW resources P; - Garray Needed to cover d; - da for several targeted data rates.
Figure (a) and (b) show the cases where the fraction of the maximum data rate to available bandwidth is

respectively 10 and 5 [%} .

As an example, let us consider the application of position tracking of robots and UVs in a pro-
duction hall as it poses the most challenges regarding RF backscattering. In this regard, let us
assume that the maximum targeted data rate of 10 000 kbps is needed, and that the transmitters,
receivers, and EN device are maximally distant from each other. In the case of the production
hall, this means that d; - d» will be in the range of 10 000 m?. If we assume that the selected trans-
mitters in the MISO system contribute more or less equally, the array gain G .., Will be equal to
the number of RW transmitters L. Consequently, P - G sy Can be rewritten as P gingle - L?, where
P, single is the transmit power of a single RW transmitter. Assuming £ gingle = 20 dBm for a low
power transmitter and that a lower bandwidth is most preferable in general, Figure 6.2a shows
that at least . ~ 51 transmitters are needed to cover the targeted d; and d,. The number of
transmitters can be relaxed by increasing the available bandwidth B, as shown in Figure 6.2b. In
this case, a minimum L =~ 13 transmitters are needed.

In conclusion, the instantiated Shannon-Hartley equation (Eq. 6.9) and derived graphs in Fig-
ure 6.2 allow to calculate the minimum required RW resources to enable RF backscattering over
distances d; and d,. They show that F; - G ...y increases linearly with the product of distances d;
and d, squared. Depending on other application parameters such as the targeted data rate and
available bandwidth, a different amount of transmitters will have to allocated to guarantee proper
decoding at the receiver.

6.3 Separating simultaneously backscattered signals

Energy-neutral devices form a special case when it comes to the multiple access communication
problem, with RFID being a prime case hereof. First of all, RFID tags have very limited computing
and energy resources available. As a result, they are unable to sense the communication medium
themselves and hence are unaware of other transmitting tags in the vicinity. At least they are
unable to do so directly, because collision information can be passed on indirectly by the RFID
reader who is able to monitor the communication medium and detect collisions. However, this
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resource inequality constitutes a first limiting factor in multiple access design for EN devices
compared to other communication systems. On the other hand, the amount of power available to
an EN device can be very volatile, which can significantly affect its availability and thus response
timing.

In a traditional RFID application, often a single reader is considered to read out tags. The RW
infrastructure changes this restriction as multiple (dislocated) transmitters and receivers can be
allocated to perform this task. This chapter investigates new opportunities in multiple access
protocol design.

The following sub-section discusses traditional multiple access solutions that fit the constraints
of EN devices. RFID serves as a baseline for this study given its close connection. The section
thereafter studies state-of-the-art solutions that can exploit the advantages of the RW infrastruc-
ture.

6.3.1 Traditional multiple access solutions for energy-neutral devices
6.3.1.1 Types of collisions

RFID collisions can be split up in tag collisions and reader collisions. The latter can be divided in
two other subgroups: reader-tag collisions and reader-reader collisions [61].

Tag collisions occur when multiple tags respond at the same time while being interrogated by
an RFID reader. As EN tags typically are unable to detect transmissions of neighboring tags,
anti-collision protocols are vital for a good operation performance. This is especially necessary
in use cases where a lot of tags are densely packed together, e.g., in stores or productions halls.
In a conventional approach after all, the tags are powered by the same reader power field, which
makes it likely that they will respond at the same time. The more collisions occur, the more
bandwidth and resources are wasted, unless some collision recovery strategy can be used to
successfully read the data [62].

Reader-tag collisions occur when the transmit signals from a second reader interfere with tag
messages received at another reader. Reader-reader collisions occur when a tag is interrogated
by multiple readers at the same time, which might cause the entire reading procedure to fail for
both readers.

In many practical RFID systems, tag collisions take more place than reader collisions [61]. How-
ever, as the RW infrastructure allows for many readers at the same time, reader interference may
have significant more impact on the system performance.

6.3.1.2 Collision-avoiding protocols

Many collision-avoiding protocols have been developed and can be broadly categorized in four
main groups: spatial-division multiple access (SDMA), frequency-division multiple access (FDMA),
code division-multiple access (CDMA) and time division-multiple access (TDMA) protocols. These
protocols belong to group of orthogonal multiple access (OMA) protocols.

SDMA

In space-division multiple access protocols, the space dimension is used to create multiple par-
allel channels. Directional antennas or phased antenna arrays can for example be used to only
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read out tags located in specific spatial areas. One could also divide tags based on their distance
to the reader, but this requires many more readers to cover all the tags. Due to intricate antenna
design and their increased complexity, these systems have been considered too expensive for
many applications in conventional infrastructures. Consequently, their use has been restricted
to a few specific applications such as race timing in marathons [63]. Nonetheless, this multiple-
access approach could fit naturally in a distributed environment where many low-cost transmitters
are used.

FDMA

Frequency-division multiple access protocols separate communication channels using different
carrier frequencies. In RFID, the reader uses a fixed frequency for communication in the downlink.
If multiple readers are used, a different frequency band can be assigned to each of them. In the
uplink, the tags use a variable carrier frequency to transmit signals back to the reader. As in the
case of SDMA, a more complex reader design is obtained, which may again be considered too
expensive in conventional applications or environments. A distributed infrastructure, on the other
hand, serving many applications at the same time may significantly benefit from this multiple-
access approach.

CDMA

Code-division multiple access protocols use a special coding scheme and spreading techniques
to enable multiple parallel communication channels. A different code is assigned to each tag,
often a pseudo-noise (PN) sequence. A tag must multiply this PN code with its message before
transmission. The reader must use the same sequence to be able to decode the received signal.
While CDMA systems have a higher noise immunity, the channel capacity is not large. More-
over, the design complexity of the tag is higher and the additional computations require more
energy [64].

TDMA

Time-division multiple access protocols represent the largest group of anti-collisions protocols in
RFID. These protocols divide the entire channel capacity in many time slots. One or multiple time
slots can then be allocated for communication with a specific tag.

The protocols can be categorized in either reader-driven or tag-driven [65], also known as reader
talks first (RTF) and tag talks first (TTF) respectively. In the former group, the tags remain silent
until they are addressed by the reader device, while in the latter tags announce their presence
to the reader by transmitting their ID first. Most applications use a RTF procedure, as tag-driven
approaches perform relatively slow and tend to be inflexible [64], [65].

6.3.2 Solutions in RW infrastructure

RW brings the advantage of many transceivers that can be allocated on the fly. While SDMA
techniques were rather limited to statically directed antenna or phased antenna setups, multiple
transmitters and receivers can now be combined to obtain dynamically changing MISO configu-
rations.
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mMIMO allows multiplexing between many uncorrelated channels in the space domain effectively
creating separate spatial streams. In this way, multiple tags can be read out simultaneously in
specifically targeted locations. Once communication with one or multiple tags is complete, the
spatially constructed beams can be adapted very quickly to read out tags at other locations. This
significantly increases the global capacity of the system. In addition to an increased capacity, one
can also use antenna resources to improve the SNR and consequently, lower the bit error rate
(BER) and/or extend the reverse-link interrogation range (RIR). The increased throughput and
extra reliability can be of particular interest in applications where a large number of tags need
to be read or accurate tracking is required [66]. An overview of recent anti-collisions techniques
considering MIMO configurations is presented in [66]. More recently, backscattering approaches
are also considered in mMIMO networks operating from a central array, including theoretical work
in [67] and some first experimental validation in [68]. These studies confirm that mMIMO and
large array-based reception can improve the performances of a backscattering system, including
multi-tag support.

Referring to the discussion on creating power spots resulting from coherent distributed operation
in Section 3.3.1, there is a clear potential for spatial multiplexing multiple simultaneous backscat-
tering devices with a RadioWeaves infrastructure. Contrary to the case where only WPT is in-
tended (as in Section 3.3.1), in collision-avoidance beam isolation is desired rather than beam
sharing. This could be attained by establishing dedicated federations and grouping of nodes with
similar approaches, as presented by Fitzgerald, Piéro, Tataria, Callebaut, Gunnarsson, and Van
der Perre in [69]. The case of backscattering with many devices is indeed similar to how one
would address multiple access for purely communication purposes, i.e., group devices based on
distinct (orthogonal) channels.

Next to OMA protocols, nonorthogonal multiple access (NOMA) techniques have been presented
as candidate for 6G networks [70]. As the number of tags increases, it becomes more challenging
to allocate a unique, uncorrelated channel for reader-tag communication. In NOMA, multiple tags
could be allowed to share the same frequency band, time or code. Compared to OMA, NOMA is
claimed to have the potential to enhance the overall multi-user capabilities, provided the multiple
signals can be decoded. Furthermore, NOMA has also been introduced in MIMO to form NOMA-
MIMO networks, pushing towards mass connectivity and high spectrum efficiency [70]. While
NOMA may open some promising possibilities, it is not our intention to pursue these strategies in
REINDEER, where we rather focus on the unprecedented spatial resolution in RadioWeaves.
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Chapter 7

Summary and conclusions

This deliverable adress the requirements at the RadioWeaves infrastructure side to support the
wireless power transfer functionality, zooming in on the radios in particular. It has taken as a
starting point the use cases considered in REINDEER, and further elaborated specifically the
electronic shelf label (ESL) case that was identified as most challenging from the wireless power
transfer (WPT) perspective. For applications requiring data transfer from the energy neutral (EN)
devices, requirements and approaches for backscattering are also handled in a specific chapter.

A major conclusion to be drawn from the different options that are analysed, is that a spectacular
efficiency gain can be achieved from coherent multiple-input single-output (MISO) operation with
a high number of distributed transmit antennas. Moreover, this can be achieved with relatively
low output power power amplifiers (PAs), which is a major asset in view of implementing the WPT
features of the contact service points (CSPs) with low cost/low complexity hardware. All use
cases considered in combination with the deployment scenarios put forward in this project, can be
served with coherent MISO transmission within the applicable regulatory constraints. This does
require specific means and procedures to support coherent operation, including synchronization
and reciprocity calibration and RF front-ends with phase shifting and detecting capabilities. Yet it
is noted that the sensitivity to, e.g., phase errors is not as high as for example for communication
purposes.

Furthermore, based on the analysis of hardware requirements, it is advised to provide sepa-
rate RF front-ends for the WPT functionality, while digital processing and control could be easier
shared with resources foreseen for other purposes, e.g., communication. It is also clear from the
assessment that the RF front-ends dedicated for WPT can be low-complexity.

Interesting opportunities to increase overall energy efficiency and support a very large number
of devices have been identified from beamsharing for WPT specifically on the one hand, and
spatial multiplexing based on uncorrelated channels for backscattering devices on the other hand.
Establishing dedicated federations of resources to that end can be a way forward to realize this
potential.

It should be noticed that in the study reported on in this deliverable, the main focus is on as-
sessing the required (total) transmit power from the infrastructure to the EN nodes, and methods
to improve the efficiency on the link. Furthermore, the selection of the PA is discussed, as this
can be expected to be a major contributor to inefficiency, and the impact of operating it near to
saturation has been clarified. In view of the total energy consumption in the infrastructure, one
should consider the bigger picture when establishing federations and thereby taking decisions on
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which antennas (not) to use, including potential overhead for example in control and interconnect.

In follow-up, validation of the results reported here is planned in the project. This will include both
experimental validation involving real-life transmission in WP5 and simulation-based assessment
for diverse use cases in WP1 (Task 1.3). In order to ensure successful validation, some require-
ments will be further refined, such as the ones relating to the reciprocity calibration.

REINDEER D2.3 Page 54 of 59



D2.3 - Hardware requirements to support energy transfer to energy-neutral

Z
nodes T@BEINDEER

Appendix A

Synchronization loss

Given the synchronization phase errors ¢, in (4.2), we derive the expected received power as

E{P} =E{Jyf} =E{|hTs+n| | =E{(kTs +n)" (hTs+n)}

_ H * H o x\* H _* *
_E{(hs)(hs)}+\2E{(f;s)n}l+E{n:}, (A1)
=0 =02=P,

where the second term is 0, because

E{(h"s")n} - ﬁ B {n}E {Z h}fhge“”‘} (A2)

due to the statistical independence of n and ¢y.

While the third term in (A.1) corresponds to (unintentional) energy harvesting (EH) of the noise
power P,, the first term corresponds to (intentional) WPT. Its efficiency is given by

PGy = 5 E{(Ws") (W)} = { (Z 'hﬁem) (Z WeW) }

L

1 . , .
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since the phase errors ¢, are assumed i.i.d. zero-mean Gaussian and it can be shown that
E {6‘72(‘0Z} - 6_0-3; é GSYNC'
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