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Abstract

Wireless communication systems rely on the radio channel. The characterisachafannel define
the limiting performancenf the communications systemnd so must be understood. This requires
accurate measurement equipmergdandthe channein representative scenari@hannelSounders
are themselveradio systemgahusbenefiting from advance in RF engineering and signal
processing.

Thisthesis by publicatioencompassesix hovel,relevant published workscontributng three
portablechannel sounderwith field test resulteandthreeRF systemapplicablein soundes.

High performanceportable sunders for VHF / UHRNd28 GHz arecreatedandsubsequentlysed
in novel use casdo elicit new channel propagationodels The VHF / UHF soundédrad a
measurement floor 6L30 dBm In suburbarsettings, it showedchannel reflection delaysdinot
exceed 1 ps over 4 krifthe 28 GHzsounekr had a path loss measurement capability of 139attsl
over 1km identifiedhatnearground,line-of-sight path lossesapproximatdree space

Predicting the RF performance and power efficiency of downconversion mixers is vital in system
design.A noveltechnique to predict the relationship between DC bias and local osqitateris
identified and related to Rffixer gain and linearityThe techniques predict conversion gain within
2.5 dB of measured PCB resudits26 GHz

Threenewworks contribug to Time Modulated Arrays (TMAs)Cancelation ofanon-steerable
beam is the contribution @inework: achievingmeasured array gamvithin 1 dB of theoryat 5.8
GHz A receivingTMA is alsocreateduncoveringa novel technique to combine TMA beateering
and subsamplirignamed the Subsampling TMA (STMAYith measured array gaivithin circa 2
dB of predictionFinally, a 5.8 GHz channel sounder using a transmitting TMA is introdugsidg
a new signal processiragpproactenabing concurrenttime alignedangle of departure channel
measurementd hesoundemeasurement floovas-120 dBm
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1. Introduction

Overhis professionatareerthe authohasbeen fortunate to be involvéd, or lead the design of

some challenging and fascinatiR§ hardware anthdio systems. One common link between these
various systems has been their need to be optimised for the available radio channel. Sometimes this
has beeffior in-building systemswith many reflectionsForothersystems this has beentdoors,

with few reflections.

To get the best from a radio system requires it to be optimised for the available channel. This requires
accurate measurements of the channel, in theases that will represent its intendgzbloyment

The measurement of the channel response can be considered in simple terms of time domain
(reflections) and frequency domain (usable bandwiltiectral shapeHowever, the measurement of

the associated parameters is far from trivial, often requiring either expensive lab equipment or the
creation of compbe bespoke equipment.

In the research presented in this thesis and associated published papers, aptiitiesentedn
channel sounding hardware and supporting algoritfinis includesidng the systems to perform
measurements in the fiel@hefull sounder systems described range from VHF/UHEBtGHz
mmWave.In addition hardware research for RF cir@dind systems that have a more general
application but can also be used in channel sourmdergresentedHow these systems could be used
in channelsounderss discussed

Modern society depends on radio systems more than ever. By the end of 2022 there bilion 1.3
predicted 5G connections across the gldi®é. However, the world is still not fullgonnectedand it

is estimated that a third of the population are not yet connected to the internet, though as of late 2022
an estimated 5.3 billion people are using the intddrigt This illustrates that mudiuture growth in

radio communications castill be expected

Although spectrum is a finite resource, there seems to be a constant requirement to move services to
new bands or repurpose familiar spectrum. An example is the recent emergence of cellular operator
interest in 5G i66miGH zb) a nadnsdd (G . 6buapGiRs GHz)( SinceG H z

the usage of the spectrum changes and so do the use cases then the channel models will also change.

5G technology has allowed operators and manufacturers to explore new scenarios, enabled by the now
practical RF hardware that was not available until recent years. An example is the active research and
trials in nonterrestrial networkfl2]. LEO and GEO earthpace links have been studied for many

years but rarelybefore todayor use cases involving mobile devices with small antennas.

Radio communication spectrum usage is also now extending up into mmWave frequencies (circa 30
GHz and upwards) and up indab THz frequencies (circa 16800 GHz). A recent example of such
usage demonstrated a D band link from a mobile phone sized prototype oweaRddoroviding 2

Ghbit/s link[10]. Many 5G mobile phones already have mmWave reaiability (circa 2828 GHz or

39 GHz) and can be used on some commercial netwbifs

Good and accurate channel models enable realistic link budgets to be planned. This in turn can allow
lowest possible TX powers for a use casd required performance, so leading to power efficient
systemsAs carrier frequencies increase this becomes increasingly importém fealth and safety

of the usemho is exposed to the RF pow&here have been attempts to model the safe thermal

limits for RF exposure for some time, though only more recently has this been stirdimilVave

[13]. Indeed, recent researighfindingthat even what wasreviouslythought to be a safe level of
exposure may still be high enough to potentially lead to biological effetits



The emergence of 6G as the successor to curréeplpyedsG cellular systems has brought forward
many new use cases, requiring researchnamdadio system developmejits], [16], [17], [18], [19],
[20].

This includes a new paradigm of joint communication and sef&lijgrepresenting a very different

set of potential propagation use cas@sk budget prediction in mmWave bands is now more

practical tha only a few years ago thanks to measurement campaigns and the resulting standards and
recommendationg?2], [23], [24].

In the future, radio systems using the THz bands are envisioned for mobile 6G communications over
short links[25], [26]. Novel concepts allowing the THz communications to also be used to monitor
the environment by examining the changes in absorption during communications use have been
suggestedR7]. The spectrum being considered for futartfhancement® 5G and new 6G systems is
shown inFigurel [26].
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Figurel. 5Gand 6G mobilespectrum[26].

1. 1. Structure of Thesis

This thesisnow continuesn Chapter Mwith an introduction to the technical topic of channel
sounding. In Chapter &omechannel sounding use cases are introduced, illustrating the variety
required and thepapers constituting this thesis are first introdud@dapter Jresents current
strategies used to implement channel sounders, leadaugrteidentified gaps in researchhe
relationships between the published papers andwbeallthesisresearclihemearediscussed in
Chapter 4. The published papers are reproduced in Chagtér&bhor-accepted versiongdue to
copyright requirements of the publishers). Chaplecdhcludes théhesiswith a discussion on the
papersand recommendations for future work are madeéhapter 2.

1. 2.The Need for Channel Sounding

All radio communications systems use a channel. In wireless radio systems the air aneflexdioe
environment defines the channel. For a radio system to operate at best performance, it must be
optimally designed for the channel it will use. This can include considerations of antennas, link
budget, modulation types, and channel equalisatidine radio is properly designed for tbirannel,

then it can make maximum use of the available capacity (bits/second/hertz) and minimise the required
TX power for a requiré bit error rate (BER).



The maximum channel capaciByis found from thavell-known Shannon Theorem (lywhereBWis
thechannel bandwidtlfis the signal power ard is noise powerdr interference).

5 60l T @ - bls 1)

Though useful for setting an upper performance limit, (1) assumes an ideal flat chimmoel,. the
starting point for good radio design is a proper understanding odghehanneln a range of relevant
bandwidths (BWs)This, in turn, requires technigues to measure the channel, which is the focus of
thisthesis.Channel sounding is important for all radio communications systems, frdrmdynand

IoT through to mobile and satellite systems. There are very many radio channel realisations, with
some examgls shown irFigure2.
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Figure2. Examples oflifferent realworld radio channekcenaria[images fronPickPik Wikimedia, Pexel§ixabay).



The channeimplicitly includes the operational scenarios and use cases that the radio system will
inhabit. Therefore, it is also important that the channel is measured (sounded) in representative use
cases. This can become extremely challenging for many use caeestegt kit may be too

expensive or bulky to deploy, if available at all at the frequency of interest. Overall, this can lead to
only generic channel soundings being possible, which may not fully represent the channel of interest.

The channel can depend on both permanent and temporal effects, for esamplesearchehave
triedto model and predict channel propagation as a function of environmental conditions, such as
weathel[28]. The effect of propagation through trees and plant material can be very significant, with
even wind effects on leaves causing a need for dedicated channel mdaslling

Some of the kewnspectsn channel modeland their measuremeate nowbriefly discussed in the
following subsections.

1. 3.Channel Impulse Response

The time domain channel impulse response can be represen®d3g)],(wheret is kth path delay
of arrivaland 'Q is kth path amplitude and phasemponentsParametér is the Dirac impulse
function It can be seen from (2) that a channel can be represented as a seletdyawith complex
scalings.
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1. 4.Path Loss

ThePath LossPL) is the RF attenuation provided by the channel. It is the key criteria in assessing a
channel, since thiargetradio system will have a limit on what PL it can acdep@&a given minimum
signal to noise raticSNR) for meeting a requiredrror vector magnitude (EVM) or subsequent bit

error rate BER).

There are some common models used for PL, which will now be introdlicedPL is usually
specified in dB, often as a legprmalequatiormodelfitted to measured datssing theFloating
Interceptor Closeln models TheFloating Intercepform isshown in (3)31].

DOO@® o6 ¢tpmi i@ & dB (3)

In (3) Alis the fixed loss componemtjs thelog-distance scaling terfior distanced andX is a
Gaussiamormal random variable withero mean anstandard deviatiot dB, usually representing
log-normal shadowingffects The parameters for the floating intercept model are obtained through
fitting to themeasured data.

An alternativePL format is theCloseln model, whichhas asimilar form to (3) but uses a defined
reference distana andis represented byl [32]. PL(dy) is theFreeSpace Rth Loss (FSPLat
distanced, (commonly set to In). Only parameten needs to be found by filhg to data

D@ 00O tpHw T C— @ (4)

As the mosbasicand weltknownexampleof PL, simple FSPL is modellaasing (5). Though
simple, it still provides an interesting comparison for any measured datacitehis good
approximation for satellite links.

OoYOD ¢l C— dB (5)



In (5) ads the carrier wavelengthndthe equatiortan bereadily seero map totheformatof (4).
OY0®D ¢l C— ¢l C— dB (6)

In scenarios where a single dominant reflection from ground is expectedyaeflective eartiiRE)
model can often be used, defined by[@3]. In (7), the height of the TX antennalit and the height
of the RX antenna il,. It should be noted that [7] is practicea simplification andfor example
may not be valid for very high antennaith heights comparable th

0 'Y 0Q ¢l COO t#l CQdB (7)

The choice of modelling approach will depend on the measured envirgridataasind approach of

the researcher. It is common to compare field measured propagation data to gitfblished

propagation models. Fitting the measured data to several of the above models enables comparisons
with the works of others. It is common to compare an extracted model from a field test to FSPL and
RE, to helpobtainan intuitive feel for the channéio reflections, 2 ray RE, etdther formats of PL
models are used ihe literature, butd) is sufficiently genericpractical anccommony usedby
researcherandsois used in thighesis

1. 5.Fading

Fading represents changes to signal powemtlagtvary with time, or small changes in location that
are not related to PL geometry. Fading can be considetatyasscalefading €.g.shadow fading
due to path obstructiopandsmaltscalefading (eading to power delay profileelay spreadnd
angularspread).

In PL measurements using @) (4)& for shadowingcan becalculated using8) [34], whereW is
the number of data pointBLais the path loss measured d@idnoqeiis the path loss predicted b3)
or (4)with & set to zero.

., -B 00 @ 30 W (8)

1. 6.Power Delay Profileand Delay Spread

When a signal passes through a reflective channel, the different transmission paths will give rise to
differing times of signal arrival at the destination. These multplayedarrivals give rise to a spread

in time1 hencdeading toa delay sprea(DS). This arrival of the signals over time can be

represented as a Power Delay Profile (PDB& PDP is the magnitude squared of the complex
impulse response.

The delay spread is sometimes characterised as grogigmalarrivals, with delay spread within
each groumnd a discrete longer delay between the grolipis can be cauddy (for example)
reflectionsin an urban canyon frosurfaces omseverabuildings, with eachbuilding providingits
own group of reflections.

Delay spreaaneasuremerrequires the sounder to be able to resolve the individual path delays. One
technique is to useRseudo Random BinaSequenc€éPRBS carriermodulationin thetransmitter

(TX) and a correlatingeceiver RX). The correlation between the known TX PRBS and the
compound RX signal will produce a correlation impulse corresporidiegchdelaypath.



Delay spreadesults carbe evaluatetb anRMS valuefor use in system desig@nce a power delay
profile is measured by a sounder, the mean excess Ogtay be found using) [32], whereP(T:) is
the magnitude of the correlation peak at time dé&lanormalised to the primary (direct) ray s the
number of discrete observable correlation pe@ken, (0) and (1) [32] are used to calculate the
RMS delay spreaddS:ms).
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From a radio communication system viewpoint, the delay spread can be used to help define the
minimumacceptablesymbol duration. If the RMS delay spread is a significant fraction (e.g.
exceedindlO % of the symbol duration, the RX symbol will be subjecappreciablalistortiondue

to the delayed arrivaldf the delay spread is insignificant compared to the symhin@tion,then the
channel will notnotablydistort the symbol. Somaderradio systems ugeequalisers in the RX to
help compensate thelay spreadNowadays OFDM has gained popularityith the cyclic prefix
used tamitigatedelays and narrow subchannels that appear spectral{prflequire only simple
equalisation)

1. 7.Coherence BW

The coherence BW (CBW) is a measure ofBNé that will appear spectrallyat, in a reflective
environment(In generalspectrally flatis defined as a received signal magnitude that is not a
function of carrier frequencyGBW is inversely proportionab theRMS Delay SpreadDSwg and
commonly usesl) to define the relationship, but theseno single definition of the scaling tepn
Parametep can vary from 0.5 to ¥r indoor scenarigghoughother researchers have fousettingp
=5 is a usefl starting poin{35] for approximationThe actual value gf will be dependent on the
tested environment and can be found from a field test if CBWD&@shavebothbeen measured.

66 86— (12)

The CBWconcept is central in modern communications systems which use OFDM. The OFDM
subchannels are usually chosen to be sufficiently na@méll portion of overall TX spectrum)
such that they only experience flat fading. Diwverall OFDM spectrum can be wide asd
experience D@nd hence suffer@otchydchannel but the individual subchannalenerallydo not.

As a related parametegZpherence Timis a measure of how long the channel characteristics remain
static and unchanging.

1. 8.Angular Spread

When a directional antenna is used, it is possible to measure the angular propagation characteristics of
the channel. These can be considered from the TX viewpoint (angle of depawieor the RX

side (angle of arrival A0A). Angular spread isimplythe PDP an@ssociate@ngle converted to an

RMS figure of merit as will be shown in the following subsections

As an intermediate measurememtgalar delay can also be measured (i.efuhd?DP at a particular
AOA or AaD).



1. 8. 1.Angle of Departure/ Direction of Departure

The signals emanating from the TX will radiatgtwards depending on tli@ectivity pattern of the

TX antenm. If a channel is to be illuminated by a patterned TX antemrthe TX beam is swept in

some way, then the angle of departure (AoD) effect on the channel can be e\sidatdiectional
channelmodel madeThe resolved AoD paths would also be seen all at once if an omnidirectional TX
antenna were used, but a swept beam allows the individual paths to be identified.

1. 8. 2.Angle of Arrival / Direction of Arrival

The signals arriving at the RX can come from multiple directions, depending on the reflective
environmenbetween the TX and RXheseRX signalangles of arrival (AoA) provide additional
characteristicfor the channel andan alsdancludeDS. Insight from AoA(and AoD)can be used to
help define antenna requiremefdsa communications systetror examplea high directivity
antenna may help redu@« illumination of reflecting surfaces and redUR¥ exposure to
reflections. Alternatively, if multiple AAs are neede(k.g. for path diversity)an omnidirectional X
antennand a steerable RX antenmay be more suitable.

1. 8. 3.Angular Spread

Once the PDP is known as a function of angle, for either thdR or RX AoA, it becomes
possible to consider the spread of the bé&mown as the Angular Sprea@ferenced to the median
angle of arrivalor departurge The RMS angular spreg&) can be calculately (13), where a
discrete set amultipath components (MPCahd angles are know86].

- (13)

In (13) — is the angle of an observed MPC and is themagnitudeof thekth MPC. Parametefi is
the mean of thangle spreaAoA or AoD) and calculated using 4L

B
B
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A limit is usually set to threshold the MPCs that will be considered in the analysisxdraple only
MPCs higher thar30 dB compared to the strongest compomesybe consideredor by using a
noise threshol@37].

1. 9.Ricean K factor

In many propagation channels there will exists a dominant (bitenof Sight- LoS) ray and some
lower amplitude multipath component rays, which mayba Lineof Sight NLoS). The ratio of the
power of the dominamay to thelocal mean powersf theseother MPCs is represented by the K
Factor[37]. The Kfactorandcan berepresentedly (15) [34] andis an important parametéar
charactesing the multipathfading effectof a channel

In (15)| is thepowerof LoS componen{.e thestrongestomponerjtandthe denominator is the
average power in the remainiqpnLoS) MPCs. WhenK = 0 there is no defined dominant signal
hence the channel has Rayleigh fading and vihisninfinite there are no MPQshence only a0S
path exists.



1. 10.Channel Sounder Verificationand Calibration

A channel sounder will often be used to characterise a channel prior to a radio communications
system being designed specifically for that channel. Therefore, any errors in the operation of the
sounder will translate to errors in the extracted channel haodesomaylead to an imperfect design
of the target radisystem. Testing the operation of channel sounders in known reference
environmentsandagainst other soundeis a growing area of researdro this end, strategy for
sanity checking soundeystems is proposed [38].

Techniqusto verify correct operation anotenchmark channel sounder performarsteh as using
special test structures and calibration or verification artefacts for compd38pnsr to allow a
comparison in a defined (growtidith) channel without transporting multiple soundersaa@ommon
locationare important. It is vital tde-embed the sounder from the channel modellfiygemoning
antenna artefacts, etti.[40] candidate kannel sounders are converted into mathematical model
representations for comparisdrhe mmparisons showed a stark difference in PL and delay spread
accuracy from a set of tested soungdsugigestingccuracyissues already exestin some sounders

Some channel sounders do not have coaxial connections that would facilitate direct TX to RX
connection for a calibration step, hence an over the air calibration is required. An example is a 28
GHz soundewith a2 GHz sounding BWA41] using SiGe ICs i phasé array and without

conducted measurement connectors. The soungiét]insel predistortionto implement the
calibrationcorrection, after thampulse responsef ananechoic roomvas first measurecs a known
environment

In [42] mmWave over the air verification of sounderproposedising a controlled environment
consisting of a compact antenna test rahgl3] anE band soundés compared t@ VNA using a
set of predefinedontrolled test channels (LoS, LoS + reflectdtkpS).



2. Channel Sounding Use Cases

The operational scenarios intended for a radio communication system define how the channel should
be sounded. This can be limited by availability and suitability of equiprmbatnumber of possible

radio channel scenarios are vemgny and variedl perhaps ranginffom completein-body systems,
through to deep space communications. As an unilkisitative example[44] describes &F
ionospheriacharacterisation system-@ MHz sounding BW)gcapable of measuring propagation
channelgroup delay and angle of arrivialr ionospheric paths

In the followingsulsectionsprior work examplesf sounding use cases and associated sounders are
presentecénd discussed he relevance of thpapersconstitutingthis Thesis is alsmtroduced

2. 1.10T Sounding

Radio systems destined for use in Internet of Things (loT) can haary @aried set of use cases,
including-

1 Life-critical high reliability systems (monitoring vulnerable people in social segaarios
fall detection panic alarms, personattack alarmssmoke alarms )

1 Longrange low data rateufility meter readingiemote control, industrial contr@mart city
infrastructuré )

1 On-bodymedicalandwellnesg(glucose monitorpacemakersmart watchg¢ )

9 Short range device8luetoothLE, intruderalarm systemgyarage door openers.).

0T systems cover a wide span of frequenadesgerallyfrom low VHF to microwave. Mangost
sensitiveloT systems use Industrial Scientific Medical (ISM) and ETSI Short Range Devices (SRD)
spectrum, such as 24&Hz and 868MHz (Europe)or 915 MHz (USA).

An example of sounding measurementt/iF band, focused ormeasuringcoherence BWh both
city and rural settings is reported[Bb]. Equipment used included a standardriamsurement
receiver

Anotherpublishedexample relates to Industrial Internet of Things (110T) in evaluating the
propagation channel fétower Grid 10T[45]. Channe$ are measured amtbdelsextracted for
electricalsubstation scenarios at 3.G51z. PL, shadow fading, Ricean K factor, RMS delay spread,
RMS angle spread of departumredRMS angle spread of arrivate found Soundingequipment was
based on RF lab test equipment (vectonaigererator$ and was time synchronisedng rubidium
clocks. Omnilirectionaland phased array antennas (sweepisguadingoeam)with a 100MHz BW
OFDM sounding signakere used

lIoT systemsan encompass a very wide range of use cases and so generic channel models are often
not appropriate. For example, a fall detector that is under a person in a dwelling who has fallen has a
very different radio channel to an industrial machine radio irderfiaa spaciousut highly metallic
factory. Some industrial uses of the IoT encompass very niche scenarios, such as ofldl].rigs

Therefore, specific channel measurements tailored for the IoT usefcatsrestare very important.
Thesemayuse generi®RF lab equipment, but in some scenarios (e.gbody, awkward meter sites
in basements, social care alarmt) the equipment is awkward to site in ideal representativiest
location oris too valuabldo beleft unsupervised faanyperiod These scenarios can benefit from
lower cost and portable bespoke sounder platforms.\iid@ghe stimulus foPaper 1[1] and was
also investigated if46], [47].



2. 2.Microwave Sounding

In the microwave band4 (GHzup tocirca6 GHz)sounderdave been widely used as part of mobile

phone system design foranyyears. Channel sounding is also included in some telecommunication
standards as part of the phoneds nor mal operatio
frames) to dynamically track the operating environment and adapt to it.

The microwave bands are heavily congested and widely used: including all cellular communications,
WiFi, Bluetooth, TVbroadcast and some Low Earth OrhiEO) satellite systems. A wide set of use
cases are potentially coverétet only uses closely related booadcast and cellul@ommunications

have multiplicity of published and practical channel modabmy provided by #lTU.

The field of microwave sounding has been widelyorted in publicationsver the years, with some
recentexamples now presentédlillustratethe varietyof works

MIMO sounding foroutdoor to indoochannelsising switched antenna arresyreported irfj48]. The
RX array was cylindrical, and tha X arraywas auniform linear arrayJLA) on a rotor. Multitone
sounding waveforsin the2.5 GHz bandwvere usedThe TX was 5 m abovearooftopand the
soundingRX wasin a dwelling 150n away. Theauthorsobtain angular spreaésults anather
channel parameters.

Angular spread in street environmergsploring the characteristics foothazimuth and elevation

angular spreadveremeasured ifi36] using aMIMO sounder. LoSandNLoS channelavere

measuredA key finding is thatather than a monotonous change in angular spread being observed as
function of distance, various distance and location dependent responses were instddua seen.
sounding signal uska pseudo noisenodulated sourcat 2.6GHz, giving a62.5MHz sounding BW.

The sounder hardwareas mobile orirolleys, with amix of bespoke equipment and lab test kit.

Angular power spread modeisere extracted along with emporal and spatial power profiles.

Outdoor to indoopropagation measurements are important for all mobile communication systems
[49] this topic is explored fourban microcef at 3.5 GHz Azimuth and elevatioangularspread of
arrival were seen tdave lognormal distribution anthetime delay spread ltka Rayleigh
distribution.The sounding X was mounte@n arooftop, with soundingRX equipmentnobilein an
adjacent buildingThe TX usel 4x8 array of patches, each cross pe&tiThe authors proposed
temporal models be considered as consistingregtgroups of multipath components clusters: 1)
main (strongestgroup from direct propagation, 2) next gradye toreflections fromground and

walls, 3)the last group with MPCs froail otherphysical aspectsf thetestenvironment.

Measurementmvolving watertight metal dooréut with surroundingloor framemetal work with air
gaps)on a shipat 2.2 GHz usingdouble directionaMIMO measurement@nda 100MHz sounding
BW are presented ii®0]. An excess path loss of 28B due to thenetaldoorwasseen, buthis was
at timeslower whenthe soundemwas moved away from door, suggesting othigmalpaths exist. The
stimulus fortheir work was to see if itvas possible teeplaceshipcabling with wireless sensois
hencetheneed for soundings.

A drone airto-ground channel sounder at &bizis presented ifb1]. The donecarried the TX
Software Defined RadicSDR). The RX gound statiorwas an SDRand usd anL shaped antenna
array RX propagation analyssoftwareruns onanNI PXI SDR systenwith 100MHz sounding
BW.

Similar to loT scenarios, sounders using lab RF test equipment can be used, but are not always
practical or availableA vector network analyser (VNA) is an obvious choice for a channel sounder

but these are expensive and bulky items. Also, long coaxial cables (or phase controlled wireless links)
are needed to connect the measurement sites back to the institorsumport innovation,
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equipment is needed that can be used in otheriresstigated scenarios. Equipment is also needed
that can be more compact, lower power or more-efigttive.

The hardware for creating a channel sounder shares much ofavissitutegyenericradio

communications systems: Antenna arrdfSmixers, Low Noise Amplifiers, Oscillator§iters, etc

As such, new developments in these hardware systems can open new avenues in channel sounding.
New hardware can also make channel sounders more précticgdact / poweefficient) fora

scenario of interest.

Antenna arrays are useful in channel sounding as they can be used to improve the link budget and
hence allow a longer range to be soundlechore MPCs resolve®f course, the channel model
extracted will i mplicitly include theaxiarray®os
reflections. Therefore, it is important that the antenna array is representative of what would be used in
thefinishedcommunicationproduct, where possibl@therwise, the antenna should beetiebedded

from the channalesponse.

In thisthesisthreenew concepts in antenna arrays are presealieadaking use of the Time

Modulated Array (TMA) concept. IRaper 2[2] the ability to steer &.8 GHzbeam using a TMA and

the ability to reduce the magnitude ofiamwantedun-steered component is presented. Such an array
could be used to implement@crowavechannel sounder where a steered beam is required as part of
the sounding activity.

In Paper 55] a new concept using the TMA in RX mode2.4 GHzand includingsutsampling
within the TMA operation is presentéchamedSubsampling TMA (STMA)This new concept could
be used to reduce the complexity and coshiR& sounder, where a steered RX beam is required.
The STMA allows a lowr carrier frequencyDR (or potentially directonnectiorto an ADC and
digitiser) to beused

In Paper g[6] the multiple harmonic beams generated by a TX TMA.8 GHzare used to
advantage andmployedo simultaneously illuminate a channel. Than facilitatea rapid
measurement of angle of departure dependency in a measured channel, without sweeping a beam.

2. 3.mmWave Sounding

Frequencies in mmWave band#¢a28 GHz to beyond 100 GHz) have now become relevant to
future mobile communicatior{52]. The 28 GHz band was earlier used for fixed wireless access and
cellular backhaul but has now been deployeshémy5G mobile phoneg:or 6G standards, higher
mmWave and even sulHz bands are being considered for use in mobile devices, for
communications to 20@. Outside of cellular mobile use cases the emergimgmerciakhips now

allow new products and concepts to be developed by industry and military, but channel models for
novel use cases are needed.

Hence, the ability to measure channels in relevant and bespoke use case ssémaidosnt The

use of lab equipment can become prohibitive, due to its higtandgpower requirements, hence
bespoke sounder platforms arseful Such systems can be used in unusual scenarios erigkgh
scenarios where the loss of the sounder does not represent a high value and can be replaced (as
opposed to anillion-pound VNA).However, globally, lab facilities are being established that have
the core equipment to germ such mmWave and higher frequency measurenfeBig54] and may

be applicable if the risk of movement of equipment can be tolerated (or thasesbe sufficiently
emulated irthelaboratory setting)

In Paper4 [4] a portable channel sounder is created and presented for @tdzZ2Band, usingecently
available commercidRF chips The sounder is used in novel scenarios for eloggound
communications and reveals interesting results about the path loss fetoefyeand operation. The
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soundemvas also used ifb5] as part of a rural field trial that would be extremely difficulp&sform
with conventional lab equipment.

The field ofmmWave sounding has been a widely researched and publisheSoanesillustrative
prior workswill now be discussed, for different sounding scenarios.

In [56] a channel sounding campaign at 28 G¥##s used to calibrate ray tracing. The authors also
foundthat diffusescatteringaccounted for 2@ of received power, though up to %0of received

power being due to diffuse reflections had been suggbsgtethersDiffuse scattering is due to

surface roughness being comparable to carrier wavelength and so leading to random directions of
reflections. In contrast,iffraction isclaimed to banegligible at mmWave due tbhesmall Fresnel

zones. Hence Lofropagatiorwas proposed athe mainmechanismwith diffuse scattering as the
second most significant

In [57] an early attempt to predict the complexity reduction that may be possible in a mmWave radio
system was madespecifically investigating the reduction in hardware complexity that may be
possible if a rich propagation channel was available (due to sagjteri

For mmWave systems a wide sounding BW is often needed, to allow a sub ns delay resolution. This
can be challenging to achieve.[58] an alternative approactis taken, based onsa6 GHz OFDM
soundetusing aSDR withonly 20 MHz instantaneous sounding B\BYy using post processinthe
sounding BW wasoncatenated tachieve an overalOOMHz BW.

At 28 GHz foliage blockage measuremebezome importantn [59] a real time sounder using
phased arrays and a switched béarscan the channel are presenidue systemvas used to
investigate delay spread and angular spread effects due to folmgeystem hda measurable PL of
169dB and usd a400MHz sounding BW using multitone waveformFoliage penetration loss
modek were extracted

Outdoor to indoor lossan be significant at 28 GHz and abolwe[60] (using the system ¢59]) a

building penetration loss of 10B to 23 dB was seen foithedomestic dwellings tested. key finding

is penetration loss is not properly modelled by using traditional techniques of concatenating an
outdoor and an indoor PL model, nor is it properly represented by just adding a fixed attenuation term
to account for penetration loss.

Many recent works focus on the 5G spectrum at circa 28 GHz and 38 JBA%] &G related
measurementat both these banagere evaluated foraoftop scenariosinside a railway carriagand
for factory lloT.Measured datwas fitted to PL modelsising close in and floating intercept models
andto 3D angular modelslhe systenwas based ol PXI SDR equipment andcbeld scanl19
discretebeam directionsselectable with 5 degree stefitie system uska 1l GHz soundingBW. TX
andRX time synchronisation udé¢he GPS 1ppssignal (now widely used in published channel
sounders)From thereportedmeasurementstreng reflection pathaere seen in all scenarigshence
extracted PLsvere all worse than FSPI'he measred RMS delay spread seen in an lloT setting at
10.4m separation between TX and RX wd® s due toreflectivemetal structuredn [62] an

indoor office environmenwas sounde@t 6 GHz and 37 GHavith obstructed LoS anNLoS paths
compared, for a RX 1.1 m above the floor and the TX near the ceiling.

An investigation of 60 GHz channels (PL and angle of arriva\viehicle and outdosrare reported

in [63]. The systenthad a measurememW of 1.9 GHz and useda sliding correlato(with PN signal)
and rotatedlirectionalhornsto beam scarDelay spreads of up to 3616 anda PLexponent of 4.19

for outdoor NLoSwas extractedOutdoor LoS channels hdmklow 1ns delay spread amL close to
FSPL Theoutdoorscenarianeandelay spread wagns. Invehicle LoSPL wasclose toFSPL

(mainly due to the short tested rande)general, NLoS links had a PL in range of 15 to 40 dB below
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LoS links.Measuremen¢quipmentvas based on commercial Rtodules andupporting SDRab
kit.

Within an RX sounder at mmWave frequencies a downconverting miysu@lyrequired.The

present generation ebmmercialSDR systems do not have direct digitisation capabilities at 28 GHz
(or above) so analogu®F front-ends remain highly important for all mmWave radio systeins.

RX mixer is critical in converting from an incoming RF signal to a usable and lower intermediate
frequency (IF) signal. Until recently, commercially availgbdekagednixer chips at 2&Hz have

not been available, so bespakestom designs have always been required. The availability of a SiGe
transistor that could be applied to mmWave mixing, for possible use in @olderis the topic in
Paper3[3]. A key issue in mixer design is the local oscillator (LO) signal generation and particularly
its RF power. Generating RF power for the LO becomes challenging at mmWave frequencies, hence
techniques to help reduce the requirement are impoHamtever, there is a dependency on LO

power formixer linearity. Sincehigh linearity may not always be required, it is interesting to consider
how the LO power can be controlled for a use cakis. desire to reduce the LO power atsb

optimise the associated DGabiconditions througamathematical understanding of the mmWave
mixer transistor led t@aper3 [3].
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3. Channel SounderHardware, Algorithms and Existing
Methods

This chapter introducdsackground conceptspme common hardwasapproacheand signal
processing techniques used in realising channel sauiRldrlished examples of thegarious
techniques are presented and discussed.

There arghree majoapproacheto make a channel soundeommonly seeim theliterature:-

9 Vector Network Analyser (VNA) basesbundemith Inverse Fast Fourier Transform post
processing

1 RF sighal generator TX and high BWscilloscope or Spectrunalyser RX using
correlation.

1 Bespoke RF front end and SDising correlatioralgorithms

Each of these approachesdl nowbe consideretiased on prior workswith advantages and
disadvantagediscussed

3. 1.VNA Basa Sounders

The VNA is an obvious and perhaps optimum tool for sounding a chasnelwill allow a swept
calibratedresponse of amplitude and phasée@asily obtainedT he self-contained nature of most
VNASs is alsoeasierto manage, rather thareedingots of smaller uniteind cablesvith attendant
calibration issues

A swept measured SZhn be obtained from the VNA and then the invé@&tFourierTransformbe
used orthis data to obtain the channel time domain impulse response.

The main disadvantages of the VNA approach aredfieate nature of the instrument, firancial

cost of the instrument, the difficulty or health and safety issues associated with transporting it to a test
site use case¢he need to handle a reference path, iFeopticcable @ wireless link) between the

two measuremergortsandthe associatedalibration strategyThe power supply requirements and
weather shielding fooutdoorusearealso issue The problems in using a VNA become worse at
mmWave fequenciesHere, the/NA can cosbver£500kandmay bedeemedoo vulnerableto take

from the protection of a temperature dnanidity-controlledlab. Although amplifiers can be used to

boost the reference signals on longer cables, a point will be reached where the measurement is too
noisy to use. Calibration over long cabled links also become problematic, requiring phase stable
cablingor RF over fibre

An e x ampohgrangdf cah abnlnel s oundeuNA B givemnBAlaTheeauthossi ng a
present 40 GHz - 50 GHz sounderusingRF overopticalfibre forits lower conducted signal loss

but alsathenneeding an additional phase compensation sy#iemeported,tie heoretical sounding
rangewas238m at30 GHzwhen a20kHz VNA IF BW wasused[64].

A novel use of a VNA and a[65. ¢the mainrcsoumdingt ual arr aya@
measurementas performed by the VNAA 3D positionemwas used to move the sounding antenna in

3 dimensions, with it pausing at a new location for each sounding measuréhgeptocess reseid

in a virtual arraywhich doesot suffering from mutal coupling (since there is only 1 antenna).

However, such a system can only be used when the channel is static (no doppler or temporal effects)

since the mechanical scanning aedositioningof the sounding antennavsry slow.

At subTHz frequencies, VNA with frequency extendehsve been used for shagnge channel
measurements oo longer rangeby using fibre optic reference links (RF over fibj@j], even to
links potentially to 600 nfi67]. However, these systems are also subject to cost and mobility issues.
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3. 2.Sounders UsingRF Signal Generator + Oscilloscope Spectrum

Analyseror SDRs

Soundersystems can use SDR conceeithier in an actual SDR platformr on the signals captured
from standard lab test kiBDR concepts allowarious sounding wavefornms be used, including
OFDM, multitone, FMCW, andsliding correlatos using pseudo nois@he most basic measurement
of using a spectrum analyser for simple measurements of PL arensidered here

Arbitrary waveform RF signal generators are now cost effective and can be used asithiefdi<a
sounder. Bespoke sounding patternarodirbitrary nature (such as PRBS modulated BP&N
readily be loaded into the sigl gereratorand asoundingTX be quickly realised. On the RX side, a
spectrum or signal analyser that has sampledsdaiag capability can be used, to capture thd®@X
waveform. Nowadays, fast salapate oscilloscopes asdso becoming available and popular as
waveformdigitisers.

Such general lab kitsageappliedto sounding may bicreasinglyflexible and deployable, but the

cost of the instruments can remain prohibitive, especially at mmWave frequencies. The ability to trial
different sounding patterns and waveforms is useful, but this flexibility stdesomewith the cost

of having to develop software systems to generate and then analyse the Bgripteent power

supply requirements can also be limiting.

lllustrative pior works using SDR approache#th lab equipmentor channel sounding will now be
introducedand discussed

There are many sounder designs that use sliding correlators, with strategies to define optimal
correlator design having been investigg@®]. The correlation approach is a popular method for
obtaining the MPCs of a channel.

A reattime 28 GHzMIMO sounderusing a phase array with horizontal and vertical steering (rather
than a conventionaibtating horn antennas presented if69]. The TX and RX arrays consistof

8x2 elements. Multitone sounding wavefewere usedwith a400 MHz sounding BWLab test gear
andcommercial 28 Hz radio unitsvere used taealisethe systemThe systenwas wsed to measure
movingoutdoorscatters (cargndblocking objects. By using beam switching of the phased #neay
system ould measureirection of DeparturejoD), Direction of Arrival ©0oA), delayand appler
effects

In [70] a phased array MIMO channel sounder atG@8z with 2 us beam switchings describedA 28
GHz commerciaRF frontendwith National InstrumentsN]) PXI system and modulegere used to
construct the systerSounding usga rrultitone signawith 400MHz sounding BWAs isbecoming
common for mmWave soundefSPSdisciplinedrubidium frequency referencesre used, giving a
10 MHz clock forRF referencand 1 pulse per second (PPS) signal aligned to Universal Time
Coordinated (UTC) for synchnisation

A 26 GHzMIMO souncer usinga hybrid beamformewith 64 antennas doth theTX and atthe RX
is introduced irf71], using trolleybased RF lab equipmer@ounding BWwas 56 MHz (leading to a
17.8nsMPC delay resolution)The sounderauld resolveAoA, AoD andPL.

In [72] a 73 GHz sounderagainbased on PXI equipment, usinglaling correlator for angular or
delay spreador real time spread spectrum mode for short range temporal monjterprgsented
The ®unding BWwas 1GHz (nulknull). Beam steeringvas performed usingotatable horn
antennas.

An 802.11(2.4 GHz)SDRbased channel sounder for industrial scenario wireless sousding
presented ifi73]. The SDRhad a 16.25MHz soundingBW. A key noveltywas the use ofitne
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synchronisationover air using time stamping frorthe Precision Time Protocah thelEEE 1588
standard.

A 5.8 GHz battery powered and portal#®R based soundex presented ifi74]. The soundeused a
doppler antennaonceptwhereeach elemenwas switched in turrto synthesise doppler effect,
allowing theresultingdoppler frequency to measure the AoA ofRiX signal.

A 300 GHz sounder based on commercial lab equipment is presefif&fl iith a dedicated lab
digitiser andcommercial frequency extendenits (VDI Ltd) usedfor up / down conversion.

A vector signal generator and vector signal analysee used as the basis for a sounder at 6 GHz and
37 GHz in[62], allowing a PL comparison betwebathbands.

Modern lab oscilloscopes offer an alternative approach to digitising signals and alsoretiediate
anddirect comparison measureme&at phase and amplitude of a measured and reference signal.
Oscilloscopes can be used in high mmWave channel sounders, when employed witvap
converterg76].

In [77] alab signal generator and digitisavere used in conjunction with a 158 GHraalogue RF
front end to create a MIMO channel sounder with ¥z BW. The sounder udeéDFDM signals
with 120 kHz subchannels, asedin 3GPP standards for 5G NR.

3. 3.BespokeSounder §stemsincorporating SDR

With the advent of SDR and their now cost effectivenesstaé GHz, a new breed of sounder can be
realised. Ifsub6 GHz conventional sounding is sufficient, then the entire systena(idRX) can be
implemented using such SDRs and acatyennas, analysis and soundsaftfware and calibration
strategies need defining.

If higher operating frequencies are required then systems can be created though use of generic RF lab
equipmen{modularisecamplifiersandmixers, signal generatqrstg or a fully bespokée.g.PCB
baseddesigncreatedusingcommercialRF parts The advantage dffie latterapproach is the sounder

canbe compacand power efficient, as well as low cost. This can allow the sounder to be used in
unconventional or rigkscenarios where damage cohltppenbut important measuremergee
neededandcanjustify alimited cost

Many published works use some hybrid of commercial lab RF equipment and bespoke circuit or
modulebased equipmend realisethe sounder systerms seen in the literaturehis is more common
at mmWave frequencies wesffordablecommerciammWaveSDR hardware is not yatvailable
Below are some recent examptgdespoke and hybrid soundatsnmWave frequencies.

The work in[30] describe a nobile mmWave 83.%Hz channel sounder that measured complex
amplitude, delay and AoA. Azimuth and elevationltipathcomponentsvere measured with delay
resolution ofl ns.The system is capable isidoor measurements tlistances o€irca 150m LoS.
GPS control and rubidium clockeere used for synchronisation between systems, whéh
constructed using lab test equipmemti mmWave modulesTheauthorsstatal that manually rotated
(directional hornkystems risk being too slow to captteeporalchannel effects for a valid channel
coherence time (i.e. while channel is not changing).

A 60 GHz soundewith 1 GHz soundingBW, usingphased array$ab kit and bespokeardware
(HW) designis presented ifi’8]. The system measuré®A, AoD, andMPCs.The systenwas
mounted on a robot for autonomous soundingtestlocation The phased arraysed 8x32series fed
arrays connected t@hase shifter and gain control chgesanRF front end The sounding waveform
was aPRBS with 1Ins chip durationSupporting &b kitwas used folT X andRX functions as well as
signalprocessing.
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In [79] a set of SiGéransceivers with beam steeriwgre used tanake @beam switchindlIMO
sounderThe sounder operatén the60 GHz bandwith 2304 beam combinations (TahdRX total)
[79]. The SiGe transceivergere used to creagainandphase contradllblephased arrays. Signal
generatiorandacquisitionwas performed using trollejpased lab equipmerA sounding BW o400
MHz was achieved, using 256 subcarrier multitone signal. Delay resolutiaas 2.5ns[79]. The
soundertook 200ms to measure the chanffiéd].

A novel mockhandsetvas created ifi80], operating a1.5GHz, used in channel sounding for
measuringPL. The mock handset ta set of selectable antenn@ike randseusal a uniform linear
array ULA) basedRX with 3 subarrays each consisting & elementsRF switcheon the handset
were used to seleche antennalement to measurd hornwas usedasaremote TXsource, with a
PN modulated signal transmitted. Correlation against thevBiNused fosoundingMPC extraction
Various indoor tests with different user holding styles were investigated using the systanation
of 12dB or morein PLwas seen due tearioususes bolding orientationsand 4dB variation
between differenindividual userqg80].

At highermmWave and suiHz bands, hybrid measurement systems&enseen using modules
for frequency conversion and standarddahitrary waveform generation and digitizati&i], or
more bespoke solutiofi82]. A system for E band sounding is presentd@&j which usel modules,
and an oscilloscope as the digitiser.

New FPGA based high performance SDR systems based #ilithel td RFSoCapplied to phased
array design§d4] could alsanow become relevant for channel soundidigwever the RFSoGvould
still need mmWave up / down conversion modalebespoke analogue design

Since SDRs are now a wabtablished concept, it is inevitable that their performance will increase as
the technology develops. There is alreegfyortedwork considering SDR design for above 100 GHz
[85]. However, at present, mmWave systems still require fully analogue front ends.

3. 3. Llllustrative Architecture for a Bespoke SoundeBased on SDR

The generienicrowaveSDR basedounder TX can be considered as showfigure3 and the RX

as shown ifFigure4. If the SDR is capable of generating sufficient TX power and has a sufficiently
low noise figure (NF) to meet a required sounding link budget, then an external PA and LNA may not
be needed.

___________________

1efe ! generation ! Processing

| Element : .
'ror Array \‘/ : - i
\ or Horn, i i o | Pre
t | 4 SDR (TX) |Qdata i

Figure3. An examplenicrowave sunder T)architecture
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' Single !

| Element
iorArray _______________
L or Horn, IQdata | | Post
ietc | analysis ! Processing
________ _!____————— ! | PSSR p——
B : Controller |

Figure4. An examplanicrowave sunder Rarchitecture

If the SDR cannot generate or receive frequencies at the band to be sounded, then external up
conversioranddownconversion stageareneeded. This is shown in concept formd@nmWaveTX

in Figure5 and for the RX irFigure6. AnaloguemmWave land pass filters may be requiréa reject
image signalsand are not shown.

"Single | | . |
l i Sounding Transmitter i
;iE!ement | g |
' or Array e e i
i or Horn, | 'lQdata || | |Pre
gietc SDR (TX) generation || ¢ | Processing
. 1 Ma
i :__'::::::::::::: Controller || |
Figureb. An example mmWave sounder dxhitecture
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-------- oo

. Controller |

Figure6. An example mmWave sounder &xhitecture
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It can be shown thahé sound r linksbudget(defining the maximum measurable Rign be
calculated using thisllowing equation-

00 0 O O pXTUOOpti COw 00"Y)'YdB (16)

In (16), -174 is the thermal noise floor in dBm/Hz due to the Boltzmann conktamd thesystem
operatingtemperature (i.e thiel) with a T of 290K elvin, Py is the conducted TX power (dBnGy is
the TX antenna gain (dBif3r is the receive antenna gain (dBYF is the RX system noise figure
(dB), BWis the sounding bandwidth (HAGis the processing gain (dB)r the sounding waveform
andSNR is the signato-noise ratio required for detection (dB)

In thisthesis a PRB&ngth Msequence is used as thedulating signain the soundrs. For such a
waveform thePGis given by(17). There are many other types of sounding waveforms that can be
consideredincluding multitone and OFDM.

0Opmni CO dB (17)

FromFigure3 - Figure6 and the subsystem terms irg)/lit is clear that &hannekounder shares
many similarities with other radio communications systems. Thereéf@egesearch and design of all
aspects of radio systems are relevaamt importantThis can include antennas and antenna arrays,
PAs, LNAs, mixers, oscillators, filters and DSP algorithms. Inttiésis publishedworks are
presented in antenna arrays, mixers, sounding algorahadhfsill sounder implementations.
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4. Linking of PublishedPapersto ThesisResearchTheme

This Chapter introduces each of the published Pafie63 forming the main body ahe Thesis It
alsoexplains howeachpaperindividually relates to the theme of th€hesis.The Chapteralso
discussesome of theriginal background thanitially led tothe work ineach of théPapers.
Therefore, bw each publication specifically addresaes contributes tanaspector challenge
relating to channel sounding is discussed.

For thePaperdocused orRF hardwargthat couldform part of a soundethe discussioidentifies
how they could bappliedin a sounderTo supporicomparisorandhighlight the significance of tise
Papes, some othecompetingstrategiesand prior works are also discussed

Certain sibsequent relevant work that occurred after the publication &fapers is also presentad
further help explain the topics anthrify significance Similarly, work that expands on the Papers to
aidtechnicalunderstanding is also included.

Channel souretsshare many of the subsystems found in general RF communications systems.
Therefore, the need for performance antenna arrays and RF mixers as modules is important and
relevant to the novel hardware aspects otlilesis in addition to the full sounder systems discussed

An overview of the 6 Papers and their contributimrelevance to channel sounding is presented in
Tablel.
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Tablel. Overview of the 6 Papers in this Thesis.

Paper System Picture Purpose Tested Novelty / Role in
Operational Contribution s Channel
Frequencies Sounding

1[1] VHF / UHF 71 MHz, Hand portable Thisis a
sounder 869.525 MHz| system measuring soundeisystem
system PL and DSField

test results.

2[2] TX array 5.8 GHz Steerable TMA Could be used

(TMA). beam. Reduction | to steer a
of CObeam. sounding TX
Prototype & Lab | beam.
verification.

3[3] RX mixer. 26 GHz Mixer design Could be used

models A 26 GHz | in ammWave

mixer prototypeo | sounder as a

verify models downconverter
stage.

4[4] 28 GHz 27, 27.2, Portable 28 GHz | Thisis a
sounder 27.5,27.65 | sounder system | soundeisystem
system 28,29 GHz | measuring PL and

DS. Field test
results.

51[5] RX array 2.4 GHz Steerable TMA Could be used
(STMA). RX beam to steer a

incorporating sounding RX
subsampling. beam.
Prototype & lab

verification.

6 [6] 5.8 GHz 5.8 GHz TX TMA used to | Thisis a
sounder coherently soundeisystem
system(using illuminate
TMA). multiple AoD

beamsAbility to
measure muki
beam PL & DS
demonstrated.
Field test results.

4. 1.Paper 1i Portable VHF / UHF IoT Sounder

Paperl [1] is a completecalibratedhandheld portablechannel propagation measurement system

operatingat VHF and UHF. The focus here is on using-omegt, offthe-shelf,commerciahardware
as far as possible with new, bespalignal processing algorithnasd postmeasurement analysis

The SDR used was th@w-costRTL-SDR with 2 MHz of capture BW, controlled by a Raspberry PI.

Measurements at 869 MHz and tigen)newly released Ofcom loT segment atMtz were the
stimulus for the project, focused oamplex, realworld pedestrian and car mobile use cases. The

handheld dual banghardware andlgorithns extract the channel BW response and power delay

profile of the channel
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The algorithns developed werelater improved and modified fdhe system ifPaperd [4]. An
additional contribution of the paperasnewandsimple approach to estimate the RMS delay spread
assuming 2-ray reflective earth modewhen measumng power delay profiles with limited RX BW.

The measured field test data and resulting models help show the importance of performing tests in
relevant usecases and scenarios that could no¢dslydone using conventional ldiased
equipmentCity and suburbaPL models are created for pedestrian and car mobile sceaados

results at both frequencies comparEide lack of observed channel reflections exceedipgdver 4

km distancess an important finding andould simplify future 10T transceivedesigns The energing
models allow predictionfgpropagation characteristics in realistic loT usses.

4. 2.Paper 2i TMA CO Canceller and Beam Steering

The Paper2 [2] describes @ractical andhovelstrategy forconstructing and then controlling an

antenna array to point an RIX beamat 5.8GHzin a desired direction, with a focus on both

hardware and relatambntrol signal processinghe novel strategy does not use conventional

methods, such as varacimsised phase shifters or vector modulators. In essence, this is a phased array
thatuses simple RF hardwabased on switch functiorandis simpler to control than conventional
methods

Starting from a proven methodology led to a rieMA concept and development of new anabitic
models for predicting thRF performance and array factor. The concept has been extensively verified
using novebespokeRF hardware in calibrated chamber measurements.

A key contribution of the paper is the method to reduce thstesred (fixed beam) emission on the
carrier frequency. Before now this has been a limiting issuedtiiMAS.

The described system uses commercial RF chips &3z8developed int@ bespoke RF platform
with a DSP MCU to implement necessary array control wavefdvtaasured performance of the
array with its new signal processing algorithms is given and cosfas@urably to expected
theoreticaperformance.

This type offlat panelTMA antennaarraycould be used in a propagation measurement system to
replace the standaghin horns or Yagi antennas currently used, potentially offering a small form
factor andwith benefitof afully digital controlto steer the beam

Some of the early concepts and hardware develfgpelis paper went on to become tr@undwork
for theSubsampling TMA of Paper[5] and the5.8 GHzTMA soundersystem described iRaper 6
[6]. The described antenna array concept could support new and fast ways of channel measurement.

The multipleconcurrentharmonic beam generation implicit in the TMA procegsotentiallyuseful
in TX and RX channel sounding applications, as al#bbe discussed later.

4. 2. 1.Approaches toChannel Sounding with Arrays

This subsectiopresentsecent works in propagation modelling that have made specific use of
antenna arrays in novel wayas alternatives to directional (e.g. horn) antendadti -element phased
arrays or MIMO arrays are now widely used, with either steered beams or switchechbeanmsing
the sounding measurement

Channel models have been constructed based on observations using a mmWave pl488ay. anray
[87] a square arrayas accessed one element at a time (hence time division multiplexing as beam
switching) to sequentially sound a channel. The actual sequence for the selected a@ennas
optimised for best speed and performance. This represents a sequential form of a MIMO channel
sounder.
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Fourlinked soundindeans (linkedi not independently contralble were used ir{88] for a28 GHz
channel soundeiThe four beamwrere steered as a group. The sounded bespoke SiGe chips as
phased array beam formevith Gilbert cell mixers.

A dual polarized 28.5 GHz phased argperating as awitched beamformen achannel sourg is
described ir89]. The aray sizewas 8x8 (64 elements)The systenswe through each of the
antennas and peptocesig was then usetb synthesise eecoveredsoundingoeam.The authors
suggest such an approacfiaster to control overa{compared to steering a directional horn &8I
controlled analogue phase shiftarare usedat each antenras part of the beam forming

A MIMO switched antenna array for channel soundaumsisting o£256x128 element®perating at
28 GHzis described if90]. The antenna switchingas implemented using a set®P4T switches

4. 3.Paper 31 Analysis of 26 GHz Downconversion Mixer Design

RF downconverting mixers are usechiany ofthe propagation measurement systguonslished but
their specificdesign is rarely considerefiechniques to theoretically predict downconversion mixer
RF performance as a function of local oscillator (LO) drive power and DC bias are présdidapdr
3[3]. The ability to trade ofDC bias with LO power has been obseriegracticebefore but a full
theoretical treatment had not been published for SiBelar Junction Transistor8(TS.

The prediction of the RF performance of the mixer is important, to ensure suitability for an
application. Until now, such prediction requdrextensive use of circuit simulation tooaper J3]
introduces a theoretical technique to help design pustraedconductance mixers fointly

considering their DC bias and oscillator drive and thus helping trade them off. The technique can also
facilitate dynamic control of a mixer performance for a gieparationakcenario. This can help save
battery life and thus extend the operational life of a channel sounder or other system in thidield.
theoretical concepts were developed using standard mathematical technigques and tested against
Keysight ADS drcuit simulations and also against a bhirdware prototype at ZBHz. The overall
agreement between the theoretical and measured results verifies the technique.

4. 3. 1.Consideration of RX Mixers in ammWave MIMO Sounder Application

The ability, at the design stage, to identify and traffi¢he required LO power for a transistor bias
condition allows proper design of a mmWave mixer in a transceiver at a power budget. Generation of
high LO power is very challenging at mmWave and soube of lowest possible power for
communications or channel measurement in a scenario is importaxtendng battery life.The

techniques can also be used to compare the expected performance of different transistors in a mixer.

The need for power efficient mmWave mixing can be illustrated withithef thefollowing

example MIMO channel sounding is now widely used and repofd&d, [69]. Consider dull MIMO
channel sounder operating at 28 GHz, arranged as a 4x4 set of independent RX chains. Hence 16
coherenRX chains would be requireds shown ifrigure?.
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1 RX MIMO cell
1 2 3 4
n
5 6 T 8
9 10 11 12 LO in
13 14 156 16 IF out

Figure7. Example 16 element RX MIMO system.

In such a system, Analog to Digital (ADC) converters would be needed on each IF output of each
chain assuming the IF is digitised and IQ dowonversion is performed in DSHere, we will just
consider the mixér s i .Mipee aré now some commercially availdble mmWave mixer

MMICs that are packaged (as opposed to bare die), such as the HMC264LC3Btheexystem of
Paper 4[4]. The HMC264chip has a 9 dihsertion lossIL), requires an L@owerof -4 dBm(0.4

mW) at half the LOfrequencylt draws 25 mA at 3 V (75 mW) arad the time of writingcosts circa

£ 57 in low volumes. In contrast, the mixer as presented in P4BEh&s an IL of 12 dB for a 0 dBm
LO (1 mW) and draws 3 mA at 3V (9 mVeihd the transistor costs circa £ 0.8#hce this was the

first prototype, it is possible that improvements to IL could be achieved in subsequent revisions.

Additionally, from Paper 83] it is shown that by varying the applied LO power andlissing the
transistor, differeninput 1dB compression poig{IP1dB) and ILs can be achieved hiscould allow
a radio systeme(g. asounder) to use the minimum LO power required for a particular sounding
scenaridbased omequirednoise figure NF) and linearity Alternatively, with a fixed LO powethe
DC bias can be used to control theillagainallowing dynamicoptimisation of the gain for a given
scenario and power budget.

To further illustrateRF mixer issuesconsider the overall power budget required for a 16 element
mmWave MIMO sounder based on both the abmieer strategies. Since the mixers will all need to
be phaseoherenttheymayuse a common LO that is distributed through a set of Wilkinson splitters
or similar, as shown ifrigure8.
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Figure8. 16 way LO power splitter using cascades of Wilkinson 3 dB splitters.

An ideal 2 output RF power splitter will send half the input power to each output port, hence a 3 dB
insertionloss is incurredThe 12 dB minimum theoretical power splitting I¢4sx 3 dB)in Figure8
implies an LOsourcepower of 12 dBn{15.8 mW)would be required for the BFP740F mixers and 8
dBm (6.3 mW)for the HMC264LC3B mixerddowever, 16 HMC264LC3B mixers will draw 1.2 W

and cost ©12. In contrast 16 mixers using BFP740Fs cost £ 7 and draws 0.TA#eY¥fore, for

large scale RX sounder systems, it is proposed that a set of BFfPad€iBtorbasedmixers as

presented in Paper[3] would be a good option in terms of both cost andrallpower consumption.

4. 3. 2.RecentWorks in Mixer TechnologyApplicable to Channel Sounders

In this subsectionrelevantprior works that have made specific use of mixers in mmWave systems
that could be used as part of channel sounder designs are intretiudédtrate relevance and
importance of the topidlixers using SiGe are a key focus, as this relates directly to P&pler 3

In this thesisa singleSiGe BJT device imodelledin mixer use As an alternative hie nonlinear
modelling of pHEMTS(i.e. FET topology}o address their use in mmWave mixers is introduced in
[91]. However,pHEMT mixers have been a we#searched topic for many years.

Most of the recent published works use mixer designs based on tHaawet Gilbertcell
architecture. Whilst this is applicable to SiBEMOS andgeneralCMOS technologies (where
multiple metal layers are available fignalrouting) this type of mixer is hard to implement in
MMIC designs that have only one metal layer. At presenipitégentshe applicationof the Gilbert
cell to advanced IV materials, such as InP, which are requirechigh subTHz or THz operation.
Hence the continuing relevance arattraction in simple, singidevice mixers apresentedn this
thesis.
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SiGe is an important technology flow mmWave transceiver and mixer design and is nhow becoming
more widely used, as illustrated by the following exam@eSiGe BiCMOS E band transceiver (71

76 GHzand81-86 GHz) which incorporates a Gilbesll in TX and RX stages is reported[82]. A

SiGe image reject mixaperatingatupto 20GHz for incorporation into seliware systemiis

described if93]. A selfaware system caapplya selfgenerated (hendaown) test signato itself to
help calibrate itself and diagnose performance degradation in the field. Such a system can thus adapt
itself toattempt tamaintain a constant delivered RF performarfieansmit and receive mixers
operating at 60 GHz and implemented in 130 nm SiGe are preseif@ddl iihe mixers draw 1BW

from DC supply and require adBm LO.A 28 GHz channel sounder using SiGe bespoke designed
chips is presented [88]. The bespoke SiGe chips implement a phased array beam formesand
usal a Gilbert cell mixer design. The sounder crddicair parallel soundindgpeams (linked not
independently controlledhatcansweep the channel.

SiGe is nowincreasinglycapable of operation to high mmWave bardige to transistor transition
frequencies of circa 500 GHz becoming availabi¢95] a 154 GHz mixer in SiGe using modified
Gi | bert cmictomixedveas desigded and t@stedl275 GHz RX chain using 130 nm SiGe
with a modified Gilbertell mixer topologywas explored if96]. The RX chipconsumedi38 mw

DC currentA D band (116170 GHz) quadrature receiver in 130 nm SiGe and using a double
balanced Gilbertell mixer is presented if97]. The receiveconsumed4 mW fromthe DC supply.

A SiGe 90 nm 144 70GHz receiver also using a Gilbesll (requiring 3dBm LO power) and
overall drawing 136 mW DC power is describedd8].

At lower mmWave frequencies CMOS is applicabld99] aCMOS5G (FR2band)mixer operating
at24-40 GHzis presented. The mixer useoupled resonators witheadouble balancethixer cell
and dew 28.3mW from the DC supply. 1fi100]a CMOS up and down conversion (bidirectional)
mixer for FR2 allocation at 39 GHz is presented, drawing 39 Adbuble balanced Gilbecell
mixer in CMOS for 5G NR FR2 use at-20 GHz is presented if101]. The mixer requirgéa-10
dBm LO power and @w 50.9 mW DC.

4. 4.Paper 47 28 GHz Portable Channel Soundeand Close to Ground
SoundingUsage

Paper4 [4] is a complete propagation measurement system @H28and so the resulting bespoke RF
hardware and signal processingligectly aligned with the overall focus of thieesis.The 28 Gz

band is important for 5@nd 6G communication3 he recenavailability of packaged commercial

generic RF chips working at 28 GHz was a key reason to develop this sounder. All RF hardware was
developed from scratchlhe algorithm used is developedwardsfrom that described in Papgf1].
Onekey enhancemeris around the SDR used for both TX and RX signal generation. This paper use
an ADALM Pluto which is based on an Analog Devices AC®8ériesSDRand providegaster
samplingrateof 61.44Msamps and operation to 8.GHz (here used as aGHz IFfor the 28GHz

front eng.

Thecorecontributionsof the papeare twofold: 1) a newompact, hangbortable channel

measurement system having the best dynamic range and RF hardware offering widest bandwidth of
published sounders; 2) Measured data and extracted models for propagation scenarios close to ground
at 28GHz (no previous published data farchoutdoor use cadeas been segn

The sounder theoretical system design is fully presented. The built system is verified against expected
RF performance using calibrated lab test kit. The field trial propagation measurements are compared
to standard models and other published resultsgUsgnormal modelling techniques.

The hardware design has been made @oemce to support other researchers and industry working in
the area needing lowost high performance equipmejit02]. The measured propagation results show
that long range, clos®-ground communicatiorst 28 GHzare possible with low losslose tafree
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space path los$GEPL). The new measurement data and resulting models at 28 GHz from the field
tests show the usefulness of espokesounding system in supporting unusual measurement
scenarios.

Thework of Paper4 [4] led to a projecat the National Spectrum Certirs  F r &anngsdeat the
University of Aberystwythto investigate clos&-ground28 GHzpropagatiorin a rural environment

4. 4. 1.Frongoch Farm and National Spectrum CentreTests

The28 GHzsoundersystemof Paper 44] waslaterused in a measurement project at the National
Spectrum CentréNSC)[103], supported by QinetiQX.ests were performed ydward Ball research
associat¢éRA) Sumin David Joseph and PhD student Bill GaViests were performed dhe 28"
February 20230 15 March 2023 All sounding tests were performed at 27.65 GHz.

Extensivemeasurements of cloge-ground propagation around a rural farm setting were
investigatedwith path loss results obtainesd PL models extractedhis allowed the system to
uncover propagation characteristics at 28 GHz in scenarios that would be extremely challenging to
perform using lab equipmerthe routes tested (A, B, C, D, E, F, G, H, N) are illustratédgare9.
Examples of the tested routes are also shov#igare10 - Figurel7.

The testsusingroutes AH were setup with a transmittéixed at one end of a route to be tested and

the sounding receiver then moved along the whole rauteving away from the TX and stopping at
variousdistance intervals. At each stopping pothg RX was movetbcally a few centimetres and
thesoundingmeasuremenepeated few timego capture anghorttermor localfading effects.

Distance was measured using a measuring wheel. Each sounding measurement took under 1 minute to
complete, with the marity of the field test time taken by moving the equipmé&wot. route N both the

RX and the TXsystemavere moved as a pair (discussed below).

Figure9. Propagation ést site routed\, B, C, D, E, F, G, Hatlthe National Spectrum Centre, Frongoch Fafmerystwyth
[Google mapsMap data ©2@3 Googlgd. TX and RX systems together sound 1 route.
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Figurel0. One of the sounder system
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Figurel3. Propagation grazing te top of tall ras:{ersute D)

Figurel5. Propagation in presence of metal buildirjgsute H)



Figurel6. Propagation through a wooded scrub al(eaue )c RX site

Figurel. Proagation through a Wooed scrub afeaute N)g X siteRX ssm i on the other sid of wddath TX

and RX start near the gate on the left and are moved away from each other to increase the path length through the wood.

The testaind propagation models emergingm Frongoch are discussi&da paper authored lilie

RA [7]. However

belo

someadditionalobserved data and fitted models presenteénd discussed

w, as illustration
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Figurel8. Route Bneasured pppagationdata andfitted model (Route B i478m in total length and around the side of
farm buildings, on a rough road).

In Figure18, corresponding to Route B, we she 27.65 GHPL close to FSPI5) for up to the 100
m TX-RX distancgafter this point building obscures the direct LoS pathd the PL reaches the
measurement flodr signified bythe 3 PL results near 135 JB\wveraged resultfor a locationare
based ori0individual measurements.

——RE model ——FSPL model * measured * average measured e fitted trend line
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(X ]
130 :
y = 25.435x + 55.925
o 120 =
%‘_3_ R?=0.8078
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Figurel9. Route Eneasured popagationdata andfitted model (Route E i240m in total length and through an open,
clippedgrassy field, rising up to a brow and then descendig@inbehind it).

In Figurel9, corresponding to Routedverclipped grazingyrass we seg¢hePL is also close to
FSPL up to the 200 m T=RX distanceAfter this point the brow odi hill obscurel the direct LoS
path andsothe PL quickly degraddso t he s ounder 6The REenade(d)wasusedn t
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Figure20. Route Nmeasured popagationdata andfitted model.(Route N is 99 m in total radio path lengthrough a
wooded scrub area)

In Figure20, corresponding to Route through a wooded arewe again see a PL with similar slope

to FSPL but with a higher fixed offséor this test, both the TX and the RX were motaggkther as a

pair. This was to create a radio signal path length through the wood representing the hypotenuse of a
triangle (TX and RX moving along ttezlges of the wooidi.e. theother sides of the triangldj.can

also be seeim Figure20that there is significant variation readingqovershortchanges in

distancg, which is due to the random chance of the LoS path being obgouneat)by a tree trunk.

In addition to the tree trunks, there is also additional scrub and bushes whichdegehtral

increasedL. It is proposed that aewbespoke model is needed to best represent this unusual PL
scenario, possibly including a statistical parameter to represent the likelihood of a signal intercepting a
trunk or not (based on a plantation density in an area of interest).

4. 5.Paper 57 RX Subsampling TMA Conceptand Prototype

The TMA conceptas first explored in Paper[2], can also be applied in an RX context. Because of
the inherent switching functiamsedin the TMA, it is possible to include other functions in the RX
TMA that can make use of the switadmdPaper §5] does this byncorporatinga subsampling
feature. This combining of the TMA and subsamplintamedhe Subsampling TMASTMA) is a

new andpotentiallypowerful signal processingoncept.

Paper 5] shows how a phased array in RX with direct subsampling to a low IF can be realised by
simple RF hardware(incipally focused on an RF switch and sampling circuit). This concept can be
extended tdrequenciedeyond the RF switéa operating capabilities by use of a mifiest strategy.

This could potentially allow aeducedcost and complexity mmWave RX phased array to be realised.

In the context of a channel sounder, the STMA as publishBdper 5] could be used to steer a
singleRX beam andobe used in a conventional channel sounding applicatioch as to identify
AoAs. Thebeneficialsimplifications herearethat the STMA is digitallycontrolled,and a low IF is
produceddue to the subsamplingimplifying therequiredcomplexity of any attachesbundingRX
SDR

Since publishindaper5 [5], an improvedmethod to calculate trerrayconversion gaitACG) of the
STMA has been identifiedeportedn [8] andnow shown in (8).

6600 ¢cni Q@ ¢l C— dB (18)
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In (18) Geen is the gain of ISTMA cell, N is the array size anth.eis the averagentime of all TMA
cells in a frame period of lengilp. It can be seen in ) that it is advantageous to maximise The

4.5. 1.STMA for use in Angle of Arrival SoundingRX

In channel sounding, potentiallyusefulnovelfeature of the STMAaretheharmonicbeams that are
created at the IF outpof the RX Each of these discrete frequencies correspond to a particular phase
applied to the incoming IRradiated signat each elementhis means that each RX harmonic beam
seen at the [Eorrespond$o a phased arragquivalentangle of arrivabeam allowing multiple

arrival beams to be separated in frequedsitdne same time instarats shown spectrally ligure21.

Cin co Cip
C2n ! ' C2p

magnitude

0 IF1 Hz

Figure21l. An RX TMA (e.&TMA converts from a carrier (QGfbresightbeam at carrier) to a set of harmonic beams, each
centred at an angle of arrivébr that beam

This use of the RX STMAvould allowit to resolve the angles of arrival of multiple rajisin time
coherence, since X beam sweeping is heeddthis could allow temporal effects of a channel to
be observed on the AoA, which is hard to do with a swept bEaimharmonic beam sounding
concept is further investigated TMA TX modefor Angle of Departure soundinig Paper §6].

Direction of Arrival PoA) andDirection of DepartureloD) measurements are nhow commonly
performedn channel sounding campaigns. As an examplg,dd] the DoAwas extraced from
sequential observation using 32 antennas in an avittyeach element used in sequenca®(at a
time) and withthearray rotated in set angleBhe concepivas then used in a full channel sounder
measurement systefh05]. The AOA in amobile settingvas extracted if106] using the ESPRIT
technique asanalternative to MUSICThe sounder ugse31 switched antennawith eachantenna
observedn turnfor theduration ofa soundingPN sequencddowever, these techniques all dse
sequential beam switchipghich can be slow

4. 6.Paper 61 TX TMA Channel Sounder for Angle of Departure

Soundings

The TMA in TX mode generates a fan of harmonic beams. If the RF switch control waveforms are
suitably designed (i.e. as a cascade of sequential switches being turned oriraseqféncethen

the TX radiated harmonic beams are all present andHighi@ower. As such, they can be used to
illuminate a channel in different angles of departure simultanecashyill now be discussed

An example of the required RF switch control staircase waveform is shdviguire22, for an 8
element array.
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Figure22. TMA switch contraf example for an ®lement array for use in TX sounder.

This approach contrasts with conventioteahniqueghateither steer a beam from a phased array or
physically rotatea TX antennaln prior works, AoA and AoD are commonly reported as measured in
MIMO channel sounders by pegtocessing the switched beams emitted from each element in turn,
[104], [105], [106]. Depending on the end application ahdhannel reciprocitys applicable AoD

may be used as a proxy for A@ the same side of the link it is more convenientio measure

When using separate mmWave oscillators at the TX and RX sides of a sounder, frequency drift and
phase drift can be a problem. Many systems use the GPS 1PPS as a time synchronisation, benefitting
from the precision of GP&omic clockiming. However, this may not be possible indgevith poor

GPS receptionWhen long duration tests are needed (such as for sequential beam switching in
channel sounding) mechanisms to compensate for the phase drift are important research topics. A
technique to compensate thiease drift in an LO in a channel sounder used in angular measurements
at mmWave over a long run of tests is present¢tidii]. An advantage of the TMA architecture here

is that multiple beams are transmitted at once, which will reduce the scan time requsedeaiude

or remove the need feuchcarrierphase drift correction.

The number of active elements in the TMA defines the available sounding angular range and the
actual angle of emission for each TMA harmonic be@imulations of gample beam locations
illustrating this effecre shown irFigure23 - Figure25.
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TMA 6 element beam pattern for channel illumination
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Figure23. TX TMAimulation ofharmonic beam angular positisfior a 6-element array.

TMA 8 element beam pattern for channel illumination
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Figure24. TX TMAimulation ofharmonic beam angular positisfior an8-element array.

TMA 16 element beam pattern for channel illumination
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Figure25. TX TMAimulation ofharmonic beam angular positisifior a 16-element array.
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Since the TMA array is constructed of R&itches(or equivalent circuit functionsijt is easy to
dynamically select the actual numberactiveradiating elementsy enabling or disabling groups of

switches and hence control the position of the harmonic beams as refpriegarticular sounding
scenario.

In Paper 6], asingle modulated TX PRBS signal is generated by the TX GDRDALM Pluto)
and the TMAhardwarehen converts this to a set of harmonic bedPaper6 [6] additionally
identifies the necessary relationship between the PRBS modstatadingsignal BW and the TMA
frame frequencyp. Theinitial TX spectrum for the PRBS modulated carpeior to application to
the TMA RF inputis shown inFigure26 and the unmodulated TMA TX signals (showiRiglA CW
harmonic beams} seerin Figure27, clearly showing the need to managesbendemodulation
BW.
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Figure26. PRBS modulated signal used in channel soundisgpplied to TMAput.
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Figure27. TMA spectral emission with CW carrier appfjemte theexpectecharmonic beam spacing ofMHz.

When the input PRBS modulat&dB GHz carrier is applied to the TMA, ttaesired TX sounding
beams are produceBixamplespectrum analyseraptured emission spectia two different
omnidirectionaRX antenna locationsre shownn Figure28, showing illustrative differences oD
beam powerthat could be resolved by a sounding.RX
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Figure28. TMA spectral emission with PRBS modulated capiglied- illustrative exampls for 2differentRXantenna
locationsshowing the difference in RX begawersthat would represent AoD powers

Similar toPaper 11], a correlatiorbetween the RX signal anlde known TX PRBS is used to
resolvethe time domaimlelays but now on each bearA relatedkey aspect in tls paper is the
demonstration of the frequency offg¢mhplicitly applied to each soundingX bean) due to
harmonicsof the TMA frame frequenckp beingcorrectlyhandlel. This effect isaccommodateah
the sounding receivday it correlating againdhe PRBSrotatingat anlF offsetof eachmultiple of the
harmonic frequencip (i.e. specific to each beam)

Themulti-beamsoundingalgorithm concept waisitially testedusing aMatlab simulation using a
testchannel that applies specifieddelay andamplitudescaling toeachof the TMA harmonicbeams

The simulation settings used ateownin Table2 and he CObeamRX power was set t€60 dBm.

The simulation thus creates a scenario with user configurable delay and amplitude scaling for the
propagation channel that is carrying each of the 7 TMA be@@$ C3n). This allows the
algorithmés ability to i nodse ppeornmdee rotbérdemaontsestasl yv e

Table2. TMAAOD testsimulation settings.

Beam | Beam amplitudeapplied by test channel(dB) | Beamdelay applied by test channelps)
co 0 30
Cilp -2 40
Cin -4 50
C2p -6 60
C2n -8 70
C3p -10 80
C3n -12 90

In all casesheRX TMA sounderalgorithmcorrectlyextracs the composite delaghanneimpulses
for all the beamsasshownin Figure29, andextrackce ac h i ndi vi du a bhowniea mé s
Figure30 - Figure36 (compared to simulation setup definedable2).
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Figure29. Examplesimulation ofextracted beam delaysnd powersshowing each bearhas beeruniquelyresolved. (Here
the applied signal was a 1& incrementapath delay and 21B incrementapath attenuation.)
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Figure31. Examplesimulation ofextracted @p beam delay.
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Figure32. Examplesimulation ofextracted C1n beam delay.
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Figure34. Examplesimulation ofextracted C2n beam delay.
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Figure35. Examplesimulation ofextracted C3p beam delay.
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Figure36. Examplesimulation ofextracted C3n beam delay.

Theworkin Paper §6] is the firstdemonstration of th&X TMA in amulti-beamchannelsounder
concept The results for the measured indoor channels show reasonable agredmdrARtB.1238
12 PL modelsfurtherconfirmingthe usefulness of the approach
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Thetime domairresolution forthe beam power delay profileustimately defined by thesampling
rate of theSDR (which limits the sounding PRBS bit rat)d the switching speed of th&X TMAOG s
RF switcheqwhich limitsFp). In the current hardware the limiting factor is the RF sw(fatalog
DevicesHMC7992). Future versionof the systenshouldexploreusing faster RF switcheand
potentiallyafaster sampling SDRo enable improvethdoor soundingvith nano secondelays as
commonlyrequired and repted by others

However, arimportant contribution oPaper6 [6] is the demonstration thtte systentan resolve
delaysbetweerharmonic beams that are less than the theoretical limit imposed for detecting a delay
on a single bearue to correlation ahe PBRS bit periad

The use of the TMA in this new sounding concept allows a channel to be assesséipia discrete
angles of departure at the same instant in time (thus providing tempeaaliremertoherence)
This may allow certain tim@&ependent characteristics of a channel to be capturecbilidt
otherwise be missed when scannirgpandingoeam.

4. 6. 1.AoD Angular Spread Measurementfrom the TX TMA Sounder

In Paper 6], indoor testing was performed in a Café ar@baidor area, to show the applicability
of the TMA in soundingealchannelsas illustrated ifrigure38. Angular Spread (AS) assessments
have subsequently been performed on the measured data and are now presentedsedhion.

e <
Figure37. Example test sites froffafé scenario (left) and Corridor scenario (righg)seen fronexampleRX SDR locations.

An AS calculation isusually applied to the angularly resolvetlltipathcomponents resulting from a
sounding runThis couldinsteadbe inferred from sweeping a narrow beam at the TX orIR¥e
TMA system, the sounder is illuminating a channedemeraldefined beam directiorall at once
Thesediscretebeamscould be considered ésome ofthe MPC paths that would exist if an
omnidirectional TX antenna were usédtherefore, a limited calculation of the channel AS can be
performed using the TMAounekr system aslemonstrated

The RMS AS calculatiofor the TMA soundeuses the method described in SectioB. 3 The

resulting RMS AS for the Café scenario as describ&ajer6 [6] is shown inFigure38. As seen in
thePaper,most ofthe MPCs in the measurements apmeéncidentin time for a given pointing

angle, sincenostreflection delays were generally below the measurement resolution of the system.
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Figure38. Calculated REIAS for Café scenario (TX array rotatedteps for each TMA runonstant distance to RX).

Figure38 shows that AS is a minimum when the TX array is pointing directly at théo&Xends to
increase as the TX arraypiysicallyrotated awaygossibly due tanore opportunity for illumination
of adjacent reflecting surfacaad a less dominant LoS beam

The resulting RMS AS for the Corridor scenario as described in the paper is sHeigureB89.
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Figure39. Calculated REBAS forCorridorscenaria(TX array pointed at RX and only distaisoearied)

In the corridor scenario, the AS varies little over1Bé 40 m test rang€likely due to theT X array
always pointing directly at the RX). Howevarmore notablé&hough still smallyariation is seen at

50 m This small change corresponds to a locatiberethe mobile RX was moving from a region
with only an adjacerttrick wall asthe suspected main source of reflectigiosa regionnow also
including adjacent structures of tiearbyCafé building. The AS also appears to be increasing after
60 m.

Both the above graphs show the applicability of the TMA for (at least) indicative AS measurements.
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AS usually does not consider MPC del@ze novelfeature of the TMAso u n d abilitypts resolve
the delay between thermonicbeams could be used to extract @Sa function of path delaywhen

multiple beamMPCsare resolved. This could lead taet ofgrapls for AS vs delay all from a single
measurement run
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Abstract: Propagation research is vitdbr informing the design ofeliable VHF and UHF communicatiosgstems for the
Internet of Things (loT). In this papea costeffective and highly portable system is proposed and then used to obtain
propagation measurements in city ansuburban scenarios at 7MHz and 869.52B81Hz. The system calculates the
received power, powedelay profile and channel frequency responsghe portable sounding receiver uses readily
available parts:ian RTESDR (covering 27 MHZz1.7 GHz) and Raspberry Pi with touchscreen. The Piimplements all the
channel sounding signal processing algorithms in Python, in neartiea. Extracted propagation data and models are
presented, from example city and suburbdield trials incorporating pedestrian and car use

1. Introduction

Industrial and commercial interest and application of
the Internet of Things (loT) continues to grow, wiibth
standardsbased solutions anmhultiple proprietary systems
jockeying for adoption. Emerging systems include-NB
and al so 80 2[1]1ad weh as fihEdanimerciad
LoRa[2] and Sigfox[3] systemsEven though systems are
being brought to market, there still exist many fundamental
research opportuniti€fer antennas and propagatjon 0T
specificuse casesThere is also a need for praelisystems
to evaluate propagation performance and link budgets, for
commercial applications and also for use in student teaching
A particular area ofraluable research involves lomgnge
RF systems that are very low power and low cost, possibly
powered by coin cells (e.g. CR2032) aswpporting high
reliability usecases, with multyear life expectancy. Such
devices could serydor examplejn connecting future city
infrastructure or ubiquitous social care and healthcare
systems

VHF spectrum at 558 MHz, 70.571.5 MHz and
80.081.5MHz has been promoted by Ofcom in thK €br
use in loT applications [4In the EU, Short Range Devices
(SRD) spectrunin 863870 MHz is widely employed for
generic radio systems [8hd is where many commercial EU
0T systems currently operaf€his is comparable to the 915
MHz Industrial Scientific & Medical spectrum widely used
in the USA and Oceania.

Future highreliability and novel 10T radio systems
may exploit multiple RF bands as well as reconfigurable
modulation and cognitive radio aspects. This all requires
fundamentalrealworld, understanding of the radio spectrum
occupancy and usagas well as propagation and noise floor
characteristics for the bands

To assist in the capture of loT VHF and UHF
propagation information, a lowost, portable and frequency

RTL-SDR and Raspberry Pi 3B {R) with touchscreerall
powered by a USB battery power pack. The RIDR
imposes a maximum RF captlrandwidth BW) of 2 MHz,

but this is considered sufficient faur 10T propagation
measurements since 10T radio systems for long range tend to
not use mulitmegahertRF BWs (often significantly less).

This paper continues in section 2 with a discussion of
IoT propagation; the channel sounding hardware used in
section 3; channel sounding algorithm design in section 4
and lab testing of the system in section 5. Section 6 presents
example measurements fromsmall scale city field trial
campaign, followed in section 7 with results from a suburban
measurement campaign. Section 8 presents models for the
extracted propagation path loss data, suitable for use in loT
link budgetsSedion 9 presents values folMS delay pread,
estimated from the field trial results.

The contributions of this paper are: 1) creation of a
novel, lowcost, portable, near reime channel sounding
platform, 2) development of efficient algorithms for
extracting the channel power delay profile and frequency
response, 3) usage of the system to obtain example
propagation data in suburban and city environments; leading
to simple propagation models for use in 10T system design.

2. VHF/ UHF Propagation and IoT Use Cases

The need forthe CSR system emerged frowur
desire to be able to understand and model the propagation in
various RF bands for specific use cases involving lamge
loT communications. These use cases could include discreet
bodyworn miniature transceivers used for medical data
telemetry and social care applications (fall detector alert
systems, Alzheimer patientonitoring etc).There are many
other emerging diverse applications for the IoT, including
control of industrial plant, city infrastructure arsart
agriculture [7].To be fully representative, the channel data

agile system has been created and is described in this paperShouldbe extracted inhe targeuse case (e.g. sitting, lying
The system consists of a fixed transmitter and a pedestrian fOr social care applicatiopswhich requires compact and

portable Channel Sounding Rée (CSR)[6]. The CSR
allows nearreattime capture and display of the channel

portablemeasuremene¢quipment. Such insight is valuable
for devising and creating novel future loT systems, which

response in operational environments, such as urban canyonsMay address umet use cases. The VHF and UHF spectrum

or remote rural locations. The CSR system is built using an

is particularly attractivefor long range communications,
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though antenna efficiency is often challengiMHF and

UHF propagation has been extensively studied over the years
for both commecial and military uses (e.g. [8]9], [10]).
There ha&e also been investigationinto short range
applications 11].

Previously reported VHF and UHF RMS delay
spreads have been observed to be typically in ranges of 100
ns to 2us at distances of up tokzn in various urban settings
[12],[13], [14], [15] though occasionally reachingss when
indooroutdoor transitions are includetl]. In contrast, the
delay spreads in mountainous regions at VHF have achieved
8 ps [13] to 30 ps [17]. Propagation from devices with
antennas near to ground, using VHF spectrum, has been —
shown to include significant path loss effects due to building . .
roof line knifeedge diffraction [18]. Fig. 1. RTLSDR & 70

Traditional path loss models focus on broadcast or
cellular systems so are not relevantrepresentative of the
use cases for loT. New research is now developing
propagation models for VHF systems that are close to ground
for short range outdoor applications [19], [7], [15] and
indooroutdoor transitions [20], but the need for a compact
and potable low cost CSR is clear, to provoke and enable
further research.

Short range communications research has shown that
multipath effects are less significant at VHF [19], [20] due
to the reduced size of scatterers compared to the wavelength
manifesting itself as propagation with low delay spread.

In a general RF communications systéns highly
desirable to use a symbol duration significantly longer than
the RMS delay spread, since channel equalisation can be
avoided. Such possible reductions of complexity are vital to
costeffective |0oT applications. Since reported RMS delay
spreadsre typically less than j2s thereforeimplies a 2Qus ) .
minimum symbol duration would be desirable Fig. 22 RTLSDR & 3.50 Touchscreen

The CSR system proposétthis papercan be used  antenna attached
to investigate and characterise propagation delay spread and_l_ h
channel conditions fany usecase in the field andlthough €
currently focused on 889IHz and 71MHz bands, could be
deployed to measure anywhere within the frequency range
of the RTLSDR andcompanion transmitter osignal
generator

Touchscreen CSI
869 MHz channel PDP and frequency response.

compl ete cost for the 3.
circa £85, making it extremely cesftfective for both
research in VHF/ UHF propagation and teaching
applications.Both CSRs areshown in operation ifrigs. 1
and 2.The use of a USB extension lead is important since it
allows the RTLSDR and its associated antennaégplaced
3. Channel Sounding Receiver Hardware optimally for the propagation trifand alsq help; separate it
) ) ) from sources of Rinterference in the fRi. Ferrite clamps

The channel sounding system consists of a transmitter ;n, poth the USB cable and RG316 coax were alsodidan

and receiver. The transmittes either an RF vector signal e essential: further reducing interference from tHei Bat

generator or a dedicated companion channel sounding can otherwise desensitise the REDR, particularly at 71
transmitter (both are operated at a fixed location). The \Hz.

Channel Sounding Receiver (CSR) is highly portable and
incorporates a display for channel impulBewer Delay 4. Channel Sounding Algorithm

Profile (PDP)and frequency response. In the tests presented - i . . :
( R d y resp P Thetransmitting signal generator is used to illuminate

here an Agilent E4437B signal generator is used as the TX the channel with a known BPSkodulated Pseudo Random

signal source, loaded with waveform files created to suit the . .
CSR. A dedicated companion transmitter has also been !3|nary Sequence (PRBS). The same PRBS sequence is used

created and demonstrated atVtiz, which is the subject of in the CSR to perform a correlation against the received

future papersThe hardware used to make the CSR consists signal and thus e>_<tr_act the channel response. The CSR
of-- pap performs all the Digital Signal Processing (DSP) on the

A Raspberry Pi 3B captured Q data waveforms usingython and is able to

A Raspberry Pi 76 or 3.50 t§i3ylbeeaged lige domanand frequencialo
A NooElec RTL-SDR with 0.5ppmreference oscillator plots to the user in neaeal time(under 5 seconds).
A 5.4 Ahr portable USB battery pack
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4.1 PRBS M-Sequence Selection convolution (matched filter) approach that is employetién
CSR, described in (2).
The system uses a PRBS(511 bit) Maximum

length (M) sequence, providiryprocessing gain of 21B. 6 "00CYQT0"Q (2)
The PRBS Msequence isoded intathe CSR in advance of
the soundingactivity, which avoids the need for any In(2),H(f) andG(f) are the Fourier transforms of time series
spreading code acquisition stages prior to sounding and thush(n) and g(n) respectively and * denotes complex
reducing complexity. It is also beneficial to avait need conjugation.C is the resulting crossorrelation array of the
for any frequency acquisition stage after data capturther time series, resulting from the Inverse Fast Fourier
redudng complexity. Although the FPi is a capable  Transform (IFFT) operation. Python code in thePR
platform for code development and execution, the avoidance interfaces to the RTHSDR as well as implementing the
of the above stages helps minimise the processing time in theréquired DSP algorithms and thus providing nesattime
field. The need for carrier frequency acquisition can be Visualisation of the delay spread and frequency response of
avoided by recognising that if the phase rotation of the RX the propagation channel at a particular locatibme CSR
IQ data (due to frequency errors) is less than 180 degreesagorithm was written in Matlab and Python, allowing
over one complete PRBfame then BPSK signals can be Students to follow andnodify the code The RTL.SD R0 s
demodulated without error. The limiting relationship internal RX gain is set to 49B and configured to capture
between maximum PRBS frame length and overall samples representing 3@l PRBS frames, storing the
frequency error (composite of RX oscillator error and TX captured data to file for analysis. The CSR algorithm to be

carrier error) is shown in (1) described is based on a simplified version of those used in
[21], [22], 23}
“ 1Y (1) In the following descriptions, variables holding arrays

of samples are italicised and loold. Assume there ari
complex samples per received PRBS frame (PRBS sequence
length 511, oversampled by factor 2, Ns= 1022). The RX

data from the RTLSDR is partitioned into segments of
length N: rx_sequence_2[..2N], which facilitates robust
detection of at least one strong correlation peak, regardless
of time offset in the captured RX dataompared to the TX
PRBS The overall captured RX data file is theropessed

in 16 such segments, each of lenghthsamples, using the
following pseudealgorithm([6]:

In (1),"Y is the duration (seconds) of a single PRBS frame
and] is the overall frequency error (rad/s) at the RX
Intermediate Frequency (IF). The wecstse frequency
errors are 0.5 ppm for the RTEDR and 1ppm for the
ESG443B TX signal generatorThe RTL-SDR is capable

of sampling 1Q data at Rlsample/s, which would provide a
direct conversion captured RF BW at the carrier tMi2z.

To obtain the maximum channel temporal detail requires
maximum illuminated BW, so a BPSK Ioite of 1Mb/s was
chosen, thusccupyingthe 2MHz IF BW to the first sinc
nulls. Clocking tle PRBS symbols at Mb/s and applying
(1) predicts the CSR should tolerate IF frequency ewbrs
up to 978Hz. To achieve this lontgrm would require GRS
lock of the TX signal generatoand CSR, which is
inconvenient. The RTASDR uses an internal temperature
compensated crystal oscillator and the ESG4437B has a
temperature controlled oven, so perceivdrier drift is
minimal in practice, which allows the considerable
simplification of applying a experimentally determined
carrier ofet correction to the TX signathis ensurs that

the overall error at the CSR [ manually controlled to

1. Since the FFT input data must be periodic in time
and the RX data is processed in lengthshftBe
TX correlation sequence of length(for matched
filtering) must be extended with zeros to length
2N: tx_sequences concatenate PRBS, zerog\)]
Compute the FFT of the time domain TX
sequenceT = FFT(tx_sequencg This can be
calculated in advance since it is fixed.
3. Select segmerK in turn (0..15) of lengti2N
samples from the captured RX datadata
rx_sequence 2N rx_datgdK2N : (K+1)2N-1]

N

below 978Hz. The ESG443B internal reference has proven 4. sc,:eognr]]?;rtl(taRtieFiﬁ'Irg{;hegTeen?:gm;pl\ln RX
to be very stable after warming upgnce this initial 5. Compute the conjug_ate of the f?equency domain

correction approach has proven acceptable for the duration

. representation of receiv :
of all measurement campaigns so far. epresentation of received data

Rconj= conjugateR)

6. Compute the delay profile for segmétby
elememwise multiplyingRconj& T and then
taking inverse FFTtime_response

The CSR6s main task is to 6'?5?@%””% a for rel ati on
between the received IQ data and the known TX PRBS 7. 'Finally, compute the delay profile magnitude of
sequence. This correlation can be performed in the time segmenk: time_response_mag

domain, but this is not computationally efficiedt more abs(ime_responsg

computationally efficient alternative is to perform the

correlation of the two signals via the frequency doma2irj, [ h The time domain ssmfplﬁs ﬁirr::e_response_rr)agre inal
[22], [23] using convolution and then return the result back €N summed across each of the K frames, producing a single

to the time domain. It is this Fast Fourier Transform circular 2@y for the compositeower Delay Profile (PDREsponse

4.2 Correlation Technique in Channel Sounding
Receiver
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of the channel at the measurement location. The magnitude with 1 randomreflectiondelay. The CSR was then used to
responsef the 16 framess used for combination since the  extract the impulse response from the resulting composite
impulses have a phase rotation, due to IF errors, which cansignal. Since the signal generator and TX sounder were not
otherwisereduce the combined SNR. Additionally, an FFT synchronised, the time separation betweempulses is

of thetime_responsearray contais the frequency domain random for each test. Fig.shows theCSR capturednpulse
response of the channel for tikgh frame (bins 1N for responsdor the 2 equal amplitudeignals resolved at 53is
positive spectrum above carrier and biNs1..2N for apart With the two signalsat the same level, significant
negative spectrum below RX carrier). Similar to the time spectral nullingoccurs as would be expected. &mulls are
domain response, the magnitude of the 16 frequencyitiom  visible inFig. 4h with 18.5kHz spacing which agrees well
responses can then be summed to produce a compositewith the expected 18.9 kHz due to a reflection delay of 53 ps

channel frequency response for the @S®cation and also with the results of Fig 3.
The sinc response of the BPSK sigisdimposed on
the RX channel spectrunrequiring steps be takento e rec S8 pet o, 2enpel Frequency Raspones

equalise itThe RTL-SDR was also found to add further ron

-10
linearity as a function of RX signal level. Thus, amplitude ‘

equalisation was required to address both issties BPSK g | [ m.10 "‘ {‘ I
frequency domain response, for use in equalisaadter - ‘ 0] | | L |
inversior), at FFT binx out of N is given by (3) 401,,‘” b m,'“ | J ‘ (]
’ 100 200 300 400 500 2 i 0 0.1 0.2
‘ IR ol delay, us MHz
|| ”“”“- Vet ® Vi QS—(,O (3) ay b

Fig. 3. Channel response with 1 simulated reflection at

From lab characterisation of the R-BDR, exponent is 53us delay, from a 100 us primary sign&) PDP, (b
selected based on the magnitude of the maximum time Frgquencyy;esponse with L118 ngz r)wlull gpf&?ng ®)

domain RX signal correlation peakp, using (4) or (4b)

é T[& L} ’[6 I:.l T@ (I.I: Cp<4500 (4a) o Channel mpuls}e Res:pcns 10 1 ChannelFr‘eqL:len:cy I:leszponse. -
¢ mrdlon p yif Cp>4500 (4b) 0 M‘ 7777777777 JH 77777
_5 T 1 ‘H‘ ! 1
Cpis the maximum value seentime_response_magrray ‘i W 1 ‘ ‘H \| ‘I \I‘ \I‘{ '
and alsodirectly represents the RX RF power at the test :sr l "‘ ”‘ !J‘ \U &
location. The conversion of the correlation peak v&pdo . I \ | I l J
an equivalent RF RX power is performed using (5). G {
'Yd)h é L') 'Q)‘IT‘t I Q'j h p UﬂDdBm (5) 100 20:E|ay 3?‘0 :400 500 776‘2;0‘1%0‘1&0,053‘,20 0‘0‘5 O“lD 0.15 0.20
a b

Fig. 4. Channel responsir cabled emulation system, both
signals at-95 dBm (a) PDP, (b) Frequency response with
18.5 kHz null spacing

The conversion offset value €f59.8 dBm in (5) was found
experimentally during lab calibration and represents the
composite gains of the RTEDR hardware and cable losses.

Channel Frequency Response

5. Testing of the Channel Sounding System op——nannembue Resbonse 10

Prior to field use of the sounding system,itas
subject to performance testing and calibration. Tests using a
simulation model of a reflective channel were performed -20
first, to validatethe CSR algorithms. The simulated channel %
consisted of a primary ray with 1 reflection of delay 53 us
and with the same amplitude. The correctly extracted
impulse response is presented in Fig. 3a with a primary dh : L
signal visible at 100 ps offset and 1 reflectinith path delta oo s wer e 2bIiSOI00s 00 005 610 015 a0
of 53 ps. Fig. 3b shows the corresponding fregyen de';’“ b
response of the simulated channel. A 53 ps delay in the

channel model should present itself as spectral peaks andFig' 5. Channel responséor emulation system: signal
nulls with a period of 18.9 kHz and this matches well with generator at105 dBm & sounder TX a95dBm.(a) PDP,
Fig. 3b. (b) Close up of frequency response

The abilityof the CSRo resolve emulated reflections
was alsotested.Here, the ESG4437Broducedt he CSRO& s
PRBS modulated BPSK signal and the signal facsaparate
(unsynchronised)/HF channelsounding transmitter were
attenuated and then combinerkpresenting a primary path

=10

-30
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Channel Frequency Response Channel Impulse Response oChannel Frequency Response
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_____________________________

Channel Impulse Response
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delay, us MHz
a b a b

Fig. 6. Channel response for emulation system: signal
generator at115 dBm & sounder TX a®5 dBm.(a) PDP,
(b) Frequency response

Fig. 7. 71 MHz Conducted channel responsg0¢Bm).
(a) PDP, (b) Frequency response

Channel Impulse Response oChannel Frequency Response

0

As the relative level of the emulatedflection 10 -5
decreases, the passband ripple in the channel response als o
decreasegsas expectedwith an emulatedreflection of -10 -20 i
dB, Fig. 5b showgirca 6dB of ripple. As a final reflection 1 }-15
emulation test, the emulated path amplitude difference was ~*° 20
increased to 2@B, resulting in thémpulse response shown a0
in Fig. 6. The resulting channel response has circa 3 dB of WWWWW 25

-30

passband ripple and the spectral nulls are now 15.5 kHz apart -so}

. . 100 200 300 400 500 -0.5 0.0 0.5
which agrees well with the expected 15.4 kHz due to the 65 delay, us MTJZ
a

s reflection delay )
Overall, the above results show that the CSR system Fig: 8. 869 MHz Conducted channel responsddBm).

is working as expected. Note that in all ime domain PDP (&) PDP, (b) Frequency response

figures, the absolute time delay of the primary correlation L )
peak is random, due to the random initiaskquence Thelabmeasured conducted sensitivity of the CSR is

alignments between the TX ar@SR RX.The CSR RX -125dBm at 71IMHz and-130dBm at 869.52%Hz, both

power measuring accuracy was tested with conducted signalsfor adisplayedl0dB correlation peak to noise ratio
prior to use in the field. Table 1 presents the results of the

CSR calculating the RX power, using (5).

Table 1CSR RX Power Test

Conducted RF RX

CSR detected

CSR detected

City Field Trials

One of the main purposes of the CSR is to facilitate
rapid measurements of channel response and path loss in
portable andnobile usecases. The frequencies investigated
were centred on 7MHz and 869.52%1Hz, representing the

power at 71 or 869  powerat71  power at 869 two loT bands of interesfTo support pedestrian portable

MHz MHz MHz field tests, a commercial 86BIHz sleeved dipole whip

(dBm) (dBm) (dBm) antenna ana custom 71IMHz loop antenna were used, as

shown inFig. 9. For each case, the CSR test antenna was

-80 -75 -76 held at armés |l ength and wi
-90 -87 -87 approxmat el y at the o.peratords h
-100 -99 -100 Initial field trials of the CSR in a pedestrian mobile

-110 -109 -110 test route through Sheffield city centrg63°26 59, 0

-120 -121 -122 1 A2 8 6 4pboduded early results select examples of

-130 -131 -131 which are reported in this sectidfhe TXmodulatedsource

When a conducted signal without a reflections is
received, the CSR is expectedptoduce a flat channel
response and single correlation peak. This is confirmed for
both bands in Figs. 7 and 8, using a test signéd@iBm.

wasthe ESG4437Bignal generatofeedinga VHF folded
dipole, or UHF whipas appropriatdgothmounted on a first
floor office window.

The bespoke 7MMHz loop antenn&ada BW of circa
200kHz, whichsuperimposed its response onto the extracted
propagation channel response. The imposed BW limit can be
seen, for example, on Fig. 10@-his unwanted frequency
response could be modelled and equalised from the CSR
results, if required.)
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response suggests a sull ps delay spread, which is
plausible since no echo signal wasrseesolved in the time
domain Delay spread calculations based alh observed

PDPsare presented inestion 9.

Channel|

w

A

v
I i roes
0 100 200 300 400 00 -0.5 0.0 0.5

Fig. 9. Portable RX test antennas for 8881z (whip on left) delay, us Mtz
and 71MHz (loop on right). a b
Fig. 12. 869 MHz pedestrian mobile channel response (76

Channel

- Channel Frequency Response m). (a) PDP, (b) Frequency response

Channel Impulse Response N Channel Frequency Response
; T : ! ;

____________________________

i i i [
100 200 300 400 500
delay, us

a ) I R N W R
Fig. 10. 71MHz Channel impulse response (7. 0 e
(a) PDP, (b) Frequencyresponse (central peak due to a
antenna BW) Fig. 13. 869 MHz pedestrian mobile channel response (152

m). (a) PDP, (b) Frequency response

Channel Impulse Response

10 Channel Frequency Response 11,5800 © 40} pecim bl 10 Channel Frequency Response

,,,,,,,,,,,,,,,,,,,,

ATTATr i -1 5N NS
_3 i i

=0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20
MHz

i i i b
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delay, us

N . :
Fig. 11. 71MHz Channel impulse response (&) Fig. 14. Example interference observed in 71 MHz city tests.
(a) PDP, (b) Frequency response (@) MS2712E time domain (zero spairp) Close up of

Fig. 10 show an example channel impulse PDP and resulting frequency response from CSR

frequer_my response for measurements. at 71 MHz with the Fig. 13 shows a single broad null, again suggesting a
CSR circa 76 m from the TX source. Fig. 11 shthannel delay spread of significantly less than a 1 ps. As before, no
delay and frequency response for measurements at-a Nnon echo is seen with delay exceeding 1 ps. Most of the

"ne-Of-Sight street location circa 190 m from the sounder TX. measurements made during this test route showed a broad|y
Note the inband tone interference on the extracted channel f|at channel response.

frequency response of Fig 11b. Although the delay spreads in the WMHz and 869
Measurements were then taken on the same MHz examples are expected to be low (due to short

pedestrian mobile route incorporating the saeséocations distances), interesting channel frequency responses are still

using 869.523Hz. The UHF test antenna usesdas broad observed which can inbrm use case link budget design.

band, so gave negligible shaping to the recovered spectrum. gxtracted channepath loss modes using the data are
Fig. 12 shows an example channel responses extracted for gyresented in section 8

measurement location. The slope of the channel frequency
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During thecity tests, several locationseve noted The pedestrian mobile test routacorporateda
whereinterference was present (usually seen on the channel journey around the streets near the dwelling. Tisis case
frequency response). During a subsequent investigation could represent a userstalled loT system, with coverage
using a portable spectrum analyser (Anritsu Spectrum required around the immediate neighbourhood. The figures
Master MS2712E) and antennas, the presence of sources olpresentedin this sectionrepresentsome of thenotable
RF interference at various CSR fietdst locations was channel responses obtained, rather than an exhaustive
confirmed; with observedRX powers up to-100 dBm at collection TheactualBW of the 7AIMHz RX loop antenna
869.5 MHz and80 dBm at 71 MHz (measured in a 10 kHz is circa 200kHz and superimposes its response on the
BW). The interference was often elaborate and intermittent, measured channel response, as discussed in section 6.
presenting as both an increase in white noise as agell I n general, after account
additional random periodic events. A time domain example response, the propagation channel frequency response for the
from a site withonly periodic noise is shown in Fig 14a, as 71 MHz pedestrian mobile scenario was flaut with some
captured on the MS2712E and showing a periodicity of 40 exceptions which are now presented in Figs116The deep
ps. The equivalent channel response recovered by the CSRnull on the right of Figl6a and on the left of Fig. 16b are in
is shown in Fig 14b, displaying a frequency domain contrast with boosted signal on the other side of their
periodicity due to the same interference of circ&kB3, as respective plots (compared to the example reference
would expected given the time domain signal. The sources response seen in Fig. 10). This suggests both constructive
of the interference could include commercial and domestic and destructive signal combination is occurnmighin the
IT and lighting [24] systems as well as otlegitimate users observed frequency range, but with a delay spread that is
of the bands, such as EN 300 220 SRDs. much less than Ls. Fig. 17 shows a deep central null

According to the manufact(nulling out the 71 MHz fl otohp
869MHz whip antennas were 3 dBi and the gain of the interference.
71MHz dipole was 0 dBd. The bespoke 71 MHz loop Only one CSR test location provided an observable
antennabs gai n w22 dBjawithc a | a POPdefledtian (vatue20 dB). Thespectrum for this location
bandwidth of 135 kHz, using standard loop design was flat, as would be expected for such a weak reflection.
techniques [25]. The CSR system radiated power
measurement accuracy was evaluated during field tests with
antennas in operational positions; 4.5 m apart to approximate
a reflectionless Free Space Path Loss propagation scenario.
The conducted TX power fdang the specific TX antenna
was-50 dBm. In this closeange test configuration, the CSR
RX power was found to be within 1.2 dB of the expected
power for 71 MHz (loop optimally orientated towards
dipole), within 1.9 dB for the pedestrian 869 MHz system
and within 2 dB for both 71 MHz and 869 MHz car setups
thus confirming that the overall cascaded antenna gains and
system conversions are close to expectations and CSRFjg. 15. VHF TX antenna located at the first floor window
system operation is acceptable. of dwelling.

The 71 MHz loop antenna is directional (maximum
gain in the plane of the loop), so select propagation
measurements have been performed taking measurements T
with both 90 degree orientations at each location. s § :

0

Channel Frequency Response 10 Channel Frequency Response

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

7. Suburban Residential Field Trials -

aQ -10

Measurements were also performasbunda hilly ®
residential area of Sheffield5 3 A2 N 5 010A2 96 3!
incorporating mixed housing, trees and vegetation. Two
different measurement runs were executed: pedestrian

=15

=20

mobile and car mobile. In both cases, the TX antennas were ~° =05 o o5 ) oS0 es
sited4.3 m above grounat the rear of a dwelling, providing a b

good RF illumination towardboththe city and residential  Fig. 16. 71 MHz pedestrian mobile channel response.
areasn the east of the city. (a) 198m(b) 314m, with interference

For tests at71 MHz, a vertically polarised dipole
antenna was mounted outside of the dwelfingting the TX,
asshownin Fig. 15.During UHF soundings, the VHF dipole
was removed and replaced walJHF sleeved dipolevhip
antenna.

7.1 Pedestrian mobile
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Fig. 17. 71 MHz pedestrian mobile channel response (414
m), with interference.

Fig. 18. 869 MHz pedestrian mobile channel response (107
m).

Measurements were also taken at 869.5R%z on
the samepedestriartestroute. Fig. 18 shows a pronounced

fade near the band centre and what could be the start of

second nulls at +/1 MHz. However, at 869.525 MHz the
fading was generally flat across the observed spectrum,
though sometimes with shallow fades of depth 5dB.
Measurements were mafie direct path distances of
up to 500 m - with very few observable time domain
reflectionsexceedinghe 1 ps resolution, and those that were
present alwaybeingbelow-20 dB. This also manifests itself
with only a small number of locations presenting with
spectral nulls: operation at 71 MHz beingre susceptible
to such nulls.

7.2 Car mobile

For car mobile propagation measurements, a test
route was devised consisting o€iecuitousroute extending
radially to 5km from theTX, throughhilly, mixed suburban
areas. This could represent a use case where astaled

0T system is required to have coverage around a city region.

The CSRRX antennas for 869.525 MHz and 71 MHz were
quarter wavelength whips with magnetic mounts in the
centre of the car roof. The test route included various
elevations with respect to the TX site (differential hé&sgh
ranging from +83 m te50 m).

Figs. 1920 show notable channel responses obtained
at 71 MHz during the car test route. Fig. 19b shows the
recovered 71 MHz frequency response is notably flatter, due

A small number of CSR test locations did present
nonflat channel frequency responses, such as Fig. 21. As
with previous measurements, the dimensions of the null
suggest a sulnicrosecond echo delay.

The same car route was then investigated at 869.525
MHz. The majority of spectra collected were either broadly
flat or showing only modest shaping due to reflections. For
example, Fig. 22 shows circa 5 dB of spectral slope across
the measured band wherddg. 23 has a slight null of depth
less than 5 dB.

There were some distant CSR RX locations providing
very good signal levels yet still showing no significant
reflections, for example Fig. 24. Adso seen in previous
tests, some locations did appear to suffer interference,
occasionally presenting as tones.

a b
Fig. 19. 71 MHz car mobile channel response (2187).
(a) PDP, (b) Frequency response

a b
Fig. 20. 71 MHz car mobile PDP.

(a) 4.05 km (b) 4.5 km (limit of CSR sensitivity)

a b

to the use of a broad band UHF whip antenna, rather than theFig. 21. 71 MHz car mobile channel response (418m).

loop. Figs. 1920 are typial of the VHF PDP and frequency
responses in showing broadly flat spectrum and no
resolvable reflections, to a 4 km range.

(a) PDP, withreflectionat -25 dB (b) Frequency response
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