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Popular science summary

Wireless communication is constantly evolving, more connectivity is needed
in more areas of society and the era of digitalisation has only begun. In the
beginning, wireless communication was mostly about connecting mobile phones
and hence, about connecting people. Nowadays it is about digitalising the
whole society and more about connecting things. In this work, two applications
of wireless systems are investigated: industrial automation and Internet-of-
Things.

To support these new applications, with their new requirements, new tech-
nologies are needed. Massive multiple-input multiple-output (MIMO) is one
technology, which has shown to improve the communication by using how ra-
dio signals propagate in a physical room. In massive MIMO, the number of
antennas at the base station side is increased. With this comes a number of
benefits such as an array gain, which can be used to increase the coverage, fa-
vourable propagation, making it easier to separate different users, and channel
hardening, which means that the system becomes more stable and reliable.

This thesis focuses on the question of how massive MIMO systems can be
used to make the communication more dependable, meaning that the commu-
nication needs to be reliable, available, and with sufficient coverage. The system
performance is influenced by the antenna array deployed, which in the next step
interacts with the channels. The channels, i.e., the medium between transmit-
ter and receiver, sets the limit of what performance that can be achieved by a
system. For the two applications, the channels are here investigated in several
environments, in different frequency bands, and with various antenna arrays.
These channels are measured, characterized, and models are provided.

Channel characteristics are different in different environments and therefore
targeted studies in the considered environments are needed to develop accur-
ate models that can be used to test and develop systems. The applications
considered here are:

� Industrial automation: Industrial environments usually have tall ma-
chinery and walls, which can be blocking the signals but are also causing
a lot of reflections. The environment is dynamic as robots and humans
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vi Popular science summary

are moving around in the factory and there is a risk of interference with
the manufacturing process itself if the wireless communication is blocked.

� Internet-of-Things: Here outdoor environments with networks de-
ployed to support remote monitoring services are considered. The users
are usually static but things in the environment can change as e.g. people
and cars pass by. The users are placed over a wide area and are battery-
powered with the goal to remain autonomous for a long time.

To conclude, the main findings are that it has been experimentally val-
idated that there is a prominent channel hardening effect in all investigated
frequency bands that makes the channel more stable, and distributed antenna
arrays can be deployed to reduce large-scale power variations, hence, further im-
proving reliability. Finally, massive MIMO is indeed an enabler of dependable
communication and can improve industrial automation and Internet-of-Things
networks.



Populärvetenskaplig
sammanfattning

Tr̊adlös kommunikation utvecklas ständigt, mer uppkoppling behövs inom fler
omr̊aden i samhället och digitaliseringens era har bara börjat. I början hand-
lade tr̊adlös kommunikation mest om att ansluta mobiltelefoner och därmed
om att koppla ihop människor. Numera handlar det om att digitalisera
hela samhället och mer om att koppla ihop saker. I detta arbete undersöks
tv̊a tillämpningar av tr̊adlösa system: industriell automation och Internet-of-
Things, eller sakernas internet.

För att stödja dessa nya applikationer, med deras nya krav, behövs ny
teknik. Massive multiple-input multiple-output (MIMO) är en teknik som
har visat sig förbättra kommunikationen genom att utnyttja hur radiosig-
naler sprids i ett fysiskt rum. I massive MIMO ökar antalet antenner p̊a
basstationssidan. Med detta följer en rad fördelar som till exempel en ar-
rayförstärkning, som kan användas för att förbättra täckningen, det är mer
gynnsam v̊agutbredning, vilket gör det lättare att separera olika användare,
och kanalhärdning, som gör systemet mer stabilt och p̊alitligt.

Denna avhandling fokuserar p̊a fr̊agan hur massive MIMO-system kan
användas för att göra kommunikationen mer p̊alitlig, vilket innebär att kom-
munikationen m̊aste vara tillförlitlig, tillgänglig och med tillräcklig täckning.
Systemets prestanda p̊averkas av antennuppsättningen, som i nästa steg in-
teragerar med kanalerna. Kanalerna, det vill säga mediet mellan sändare och
mottagare, sätter gränsen för vilken prestanda som kan uppn̊as av ett sys-
tem. För de tv̊a applikationerna, undersöks här kanalerna i flera miljöer, i
olika frekvensband och med olika antennuppsättningar. Dessa kanaler mäts,
karakteriseras och modeller presenteras.

Kanalegenskaper är olika i olika miljöer och därför behövs riktade studier i
relevanta miljöer för att kunna utveckla lämpliga modeller som kan användas
för att testa och utveckla system. De applikationer som behandlas här är:

� Industriell automation: Industriella miljöer har vanligtvis höga
maskiner och väggar, vilket kan blockera signalerna men som ocks̊a or-
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viii Populärvetenskaplig sammanfattning

sakar m̊anga reflektioner. Miljön är dynamisk d̊a robotar och människor
rör sig i fabriken och det finns risk för störningar i själva tillverknings-
processen om den tr̊adlösa kommunikationen blockeras.

� Internet-of-Things: Här undersöks utomhusmiljöer med nätverk ut-
placerade för att stödja fjärrövervakningstjänster. Användarna är oftast
statiska men saker i miljön kan förändras, som till exempel att människor
och bilar passerar. Användarna är placerade över ett stort omr̊ade och
är batteridrivna med m̊alet att förbli autonoma under l̊ang tid.

Sammanfattningsvis är de huvudsakliga resultaten att det har experi-
mentellt visats att det finns en framträdande kanalhärdande effekt i alla un-
dersökta frekvensband som gör kanalen mer stabil, och distribuerade anten-
nuppsättningar kan användas för att minska storskaliga effektvariationer,
därmed förbättras tillförlitligheten ytterligare. Slutligen är massive MIMO
en lösning för p̊alitlig kommunikation och kan förbättra industriell automation
och Internet-of-Things-nätverk.



Populair-wetenschappelijke
samenvatting

Draadloze communicatie evolueert voortdurend, er is meer connectiviteit nodig
voor diverse toepassingen van de samenleving: het tijdperk van digitalisering
is nog maar net begonnen. In het begin focuste draadloze communicatie vooral
op het verbinden van mobiele telefoons en dus over het verbinden van mensen.
Tegenwoordig is de ambities het om het digitaliseren van de hele samenleving te
ondersteunen en meer om het verbinden van dingen. In dit werk worden twee
toepassingen van draadloze systemen onderzocht: industriële automatisering
en Internet-of-Things.

Om deze nieuwe toepassingen, met hun nieuwe eisen, te ondersteunen, zijn
nieuwe technologieën nodig. Massive multiple-input multiple-output (MIMO)
is een technologie waarvan is aangetoond dat deze de communicatie verbetert
door in te spelen op hoe radiosignalen zich voortplanten in een fysieke ruimte.
Bij massive MIMO rust men het basisstation uit met een groot aantal antennes.
Dit brengt verschillende voordelen met zich mee, zoals een winst, waardoor
het bereik kan worden vergroot, gunstige propagatie, waardoor het makkelijker
wordt om verschillende gebruikers te onderscheiden, en kanaalverharding waar-
door het systeem stabieler en betrouwbaarder wordt.

Dit proefschrift richt zich op de vraag hoe massive MIMO-systemen kunnen
worden gebruikt om de communicatie betrouwbaar te maken, wat inhoudt dat
de communicatie robuust en beschikbaar moet zijn. De systeemprestaties
worden bëınvloed door het gebruik van een antenne-array, die in de volgende
stap samenwerkt met de kanalen. De kanalen, d.w.z. het medium tussen zender
en ontvanger, bepalen de grens van de prestatie die een systeem kan bereiken.
Voor de twee toepassingen worden de kanalen hier onderzocht in verschillende
omgevingen, in verschillende frequentiebanden en met verschillende antenne-
arrays. Deze kanalen worden hier gemeten, gekarakteriseerd en er worden mod-
ellen ontwikkeld.

Kanaalkenmerken zijn verschillend in verschillende omgevingen en daarom
zijn gerichte studies in de beschouwde omgevingen nodig om nauwkeurige mod-
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ellen te ontwikkelen die kunnen worden gebruikt om systemen te testen en te
ontwikkelen. De hier beschouwde toepassingen zijn:

� Industriële automatisering: Industriële omgevingen hebben meestal
hoge machines en muren, die de signalen kunnen blokkeren maar ook
veel reflecties veroorzaken. De omgeving is dynamisch omdat robots en
mensen zich in de fabriek bewegen en er is een risico op interferentie met
het productieproces zelf als de draadloze communicatie is geblokkeerd.

� Internet-of-Things: Hier wordt gekeken naar buitenomgevingen met
netwerken om remote monitoring services te ondersteunen. De gecon-
necteerde toestellen zijn meestal statisch, maar omstandigheden in de
omgeving kunnen veranderen, zoals b.v. mensen en auto’s passeren. De
toestellen kunnen op grote afstand gëınstalleerd worden, werken op bat-
terijen, en dienen lange tijd autonoom te kunnen werken.

Concluderend, zijn de belangrijkste bevindingen dat experimenteel geval-
ideerd werd dat er een prominent kanaalverhardend effect is in alle on-
derzochte frequentiebanden dat het kanaal stabieler maakt, en dat gedis-
tribueerde antenne-arrays kunnen worden ingezet om grootschalige vermogens-
variaties te verminderen, waardoor de betrouwbaarheid verder wordt verbeterd.
Ten slotte is massive MIMO inderdaad een technologie die betrouwbare com-
municatie mogelijk maakt en industriële automatisering en Internet-of-Things-
netwerken kan verbeteren.



Abstract

Cellular communication is constantly evolving; currently 5G systems are be-
ing deployed and research towards 6G is ongoing. Three use cases have been
discussed as enhanced mobile broadband (eMBB), massive machine-type com-
munication (mMTC), and ultra-reliable low-latency communication (URLLC).
To fulfill the requirements of these use cases, new technologies are needed and
one enabler is massive multiple-input multiple-output (MIMO). By increasing
the number of antennas at the base station side, data rates can be increased,
more users can be served simultaneously, and there is a potential to improve
reliability. In addition, it is possible to achieve better coverage, improved en-
ergy efficiency, and low-complex user devices. The performance of any wireless
system is limited by the underlying channels. Massive MIMO channels have
shown several beneficial properties: the array gain stemming from the combin-
ing of the signals from the many antennas, improved user separation due to
favourable propagation – where the user channels become pair-wise orthogonal
– and the channel hardening effect, where the variations of channel gain de-
creases as the number of antennas increases. Previous theoretical works have
commonly assumed independent and identically distributed (i.i.d.) complex
Gaussian channels. However, in the first studies on massive MIMO channels, it
was shown that common outdoor and indoor environments are not that rich in
scattering, but that the channels are rather spatially correlated. To enable the
above use cases, investigations are needed for the targeted environments. This
thesis focuses on the benefits of deploying massive MIMO systems to achieve
dependable communication in a number of scenarios related to the use cases.
The first main area is the study of an industrial environment and aims at
characterizing and modeling massive MIMO channels to assess the possibility
of achieving the requirements of URLLC in a factory context. For example, a
unique fully distributed array is deployed with the aim to further exploit spatial
diversity. The other main area concerns massive MIMO at sub-GHz, a previ-
ously unexplored area. The channel characteristics when deploying a physically
very large array for IoT networks are explored. To conclude, massive MIMO
can indeed bring great advantages when trying to achieve dependable com-
munication. Although channels in regular indoor environments are not i.i.d.
complex Gaussian, the model can be justified in rich scattering industrial en-
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vironments. Due to massive MIMO, the small-scale fading effects are reduced
and when deploying a distributed array also the large-scale fading effects are
reduced. In the Internet-of-Things (IoT) scenario, the channel is not as rich
scattering. In this use case one can benefit from the array gain to extend cover-
age and improved energy efficiency, and diversity is gained due to the physically
large array.



Sammanfattning

Cellulär kommunikation utvecklas ständigt; för närvarande installeras 5G-
system och forskning kring 6G p̊ag̊ar. Tre användningsfall som diskuteras
är enhanced mobile broadband (eMBB), massive machine-type communica-
tion (mMTC) och ultra-reliable low-latency communication (URLLC). För att
uppfylla kraven i dessa användningsfall behövs ny teknik och en kandidat
är massive multiple-input multiple-output (MIMO). Genom att öka antalet
antenner p̊a basstationens sida kan datahastigheterna ökas, fler användare kan
betjänas samtidigt och det finns en potential att förbättra tillförlitligheten.
Dessutom är det möjligt att uppn̊a bättre täckning, förbättrad energieffekt-
ivitet och l̊agkomplexa användarenheter. Prestandan för alla tr̊adlösa system
begränsas av de underliggande kanalerna. Massive MIMO-kanaler har visat
flera fördelaktiga egenskaper: arrayförstärkning som kommer fr̊an kombina-
tionen av signalerna fr̊an de m̊anga antennerna, förbättrad användarseparation
p̊a grund av gynnsam v̊agutbredning – där användarkanalerna blir parvis orto-
gonala – och kanalhärdningseffekten, där variationerna av kanalstyrkan minskar
när antalet antenner ökar. Tidigare teoretiska arbeten har vanligtvis antagit
oberoende och identiskt distribuerade komplexa Gaussiska kanaler. I de första
studierna p̊a massive MIMO-kanaler visades det dock att vanliga utomhus- och
inomhusmiljöer inte är s̊a rika p̊a spridare, utan att kanalerna är rumsligt korrel-
erade. För att möjliggöra ovanst̊aende användningsfall behövs undersökningar
i relevanta miljöer. Denna avhandling fokuserar p̊a fördelarna med massive
MIMO-system för att uppn̊a p̊alitlig kommunikation i ett antal scenarier re-
laterade till användningsfallen. Det första huvudomr̊adet är en studie av en
industriell miljö som syftar till att karakterisera och modellera massive MIMO-
kanaler för att bedöma möjligheten att uppn̊a kraven för URLLC i en fab-
rikskontext. Till exempel används en unik fullt utspridd array i syfte att yt-
terligare utnyttja rumslig diversitet. Det andra huvudomr̊adet gäller massive
MIMO vid sub-GHz-frekvenser, ett tidigare outforskat omr̊ade. Kanalegenska-
perna när en använder en fysiskt mycket stor array för IoT-nätverk utforskas.
Sammanfattningsvis kan massive MIMO ge stora fördelar när en försöker uppn̊a
p̊alitlig kommunikation. Även om kanaler i vanliga inomhusmiljöer inte är ober-
oende och identiskt distribuerade komplexa Gaussiska kanaler, s̊a kan modellen
motiveras i industriella miljöer med rik spridning. Tack vare massive MIMO re-
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duceras de sm̊askaliga fädningseffekterna, och med en utspridd array reduceras
även de storskaliga fädningseffekterna. I scenariot Internet-of-Things (IoT) är
kanalen inte lika rik p̊a spridning. I detta användningsfall kan en dra nytta av
arrayförstärkningen för att utöka täckningen och förbättra energieffektiviteten,
samt diversitet f̊as p̊a grund av den fysiskt stora arrayen.



Beknopte samenvatting

Mobiele communicatie evolueert voortdurend; momenteel worden 5G syste-
men gëınstalleerd en is er onderzoek naar 6G aan de gang. 5G-systemen beo-
gen drie categorieën van toepassingen: enhanced mobile broadband (eMBB),
massive machine-type communication (mMTC) en ultra-reliable low-latency
Communications (URLLC). Massive multiple-input multiple-output (MIMO)
wordt aanzien als een essentiële technologie om aan de vereisten van deze
gebruiksscenario’s te kunnen voldoen. Door een zeerg groot aantal antennes
aan de basisstations te voorzien, kunnen de datasnelheden worden verhoogd,
kunnen meer gebruikers tegelijkertijd worden bediend, en is er een potentieel
om de betrouwbaarheid te verbeteren. Daarnaast zijn een groter bereik, ver-
beterde energie-efficiëntie, en eenvoudige gebruikersapparaten mogelijk. De
prestaties van elk draadloos systeem worden bepaald door de onderliggende
kanalen. Massive MIMO-kanalen vertonen verschillende gunstige eigenschap-
pen: array-versterking die voortkomt uit het combineren van de signalen van
de vele antennes, verbeterde mogelijkheden om gebruikers te onderscheiden
door gunstige propagatie – waarbij de gebruikerskanalen paarsgewijs ortho-
gonaal worden – en het effect waarbij het kanaal ’verhardt’, waarbij de vari-
aties in kanaalwinst afnemen naarmate het aantal antennes toeneemt. Eer-
dere theoretische werken gingen uit van onafhankelijke en identiek verdeelde
complexe Gaussische kanalen. In de eerste onderzoeken naar massive MIMO-
kanalen werd echter aangetoond dat typische buiten- en binnenomgevingen
niet zo rijk zijn aan verstrooiing, maar dat de kanalen eerder ruimtelijk ge-
correleerd zijn. Om de bovenstaande gebruiksscenario’s mogelijk te maken,
is onderzoek nodig naar de performantie van massive MIMO in de beoogde
omgevingen. Dit doctoraat focust zich op de voordelen van het inzetten van
massive MIMO-systemen om betrouwbare communicatie op te zetten voor toe-
passingen binnen de bovenstaande gebruiksscenario’s. De eerste focus is de
studie van een industriële omgeving die gericht is op het karakteriseren en
modelleren van massive MIMO-kanalen om de mogelijkheid te beoordelen om
aan de vereisten van URLLC in een fabriekscontext te kunnen voldoen. Zo
wordt een volledig gedistribueerde array ingezet met als doel de ruimtelijke
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diversiteit beter te benutten. Het tweede gebied van het onderzoek betreft
massive MIMO voor sub-GHz frequenties, een voorheen onontgonnen gebied,
waarin de kanaalkenmerken bij het inzetten van een fysiek grote array voor
IoT-netwerken worden bestudeerd. Er kan geconcludeerd worden dat massive
MIMO inderdaad grote voordelen kan bieden bij het streven naar betrouw-
bare communicatie. Hoewel kanalen in reguliere binnenomgevingen geen on-
afhankelijke en identiek verdeelde complexe Gaussische kanalen zijn, kan het
model worden gerechtvaardigd in rijke verstrooiende industriële omgevingen.
Door massive MIMO worden de kleinschalige fading-effecten sterk gemilderd,
en bij het inzetten van een gedistribueerde array ondervindt men ook minder
grootschalige fading-effecten. In het Internet-of-Things (IoT)-scenario is er
minder rijke verstrooing in het kanaal. Dankzij de fysiek grote array, kan men
in dit geval nog altijd profiteren van de array-versterking en diversiteit om het
bereik uit te breiden, de energie-efficiëntie te verbeteren, en de betrouwbaarheid
te verhogen.



Preface

This doctoral thesis consists of two parts. Part I gives an overview of the
research field and serves as an introduction to the main scientific work, which
is composed of six papers and presented in Part II. The papers are published
under my former last name and may be updated in (some) online resources in
the future. The following papers are included:

Paper I Sara Gunnarsson, Liesbet Van der Perre and Fredrik Tufvesson,
“Massive MIMO channels”, in Wiley 5G Ref, pp. 1–21, May 2020.

Personal contributions: I was leading the work on this overview
paper. I did the literature review and wrote the content.

Paper II Sara Gunnarsson, José Flordelis, Liesbet Van der Perre and
Fredrik Tufvesson, “Channel hardening in massive MIMO: Model
parameters and experimental assessment”, in IEEE Open Journal of
the Communications Society, vol. 1, pp. 501-512, Apr. 2020.

Personal contributions: I took the lead with the work on this
paper. I was planning and measuring with the LuMaMi testbed and
performed the simulations with the COST2100 channel model. To
be able to measure the channel with the LuMaMi testbed, I was
involved in implementing a real-time channel logging. I processed
the data and made most of the analysis as well as wrote the paper.

Paper III Sara Gunnarsson, Liesbet Van der Perre and Fredrik Tufvesson,
“Fading in reflective and heavily shadowed industrial environments
with large arrays”, submitted to IEEE Journal on Selected Areas in
Communications 2022.

Personal contributions: I took the lead with the work on this
paper. I was planning and measuring with the LuMaMi testbed. I
processed the data, made the analysis and wrote the content of the
paper.
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Paper IV Gilles Callebaut, Sara Gunnarsson, Andrea P Guevara, Fredrik
Tufvesson, Liesbet Van der Perre and Anders J Johansson, “Massive
MIMO goes Sub-GHz: Implementation and experimental exploration
for LPWANs”, in Proc. 54th Asilomar Conference on Signals,
Systems, and Computers (ASILOMAR), Pacific Grove, California,
U.S., Nov. 2020.

Personal contributions: I made the implementation of the
required changes on the KulMaMi testbed. I contributed to the
system design and planning of the measurements. I contributed to
the measurement campaign in Belgium but did most of it as remote
support due to the corona pandemic and provided instead detailed
manuals of how to operate the testbed. I contributed to the ideas
and wrote parts of the paper.

Paper V Gilles Callebaut, Sara Gunnarsson, Andrea P Guevara, Anders J
Johansson, Liesbet Van der Perre and Fredrik Tufvesson, “Experi-
mental exploration of unlicensed sub-GHz massive MIMO for massive
Internet-of-Things”, in IEEE Open Journal of the Communications
Society, vol. 2, pp. 2195-2204, Sep. 2021.

Personal contributions: I made the implementation of the
required changes on the KulMaMi testbed. I contributed to the
system design and planning of the measurements. I contributed to to
the measurement campaign in Belgium but did most of it as remote
support due to the corona pandemic aand provided instead detailed
manuals of how to operate the testbed. I contributed to the ideas
and wrote some of the sections in the paper.

Paper VI Sara Gunnarsson, MinKeun Chung, Andreas Johansson, Liang
Liu, Fredrik Tufvesson, Ove Edfors, Olof Zander, Zhinong Ying,
Kamal Samanta and Chris Clifton, “mmWave massive MIMO
in real propagation environment: Performance evaluation using
LuMaMi28GHz”, in Proc. 55th Asilomar Conference on Signals,
Systems, and Computers (ASILOMAR), Pacific Grove, California,
U.S., Nov. 2021.

Personal contributions: I took the lead with the work on this
paper. I planned and conducted the measurements. I also did the
data processing, analysis and wrote the paper.

During my PhD studies, I have also contributed to the following papers, which
are not included in the thesis:

� Sara Gunnarsson, Micaela Bortas, Yanxiang Huang, Cheng-Ming Chen Lies-
bet Van der Perre and Ove Edfors, “Lousy processing increases energy efficiency
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in massive MIMO systems”, in Proc. European Conference on Networks and
Communications (EuCNC), Oulu, Finland, June 2017.

� Laura Monteyne, Andrea P Guevara, Gilles Callebaut, Sara Gunnarsson,
Liesbet Van der Perre and Sofie Pollin, “Matrix pencil method: Angle of arrival
and channel estimation for a massive MIMO system”, in Proc. IEEE Interna-
tional Conference on Communications (ICC), Dublin, Ireland, June 2020.

� Michiel Sandra, Sara Gunnarsson, and Anders J Johansson, “Internet of
Buoys: An Internet of Things implementation at sea”, in Proc. 54th Asilomar
Conference on Signals, Systems, and Computers (ASILOMAR), Pacific Grove,
California, U.S., Nov. 2020.

� BR Manoj, Guoda Tian, Sara Gunnarsson, Fredrik Tufvesson and Erik G
Larsson, “Moving object classification with a sub-6 GHz massive MIMO array
using real data”, in Proc. IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), Toronto, Canada, June 2021.

� BR Manoj, Guoda Tian, Sara Gunnarsson, Fredrik Tufvesson and Erik
G Larsson, “Sensing and classification using massive MIMO: A tensor
decomposition-based approach”, in IEEE Wireless Communications Letters,
vol. 10, no. 12, pp. 2649-2653, Sep. 2021.

� MinKeun Chung, Liang Liu, Andreas Johansson, Sara Gunnarsson, Martin
Nilsson, Zhinong Ying, Olof Zander, Kamal Samanta, Chris Clifton, Toshiyuki
Koimori, Shinya Morita, Satoshi Taniguchi, Fredrik Tufvesson and Ove Ed-
fors, “LuMaMi28: Real-time millimeter-wave multi-user MIMO systems with
antenna selection”, submitted to IEEE Transactions on Wireless Communica-
tions.

� Emma Fitzgerald, Micha l Pióro, Harsh Tataria, Gilles Callebaut, Sara Gun-
narsson and Liesbet Van der Perre, “A light signalling approach to node group-
ing for massive MIMO IoT networks”, in Computers, vol. 11, no. 6, 98, June
2022.

Besides the above, I have also contributed to the following temporary docu-
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Overview of the research
field





Chapter 1

Introduction

This introduction starts with presenting the context and motivation of the
research conducted. Then the picture is narrowed down to the scope of this
thesis followed by the research questions investigated. Finally, the outline of
the thesis is presented.

1.1 Context and motivation

Since the first generation of mobile cellular networks introduced in the 1980s,
there has been a new generation released approximately every ten years. At the
moment, the standardization of the first releases of the fifth generation (5G)
[2] is completed and 5G systems are currently being deployed. In the research
community, efforts are in the direction towards the sixth generation (6G) [3].
With every generation, the requirements on data rates, reliability, latencies,
and number of connected devices are increasing.

To specify the stringent requirements, three main use cases for 5G
have been defined: enhanced mobile broadband (eMBB), ultra-reliable low-
latency communication (URLLC) [4], and massive machine-type communica-
tion (mMTC) [5]. Although much research efforts have been invested to realize
these use cases, many requirements remain unfulfilled and will hence continue
to be relevant when aiming towards the next generation of wireless cellular
technologies.

With 6G, new use cases are not as clearly defined yet but envisioned use
cases are holographic communication and applications requiring even higher
data rates, tactile and haptic applications (as a continuation of the URLLC
use case), connectivity for everything in society (as an evolution of mMTC),
and even internet of bio- or nanothings [3][6]. Considered technologies to realize
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Figure 1.1: The 5G use cases with applications, from [1].

6G networks are terahertz (THz) communications, ultra-massive MIMO, large
intelligent surfaces (LIS), artificial intelligence (AI), among others [6][7].

The first industrial revolution started due to mechanical production enabled
by e.g. steam-power. With the second industrial revolution mass production
started, powered by electricity and supported by assembly lines. The third
industrial revolution began with the automation of production supported by
computers and electronics, i.e., digitalization. The current ongoing industrial
revolution, Industry 4.0, is about robotics and cyber-physical systems, where
5G systems and beyond plays an important role [8][9][10]. Many of the require-
ments for Industry 4.0 are expressed in the URLLC use case [11], including
industrial Internet-of-Things (IoT) networks [12].

Two trends for smart manufacturing are more flexible production and more
autonomous operations with monitoring in order to improve productivity and
quality [13]. To increase the flexibility in the production, wireless solutions
are needed. A factory is often a very complex environment for wireless com-
munication. With high machinery blocking the signals, shadowing becomes a
prominent problem, and with robots and humans working together and moving
around, it is also a very dynamic environment. Often there is a time-critical pro-
cess to be executed and hence high reliability in combination with low latency
is a necessity. Industrial IoT networks also exhibit similar challenges, where
the sensors/devices could be located in difficult places with the task to monitor
the status of the machinery to provide information for maintenance or asset
tracking. There needs to be communication between robots, between robots
and sensors as well as between robots and the human factory operators [3].
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IoT networks are also to be deployed in other parts of the society and their
requirements often relates to the mMTC use case. The current trend of cellular
systems is that it is less about connecting people and more about connecting
things, in e.g. IoT networks. The devices in these networks need to be of low-
complexity and energy-efficient such that they can remain in operation without
human interaction for many years. They are also usually spread out over large
areas, in e.g. low-power wide-area networks (LPWANs), and hence coverage
is essential in order to monitor these remote devices. By deploying wireless
systems to enable the operation of these devices, a diverse set of applications
is possible.

To enable these networks and use cases, new technologies are needed. With
5G, the concept of massive multiple-input multiple-output (MIMO) became
an essential part of the standard. In massive MIMO systems, the number of
antennas is increased, which has proven to improve performance. Data rates
can be increased, reliability improved and more devices can be served in the
same time-frequency resource with limited interference. With more antennas
and signal processing at the base station side, the complexity requirements of
the user devices can be kept low, enabling low-power devices.

When increasing the number of antennas and coherently combining the
many antennas in massive MIMO systems, an array gain is achieved. This
array gain can be used to either extend the coverage or decrease the transmit
power. Furthermore, as the number of antennas increases, the experienced
channel variations decreases and the channel hardening effect appears, making
the system more reliable [14]. Another effect of increasing the number of
antennas is the increase in favourable propagation conditions, thus the user
separation is improved [15]. Hence massive MIMO has an essential role in future
cellular systems to fulfill the requirements of eMBB, URLLC, and mMTC, and
enabling industrial automation and IoT networks.

1.2 Scope

The scope of this thesis is about how to achieve reliable and efficient commu-
nication with massive MIMO, with focus on the channels. The targeted use
cases are primarily on the scale between URLLC and mMTC, in order to enable
applications such as industrial automation and IoT networks. The question is
how reliable communication can be achieved by exploiting the many antennas
in a massive MIMO system. Since this thesis focuses on the channels, invest-
igations include channel measurements, channel characterization, and channel
modeling.

The characteristics of massive MIMO channels are studied and an overview
of them are presented in Paper I. The focus of the paper is on the interaction
between the channel and the system. Throughout the work the influence of
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the number of antennas and how they are distributed is investigated. Channel
measurements have been designed and conducted in environments relevant for
the URLLC and mMTC use cases. To perform channel measurements, testbeds
have been extended so that the channels are stored for offline analysis and
such that sub-GHz channel measurements could be performed according to
regulations.

Much attention has been given to the channel hardening effect, which is
the main focus of Paper II. Specifically, investigations concerning how a rich
scattering environment is different from a typical outdoor scenario and how
the system is interacting with this rich scattering environment are performed.
Investigations of channel hardening are also included in the more scenario-
specific papers.

The industrial environment is quite complex from a propagation perspective
and needs to be explored. The mid-band channel characteristics in such an
environment are studied in Paper III. Shadowing can be severe as there is
usually many walls and tall machinery. This, however, also results in a very
rich scattering environment, being beneficial in terms of channel hardening. A
fully distributed array is also deployed and compared to a co-located array.
Indoor mmWave channel characteristics are studied in Paper VI.

For the IoT scenario, the effect of using a lower frequency is investigated in
Paper IV and Paper V. The influence of a (physically) large array is investigated
and sub-GHz massive MIMO channel characteristics are explored.

1.3 Research questions

Massive MIMO has been shown to bring great potential in earlier work for
typical indoor and outdoor environments. With future wireless systems, the re-
quirements are even more stringent in terms of reliability, latency, and massive
connectivity. Through channel measurements, characterization, and modeling,
this thesis aims to answer the following questions:

� How rich in scattering are different environments and how do the system
interact with these environments?

� What are the underlying propagation processes that affect channel
hardening in practical massive MIMO systems?

� How pronounced are massive MIMO channel characteristics in different
frequency bands and how can dependable communication be realized in
these bands?

� How are practical antenna arrays interacting with the channel and influ-
ence the system performance? Can more diversity be achieved by deploy-
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Figure 1.2: An overview of the thesis structure, including overview chapters and
paper collection.

ing a distributed array and how does that influence the overall system in
comparison to a co-located array?

� Is URLLC realizable in industrial environments? How is the system in-
teracting with a rich scattering and heavily shadowed environment?

� Can massive MIMO systems efficiently provide reliable communication
for LPWANs and IoT networks?

1.4 Thesis outline

This thesis consists of two parts. Part I presents an overview of the research
field and gives a context to the main research contributions. These contribu-
tions are detailed in the collection of articles in Part II, which are in different
ways targeting industrial automation and IoT scenarios. Fig. 1.2 presents the
outline of the thesis with the chapters in Part I in the middle, where also Pa-
per I is included, serving as the introduction to the rest of the included papers
in Part II.

In the overview, Chapter I, Introduction, presents the context and motiva-
tion, outlines the scope, and presents the research questions, and the structure
of this thesis. Chapter 2, on Massive MIMO systems, elaborates on the emer-
gence of massive MIMO and preceding wireless systems. It describes key con-
cepts of massive MIMO systems and what assumptions that are made about the
system in this work. This is followed by a discussion about the importance of
channel knowledge for system design. Moving on from the system perspective,
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Chapter 3 presents key concepts of Massive MIMO channels. Although much of
the content of this chapter is presented in the included paper “Massive MIMO
channels”, this chapter presents some more fundamentals on propagation and
channel characterization. Scenario-specific channels are outlined as well as on
the role of measurements for channel modeling.

To characterize and model massive MIMO channels, measuring them first is
required. Chapter 4 elaborates on Measuring massive MIMO channels. Start-
ing with an introduction of wireless channel measurements and testbeds in
general, it continues with explaining the equipment developed and used in the
included papers. Finally, the scenarios investigated in the included papers are
outlined.

Chapter 5, Contributions and conclusions, presents the research contribu-
tions and the general conclusions of this work before providing an outlook on
research directions to be pursued where this thesis ends.



Chapter 2

Massive MIMO systems

This chapter starts with an introduction to wireless systems in general. It con-
tinues with a more thorough description of massive MIMO systems and related
concepts. Lastly, the importance of channel knowledge for system design is
discussed.

2.1 Wireless systems

Wireless systems can be deployed as cellular networks where the area is di-
vided into cells, each having a base station serving near-by users. Currently
the technology 5G is being deployed, which, as its predecessors, is a cellular
network. IoT networks could also be cellular networks as e.g. narrow-band
(NB)-IoT [16].

IoT devices usually need to communicate efficiently over long ranges with
limited energy budgets. LoRa [16] and Sigfox [17] have been developed for
this purpose in unlicensed bands. These technologies operate in the unlicensed
sub-GHz band where devices are allowed to transmit provided that regulations,
concerning e.g. transmit power, bandwidth, and duty cycle, are respected. The
sub-GHz band offers better propagation conditions for long-range communic-
ation whereas the mid-band often used in mobile networks suffers from more
shadowing while having the benefit of being a licensed band and able to support
larger bandwidths to achieve higher throughput.

Higher throughput and higher capacity have always been desired for fu-
ture wireless systems. To increase the data rates and network capacity, mainly
three things are to be considered 1) cell densification 2) more frequency spec-
trum or 3) improved spectral efficiency [18]. In 5G, as in previous generations,
cells are made small where the traffic demands are high. 5G networks are
also using the mmWave band, i.e., using even higher carrier frequencies, where
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larger bandwidth is available, although with less favourable propagation condi-
tions. Furthermore, spectral efficiency is radically increased by e.g. deploying
multiple-antenna techniques, such as massive MIMO.

The received signal power varies with time, frequency, and space due to
so called small-scale fading caused by constructive and destructive super-
positioning of signals. These fluctuations in signal level are harmful for the
performance of the wireless system but can be combated by applying diversity
techniques in different domains. This under the assumption that different chan-
nels fade more or less independently, and hence that the different transmitted
signals can be combined in such a way that the received signal strength is
sufficient. In the time domain this can be done by e.g. adding redundancy
by coding, transmitting multiple copies in time and by interleaving the bits
to be sent. However, if low-latency is a requirement, then these alternatives
might not be viable options. Frequency diversity could also be exploited under
the assumption that different channels in frequency fade independently. Tech-
niques to this are, e.g., frequency hopping and orthogonal frequency-division
multiplexing (OFDM). Polarization diversity can also be exploited by using
the different polarization modes. The main focus of this thesis however, is to
exploit spatial diversity by deploying multiple antennas.

By using multiple antennas at both transmit and receive side in so called
MIMO systems, spatial diversity can be exploited and system performance
can be improved. MIMO technology is essential in many wireless systems and
are used in e.g. Wi-Fi and long term evolution (LTE) [19]. With multiple
antennas, diversity techniques can be exploited to combat fading assumed that
fairly independent fading can be experienced on the different antenna elements,
and then the variations of signal strength can be reduced. Depending on the
availability of channel state information (CSI), different diversity techniques
can be applied. Diversity techniques that can be used are selection diversity,
maximum ratio combining (MRC), and equal-gain-combining (EGC) [20]. In
case of full CSI, MRC can be utilized and the signal-to-noise ratio (SNR) is
with proper weights maximized as the signals from different antenna elements
are added up coherently in a desired direction [18]. The average signal strength
can also be improved by applying beamforming techniques, and hence getting
an array gain. Lastly, more data can be transmitted by dividing it into sub-
streams and sending multiple streams at the same time, each stream travelling
through different channels and can therefore be separated at the receiver side.
This is called spatial multiplexing.

MIMO systems have originally been deployed as single-user (SU)-MIMO
or multiple-user (MU)-MIMO. In SU-MIMO sytems, also called point-to-point
MIMO systems, one user at the time is served and multiple antennas are used
at both sides, requiring more complex user devices. In these systems, benefits
such as improved coverage due to the array gain, more reliable links due to the
decreased variations of signal strength, and higher data rates due to simultan-



Massive MIMO systems 11

eously transmitting several streams with the techniques outlined above can be
achieved.

In MU-MIMO systems, an antenna array serves several user devices in the
same time-frequency resource using spatial multiplexing. The same benefits as
mentioned for SU-MIMO systems can be obtained and further improvements
can be achieved in terms of system capacity. The challenge that needs to be
handled is interference between users, which requires channel knowledge [21].
To summarize, multiple antenna systems can bring great improvements in terms
of capacity, coverage, angular information and most important in this work:
reliability.

Taking the idea of MU-MIMO one step further, massive MIMO was in-
troduced by Thomas Marzetta in 2010 [22]. He proposed a cellular system
where a base station (BS) is simultaneously serving many single-antenna ter-
minals in the same time-frequency resource. When going to massive MIMO,
the number of base station antennas is increased even further, possibly even
into the hundreds [23]–[26]. The BSs with these large arrays are to serve even
more (although typically smaller than the number of antennas) low-complex
users simultaneously and the throughput and spectral efficiency can be radic-
ally improved. Furthermore, with the large arrays, small-scale fading effects
and uncorrelated noise average out and inter-user interference asymptotically
vanishes, if the user channels become orthogonal when the number of anten-
nas grows large. This makes linear processing in both uplink and downlink
almost optimal and is relaxing hardware requirements. The system in [22] was
time-division duplex (TDD)-based and assumed the channel to be reciprocal.
The channel was estimated in uplink by pilot signaling, with the number of
pilots only scaling with the number of users, and its conjugate transpose used
as linear precoding in the downlink. The main difference in comparison to
MU-MIMO being that only the BS needs to estimate the channel and conclud-
ing that these systems would leave only inter-cellular interference due to pilot
contamination [27] as the main drawback [22]. In the next section, massive
MIMO systems are further described, including the assumptions made in this
thesis.

2.2 System description

Since Marzettas seminal paper [22], massive MIMO has evolved and a number
of definitions and variants of it have been proposed. The definition used here
goes back to the one used by Marzetta in his original paper. An overview
of a massive MIMO system is depicted in Fig. 2.1 where a BS with M an-
tennas is serving K single-antenna users in the same time-frequency resource
with spatial multiplexing. The channel H is the downlink channel and due to
reciprocity, the uplink channel is HT . In general, M is larger than K, multi-
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Figure 2.1: An overview of a massive MIMO system, from Paper 1. H is the
downlink channel and due to reciprocity, the uplink channel is HT .

carrier transmission is assumed and a TDD scheme is applied to limit the
overhead stemming from CSI acquisition [18]. Those are the most commonly
used assumptions although researchers have also investigated the feasibility of
e.g. multiple antenna user terminals [28], single-carrier transmission, and FDD
operation [29].

2.2.1 Spectral efficiency and capacity

Fundamentally, the maximum spectral efficiency is the average number of bits
of information that can be reliably transmitted over the channel under consid-
eration in the unit bit/s/Hz [18] and is determined by the channel capacity,
introduced by Shannon [30]. The capacity of a single additive white Gaussian
noise (AWGN) channel depends on the SNR. To improve the spectral efficiency
one can 1) increase the transmit power, 2) deploy multiple antennas, 3) serve
more users in the same time/frequency resource using space-division multiple-
access (SDMA), and 5) acquire and utilize CSI [18]. It should however be noted
that increased transmit power also increases the interference, and might not
even be possible due to, e.g., regulations and design restrictions. To serve more
users, more BS antennas may be needed to deal with the increased interference.
More antennas implies increased complexity. Challenges with CSI acquisition
are discussed later on.
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2.2.2 Spatial multiplexing

One key challenge for earlier cellular systems has been to provide enough net-
work capacity and fulfill the traffic demands by the customer. This is also
the situation in the 5G use case eMBB, and many of the envisioned use cases
for 6G networks. Massive MIMO contributes to an increased capacity due to
spatial multiplexing. Many early studies on massive MIMO focused on the
capacity increase while here the main attention is to the reliability aspect as
an important motivation for deploying massive MIMO systems in general.

2.2.3 Duplexing schemes

Although many earlier systems are using frequency division duplex (FDD),
massive MIMO systems are typically serving users in a TDD-manner [31]. FDD
has in general been considered as infeasible as much resources are needed for the
uplink and downlink pilot signaling and feedback of CSI. The benefit of a TDD-
based system is that due to channel reciprocity [32], only orthogonal pilots in
the uplink are needed and therefore the overhead needed for channel acquisi-
tion only increases with the K users and not the M antennas as in FDD [18].
Studies have investigated the feasibility of using FDD in massive MIMO sys-
tems e.g. [33]. A measurement-based study compared the TDD-scheme and
four different FDD beamforming strategies, concluding that reciprocity-based
TDD beamforming is the best alternative to handle many different propagation
conditions [29].

2.2.4 Channel reciprocity

Being a fully digital system using TDD, the system can rely on channel re-
ciprocity, i.e., that the channel response is the same in both directions. The
channel coefficients for each antenna pair in the downlink channel matrix H,
can be acquired by using the uplink channel matrix acquired by the K uplink
pilots. While the channel is reciprocal [32], the radio frequency (RF)-chains
are in general not, and hence reciprocity calibration is needed to in some way
estimate calibration coefficients that can be applied to compensate the channel
estimates from the uplink pilot signaling [34]. For a thorough discussion on
channel reciprocity and calibration strategies, see [35].

2.2.5 Channel estimation

The channel matrix is estimated based on uplink pilots and affects how the
channel is experienced by the BS. A challenge associated with channel acquis-
ition is the update rate, which can be challenging in high mobility scenarios
when the channel is changing rapidly [36]. Then a large overhead is needed due
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to increased uplink pilot signaling. Another challenge associated with channel
estimation is the influence of pilot contamination, as acknowledged in [22]. Al-
though later studies have shown that in theory, the capacity can continue to
grow unbounded as the number of BS antennas increases, even in presence of
pilot contamination from neighbouring cells [37].

2.2.6 Precoding techniques

At the BS side, the CSI is used for precoding and this will affect how the channel
is experienced by the user. With precoding, signals can be transmitted from
all BS antennas such that they add up constructively at the intended user and
out of phase, or with random phase, at other users. The simplest technique is
maximum ratio (MR) and other commonly used precoding techniques are zero-
forcing (ZF) and MMSE/regularized-ZF (RZF). MR maximizes the SNR and
is optimal in noise limited scenarios [38]. In high SNR scenarios, ZF is better,
as MR will be limited by interference. MMSE/RZF is a good trade-off between
signal strength and interference suppression for the full SNR range. Compared
to ZF and RZF, with MR each user can benefit from the full array gain and
the technique has the lowest computational complexity as no matrix operation
is involved and it can be done in parallel for each user and antenna [18].

2.2.7 Array gain

When coherently combining the signals from all BS antennas, an array gain can
be achieved, which improves the SNR without increasing the transmit power.
The array can hence be used to reduce the transmit power without reducing
the coverage, or increasing the coverage without increasing the transmit power.
It can also be essential when going up in frequency to maintain the required
coverage. In reality, the power transmitted from BSs is limited due to regu-
lations and consequently the most suitable option might be to scale down the
transmitted power with the array gain, relaxing the hardware requirements,
and making the system more energy efficient. When using MRC, or maximum
ratio transmission (MRT), an array gain of M can be achieved in both uplink
and downlink. In the uplink due to that the BS can coherently combine the
signals from the M antennas, while the noise is added incoherently; in the
downlink due to that the signals from the M transmit antennas can be added
coherently at the user side [18].

2.3 Hardware and antenna aspects

In the following, hardware aspects related to both the BS and user equipment
(UE) is outlined, including antenna aspects.
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2.3.1 Base station hardware

With a fully digital beamforming architecture, each antenna is connected to
one RF-chain each and therefore much more hardware is needed. Fortunately,
similar to other noise sources, the effect of distortion due to hardware impair-
ments asymptotically vanishes as the number of antennas increases since it
is non-coherently combined. The problem is rather with the user equipment
since self-distortion is coherently combined and hence, capacity will be mainly
limited by the quality of the UE [39][40]. Furthermore, the extra degrees of
freedom coming from the multiple antennas can be used, as previously stated,
to reduce the transmit power, or they can be used to better tolerate hardware
impairments [18]. A drawback of reducing the hardware quality is out-of-band
(OOB) radiation. Antenna selection could be used to to reduce the number of
RF chains, or other hybrid architectures. This could be especially beneficial for
higher frequency as more antennas might be needed to combat the increased
path-loss.

2.3.2 Antenna arrays

A system design will naturally include the design of antennas and the array
configuration. An antenna can be characterized by its directionality, efficiency,
mean-effective gain, polarization, and bandwidth [19]. When organizing the
antennas in an array configuration, they can interact with each other due to
mutual coupling which can degrade the performance [23][34]. The design and
the size of an antenna will depend on the wavelength and therefore the carrier
frequency; the longer the wavelength, the larger the antenna. Antennas in an
array should be placed with at least half a wavelength apart to reduce the
mutual coupling. Naturally, an array for a lower frequency will be physically
very large as M grows while an antenna array at e.g. mmWave will be much
more compact.

There are many possible antenna configurations that can be considered, ex-
amples being a uniform linear array (ULA), uniform rectangular array (URA),
uniform cylindrical array (UCA) or a distributed array. The choice of antenna
configuration will depend on the deployment scenario and its interaction
with the environment will affect the system performance. Depending on the
configuration, the near- and far-field will change, and that will also affect how
the system is experiencing the channel and how prominent different massive
MIMO channel characteristics will be. Furthermore, traditionally BS antennas
have been installed to avoid interaction with objects in the near vicinity of the
array, with a massive amount of antennas and in indoor scenarios, this might
not be possible.
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2.3.3 User equipment

As previously mentioned, even though user hardware can be less complex in a
massive MIMO system, its hardware is also the main limitation for the achiev-
able capacity. In addition, the interaction with the UE itself and the users will
cause effects such as shadowing and the loading of the antenna will make the
system less efficient. One way to counteract these effects is to exploit diversity
also at the user side [28].

2.4 Channel-dependent aspects

Massive MIMO channel characteristics and channel-dependent characteristics
can be further read about in Paper I. Here only the channel-dependent char-
acteristics are mentioned, as a part of the system overview as they affect the
system design and reliability. The two characteristics are user separation, which
improves as an effect of favourable propagation conditions and channel harden-
ing, which improves the link reliability. These two characteristics are related
and makes the system performance almost independent of small-scale fading
and hence mainly dependent on large-scale fading. They are, however, differ-
ent properties and it is not necessarily that both improve for a certain channel
[18]. For example, the keyhole channel provides favourable propagation but
not channel hardening. On the other hand, two line-of-sight (LoS) channels
with signals from the same direction can provide channel hardening while not
experiencing favourable propagation conditions [41]. Another difference is that
spatial correlation in the channel will reduce the level of channel hardening
but can improve the favourable propagation, if the users have different spatial
signatures [18].

2.4.1 Favourable propagation

The favourable propagation condition implies that user channels asymptot-
ically become orthogonal with the number of antennas, and as a result the
inter-user interference decreases, therefore contributing to a more reliable sys-
tem. Due to the user channel orthogonality, linear processing becomes nearly
optimal [31][42], and therefore the previously discussed precoding/detection
schemes are suitable for massive MIMO systems.

2.4.2 Channel hardening

As mentioned before, the channel hardening effect means that the relative
variation of the channel gain decreases as the number of antennas increases.
The effect of small-scale fading asymptotically disappears as M grows large
[14]. This results in more stable channels as the effective channel to each user,
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i.e., the channel after combining/precoding, becomes more deterministic. The
combining scheme used has shown to not have a significant impact although
schemes with interference suppression comes with a small loss of experienced
channel hardening. It is rather the effect of imperfect CSI that matters for these
schemes, while it for MRC is not as important [18]. Advantages of channel
hardening is that power allocation can be done more infrequent, only consid-
ering the large-scale effects. The same is true for the channel estimation which
results in more stable precoders and detectors. It also reduces the required
fading margins, making it a more energy efficient system.

2.5 Assumptions

To summarize, the assumed massive MIMO systems in this thesis are specified
as following:

� Cellular single-cell system

� M is larger than K

� A TDD-based system relying on channel reciprocity

� MRC is utilised due to its simplicity

� Multi-carrier transmission is used for both channel sounding and in the
testbeds

The frequency bands considered are the unlicensed 868 MHz band, licensed
mid-band with center frequency 3.7 GHz and licensed mmWave band with
center frequency 28 GHz. Channel bandwidths considered are both narrowband
in the IoT scenario and more wideband for the other scenarios. For the two
lower bands, a fully digital system is assumed while in the higher band, a hybrid
architecture with antenna selection on the user side is deployed. Furthermore,
a wide range of antenna arrays are deployed: ULA, URA, UCA, and also a fully
random distributed array. User terminals are single-antenna, in the industrial
automation scenario there is moderate movement while in the IoT scenario
they are assumed static.

2.6 On the role of channels for system design

The performance and behaviour of any wireless system will depend on the
propagation channel, i.e., the medium between the transmitter and receiver
antennas. Therefore, it is essential to have an understanding of the propaga-
tion channel to be able to use this information when designing the system.
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Especially in the URLLC use case, where the challenge is to achieve high reli-
ability while having a low latency. Previously, high reliability has been achieved
by, e.g., adding redundancy, using long codes, and re-transmissions; this is not
applicable here as this increases the latency. Hence, the question is how to use
other techniques and/or system designs to achieve dependable communication
channels. Exploiting diversity in different domains is one part of it.

With knowledge about how the channel behaves, relevant parameters can be
extracted to create models. These channel models are needed to design, plan,
and simulate systems. It is important that these models accurately captures
the aspects of the channel that influence performance in order to be useful.
Deterministic channel models, that use location-specific information, are useful
for network planning and system deployment. Stochastic channel models are
an important tool that can be used for system design and to compare different
systems [19].

Received power = Transmittet power + Gains− Losses (2.1)

Ultimately, reliability is about successfully transmitting data within a cer-
tain time. In order to achieve successful transmission, the received power needs
to be above a threshold in order to decode the message. In any system, there
will be gains and losses which will be added and removed from the transmitted
power, when expressed in dB, as seen in (2.1). From a system perspective, the
gains can be associated with the gains of the antennas and the losses can oc-
cur in different parts of the system. The aspects stemming from the channels,
which need to be accounted for in the system design, will be discussed in the
next chapter.



Chapter 3

Massive MIMO channels

Paper I gives an overview of massive MIMO channel characteristics, channel-
dependent characteristics, and channel modeling approaches. Here this paper
is complemented with a general background on wireless channels and scenario-
specific channels. The suggested reading order is first Section 3.1, then Paper I,
and then continue with Section 3.2 and onwards where an overview of scenario-
specific channels are presented, i.e., industrial and IoT channels, followed by a
note on measurements for channel modeling to link to the next chapter.

3.1 Wireless channels

The fundamental limit of a wireless system is the channel, the medium over
which wireless signals are sent between transmitter and receiver. Hence, an
understanding of the underlying channels is essential for system design. The
processes that the electromagnetic wave undergoes in the propagation channel
is governed by Maxwell’s equations. The term radio channel is used when the
effect of the antennas is also included, as these effects can be hard to separate.
In the case of isotropic antennas, the propagation channel and radio channel
would be equal. The definition of propagation channel and radio channel is
visualized in Fig. 3.1. The radio channel can be seen as a linear time-invariant
or time-varying filter [19][43].

As a signal propagates through the propagation channel, the amplitude gets
attenuated, the phase rotated, and noise is added at the receiver. The signal
will interact with objects, so called scatterers, in the environment in different
ways. If it is a smooth surface, then the wave is reflected upon and transmitted
through the surface. If the surface is a rough (in terms of wavelengths), then
the waves are scattered. Waves can also be diffracted at the edges of scatterers

19
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Figure 3.1: The propagation channel and the radio channel.

and undergo waveguiding in e.g. corridors and tunnels [19]. Waves usually
interact with one or several scatterers before reaching the receiver.

These mechanisms are dependent on carrier frequency, and hence
wavelength, and therefore the channel will be different depending on the band
in which the system is operating. Diffraction for different frequencies is ana-
lysed in [44] and the roughness of surfaces causing scattering is analysed in
[45][46]. Also the weather, such as fog and rain, will influence differently at
different frequencies [47].

As a signal is transmitted and travels through a medium to the receiver,
there may or may not be a LoS connection. As the wave travels through
the medium it experiences the effects as mentioned above when interacting
with scatterers in the environment. In indoor environments, the scatterers
can be e.g. walls and furniture whereas in outdoor environments it can be
buildings, cars and trees. The interaction with scatterers in the environment
results in multipath components (MPCs). These MPCs can all be effects of the
previously mentioned propagation phenomena. These MPCs eventually super-
position, adding up constructively or destructively, at the receiver, yielding the
channel response. All these processes can be calculated exactly using Maxwell’s
equations, although in complex environments this is not feasible. The super-
position of MPCs can lead to fading dips, which harm the performance. Hence
small-scale fading is important to consider in system design and deployment,
but it is hard to predict the behaviour for all locations.

It is a very cumbersome process to describe all these processes that the
MPCs go through and hence it is convenient to describe them stochastically.
An alternative approach is to perform measurements, extract parameters and
create simplified models which can be used to accurately reproduce certain
behaviours. Relevant parameters, such as received power and its statistics can
be analysed and probabilities for the relevant parameters can be extracted. For
system development it may be enough to estimate the mean and the variance.
On average, the signal power decreases with distance. Channel gain is one
parameter that is very important since it is directly related to the received
power or field strength [19].

In a wireless communication system, transmitter, receiver and/or scatterers
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can move, which will make the channel change over time, since the different
path lengths of the MPCs change and potentially also the interactions with the
scatterers. This converts the spatially varying fading to time varying fading,
with a rate depending on the speed of the movement. This movement also
leads to a shift in frequency, called the Doppler shift, and can be computed as,
υ = − v

λ = − fcv
c0

under the assumption that the movement is in the direction of
the wave propagation. λ is the wavelength, v the speed of the movement, c0 the
speed of light, and fc is the carrier frequency. Different MPCs will experience
different shifts and the sum of these shifted MPCs will lead to fading dips with
a rate of change of the channel that depends on the Doppler frequency [19].

3.1.1 Link budget

A link budget can be a tool when analysing power levels in the systems. This
constitutes a clear way of computing the required transmit power, considering
the potential gains and losses. An equation of the received power in logarithmic
scale, including propagation channel related aspects, can be expressed as

PRX(d) = PTX − PL(d)− LS − SS, (3.1)

where PTX is the transmit power, PL(d) is the distance-dependent path-loss,
LS is the large-scale fading and SS is the small-scale fading. In this chapter,
antenna related aspects and system losses are not included and the focus is on
the propagation channel aspects. As seen, different channel-related aspects can
reduce the received power. These are usually characterised with a distribution
having a mean and some variation. The values in these equations are usually
the means and therefore a fading margin needs to be added to compensate for
these variations and to avoid outage [19].

3.1.2 Path-loss

There is distance dependent attenuation called the path-loss, which is described
as the ratio of the transmit power to the mean received power [19]. It is common
to characterize it as a log-distance power law according to

PL(d) = PL0 + 10n log10

(
d

d0

)
, (3.2)

where PL0 is the power at the reference distance d0, d is the distance between
transmitter and receiver and n is the path-loss exponent, which depends on the
considered environment.
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3.1.3 Large-scale fading

The large-scale fading (in terms of wavelength), is caused by shadowing and
attenuation due to blockage by obstacles. This means that the amplitude of the
signal, of one or several MPCs, will change with time and location, leading to
shadowing and a non LoS (NLoS) scenario if the LoS component is shadowed.
The large-scale fading is usually described as a log-normal distribution, i.e.,
normal distribution on a log-scale, with mean µ = 0 and a standard deviation
σLS , which is scenario-dependent.

3.1.4 Small-scale fading

The previously mentioned propagation phenomena cause small-scale fading,
which results in fluctuations in the received signal due to the super-positioning
of MPCs as these add up constructively or destructively depending on their
phase. As users and scatterers move, this will change the amplitude of the
received signal. Small-scale means that it varies over short distances, as com-
pared to the wavelength. This is usually described stochastically by a mean
and the variations around this mean.

If there is a large number of scatterers, it is not efficient to deterministically
compute each MPC and then one must rely on stochastic solutions. The inde-
pendent identically distributed (i.i.d.) complex Gaussian, or Rayleigh fading,
channel model has historically been shown to offer a good approximation in
many practical scenarios. As it has no dominant component, it can be used as
a worst case approximation. However, in massive MIMO systems this case is
actually beneficial. The model has the advantage that it is simple to describe
and for mathematical convenience as it can often lead to closed-form solutions
[19]. Having i.i.d. complex Gaussian channel coefficients requires that MPCs
come from all directions. This can occur if the environment is rich in scat-
tering. It has been commonly used for theoretical analysis of massive MIMO
channels due to its convenience and that the model can provide closed-form
expressions. In LoS scenarios there is a dominant specular component which is
usually described by a Ricean distribution. The Rayleigh distribution, which
is commonly assumed in NLoS scenarios, is the amplitude of the i.i.d. com-
plex Gaussian channel coefficients and is captured in the following probability
density function

p(r) =
r

σ2
SS

e
− r2

2σ2
SS , (3.3)

where r is the amplitude and σSS is the variance. One should note however
that an i.i.d. model has its limitations and is not an accurate model for all cases
such as in, e.g., LoS scenarios and environments that are not rich in scattering.
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3.2 Scenario-specific channels

In different types of environments/scenarios, different channel characteristics
will be differently pronounced due to different underlying propagation condi-
tions. This means that the scattering and other propagation phenomena will
differ, which affects what the resulting channel will be. In this thesis, two
scenarios with different characteristics have been investigated.

3.2.1 Industrial channels

As production processes continue to evolve, more and more factory units will be
connected. Because of difficult placements of e.g. sensors and moving robots,
it is not always possible to have cabled connections. Furthermore, if there is a
need to change something in the production, being dependent on cables makes
this change a very cumbersome process. The purpose of the sensors may be to
monitor the status of the machinery or tracking assets in the factory. Placing
sensors inside of a machinery may be complicated in terms of coverage and the
sensors may then also interact with the machinery, the process, or the asset it
is supposed to track. Hence, it is preferred to use wireless technologies and a
need to study the industrial wireless channel.

A factory environment is in general complex, and each factory is unique and
different from other types of buildings, and hence industry-specific parameters
are needed [48]. There is usually many walls, which separate different parts of
the factory or create aisles. In addition, there may be tall machinery and other
equipment that can block the signals. There are often also robots and humans
moving around, creating a dynamic environment leading to that Doppler shifts
need to be considered.

The complex factory environment creates complex propagation processes
with reflections, diffractions, and scattering from e.g. metallic machinery, caus-
ing a lot of multipath. Typical propagation processes in industrial environments
can be summarized as 1) noise and interference from machinery, 2) many MPCs
from a wide range of different reflective structures and 3) path-loss parameters
that are substantially varying with the environment, frequency, link configura-
tion [49]. Naturally, lower frequencies will have a better possibility to combat
the large-scale fading while higher frequencies will suffer from severe shadow-
ing. This can, however, be counteracted by using beamforming, large arrays,
and densification. Then even mmWave systems can fulfil the requirements of
URLLC with higher capacity than mid-band [50].

Noise in factory environments is discussed in, e.g. [51][52]. The many MPCs
create a rich scattering environment as confirmed in [53], where relevant para-
meters were extracted. Although being a very rich scattering environment,
signals are found to not coming from all directions in previous MIMO-based
studies. They do instead tend to come in clusters. Although there is dense
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multipath scattering and in one study, more than 100 components were needed
to capture 50% of the energy. The channel was measured as almost i.i.d com-
plex Gaussian, except for the LoS component [54][55]. Similar behaviour was
reported in [56], where the dense multipaths were 23-70% of the total channel
power.

3.2.2 Outdoor Internet-of-Things channels

IoT channels are in many ways different from industrial channels. Here, the
focus is on outdoor IoT networks to be deployed for e.g. remote reliable monit-
oring applications. They require long-range communication and the users need
to be energy-efficient to ensure long-term battery-driven operation. In these
outdoor scenarios the users will in general be static but potentially with scat-
terers that are moving. There is infrequent, narrow-band communication and
it could be in an unlicensed band with unpredictable interference from other
users.

From a propagation point of view there is not much scattering and the
channel response will likely be dominated by the LoS component or a few
strong MPCs. The channel will therefore have dominant component(s). Since
long-range is required, lower frequency bands will be beneficial. For lower
frequency bands, the antenna arrays will grow even (physically) larger and
consequently the far-field will be further away and the massive MIMO channel
characteristics, as elaborated on in Paper I, will likely be even more prominent.

3.3 On the role of measurements for channel
modeling

Different channel modeling approaches with their corresponding benefits and
drawbacks are discussed in Paper I. For both deterministic and stochastic chan-
nel models, channel measurements are vital since the models are based on data.
Deterministic models need to be validated with measured data to ensure relev-
ance whereas stochastic models require extensive measurement campaigns to
have enough data to extract parameters from.

With many scatterers, the work of describing the propagation phenomena
that each MPC is affected by deterministically becomes very challenging and
hence a more feasible option is to create stochastic models that can statist-
ically describe the relevant channel characteristics. To get these characterist-
ics, measurement campaigns need to be planned and performed. To plan fir
measurement campaigns to be used for general system simulations is hard and
requires careful experiment design. Insights can be acquired, but there will be
limitations due to, e.g., how much data that is collected, and the scenarios and
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experiments that have been measured. Examples of aspects that are import-
ant to consider are the equipment used and how that influences the channel
measurements, antenna configurations, bandwidth and how to plan the exper-
iments. This in order to make sure that one is measuring what is intended
to be measured. As systems and scenarios become more complex, so do also
measurement equipment, measurement campaign design, and planning. Chan-
nel characteristics in different environments are different and therefore targeted
measurement campaigns need to performed. The measurement equipment used
for the experiments in this thesis and a brief overview of the performed meas-
urement campaigns are presented in the next chapter.





Chapter 4

Measuring massive MIMO
channels

To characterise and model massive MIMO channels in a realistic way, the chan-
nels need first to be measured. Consequently, equipment is needed and careful
planning of the measurement campaign has to be performed. In this chapter,
the foundations of measuring wireless channels is first described and the role of
testbeds for wireless communication research is briefly discussed. After that,
the equipment used in this thesis work is described: The RUSK Lund channel
sounder, the Lund University massive MIMO (LuMaMi) testbed and the KU
Leuven massive MIMO (KulMaMi) testbed. Lastly, the considered measure-
ment scenarios are outlined.

4.1 Wireless channel measurements and test-
beds

When sounding channels, a transmitter sends a known sounding signal and the
receiver records the corresponding received signal transmitted over the channel.
By comparing the received signal with the known sounding signal, the channel
response can be estimated. Depending on if the result of the channel sounding is
stored in time or frequency domain, the resulting output is an impulse response
h(t, τ), as a function over time and delay, or a transfer function H(t, f), as a
function over time and frequency. Information-wise they are equivalent as one
can obtain one from the other using the (inverse) Fourier transform.

With massive MIMO, the number of channels that need to be measured
drastically increases in comparison to more conventional MIMO systems, and
hence also the complexity of the equipment. There are a number of ways to
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perform massive MIMO channel sounding, where each solution is associated
with different opportunities and challenges. A trade-off between complexity
and accuracy needs to be made and the targeted scenario needs to considered,
such as whether static or dynamic channels are to be measured.

Virtual arrays provide the lowest complexity solution to measure massive
MIMO channels, meaning that the large array is enabled by moving one antenna
element and for each position measuring the channel between transmitter and
receiver. The drawback is that it only allows for static measurements and does
not capture effects between antenna elements such as mutual coupling, which
has been shown to affect the performance [57]. Depending on the purpose of
the measurements, this could be an issue.

A slightly more complex solution is to use a switched-array architecture. In
this case only one RF-chain is required, but all antennas need to be deployed.
This technique is faster compared to virtual arrays as no mechanical movement
of antennas is involved. During the measurements, a switched channel sounder
measures each transmit-receive antenna pair by sweeping through all combin-
ations and for each combination, a sounding signal is transmitted, which is
then recorded at the receiver side. With this solution, the individual channels
are not measured simultaneously, which needs to be taken into account when
designing the measurement campaign.

The most complex solution is to have a real-time system, where each an-
tenna element is connected to its own RF-chain. In such a system, the channels
between all transmit-receive pairs can be measured simultaneously and there-
fore time-variant channels can be accurately measured, without concerns of
channel variations between individual channel measurements. An issue with
these systems can be that calibration of the system might be needed.

Measuring time-variant channels one needs to take the coherence time of the
channel (the time for which a channel can be considered static) into account.
Thus the repetition rate frep has to be at least twice the maximum Doppler
frequency fD

max, i.e., frep ≥ 2fD
max. For a given repetition rate, the maximum

speed that can be supported vmax can be computed as

vmax =
cfrep
2fc

(4.1)

where c is the speed of light and fc is the carrier frequency. It also needs to be
ensured that the repetition period of the sounding signal is longer than the pulse
duration, and that it is longer than the delay dispersion of the channel [19].

Both the antennas in the massive MIMO array and the UEs used for the
measurement equipment are important as they are considered a part of the
radio channel. Depending on the antennas deployed, the experienced channel
will be different. Depending on the purpose of the measurement and what
is to be investigated, different choices can be made. For example in the UE
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case, with omni-directional antennas, signals from all directions can be received
while directional antennas receive from a certain span of angles. The array
configuration of the massive MIMO array is also important to consider and is
selected depending on the scenario.

With new technologies and trends emerging, there is a need for testing
theoretical assumptions. Then prototypes need to be built and realized in
order to see if the technology is practically feasible. Designing and building
testbeds is essential in order to bridge the gap between theory and reality. Since
massive MIMO emerged, testbeds for these purposes have been developed and
a summary of these is provided in Paper IV.

There are a number of reasons for designing and building testbeds. First
of all, as previously mentioned, there is a need to verify theoretical results and
concepts with real equipment. Furthermore, testbeds can provide insights into
system design challenges. These insights can be used for further development.
The requirements for a testbed are usually quite different in comparison to
commercial products as the focus is rather on the flexibility of the testbed, to
have an opportunity to validate new architectures and algorithms rather than
factors such as power consumption and physical dimensions [35][58].

4.2 RUSK Lund channel sounder

The RUSK Lund channel sounder is a switched-array channel sounder, which
uses a switched-array architecture at both the transmit and receive side [59].
The transfer functions of each transmit-receive antenna pair are measured rap-
idly after each other, creating a snapshot of the double-directional channel [60].
An OFDM-like multi-tone sounding signal is used to sound the channel in the
frequency domain. The channel sounder is able to operate in the 300 MHz, 2
GHz, and 5 GHz band, with a bandwidth up to 240 MHz.

The channel sounder is for our purposes equipped with a cylindrical an-
tenna array with a center frequency of 2.6 GHz and designed for 200 MHz of
bandwidth. The cylindrical array consists of 64 dual-polarized patch antennas,
which are arranged in four circles with 16 antennas each. Each patch antenna
has two ports, one for the vertical polarization and one for the horizontal po-
larization, and hence the array adds up to 128 antenna ports in total. The
antenna at the UE sida was a vertically polarized SkyCross SMT-2TO6MB-A.
This channel sounder has been used to acquire the results in Paper II.

4.3 Lund University massive MIMO testbed

LuMaMi, which was the first real-time massive MIMO testbed in the
world [61][62][58], is a software-defined radio (SDR)-based real-time testbed
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Figure 4.1: The Lund University massive MIMO testbed with the T-shaped array
deployed.

operating at 3.7 GHz with 20 MHz of bandwidth. It can be seen in Fig. 4 and
consists of 50 universal software radio peripheral (USRPs), with two RF-chains
each, adding up to a total of 100 RF-chains. LuMaMi operates in a TDD-mode
and can serve up to twelve users simultaneously in the same time-frequency re-
source. It uses LTE-like parameters and OFDM signaling. The UEs use similar
USRPs, with two RF-chains per SDR that are independently processed and can
therefore be considered as two single-antenna users.

The frame schedule is LTE-based where one frame is 10 ms, consisting of
ten subframes, each including two timeslots and each timeslot containing seven
OFDM symbols. The first timeslot is used for the synchronization signal sent
from the BS. The symbols following consist of uplink and downlink pilots and
data. Being a reciprocity-based system, the channel estimates obtained from
the orthogonal uplink pilots are used for precoding the downlink signals.

The BS and UE can be synchronised both over-the-air (OTA) and extern-
ally with either cables between the two units or atomic clocks. Using OTA
synchronization allows for more flexible measurements while synchronization
through cables or atomic clocks is more reliable.

Originally, a T-shaped array with 160 λ/2-spaced dual-polarized patch an-
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tennas with a center-frequency of 3.7 GHz was developed for the testbed, i.e., in
total 320 antenna ports. This array allows for experiments with antenna config-
urations of different shapes as well as polarizations. As the testbed is equipped
with 100 RF-chains, a selection out of the 320 antenna ports needs to be made
for the real-time measurements. In most of the measurements in this thesis,
the four upper rows with 25 antennas each has been connected with alternating
polarizations, starting with the vertically polarized antenna port connected in
the upper left corner (as seen from the front). The LuMaMi testbed has been
used to measure channels in Paper II, Paper III, and Paper VI.

4.3.1 Channel logging

As the testbed is originally not built to be a channel sounding equipment but
rather a real-time communication system, a real-time channel logging facility
has been developed as a contribution of this thesis, in collaboration with a
former PhD student [28]. To characterise and model channels, the measurement
equipment needs to store the channels. The implemented channel logging can
capture the channel in real-time, with the UE being the transmitter and the
LuMaMi testbed being the receiver that stores the channel responses. The
received uplink pilots are used to estimate the channel and then recorded for
analysis later on.

Due to the flexible implementation, everything from one sample per frame
up to 20 samples per frame for all twelve users can be recorded. To be able
to store the channel estimates in real-time at the given repetition rate, this
process needed to be implemented in the field-programmable gate arrays (FP-
GAs), in order to access the dynamic random-access memories (DRAMs). Up
to approximately 13 000 snapshots can be stored in the DRAMs. After the
measurement has finished, these samples are sent to a hard drive, via the host,
and can then be used for post-processing and analysis. A snapshot is of dimen-
sions F ×M , for the M antennas and F frequency points, and for K users and
N snapshots. The transfer function H will be 4-dimensional with parameters
H = [N × F × M × K]. Depending on the chosen repetition rate and the
number of users K, the channel can be recorded for some seconds up to a few
minutes.

4.3.2 Distributed array

Unique for the work in this thesis, a fully distributed array (within practical
constraints) has also been deployed when measuring in the industrial scenario.
Here 100 dipole antennas were deployed at random places with random orient-
ations, connected with 3 and 5 meters cables to the testbed. The deployment
can be seen in Fig. 4.2 and the results are analysed in Paper III.
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Figure 4.2: The Lund University massive MIMO testbed with a distributed antenna
array deployed in a Bosch semiconductor factory, from Paper III.

4.3.3 Hybrid mmWave extension

The LuMaMi testbed has been extended with a hybrid mmWave setup, which
is used in Paper VI. The digital subsystems are the same as for the LuMaMi
testbed and an analog subsystem has been developed in [63][64]. The analog
subsystem converts the 2.5 GHz intermediate frequency (IF) to an RF fre-
quency of 28 GHz, which is then connected to the antenna array. For the
experiments in Paper VI, at the base station side, 16 transceiver chains were
used for transmitting and receiving, as this is what was the available hardware
at the time of the experiments. The testbed can also be extended to include
front-end modules at the BS side to be able to switch through beams at both
sides, as described in [63][64].

4.4 KU Leuven massive MIMO testbed

The KulMaMi testbed is based on the same architecture as the LuMaMI testbed
but with SDRs designed for another frequency range, and it is possible to
operate this testbed at sub-GHz frequencies. In total it has 32 USRPs, i.e.,
64 RF-chains, although in this work half of them were used. It is usually
equipped with a vertically polarized patch antenna array designed for a carrier
frequency of 2.6 GHz [65]. The array can easily be re-configured to the shape
of a 32-element ULA or a 4x8 URA. This testbed has been used to obtain the
results presented in Paper IV and Paper V.
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4.4.1 Sub-GHz antenna array

To perform the sub-GHz measurements, a new modular antenna array was
developed, as described in Paper IV. Patch antennas were designed for trans-
mission in the unlicensed 868 MHz band. To create a wide variety of array
configurations, antenna holders were developed. Each antenna holder could
host two elements each, such that arrays of λ/2-spaced antenna elements could
easily be assembled. For the work in this thesis a 32-element ULA and a 4x8
URA were deployed, same as for the mid-band.

4.4.2 Modifications to comply with the regulations

The testbed also needed to be compliant with the unlicensed sub-GHz band
regulations and hence the framework had to be adapted to support narrow-
band transmission and a new frame schedule. The implementation was there-
fore changed such that only the two subcarriers in the middle of the resource
blocks were used. The frame schedule was adapted to only transmit in the
first timeslot of each frame in order to comply with restrictions regarding duty
cycle. Modifications were also made to be able to have external synchroniz-
ation through rubidium clocks instead. The last thing to take into account
was the transmit power, which was easily changed for compliance in the user
interface. As a quality measure, an error-vector-magnitude (EVM) logging was
implemented too.

4.5 Measurement scenarios

The previously described channel sounder and testbeds have been used for
measurements in different scenarios. In Table 4.1, an overview of the measured
scenarios included in this thesis can be found. Measurements have been done
in both indoor and outdoor environments as well as in an indoor factory envir-
onment and an outdoor environment in the context of massive MIMO for IoT.
The measurements in these environments are related to both the URLLC and
the mMTC use case, aiming for increased reliability and massive connectivity.

Measurements have been performed in three different bands: the unlicensed
sub-GHz band, the sub-6 GHz band, and a mmWave band. Investigations in-
clude propagation conditions and massive MIMO channel characteristics in dif-
ferent scenarios where four BS array configurations have been deployed: ULA,
URA, UCA, and a fully distributed array. Even though the environment re-
mains the same, how the channel is experienced by the system depends on a
wide range of parameters and consequently targeted measurements are needed.

Performing a measurement campaign requires careful planning and pre-
parations. It is hard (and sometimes impossible) to control the surroundings
making repeatability of measurements difficult. The purpose in most of the
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measurements has been to have a realistic environment for the considered use
case, and in that way get realistic results for the system performance that one
could expect in a real-world scenario. In reality, one does not control the en-
vironment and that has to be taken into account in the system design. The
measurement scenarios are chosen to fill gaps and to investigate the research
questions outlined in Chapter I. The identified gaps and questions for each
scenario is further described in the following.

Table 4.1: Summary of measured scenarios, frequency bands and array configura-
tions.

Low-band Mid-band High-band
ULA URA ULA URA UCA Dist URA

Indoor
Indoor x x x
Industry x x

Outdoor
Semi-urban x

IoT x x x x

4.5.1 Mid-band indoor auditorium with cylindrical and
planar arrays

These measurements were the start of investigating the interaction between a
rich scattering environment and the massive MIMO system in a typical indoor
environment. The questions addressed by the measurements were

� Does a typical indoor environment provide as rich scattering as the the-
oretically assumed i.i.d. complex Gaussian channel model?

� How much channel hardening can be experienced in this environment?

� What is the influence of the BS array configuration?

The first set of measurements that has been analysed was conducted before
thesis work started [66] with the RUSK Lund channel sounder at 2.6 GHz with
40 MHz of bandwidth. A UCA was deployed. During the measurements nine
closely-spaced users were sitting, while moving a tilted antenna, in an indoor
auditorium at Lund University. The second set of measurements aimed at re-
peating parts of the previous measurements but now with the LuMaMi testbed.
A planar array was used to investigate and make comparisons of the perform-
ance when different antenna arrays are deployed. All these measurements were
analysed in Paper II.
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4.5.2 Mid-band semi-urban outdoor with a cylindrical ar-
ray

Related to the previous measurements, the outdoor measurements aimed at
providing further insights what is the difference between an outdoor and in-
door scenario in terms of scattering and how much channel hardening can be
achieved in this environment. The measurements, as analysed in this thesis,
also originates from a measurement campaign conducted before this thesis work
started [66] with the RUSK Lund channel sounder at 2.6 GHz with 40 MHz of
bandwidth and the UCA deployed. The UCA was deployed on the roof-top of
one of the campus buildings at Lund University and serving nine closely-spaced
users moving within a confined circle in both LoS and NLoS. The results from
these measurements are presented in Paper II.

4.5.3 Mid-band industrial indoor with planar and distrib-
uted arrays

For an industrial environment, even richer scattering is expected due to metallic
parts, a lot of machinery, etc. It is a dynamic environment with robots and
humans moving around. The questions to be answered with this measurement
campaign were

� How rich can scattering be in a typical industrial environment in com-
parison to a more typical indoor environment?

� How much channel hardening can be harvested and how is the heavy
shadowing experienced by the system?

� By deploying a fully distributed array, can more diversity be extracted
and how does this compare to the co-located array?

� Can URLLC be achieved in this type of environment?

These measurements were conducted within the European project 5G-
SMART [67] in an operating semiconductor factory in Reutlingen, Germany.
There were many practical difficulties when preparing the LuMaMi testbed for
experiments in a clean room. The regular planar array was deployed as well as
a fully distributed array of dipole antennas. These measurements are analysed
in Paper III.

4.5.4 Low-band and mid-band Internet-of-Things out-
door with linear and planar arrays

The scenario described here focuses on exploring sub-GHz massive MIMO to be
used for LPWANs and IoT applications. Although most studies have targeted
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mid-band massive MIMO, these measurements aimed at characterising sub-
GHz massive MIMO channels with a (physically) very large array. Te goal was
to study the reliability and massive connectivity in an IoT network.

These measurements were conducted at the KU Leuven campus in Leuven,
with the KulMaMi testbed operating at 2.6 GHz and 870 MHz with 195 kHz
bandwidth, i.e., narrow-band transmission. Both a ULA and a URA were de-
ployed. The measurements were done with a UE at static points along different
paths in the outdoor environment. These measurements have been analysed in
Paper IV and V.

4.5.5 High-band lab indoor with a planar array

For higher frequencies, massive MIMO can be the key component to achieve
the coverage needed thanks to the array gain. Higher frequencies suffer from
increased shadowing effects and hence diversity techniques at the UE side might
be essential. How does the shadowing behave at these frequencies? Can an-
tenna switching contribute to increased reliability?

The measurements in the scenario here have been performed in an indoor
lab at Lund University, using the LuMaMi testbed with the hybrid mmWave
extension. A planar antenna array was deployed at the BS side and the UE was
using either a patch or a yagi antenna. Static and continuous measurements
were performed in both LoS and NLoS conditions. These measurements have
been analysed in Paper VI.



Chapter 5

Contributions and
conclusions

In this chapter, the research contributions are outlined, as per included paper,
and the content is summarized. Some general conclusions from this work are
summarized before presenting an outlook of future research directions.

5.1 Research contributions

5.1.1 Paper I: Massive MIMO channels

This paper is a comprehensive overview paper of massive MIMO channels and
can be seen as a part of the overview of the research field and as a research
contribution as entailed by the included papers in Part II. After outlining the
fundamentals for massive MIMO channels, we present state-of-the-art of chan-
nel characterization and modeling methods. We also make an outlook on where
the topic of massive MIMO channel characterization and modeling is going, un-
solved matters and research directions that are of interest.

5.1.2 Paper II: Channel hardening in massive MIMO:
Model parameters and experimental assessment

Theoretical work of massive MIMO channels typically assumes that the chan-
nel would be i.i.d. complex Gaussian, and hence that the channel hardening
effect would be very prominent. Here we show that this is not necessarily the
case, and that the i.i.d. complex Gaussian channel model is overestimating the
experienced channel hardening, at least in some relevant indoor and outdoor
scenarios, where the channels in general are spatially correlated. The paper

37
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includes a comparison of channel hardening in theory, simulation, and meas-
ured channels, and performance evaluations of two different co-located arrays:
A cylindrical and planar array. This work was one of the earlier studies to ex-
tensively validate channel hardening by conducting experiments in a number of
different real environments to assess how rich scattering they actually provide
and to investigate how these different environments are interacting with the
system. Relevant parameters related to propagation and antenna character-
istics are extracted, aiming at identifying propagation processes that affects
channel hardening in practical massive MIMO systems. General conclusions
from the work are that for the channel hardening effect: (i) the power distri-
bution over the array is essential and (ii) the antenna pattern has a significant
influence as it creates power variations in time that are hard to predict, since
UE movements are in general unknown.

5.1.3 Paper III: Fading in very reflective and heavily
shadowed industrial environments with large arrays

For massive MIMO systems in a factory environment, we showed that the
rich scattering needed to get an almost i.i.d. complex Gaussian channel can
be found in real industrial environments. Furthermore, we have deployed a
unique randomly distributed antenna array (within practical constraints) aim-
ing at further exploiting diversity against large-scale variations in the spatial
domain. We investigate propagation conditions based on channel measure-
ments from a reflective and heavily shadowed real-operating factory. With
the many antennas, a very prominent channel hardening effect is experienced
both for the co-located and the distributed array. With the distributed array
configuration, the large-scale power variations can also be reduced, even with
unknown UE movement in heavily shadowed environments. Due to this and
the vanishing small-scale fading, fading margins can be significantly reduced,
achieving a more energy efficient system. The fact that we are here approaching
an i.i.d. complex Gaussian channel suggests that one should rethink the system
design in such an environment. Channel coding can be done with shorter block-
lengths, shorter packets are feasible and re-transmissions could potentially be
eliminated. The results in this work show that achieving URLLC in such an
environment could be possible, with both the array configurations.

5.1.4 Paper IV: Massive MIMO goes sub-GHz: Imple-
mentation and experimental exploration for LP-
WANs

Experimental investigations of massive MIMO systems operating at sub-GHz
frequencies was until this work lacking. To be able to do experimental re-
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search on this topic, a testbed had to be developed and hence we extended the
KulMaMi testbed to operate in the unlicensed sub-GHz band and equipped
it with a newly designed modular antenna array, yielding the first massive
MIMO measurements in this frequency band. Channels were collected with a
ULA and a URA in different outdoor scenarios, showing the potential to deploy
sub-GHz massive MIMO systems to reliably serve energy-constrained devices
in LPWANs.

5.1.5 Paper V: Experimental exploration of unlicensed
sub-GHz massive MIMO for massive Internet-of-
Things

Continuing where the previous paper finished, this paper further explores the
potential of deploying sub-GHz massive MIMO systems to support IoT net-
works where the focus is on reliable narrow-band communication to a massive
number of energy-constrained devices distributed in a wide area. For the first
time, sub-GHz massive MIMO channel conditions were investigated and as-
sessed in terms of reliability, coverage and energy efficiency. We compare
measured results from outdoor measurements with a ULA and a URA to a
theoretical framework. Here, again, the assumption of i.i.d. complex Gaussian
channels in massive MIMO does not hold as measurements show that there are
dominant directions, which can be used for scheduling devices. The channel
orthogonality of different devices, as an effect of favourable propagation con-
ditions, is investigated, showing that a ULA is better at decorrelating devices,
even perpendicular to the array. The array gain can be used to extend the
coverage or to reduce transmit power. The experienced channel hardening is
quantified, with the result being slightly more channel hardening with the ULA.

5.1.6 Paper VI: mmWave massive MIMO in real propaga-
tion environment: Performance evaluation using
LuMaMi28GHz

In the last part of this thesis work, massive MIMO channels in the mmWave
band was explored. In the mmWave band, the array gain can be an absolute
necessity to achieve a reliable link. Moreover, hybrid architectures might be
useful as a good trade-off between complexity and reliability, also at the UE
side. This study presents a performance evaluation of antenna selection at the
UE side in hybrid mmWave systems, based on both LoS/NLoS measurements
with patch and yagi UE antennas.
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5.2 General conclusions

Massive MIMO has gone from a theoretical concept to a key component of
the standard for 5G systems. It will most likely evolve in different directions
in the future. Massive MIMO brings capacity improvements, more reliable
systems, enables long-range communication, and can support user terminals
with stringent energy requirements. With 5G, the use cases eMBB, URLLC and
mMTC were envisioned, each with its own set of applications and requirements.
Although much research effort has been spent in the field, some visions might
not yet be entirely realizable but will continue to evolve with new releases and
many envisioned applications for 6G are about taking the next step from the
applications envisioned for 5G.

To assess the performance of a wireless system, one needs to consider the
underlying channels as their interaction with the system will set boundaries of
what is achievable, and, hence, the underlying channels need to be accounted
for in the system design to optimize performance. The first studies concern-
ing massive MIMO channels were conducted at mid-band and a fundamental
understanding and exploration of how these channels behave and affect sys-
tem performance had been done already before the start of this thesis. Since
then, much research has been in the direction of higher frequencies, a track
which is also partially explored in this work. Prior to this thesis, not much
work had been done for lower frequencies. Furthermore, studies investigating
how to realize the envisioned use case have been needed, with this work some
more insights are obtained regarding URLLC and mMTC. Following these very
general conclusions, an elaborated answer to each of the research questions as
presented in Chapter I is outlined.

How rich in scattering are different environments and how do the
system interact with these environments?

The first theoretical work regarding massive MIMO assumed that the envir-
onment would be so rich in scattering that the channels could be assumed to
be i.i.d. complex Gaussian. Early experimental studies showed, however, that
massive MIMO channels in general are spatially correlated. In this thesis, the
richness of scattering is investigated in terms of channel hardening. It was
shown that channels in a typical indoor scenario are spatially correlated. Con-
sequently, the channel hardening effect was not as prominent as predicted by
the theoretical assumption. Hence, a typical auditorium can not be expected
to offer that rich scattering, such that this theoretical assumption of massive
MIMO channels is fulfilled. Note that the channel hardening effect was much
more prominent indoors than in typical outdoor scenarios. There the channels
are even more spatially correlated, i.e., even less rich scattering, and the signal
has very dominant directions.
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Even though the theoretical assumption of i.i.d. complex Gaussian chan-
nels in indoor environments could not be met, there is still a significant channel
hardening effect that will contribute to a more reliable communication system.
Further exploring the channel hardening effect in more scenario-specific con-
texts, the effect can still improve the reliability even in outdoor IoT scenarios,
even though these environments are not very rich scattering. Therefore the
channel is not i.i.d. complex Gaussian but rather has dominant directions,
leading to some channel hardening due to the many antennas, but not that
close to the theoretical assumption. However, in very rich scattering indoor in-
dustrial environments, the theoretical prediction was reasonably accurate and
a huge portion of the expected channel hardening could be obtained.

With richer scattering, more channel hardening can be obtained, i.e., the
experienced channel becomes more stable with less fading, and, hence, mak-
ing it a more reliable system. Furthermore, when accounting for this in the
system design, smaller fading margins are required to counteract fading, which
reduces the need of retransmissions to achieve reliability, therefore improving
the latency. The channel hardening effect also affects suitable channel coding
schemes and could allow for reliable transmission of short packets. In environ-
ments that are not as rich in scattering, some channel hardening can still be
obtained. Knowledge of dominant directions, as e.g. found in outdoor scen-
arios, is also important and can be used for e.g. grouping and scheduling users.

What are the underlying propagation processes that affects channel
hardening in practical massive MIMO systems?

Continuing further elaborating on the channel hardening effect and factors that
affect how much channel hardening can be achieved, it all depends on the char-
acteristics of the environment. An environment with a lot of scatterers will lead
to low spatial correlation thus more channel hardening and an environment with
open spaces will lead to higher spatial correlation thus less channel hardening.
The power distribution over the array is essential, and with massive MIMO,
there are usually nonstationarities over the array, which is also related to the
physical size of the array as well as the environment and deployment. Moreover,
exploiting different polarization modes can improve the channel hardening ef-
fects as more independent channels can be utilized. The channel hardening is
also, as expected, more prominent in NLoS scenarios than in LoS scenarios,
since in NLoS there are usually more reflections contributing to the received
power. This does not make LoS channels unreliable in any way since it can
already be a reliable channel and in some way it is already ”pre-hardened”
with steep cumulative distribution functions (CDFs) of channel gain. Lastly,
especially in not as rich scattering environments, the antenna pattern and the
movement of the user terminals affect the experienced channel hardening.
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How pronounced are massive MIMO channel characteristics in dif-
ferent frequency bands and how can dependable communication be
realized in these bands?

In this thesis, the word dependable is used in the sense that both reliability
and availability are addressed. Fundamentally, reliability in wireless commu-
nication is about diversity and this can be exploited in many different ways.
In massive MIMO, spatial diversity is exploited with the many antennas. Fre-
quency diversity can be exploited with multi-carrier transmission schemes, such
as OFDM, but also with the digital precoding. Both of these are applied in
all the measurements performed in this work. Adding to these two, spatial
diversity can be further exploited with distributed arrays and combined with
e.g. switched diversity at the user side. Time diversity is in general not an op-
tion in the URLLC use case, since it increases the latency. Diversity becomes
even more important for higher frequencies, which inherently are suffering from
severe shadowing. This challenge needs to be addressed when aiming for high
reliability and availability. In general, different diversity techniques in the vari-
ous domains can be combined to achieve more dependable communication.

Typical massive MIMO channel characteristics, i.e., experiencing spherical
wavefronts, nonstationarity over the array, and increase in 3-dimensional (3D)
propagation and polarization effects, stems from having a physically large array
due to the many antennas. Hence, these characteristics become even more
prominent for lower frequencies as the array becomes physically larger due to
the longer wavelength. These characteristics are usually also more prominent
in NLoS than in LoS, especially if the entire array can see the LoS component.
For lower frequencies, it is easier to realize reliable communication due to lower
path-loss. However, there might be practical reasons regarding deployment that
makes these array less tractable. For higher frequencies, achieving reliability
can be more difficult, complex and costly if each antenna element is supposed
to have a RF-chain. Instead a hybrid architecture could be a solution. It
could also be more important to exploit other diversity techniques, such as e.g.
switched diversity, at the user side.

All bands experience channel hardening, i.e., reduced small-scale fading ef-
fects, which contributes to reliable communication. With the small-scale fading
effects significantly reduced, reliability is to a larger extent determined by large-
scale fading effects, which will create power variations over time. These effects
can be reduced by deploying a distributed antenna configuration, potentially
at the cost of reduced channel hardening and then a trade-off has to be made.
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How are practical antenna arrays interacting with the channel and
influence the system performance? Can more diversity be achieved
by deploying a distributed array and how does that influence the
overall system in comparison to a co-located array?

The experiments in this thesis have shown that in the considered environments,
larger performance improvements can be achieved by deploying a physically
large array, e.g. extending the array in the horizontal domain or by distributing
the antennas, than extending in the vertical domain. Although this depends on
the angular power spectrum and hence the specific environment and locations
of users, and the choice of antenna configuration naturally needs to be made
with the targeted environment and placement of users in mind.

For the measurements in the industrial scenario, the comparison between
the distributed array and the co-located array showed that the small-scale
fading statistics were similar for the two deployments. However, the large-
scale fading was reduced with the distributed array since this array was better
suited to account for unknown user movement. This due to that it is more
likely that some antennas in the distributed array will have a strong channel
to the user, while some will have a very weak channel. However, on average
the received signal strength can be sufficient and large-scale fading effects can
to some extent be combated when the contributions from all antenna elements
are coherently combined.

Is URLLC realizable in industrial environments? How is the system
interacting with a rich scattering and heavily shadowed environment?

The experiments in this study showed that an industrial environment with
many interacting objects and metallic equipment can indeed provide enough
scattering such that it results in an almost i.i.d. complex Gaussian fading
channel. The CDFs of channel gain get steeper with more antennas and the
experienced channel hardening is very prominent. The small-scale fading effects
are significantly reduced as the number of antennas increases. This environ-
ment was also one with very heavy shadowing, with lots of machinery creating
large-scale fading effects. By distributing the antennas, the large-scale power
variations could be reduced. The experiments were performed at mid-band and
the result is very promising for achieving URLLC in industrial environments.
To do so, the entire system needs to be designed with the channel behaviour in
mind to optimize e.g. channel coding, packet structures and potentially elim-
inating re-transmissions to further reduce latency while still achieving high
reliability.



44 Overview of the research field

Can massive MIMO systems efficiently provide reliable communica-
tion for IoT networks?

Massive MIMO systems could indeed be a part of the solution to provide re-
liable communication for IoT networks. In outdoor environments, the channel
will likely have dominant directions, while still obtaining some of the channel
hardening effect associated with massive MIMO. These dominant directions
can, however, be exploited in e.g. grouping and scheduling of IoT nodes. With
the array gain, the coverage can be extended to serve nodes over a larger area,
or it could be used to reduce the transmit power for energy efficiency. There are
possibilities to deploy these networks at both unlicensed band at lower frequen-
cies, benefiting from the lower path-loss, or in the licensed mid-band. There is
also a potential to switch between the bands in case of too heavy interference or
if higher throughput would be needed. In IoT networks, the number of nodes
in general grows large, and here the potential to efficiently serve many nodes
simultaneously has been shown.

5.3 Outlook

When starting this work, the massive MIMO concept was relatively new and
during this work much other research work has been going on simultaneously,
including theoretical, simulation-based, and experimental/measurement-based
studies. The topic has matured and here are some directions in which the
aspects presented in this work could continue to evolve:

� More antennas: The initial idea of massive MIMO was that the num-
ber of antennas was going towards infinity [22]. This is of course not
practical and current systems saturate around at most a few hundreds
antennas. The number of antennas in future systems may still increase
even further. With more antennas, and hence physically larger arrays,
the massive MIMO channel characteristics will likely be even more prom-
inent. Nonstationarity over the array will likely be more pronounced and
that can cause problems if it is ignored, but helpful if it is accounted
for [68]. Depending on the environment, if there are more scatterers to
be exploited, then even more channel hardening could be obtained. With
more antennas, more RF-chains or hybrid architectures are needed. In
most cases, all antennas are not contributing equally at a certain moment,
and therefore there is a potential to reduce the number of RF-chains while
still increasing the number of antennas.

� Distributed antennas: With many antennas, there is also a possibility
for more innovative array configurations, and a potential to distribute the
antenna elements over a larger area. With many antennas, the small-scale
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fading effects can potentially be averaged out and by distributing the an-
tennas, the large-scale fading effects can be reduced. With a distributed
setup, the probability that one or several antennas have LoS conditions
increases, which contributes to a more reliable link. However, the power
imbalances over the array will likely also increase, which could reduce the
experienced channel hardening and therefore there could be a need of a
trade-off between these two. A fully random distribution of the antennas
also opens up the opportunity to further exploit spatial and polariza-
tion diversity while also creating uncertainty of how the antennas are
affecting each other and interacting with the surrounding environment.
Especially in scenarios like an indoor factory with a lot of equipment in
the surroundings. Another advantage of distributing the antennas is that
it accounts for more diverse and unexpected user movements, being be-
neficial when this movement is unknown. A challenge is how to actually
make the practical setup, as it will require a lot of cabling to connect the
elements to a central processing unit. To reduce this, ways of performing
distributed processing should be considered.

� Cell-free systems: Another trend that is being investigated is to move
away from the long used cellular architecture and instead go towards cell-
free systems where many distributed access points are spread over a large
area and co-operatively are serving all users. This will likely, similar to
using distributed arrays, reduce the large-scale fading and increase the
probability that at least one, or a few, access points have a reliable link
to the user while this comes as a trade-off of decreased channel hardening
depending on the environment and how many antennas each access point
has; this is in line with the more theoretical study in [69] but should also
be investigated in practise.

� Higher frequencies: As higher data rates and more users are to be con-
nected, more bandwidth is needed and this can be found in even higher
frequency bands. Currently mmWave systems, also explored in this work,
are becoming more mature. Meanwhile research is targeting even higher
frequencies, such as the sub-THz and THz bands. With even higher
frequencies, reliability will become even more of a challenge as the shad-
owing is more severe and more antennas are needed in order to achieve
the array gain to counteract this. Also here, hybrid architectures might
be needed as a trade-off between getting the massive MIMO benefits and
complexity and cost.

� Combined diversity techniques: Fundamentally, reliability in wire-
less systems is about diversity and hence, in order to achieve reliable
communication, diversity in all possible domains should be exploited.
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� New and more evolved use cases: The requirements on wireless
communication will likely continue to increase in terms of data rates,
reliability, number of users, etc. The visions are aiming higher, but some
requirements as envisioned for 5G might still remain unfulfilled. There
have been a lot of investigations in the area of URLLC and Industry 4.0,
showing promising results similar to those in this thesis, but the question
of how to actually bring these systems into factories and commercialise
this remain open. Also, each factory is unique and hence site-specific
investigations and deployments are needed in order to fulfill the often
stringent requirements in the considered factory.

� System design: As the channel affects the system performance, it needs
to be considered in the system design. To fulfill the requirements of the
URLLC use case, which could be possible with a massive MIMO sys-
tem under favourable conditions, the system design needs to be thought
through carefully as this affects how e.g. coding and re-transmission
strategies should be applied. Hence a cross-layer approach would be
beneficial. The same applies for IoT networks. Massive MIMO could im-
prove the performance but it requires a system approach where physical
layer techniques are integrated with the protocol design [70].
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Introduction

Massive MIMO (multiple-input multiple-output) has emerged as a new technology to
be used in wireless systems for the fifth generation and beyond (Marzetta 2010; Rusek
et al. 2013; Larsson et al. 2014). When designing channel models for these systems, it
is important to capture the most prominent propagation characteristics. The models
need to be accurate and tractable in terms of complexity such that they can be used for
developing algorithms and assessing system performance.

In massive MIMO systems, the number of base station antennas is radically increased
from just a few and is growing, possibly even into the hundreds. With the increased
degrees of freedom, capacity can be increased by using spatial multiplexing. Alterna-
tively, by using beamforming techniques, pathloss can be combated. The latter will be
essential, as the trend for future generations is to also exploit higher frequencies in addi-
tion to the sub-6 GHz bands. Therefore, in addition to investigating how micro-wave
propagation affects massive MIMO performance, an understanding of the fundamen-
tal aspects of mm-wave propagation is necessary for proper system design. Another
effect caused by the evolution of increasing the number of base station antennas is that
the complexity of the user terminals can be reduced (Larsson et al. 2014). However, the
user equipment and interaction with nearby surroundings still impose limitations on the
overall system performance (Björnson et al. 2014; Bengtsson et al. 2015), and a realistic
channel model should, therefore, capture these aspects as well.

In order to characterize massive MIMO channels, several measurement campaigns
have been carried out. Analysis of these measurements has provided insights about
the effects of deploying large antenna systems in real-world scenarios. Firstly, due to
the physically large arrays, the assumption of planar wavefronts does not necessarily
hold anymore and near-field effects can be experienced. Secondly, nonstationarity and
large-scale fading effects over the array can be present. Finally, when deploying an order
of magnitude more antennas at the base station side, the possibilities to even further
extract spatial and polarization diversity from the environment open up. Then 3D prop-
agation and polarization effects in the channel become noticeable and thus important
to consider (Gao 2016).
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Taking the whole massive MIMO system into account, some channel-dependent char-
acteristics can be identified, which relates to how the channel is experienced. For the
base station, the experienced channel depends on the uplink pilot transmission and how
the users experience the channel is affected by the applied precoding. Two significant
channel-dependent characteristics in massive MIMO systems are that user separability
increases (Flordelis et al. 2018), as a result of favorable propagation conditions, and sys-
tem reliability increases due to the channel hardening effect. Favorable propagation is
defined as the mutual orthogonality between the user channels (Ngo et al. 2014). The
channel hardening effect refers to that the variations of channel gain decrease in both
time and frequency domain when increasing the number of antennas (Ngo and Larsson
2017; Payami and Tufvesson 2013).

The most commonly used channel model for theoretical massive MIMO analyses is
the independent and identically distributed (i.i.d.) complex Gaussian channel model.
The model is convenient to use and beneficial from a complexity point of view but
has its limitations with respect to accurately representing the channel behavior. For
conventional MIMO systems, different stochastic and deterministic channel modeling
approaches exist. A common deterministic channel model approach is ray tracing. In
the first category, there are correlation-based channel models, such as the Kronecker
(Kermoal et al. 2002) and Weichselberger (2003) channel models, and different types
of geometry-based channel models, including geometry-based reference models and
geometry-based stochastic channel models (GSCMs). The stochastic channel models
are generally tractable in terms of complexity while deterministic channel models accu-
rately can represent the channel in a specific environment. Even though the underlying
propagation channel remains the same independent of the system deployed, some char-
acteristics that affect the system performance become more pronounced and therefore
these need to be accounted for when designing and using an appropriate channel model
for massive MIMO systems.

Many of the conventional MIMO models have been evaluated and extended for
massive MIMO, taking into account the propagation characteristics that have been
shown to be more prominent in massive MIMO channels. Although efficiently
providing simulated channel realizations, the performance based on channels from
correlation-based channel models generally diverges from the performance of mea-
sured channels. A more realistic and extensively used channel modeling approach
for massive MIMO system simulations is based on geometry-based channel models,
providing a good trade-off between accuracy and complexity. Research efforts have
been invested in extending the conventional geometry-based MIMO channel models
to better capture the characteristics of massive MIMO channels. Also the map-based
approach, which is based on simplified ray tracing, has gained interest as a viable option
for accurate, although feasible in terms of complexity, modeling of massive MIMO
channels.

This article provides a comprehensive overview of the state-of-the-art related to
massive MIMO channels. The following section describes the fundamentals of massive
MIMO propagation. Originating from measurements, prominent Massive MIMO
Channel Characteristics are described and is followed by Channel-Dependent Massive
MIMO Characteristics. Channel Modeling for Massive MIMO first reviews channel
modeling approaches currently being used for conventional MIMO systems. For each
approach, their applicability for developing and assessing the performance of massive



Massive MIMO Channels 3

MIMO systems is evaluated and extensions are presented. Lastly, a discussion of future
opportunities and challenges is provided.

Fundamentals of Massive MIMO Propagation

In a basic massive MIMO system, K single-antenna users are spatially multiplexed by
using M base station antennas, as shown in Figure 1. Although earlier systems, in gen-
eral, are using frequency division duplex (FDD), massive MIMO systems are typically
serving users in the same time-frequency resource in a time division duplex (TDD) man-
ner. The system is relying on channel reciprocity, where the channel coefficients for each
antenna pair in the downlink channel matrix H , can be acquired by using the trans-
pose of the uplink channel matrix HT. This matrix is estimated based on uplink pilots
and affects how the base station experiences the channel. Before base station transmis-
sion, the channel state information is used for precoding at the base station side and
this will affect how the user experiences the channel. With precoding, signals can be
transmitted from all base station antennas such that they add up constructively at the
intended user, resulting in an array gain. There are also other forms of massive MIMO
relying on explicit beamforming, such as 3D-MIMO technology, but here the focus is
on reciprocity-based massive MIMO for aggressive spatial multiplexing.

The underlying assumption about the propagation channel in massive MIMO is that
as M grows large, the channels between different users will become orthogonal. More-
over, in the asymptotic case, the effects of uncorrelated noise and fast fading disappear
(Marzetta 2010). This means that as M goes to infinity, the correlation between H and
its Hermitian transpose approaches the K × K identity matrix IK as

1
M

HHH → IK

With orthogonal user channels, linear precoding schemes become nearly optimal
(Marzetta 2010; Gao et al. 2011; Rusek et al. 2013). To measure user orthogonality, the
singular value spread, also called the channel condition number, can be used as the
metric of interest. The singular value spread is defined as the ratio between the largest
and smallest singular value of the channel matrix H , obtained by applying the singular
value decomposition, that is

Base
station

1

2

M

H

HT

1

2

K

Figure 1 System with a large array at one side and single-antenna users spatially multiplexed at the
other side for both uplink and downlink transmission.
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𝜅 =
𝜎1

𝜎K

A large k implies that some user channel vectors are close to parallel and therefore
will be hard to separate, meanwhile a value close to 1 means that all channel vectors are
pairwise orthogonal. The inverse of k could also be used to get a bounded value between
0 and 1. The singular value spread provides information about the performance of the
worst user; to better reflect the behavior of all users, the normalized sum of the squared
singular values could be used as given by

1
𝜎2

1

K∑
k=1

𝜎2
k

Another measure when evaluating how orthogonal the channels between user i and j
are is through the pairwise correlation coefficient, defined as

𝛿i,j =
|hH

i ⋅ hj|2‖hi‖2 ⋅ ‖hj‖2

where ||⋅|| is the Euclidean norm. Naturally, a low correlation is desired and a value of 0
would mean orthogonal user channels.

Micro-Wave vs Mm-Wave Massive MIMO

As micro-wave and mm-wave propagation channels behave fundamentally different
(Rappaport et al. 2015), this will impact the system performance and how a massive
MIMO system should be implemented in these different bands (Björnson et al. 2019).
In mm-wave bands, pathloss and shadowing losses become larger. To still get sufficient
signal levels, mm-wave massive MIMO would benefit from the beamforming gain
acquired from explicit 3D-beamforming. Meanwhile, in massive MIMO systems oper-
ating in the sub-6 GHz bands, the focus is generally on multiuser operation enabled
by aggressive spatial multiplexing. Such a system rather relies on coherent signal
combining through channel state information and channel reciprocity, as previously
described, rather than using explicit beamforming directions.

Influence of Users and Device Antennas

Most novel ideas for massive MIMO are related to the base station side and conse-
quently, these aspects have received much attention. However, the terminals have an
impact on the overall system performance, as neither the user equipment nor the inter-
action with the user will be ideal. In fact, performance is mainly limited by the hardware
impairments in the user equipment, while the effect of impairments from the large
array asymptotically disappears (Björnson et al. 2014). Further on the user interaction,
in terms of shadowing and loading of the antenna, will make the system less efficient
(Harrysson et al. 2010).

To decrease the effect of user loading, antenna diversity could also be motivated at the
terminal side. For example, Martinez et al. (2018a) showed a capacity improvement of
43% when adding a second user antenna. Also using multiple user antennas, Bengtsson
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for two different antennas, in different load scenarios. Source: Bengtsson et al. (2015). Reproduced
with permission of IEEE.

et al. (2015) investigated the influence of different antenna loadings, showing that the
influence of the left and right hand (LH/RH) or beside head with hand left and right
(BHHL/BHHR) decreases the average power and increase the sensitivity to the channel
angular spread, in comparison to free space (FS), as seen in Figure 2.

Massive MIMO Channel Characteristics

When increasing the number of base station antennas, some channel characteristics
become more pronounced in comparison to conventional MIMO systems. In measure-
ment campaigns, the key characteristics that should be captured by a suitable channel
model for massive MIMO, have been identified to be spherical wavefronts, nonstation-
arity, 3D-propagation, and polarization effects. Depending on the array deployed, these
characteristics will affect the system in different ways. However, for different sub-6 GHz
bands, the characteristics seem to remain stable (Li et al. 2016; Martinez et al. 2016a).

Spherical Wavefronts

When increasing the number of antennas in a massive MIMO system, the system will
experience near-field effects as the physical dimensions of the array usually become
large. This means that the plane wave approximation does not necessarily hold any-
more and spherical wavefronts can be experienced over the array (Payami and Tufvesson
2012). The phase differences between different antenna elements do not only depend on
the angle of the incoming wave but also the distance to users or scatterers, meaning that
this can be used for better spatial separation of user signals (Zhou et al. 2015). One way to
determine whether spherical wavefronts occur is through the Rayleigh distance, a metric
depending on the largest dimension of the antenna array Da and the wavelength 𝜆, as

dR =
2D2

a

𝜆

As an example, it has been validated in a measurement campaign at 2.6 GHz, with
50 MHz of bandwidth, that the plane wave assumption no longer holds by analyzing the
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Figure 3 Angular power spectrum over the array for a user in a LOS scenario. Source: Payami and
Tufvesson (2012). Reproduced with permission of IEEE.

angular power spectrum; the angle of the line-of-sight (LOS) component is shown to
vary with approximately 20 degrees over a 128 element linear array (Payami and Tufves-
son 2012), as seen in Figure 3.

Nonstationarity

Nonstationarities over the array mean that the received signal strengths at different
antenna elements can differ significantly. In (Gao et al. 2013b) it was shown in a mea-
surement campaign at 2.6 GHz, with 50 MHz bandwidth and a virtual linear array in
an outdoor LOS scenario, that the wide-sense stationarity assumed for conventional
MIMO systems was not satisfied (Gao et al. 2013a). The angular power spectrum in
Figure 4 shows the spatial variations observed over the array; the LOS component is
much stronger in the beginning and is shadowed towards the end. Another measure-
ment campaign at 5.8 GHz with 100 MHz of bandwidth, taking place in an indoor LOS
scenario with a very large array and a compact 2D array (Martinez et al. 2014), evaluated
their differences in average power variations and between different users. In Figure 5, it
can be observed that the power variations are smaller in the compact array, but even for
this smaller aperture, there are variations in the order of 10 dB.

3D Propagation and Polarization Effects

With many antennas, different configurations, such as linear, planar, cylindrical,
or even distributed arrays, are realizable. Extending the array in both vertical and
horizontal domains increases the possibility to further extract spatial diversity due
to the increased spatial resolution. To fully extract the diversity in the environ-
ment and to add a further dimension to separate users in, dual-polarized antenna
elements need to be deployed at the base station. However, when users only have
one polarization, a dual-polarized base station could degrade the performance.
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In one measurement campaign, the ratios of received power between vertically and
horizontally polarized antenna ports were shown to be approximately log-normal
distributed with a mean of 2.2 dB and standard deviation of 8 dB (Gao et al.
2015b).

In general, the orientation of the user equipment is unknown and deploying
dual-polarized arrays can usually support improvement of user orthogonality (Flordelis
et al. 2015) showed in a measurement campaign that with randomly oriented users,
a system with 16 dual-polarized antenna elements, i.e. M = 32, could give the same
performance as a system with 64 antennas having the same polarization.



8 Massive MIMO Channels

128

A
n

te
n

n
a
 n

u
m

b
e

r 
o

n
 l
in

e
a

r 
a

rr
a
y

Antenna number on linear array(a) (b) Antenna number on cylindrical array

A
n

te
n

n
a

 n
u

m
b

e
r 

o
n

 c
y
lin

d
ri

c
a

l 
a

rr
a
y

96

64

32

1

128

96

64

32

1
1 32 64 96 128

0 0

–5

–10

–15

–20

–25

–5

–10

–15
1 32 64 96 128

Figure 6 Correlation matrix in a LOS scenario for (a) a linear array with 128 antenna elements and (b) a
cylindrical array with 128 antenna elements. Source: Gao et al. (2016). Reproduced with permission of
IEEE.

In conventional MIMO systems with regular arrays, where the number of antennas is
small, the correlation matrices can be modeled as Toeplitz structures (Zelst and Ham-
merschmidt 2002). Although, as previously described, nonstationarities can be experi-
enced in a massive MIMO array and therefore the correlation matrices may not follow
the same structure. This is seen in Figure 6a for a linear array and in Figure 6b for a
cylindrical array. For the linear array, the correlation is reduced since it is a physical large
array, and for the cylindrical array it is due to its circular structure extending also in the
vertical dimension and the directive antenna arrangement with dual-polarized anten-
nas (Gao et al. 2014; Gao 2016). As the number of antennas grows and as the antenna
spacing increases the antenna correlation decreases, although having a larger impact in
the vertical domain than in the horizontal (Li et al. 2014).

Channel-Dependent Massive MIMO Characteristics

At a massive MIMO system level, some characteristics related to the underlying propa-
gation channel appear as an effect of the applied signal processing. These characteristics
become important due to their effect on the system performance and relate to how the
base stations and users experience the channel. In this section, theory and measure-
ments related to user separability, as an effect of favorable propagation conditions, and
channel hardening are outlined.

User Separability

In massive MIMO systems, user separability increases as an effect of the channel offering
favorable propagation. A definition of favorable propagation is given in Ngo et al. (2014)
and it means that the channel vectors between two users become pairwise orthogonal
and thus, a channel offers favorable propagation if

hi
Hhj =

{
0, i, j = 1,… ,K , i ≠ j‖hk‖2 ≠ 0, k = 1,…K
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In general, this does not hold in reality although a channel can asymptotically offer
favorable propagation when M goes to infinity if

1
M

hi
Hhj → 0, i ≠ j

Analysis of measurement data has shown that favorable propagation can be harvested
in real environments. By comparing singular value spreads, inverse condition numbers,
and correlation coefficients, it has been shown that the channel vectors between dif-
ferent users do become more orthogonal to each other as the number of base station
antennas increases. However, not to the same extent as for the i.i.d. complex Gaussian
channel (Hoydis et al. 2012; Gao et al. 2015a). The decreasing singular value spread
has also been evaluated in mobile channels, showing that decorrelation of user chan-
nels is a prominent effect even in dynamic environments where the 100 antenna case
decorrelated by 20%, seven times faster than the eight antenna case (Harris et al. 2017).
Considering different antenna array geometries, the average correlation coefficient was
investigated in an outdoor scenario, observing that the horizontal antenna arrangement
is the most beneficial one, while the vertical arrangement performed the worst (Gauger
et al. 2015), as seen in Figure 7.

The comparison of the normalized sum of squared singular values in Figure 8 shows
that it is more difficult to separate users in LOS with closely spaced users in comparison
to having widely spread users (Martinez et al. 2014). However, even in the more difficult
scenario, massive MIMO can separate users; the user channels do become more orthog-
onal (Flordelis et al. 2015, 2018). Figure 9 shows the cumulative distribution functions
(CDFs) of the singular value spreads for two different measurement sites when using dif-
ferent number of antennas. For example, a 10 dB difference when increasing the number
of antennas from 8 to 16 can be observed. To increase the capacity in this type of sce-
nario, distributed arrays could be beneficial; distributing the arrays orthogonally to each



10 Massive MIMO Channels

6
Very large array

Large array

Compact 2D array

i.i.d. Gaussian

Spread LoS parallel

Grouped LoS

5

4

3

2

1
1 2

Sum squared singular values

3 4

Number of users

S
u

m
 s

q
u

a
re

d
 s

in
g

u
la

r 
va

lu
e

s

5 6 7 8

Figure 8 Normalized sum of squared singular values for different number of users in an LOS scenario,
with users either spread and parallel to the base station or grouped. Source: Martinez et al. (2014).
Reproduced with permission of IEEE.

1

0.5

0
0 5 10

Singular value spread, kdB (MS 1)

15 20 25

M = 128

M = 64

M = 32

M = 16

M = 8

30

0

1

0.5

P
(k

d
B
) 

<
 a

b
c
is

s
a

P
(k

d
B
) 

<
 a

b
c
is

s
a

0
5 10

Singular value spread, kdB (MS 2)

15 20 25

Measured
i.i.d.

30

Figure 9 CDFs of the singular value spread when using different number of antennas at two different
measurement sites. Source: Flordelis et al. (2015). Reproduced with permission of IEEE.

other was shown in one measurement campaign to provide up to 140% capacity increase
in comparison to a collocated array (Chen et al. 2016).

Channel Hardening

As the number of antennas increases, the variations of channel gain decrease in
both time and frequency domain and therefore get more concentrated around its
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mean. This effect, visualized in Figure 10, is called channel hardening. The more
stable channels lead to increased system reliability. With the small-scale fading
decreasing, the system design can be simplified as operations, such as scheduling
(Hochwald et al. 2004), can be done over a time scale controlled by large-scale fading
instead.

Theoretically, the channel hardening effect has been dealt with in several studies
(Marzetta 2010; Ngo and Larsson 2017; Björnson et al. 2017; Roy et al. 2018). Ngo et al.
(2017) defined channel hardening as that the channel hk offers hardening for user k
if

Var{‖hk‖2}
E{‖hk‖2}2 → 0, as M → ∞

Roy et al. (2018) further derived closed-form expressions for the coefficient of varia-
tion of channel gain that provides further insights about the channel characteristics that
affects channel hardening.

The theoretical i.i.d. complex Gaussian channel clearly offers channel hardening as
the number of antennas increases. However, channel hardening has also been validated
experimentally for measured massive MIMO channels, where the effect is not as promi-
nent as for the theoretical case (Payami and Tufvesson 2013; Gunnarsson et al. 2018;
Ghiaasi et al. 2018; Martinez et al. 2018b). In Figure 11, the standard deviation of mean
power across the array, averaged over subarray positions and users, in a LOS scenario
for different array configurations is shown. The curves for the different arrays clearly
decay as the number of antennas increases up until a point where the effect of power
variation across the array instead increases the standard deviation. The very large array
offers the most channel hardening, which is likely due to the larger aperture, which leads
to less correlated channels. (Ghiaasi et al. 2018) showed, by analyzing the root mean
square (rms) delay spread and the ratio of the normalized subcarrier to average single
input single output (SISO) power of the equivalent channel, that the channel harden-
ing effect has a consistent behavior throughout four frequency bands, ranging from 1 to
4 GHz.
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Channel Modeling for Massive MIMO

Starting from the general channel modeling approaches, these can be divided into the
categories of stochastic and deterministic channel models, see Figure 12. Stochastic
channel models aim at reproducing the statistical behavior of important channel
characteristics and include correlation-based and geometry-based channel models.
Deterministic channel models are based on physical propagation mechanisms and are
connected to specific environments; the most accurate solution is given by solving
Maxwell’s equations. The deterministic models, such as ray tracing, require a detailed
and accurate description of the environment and are, therefore, usually accurate for a
specific environment. However, the ray-tracing models are in general more complex
in comparison to stochastic channel models. As a trade-off between accuracy and
complexity, hybrid solutions could also be feasible.

Correlation-Based Channel Models

In studies about massive MIMO, a Rayleigh fading model is commonly used, i.e. the i.i.d.
complex Gaussian channel H i.i.d.. This theoretical model is often used as a benchmark

Channel modeling
approaches

Stochastic

Geometry-basedCorrelation-basedRay tracingMaxwell’s equations

Deterministic

Figure 12 Channel modeling approaches.
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when analyzing measured massive MIMO channels. The reason for using this model is
that the assumption in massive MIMO is that it is a rich scattering environment with
incoming signals from all directions. However, in practice, channels are typically corre-
lated and there are often power imbalances between antennas. Measurements confirm
this and have shown that although a great portion of the performance can be harvested
in measured channels; the Rayleigh fading model is over-optimistic (Gao et al. 2011,
2015a; Hoydis et al. 2012; Li et al. 2014; Gunnarsson et al. 2018).

Two other simple correlation-based channel models that includes correlation
between antennas at the transmitter and/or receiver side are the Kronecker channel
model (Kermoal et al. 2002; Chizhik et al. 2003; Ozcelik et al. 2003) and the Weich-
selberger channel model (Weichselberger 2003; Weichselberger et al. 2006; Wood and
Hodgkiss 2008). The Kronecker channel model assumes independent scattering on each
side and, for the correlation matrices RRx and RTx, the channel matrix Hkron is given by

HKron = R1∕2
Rx Hi.i.d.R

1∕2
Tx

The Weichselberger model includes coupling between the two sides by performing
the element-wise square-root of a coupling matrix, contained in Ω̃, with URx and UTx,
being the eigenbases of the previously introduced correlation matrices. Performing the
element-wise product with H i.i.d., the resulting channel matrix is given by

HWeichsel = URx(Ω̃⊙ Hi.i.d.)UTx

Both the Kronecker and Weichselberger channel models have been shown to under-
estimate massive MIMO capacity (Gao et al. 2014), with as much as 20–50% for the first
model and up to 20% for the latter (Gao 2016). To better capture channel characteris-
tics representing massive MIMO channels, a Kronecker-based stochastic model, which
considers a birth–death process along the array has been developed (Wu et al. 2015a).

Geometry-Based Channel Models

There are two types of geometry-based channel models, the geometry-based reference
models and GSCMs (Molisch et al. 2003). The first type of models, originally include
models such as Lee’s model, the geometrically based circular model and the geometri-
cally based elliptical model (Ertel et al. 1998).

Other theoretical geometry-based reference models that aim for capturing massive
MIMO characteristics, such as spherical wavefronts and nonstationarities, have been
developed and analyzed. Examples are a 3D wideband twin-cluster model (Wu et al.
2014) and a 2D wideband multi-confocal ellipse channel model (Wu et al. 2015b).

There are two main approaches within GSCMs, the ones based on the WINNER-
approach where scatterers are described based on their angle of arrival and departure
(WINNER 2005) and the models based on the COST-approach where the physical posi-
tions of the scatterers are defined (Liu et al. 2012). The drawback with the first approach
is that is not spatially consistent while for the latter approach, the extraction of parame-
ters can be difficult. In all these models, the channels are created from the superposition
of multipath components coming from different clusters distributed in the environment.
To model a time-variant channel, GSCMs can make use of either the concept of visibility
regions, where clusters become visible as users move inside the corresponding region
or the concept of birth–death processes of clusters.



14 Massive MIMO Channels

In general, the massive MIMO channel models are not focusing on the evaluation of
different antenna designs and loading effects on the user side, although this has shown
to have a big influence on performance (Bengtsson et al. 2015). To fill this gap, Bengtsson
et al. (2017) developed a framework, which similarly to GSCMs also uses the concept
of clusters. This framework can simulate multiple-antenna terminals in massive MIMO
systems and shows a close match to measured results.

Among massive MIMO channel models, the GSCM-approach is the most common
one. Examples of such models are the COST 2100 channel model (Liu et al. 2012) with
massive MIMO extensions (Gao et al. 2015c; Flordelis et al. 2019), the QuaDRiGa chan-
nel model (Jaeckel et al. 2014, 2017), where extensions applicable for WINNER-type
models has been proposed (Martinez et al. 2016b), the 3GPP channel model (TR 38.901;
3GPP 2017) and the IMT-2020 channel model (ITU-R M.2412-0 2017).

Ray Tracing and Map-Based Approaches

Ray tracing is based on an accurate representation of a specific simulated environment
where either rays are launched and interact with objects in the simulation environment
or the simulation environment is analyzed to determine where different forms of wave
interaction can take place. An up to date tutorial of ray tracing for 5G applications is
given in (He et al. 2019), and we refer the interested reader to this paper and the refer-
ences therein. One should also mention a simplified ray-tracing technique, referred to
as the map-based model (Medbo et al. 2016). Based on this, the METIS channel model
(Nurmela et al. 2015) was developed to capture important channel characteristics for
massive MIMO. There also exists a stochastic version that does not include all massive
MIMO features.

Conclusions

Going from a theoretical concept to being a part of the standard for the fifth generation
of wireless systems, massive MIMO has shown to bring great benefits to the overall
capacity in cellular communication. As the underlying propagation channel determines
the limits of what is achievable, the research efforts on massive MIMO channels provide
valuable insights for system design. Interestingly, massive MIMO channels are not only
promising for capacity improvements, but also for other performance factors such as
reliability, range, and low-power user terminals.

The potential of increased reliability in massive MIMO systems is partly due to the
effect of channel hardening. With more stable channels, there is potential for new appli-
cations that the infrastructure of today might not be able to support. Other aspects
of reliability are the impact of shadowing and to minimize the probability of outage,
where measurements and channel modeling is still lacking. One application where this
increased reliability would be needed is in future connected factories, often referred
to as Industry 4.0. This type of environment is assumed to provide very rich scatter-
ing, which is beneficial in order to get channel hardening, but could also potentially be
problematic in terms of shadowing. The effect of these two propagation characteristics
in this type of environment remains open questions.
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In the future, more and more devices are expected to be connected, building up to
huge internet-of-things (IoT) networks. These networks will also benefit from increased
reliability, depending on the application. Although, in many scenarios, increased range
and the possibility to use low-power user terminals might be more important. Another
game-changing aspect of IoT networks is that the devices will also use lower frequency
bands, i.e. below 1 GHz. In this band, the pathloss is lower and the coherence time is
longer, which will be beneficial for low-power devices that are communicating over a
long range. As most of the studies have been focusing on the frequency band 1–6 GHz
and research below this band is rare, measurement campaigns need to be carried out in
order to explore the impact of using massive MIMO in this scenario.

Going up in frequency instead, many details of the mm-wave massive MIMO chan-
nel are to a large extent not explored enough (Huang et al. 2017). Massive MIMO as
an enabler for vehicular communication also remains an open question to be investi-
gated; the number of mobility measurements for massive MIMO are very few. Further
ideas, that are taking a step beyond the contemporary massive MIMO concept, are
large intelligent surfaces (Hu et al. 2018), and cell-free massive MIMO (Ngo et al. 2017).
With both concepts the number of radiating and sensing elements are expected to grow
beyond the numbers considered for massive MIMO; the measurements presented here
have included a number of 64–144 antennas. With an array that increases the spatial
dimension even further, the near field effects are assumed to be even more prominent
as the Rayleigh distance grows. The challenge will include practical difficulties to realize
these large systems but further performance improvements are expected. Performance
improvements are also expected for cell-free massive MIMO where the implementation
complexity rather lies in the backhaul.

Having distributed antenna systems, such as in cell-free massive MIMO and large
intelligent surfaces, will result in fundamentally different channels and will cause power
imbalances between the antennas in the system. Already in massive MIMO systems, it is
common with power imbalances between the different antennas in the array. This effect
could be caused by large-scale fading, such as having obstacles shadowing a part of the
array, or be a result of the influence of antenna characteristics; the interplay between
the channel and antenna pattern will affect the received power levels. Power imbalances
affect the overall system performance and further research on how to realistically cap-
ture this in channel models is needed.

What also needs to be captured in the channel models is the influence of antenna
patterns. In a few studies, this has been shown to have a substantial impact on the per-
formance of a massive MIMO system, although more extensive research is lacking. It
is common to consider ideal antenna patterns. However, parameters such as the spe-
cific antenna pattern, influence of the users and mutual coupling will impact the system
performance. One important effect related to antennas concerns polarization, which is
rarely the focus in studies. With further knowledge in this area, diversity in this dimen-
sion could further accelerate performance.

Considering the development of channel models for massive MIMO in general, many
of the emerging standard models are based on the GSCM approach; this has been con-
sidered as a good trade-off between accuracy and complexity. However, parameteriza-
tion and validation with more measurements are still needed for many of the models
in order to be able to assess how well they represent real measured channels. A new
trend that can be expected to continue is the combining of different channel modeling
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approaches in order to get an even better accuracy-complexity trade-off; the hybrid
modeling using the map-based approach with stochastic elements has started to pave
the way in this direction.

Overall, much of the fundamental understanding of the behavior of massive MIMO
channels is there; now it is mostly a matter of improving channel models to even better
reflect the measured channels and to include more scenarios. Ongoing research topic
is to explore the deployment of massive MIMO in new frequency bands and also the
potential of using massive MIMO to achieve more reliable systems, increased range and
using low-power user terminals. Also, moving beyond today’s contemporary massive
MIMO systems to large intelligent surfaces and cell-free massive MIMO are foreseen to
be a part of the development of future wireless systems.
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Channel hardening in massive MIMO:

Model parameters and experimental

assessment

Reliability is becoming increasingly important for many applications

envisioned for future wireless systems. A technology that could improve

reliability in these systems is massive MIMO (Multiple-Input Multiple-

Output). One reason for this is a phenomenon called channel hardening,

which means that as the number of antennas in the system increases, the

variations of channel gain decrease in both the time- and frequency do-

main. Our analysis of channel hardening is based on a joint comparison

of theory, measurements and simulations. Data from measurement cam-

paigns including both indoor and outdoor scenarios, as well as cylindrical

and planar base station arrays, are analyzed. The simulation analysis in-

cludes a comparison with the COST 2100 channel model with its massive

MIMO extension. The conclusion is that the COST 2100 model is well

suited to represent real scenarios, and provides a reasonable match to

actual measurements up to the uncertainty of antenna patterns and user

interaction. Also, the channel hardening effect in practical massive MIMO

channels is less pronounced than in complex independent and identically

distributed (i.i.d.) Gaussian channels, which are often considered in the-

oretical work.
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I Introduction

Mission-critical applications such as remote surgery, intelligent transportation
systems and industry automation are envisioned to be based on wireless con-
nectivity in the future. To realize these applications, reliable communication
is required. Massive MIMO [1][2] has in theory shown a potential to increase
reliability; by deploying a massive number of antennas at the base station side,
an unprecedented level of spatial diversity can be exploited. Additional ad-
vantages are that both spectral and energy efficiency increase. However, the
enhanced reliability is the main focus of this paper.

Stable channels are essential in order to achieve reliability in communication
systems. In massive MIMO systems, the channel gain becomes more concen-
trated around its mean when increasing the number of base station antennas.
This phenomenon, where a fading channel behaves more deterministically, is
called channel hardening. The decreasing fading variations will also render a
more stable capacity. The channel hardening effect can be studied from two
points of view. The first point is that the fading over frequency is reduced
due to the decrease of experienced delay spread. The second point is channel
hardening in the time domain, where the temporal fading decreases as a result
of the coherent combination of the signals from the many base station antennas.

The theory of channel hardening has been discussed in many papers, see
e.g. [1], [3]–[7]. In [3] and [4] a definition of channel hardening is given and
the authors in [5] introduce and derive closed form results for the coefficient
of variation of channel gain, which further relates to the characteristics of the
channel, which are affecting channel hardening. In [7], a proof of complete
convergence of channel hardening in massive MIMO with uncorrelated Rayleigh
fading is presented. Although co-located massive MIMO systems are shown
to provide channel hardening, this might not be the case in cell-free massive
MIMO [8]. Much research has been carried out on the theoretical aspects of
channel hardening, not as many studies have investigated this phenomenon
experimentally [9]–[14].

Early theoretical massive MIMO studies and proofs of channel hardening
have been relying on the assumption that the channels experience such rich
scattering that they can be modeled as complex independent and identically
distributed (i.i.d.) Gaussian channels. However, it has been shown in meas-
urements that this is not the case [15][16] in practice. In general, real massive
MIMO channels are spatially correlated. This phenomenon has been acknow-
ledged and recently it has also been taken into account in theoretical analyses
of channel hardening [3][17]. The other extreme channel is the keyhole chan-
nel, which is shown to not provide any channel hardening [4]. Any real massive
MIMO system will experience a channel hardening somewhere in between; here
we investigate what actually can be expected in different real scenarios.

To develop and assess the system performance of future mission-critical
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applications, adequate channel models that can capture the relevant channel
characteristics are needed. However, the relation between experiments and
models has not been studied so far. Several channel models could be used for
this purpose, such as the QuaDRiGa channel model [18][19] with extensions
for WINNER-type models [20], the 3GPP channel model (TR 38.901) [21], the
IMT-2020 channel model [22], and the METIS channel model [23]. Here, the
COST 2100 channel model [24][25] is chosen as it is a geometry-based stochastic
channel model (GSCM) with the important property that it can consistently
describe the channel in space, time and frequency. It also realistically captures
the behavior at a multipath level. The model has recently been extended with
features such that it realistically can reflect characteristics that are prominent
in measured massive MIMO channels [26][27]. To serve as an adequate channel
model for the intended applications, all important channel aspects that affect
system performance should be caught by the model; this leads to the questions
if and how the channel model realistically can capture the channel hardening
effect as well, and what are appropriate model parameters.

The contribution of this paper is twofold. First, channel hardening has been
validated by experiments; this being a key part in the process of extracting rel-
evant parameters that can be used for accurate channel modeling. We extend
our analysis in [9] with evaluation of more parameters and thereby providing
further insights; the number of analyzed scenarios has been extended and the
analysis is now also including outdoor environments as well as different an-
tenna arrays. We present generalized values for what can be expected in terms
of channel hardening in a co-located massive MIMO system. The second contri-
bution, novel in relation to [9], is an assessment of the capabilities of the COST
2100 channel model with its massive MIMO extension to capture the channel
hardening effect and an evaluation of its model parameters. This is evaluated
by relating simulated results from the model to our experimental findings. We
highlight key parameters, related to propagation and antenna characteristics,
that affect the channel hardening. With this knowledge, appropriate channel
models and parameter sets can be selected and used to acquire realistic massive
MIMO channels; consequently, these could be appropriate for development and
assessment of future wireless applications.

The structure of the paper is as follows; Section II describes the measure-
ment campaigns, including both the scenarios and the equipment used. Sec-
tion III presents theory and the definition of channel hardening. The meas-
urement results, including generalized values for channel hardening in different
scenarios, are presented in Section IV. Section V describes the COST 2100
channel model and the performed simulations. Section VI presents a joint com-
parison between theory, measurements and simulations in order to give a more
thorough and complete analysis of channel hardening in co-located massive
MIMO systems. In Section VII, the paper is summarized and conclusions are
presented.
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Cylindrical array

Planar array

Figure 1: The auditorium where the indoor scenario took place. The base station is
standing in the front of the room, at different positions depending on the array used
in the measurements, and the users are sitting in the back of the room to the left.

II Measurement scenarios and equipment

The main focus of this work is on indoor propagation, as this typically is
the scenario with the richest scattering, and therefore the environment where
channel hardening is most pronounced. Only single-antenna user equipment is
considered, limiting this study to focus on how channel hardening is affected
when only changing the number of base station antennas. For this primary
scenario, the base station is situated in the front of an indoor auditorium,
and is serving a group of nine closely-spaced users. We also consider another
scenario, which is an outdoor scenario where a base station is located on a
roof serving nine closely-spaced users. Two different measurement campaigns
have been conducted and the measured channels have been analyzed in terms of
channel hardening. The first measurement campaign considered both scenarios
and the measurements were performed with a channel sounder deployed with
a cylindrical array. This campaign and the performed measurements therein
is further described in [28]. The second measurement campaign aimed at re-
peating and validating some of the measurements in the indoor scenario with a
real-time testbed equipped with a planar array. For all measurements the user
equipment antenna was a vertically polarized SkyCross SMT-2TO6MB-A.
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Figure 2: The outdoor scenario for both LOS (position 1) and NLOS (position 2).
The base station has a cylindrical array and is positioned on the roof. The users were
moving within a circle with a diameter of 5 m.

Figure 3: The cylindrical base station antenna array as seen from above (left)
with the numbering of the antenna elements in the first ring, both vertically and
horizontally polarized. The cylindrical array seen from the side (right) with the
numbering per ring.

A Indoor scenario

The indoor measurement campaign was carried out in an auditorium located at
Lund University. As seen in Fig. 1, a base station is standing in the front of the
room and is serving users sitting in the left back corner. With the cylindrical
array, simultaneous measurements were done when serving all nine users. With
the planar array, evaluations were performed for user 1 and 5, which serve as
representatives of users in the front and in the back rows, respectively. The
users were mostly static during the measurements but were moving the anten-
nas slowly back and forth, tilted approximately 45 degrees, with a speed lower
than 0.5 m/s. The measurement campaigns also included, for both antenna
arrays, the case when the rectangle in Fig. 1 was almost full with people in the
vicinity of the active users.
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Figure 4: The planar base station antenna array as seen from the front (lower).
Every other antenna is vertically and horizontally polarized (upper), where the
100 connected antennas are shown with their corresponding polarizations.

B Outdoor scenario

In the outdoor scenario, the measurement campaign was carried out in an open
area at the campus of Lund University. A base station was placed at the roof on
top of the second floor and measurements were performed both for a Line-Of-
Sight (LOS) scenario (position 1 in Fig. 2) and for a non-LOS (NLOS) scenario
(position 2 in Fig. 2). In both cases, nine closely-spaced users were moving
around within a circle having a diameter of 5 m. The users were holding the
antennas tilted approximately 45 degrees.

C Channel sounder

The RUSK LUND MIMO channel sounder was used for the first measurement
campaign with the cylindrical array. This channel sounder is a multiplexed-
array channel sounder, meaning that the transfer functions for each transmit-
receive antenna pair is measured at a fast pace one after the other. The cyl-
indrical array connected to the channel sounder is shown in Fig. 3. The array
consists of 64 dual-polarized patch antennas spaced half a wavelength apart
at the carrier frequency of 2.6 GHz, resulting in 128 antenna ports in total.
The bandwidth is 40 MHz. The antenna elements are in the measurement
data numbered according to Fig. 3, i.e. starting with the lower ring and fin-
ishing with the upper ring as seen to the right in the figure. To the left in
Fig. 3, the lower ring is seen as from above. Important to note is that odd-
numbered antenna ports are vertically polarized, even-numbered ones have a
horizontal polarization. For the indoor scenario the measurements produced
129 frequency points and 300 snapshots taken over 17 seconds. This was also
done for the outdoor scenario, with the exception that here 257 frequency points
were measured. For the indoor scenario, the time for sounding is 3.2 µs for one
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transmit-receive antenna pair, leading to a time per snapshot of approximately
7.37 ms. For the outdoor scenario, these values doubles due to measuring twice
as many frequency points.

D Real-time testbed

The Lund University Massive MIMO testbed (LuMaMi) was used for the
second measurement campaign with the planar array. This testbed is based
on software-defined radio technology and is operating in real-time at a carrier
frequency of 3.7 GHz with 20 MHz of bandwidth. More information about the
technical details of the testbed can be found in [29] and [30]. The planar array
connected to the testbed is shown in Fig. 4, where the lower part shows the
array from the front. The upper four rows with 25 antennas at each row are con-
nected to one transceiver chain each, resulting in 100 antenna elements, spaced
half a wavelength apart. Every other antenna element is vertically polarized
while the other element has a horizontal polarization. The measurements when
using the testbed produced 100 frequency points per user and for 20 seconds,
2000 snapshots were stored1.

III Channel hardening in theory

Following [4], let hk be the channel vector between the base station and user
k. The channel hk offers hardening if

Var{∥hk∥2}
E{∥hk∥2}2

→ 0, as M → ∞, (1)

where M is the number of base station antennas. In [5], the coefficient of
variation (CV 2) is introduced and further derived as

CV 2 =
Var{∥H∥2F }
E{∥H∥2F }2

=E2(Atx,Dtx)E2(Arx,Drx)
E{∥c∥4 − ∥c∥44}

E{∥c∥2}2 +
Var{∥c∥2}
E{∥c∥2}2 ,

(2)

where ∥H∥F is the Frobenius norm of H, E2(Atx,Dtx) and E2(Arx,Drx) are
the second moments of the inner products between the steering vectors of two
different physical paths for the transmitter and receiver, respectively, and ∥c∥2
is the accumulated channel gain from all physical paths. In our case H = hk.

1For completeness, it should be noted that 9 snapshots were lost during the measurements
with user 1, and 7 snapshots during the measurements with user 5, possibly due to bad
synchronization. These snapshots were therefore removed when analysing the data.
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Figure 5: Standard deviation of channel gain as a function of number of base station
antennas and the number of physical paths. Interpretation based on [5].

The first term in (2) can be considered as a small-scale fading factor. The
second term can be considered as a large-scale fading factor, which for channel
coefficients with independent channel gains with variance σ2 and mean µ is
shown to be equal to 1

P (σµ )
2 [5], where P is the number of physical paths in

the environment. Under the assumptions that the channel coefficients for all
physical paths are CN (0, 1) and that the steering vectors of the physical paths
are distributed uniformly over the unit sphere, (2) can be further rewritten as

CV 2 =
1

M
(1− 1/P ) + 1/P (3)

where we here consider M base station antennas and 1 user antenna [5]. The
standard deviation of the channel gain as a function of the number of base
station antennas and physical paths is shown in Fig. 5, obtained through a
simulation based on (3) and then taking the square-root of the results. As
expected, more base station antennas increase the channel hardening, although
this is only true if there are enough physical paths in the environment. The
achievable channel hardening in a specific environment will therefore be limited
either by the number of base station antennas or the number of physical paths,
assuming a fixed number of antennas for the user equipment. It is worth noting
in (3) that if the number of physical paths P → ∞, then the coefficient of
variation CV 2 → 1

M . If also the number of antennas M → ∞ then CV 2 → 0,
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and the channel offers hardening as defined in (3).
The data, acquired as previously described for the two measurement cam-

paigns, has been analyzed in order to validate the theoretical channel hardening
results. This is done in the same way as in [9], and similar to the investiga-
tion in [11][12]. Specifically, the measured channel transfer functions have been
normalized according to

hk(n, f) =
hk(n, f)√

1
NFM

∑N
n=1

∑F
f=1

∑M
m=1 |hkm(n, f)|2

, (4)

where N is the number of snapshots, F is the number of frequency points
and M is the number of selected base station antennas, i.e. those over which
the standard deviation is later computed in order to obtain a measure of the
experienced channel hardening. This normalization makes sure that the average
power of each entry in hk, averaged over frequency, time, and base station
antennas, is equal to one.

For M selected base station antennas, the instantaneous channel gain for
each user is defined as

Gk(n, f) =
1

M

M∑

m=1

|hkm(n, f)|2, (5)

such that the average channel gain

µk =
1

NF

N∑

n=1

F∑

f=1

Gk(n, f) = 1 (6)

is independent of the number of antennas selected at the base station. This
means that the base station can reduce the total output power with a factor
of M , i.e. the beamforming gain. The standard deviation of channel gain is
computed for each user according to

stdk =

√√√√ 1

NF

N∑

n=1

F∑

f=1

|Gk(n, f)− µk|2, (7)

where the instantaneous channel gain for user k, Gk(n, f), is given in (5) and
the average channel gain for user k, µk, is given in (6). The standard deviation

in (7) is indeed an estimate, ĈV (M), of the (square root of the) coefficient of
variation (3), for some M ≥ 1. In the following, when quantifying the channel
hardening for some subset of antennas of size M , we use the difference

ĈV (M)− ĈV (1) (8)
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of the standard deviation as given in (7). This means that depending on which
antenna element that is chosen as the reference element, the channel hardening
will result in different values. How this reference element is chosen in our
analysis will be elaborated on in the next section.

IV Channel hardening in practice

This section presents our contribution to the experimental research on channel
hardening in real environments, extending the initial results in [9] to include
more scenarios, array geometries and propagation characteristics. In addition,
we extend the analysis and provide further insights on aspects that impact
the experienced channel hardening and hence, the overall reliability in massive
MIMO systems.

For the indoor scenario with the cylindrical array, see Fig. 1 and Fig. 3, the
un-normalized average channel gain for each of the 128 base station antennas is
shown in Fig. 6, for all nine users. Since the channels are not normalized, what
is seen are the actual measured differences in average channel gain between
users and antenna elements in the array. As expected, there are for each user
large variations over the array which can be seen as the four larger peaks and
dips, one for each ring of antennas, due to some antennas experiencing a LOS
condition while some are not. Fig. 3 is used as reference for the numbering of
the antennas in the rings as well as the numbering between the two polariza-
tions. The latter explains the more local variations in Fig. 6, where the average
channel gain is alternating between every two consecutive antennas. Both these
variations contributes to an imbalance between the antenna elements in the ar-
ray. The results in Fig. 6 can also be explained as an effect of the interaction
between the cylindrical dual-polarized array and the environment. The vari-
ations that are seen show that the multipath components are not coming in
with equal strength from all directions. They are rather coming dominantly
from some distinct angles, in line with other experimental studies [15][16], and
the previous analysis in [28], where also the distribution of channel coefficients
can be found. Detailed cluster analysis can be found in [27] This observation
questions the appropriateness of modeling massive MIMO channels with the
complex Gaussian channel model and strengthens the conclusion that massive
MIMO channels are indeed spatially correlated.

A Channel hardening in time and frequency

A clear visualization of the channel hardening effect is seen in Fig. 7, where the
normalized channel gain with a single base station antenna versus the channel
gain when using all 128 base station antennas is shown for user 1 in the indoor
scenario. For the single antenna case, M = 1, the antenna element in the base
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Figure 6: Unnormalized average channel gain for the 128 base station antennas in
the cylindrical array shown for all nine users. Numbering of the users is row-wise,
starting from the top left corner.

station array which has the median average channel gain is chosen. For this
single antenna, there are large dips in both time and frequency. The combin-
ation of all 128 antennas results in both array gain, yielding a higher average,
and smaller variations relative to this average. It is evident that in the time do-
main, there is a channel hardening effect. The channel flattens out when using
a large number of base station antennas; the remaining variations are caused
by the movements of the user equipment. The channel hardening is even more
evident in the frequency domain; for the measured scenario and the considered
bandwidth, the channel response becomes almost entirely flat. For comparison,
in this scenario, the difference between the maximum and minimum normalized
channel gain in the time domain, averaged over subcarriers and for M = 1 and
M = 128 respectively, is 36 dB and 9 dB. The corresponding values for the
frequency domain are 16 dB and 2 dB. In general in massive MIMO systems,
the result will be similar as it is straight-forward to apply precoding to flatten
out the channel in the frequency domain. However, shadowing effects in the
time domain can not easily be compensated for.
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Figure 7: Normalized channel gain for user 1 showing the single antenna with the
median average channel gain (lower) and the total channel gain for all 128 base station
antennas in the cylindrical array (upper).

B Channel hardening with different subsets of antennas

The standard deviation of channel gain as the number of base station anten-
nas M increases from 1 to 128 is shown in Fig. 8 for user 1. The channels
are normalized according to (4) and the instantaneous channel gain for every
subset is computed for all frequencies and snapshots as in (5) before the stand-
ard deviation of channel gain for each subset is computed using (7). The
blue solid line shows the result for the complex Gaussian channel, which for
128 base station antennas has a channel hardening, measured as the decrease
in standard deviation of channel gain when going from 1 to 128 base station
antennas as in (8), of around 10.5 dB. This is close to the theoretical value
of 10 log10(

√
128) dB. The standard deviation of channel gain is also shown in

Fig. 8 when selecting the antennas in different orders as the number of base
station antennas increases. All the curves for the measured responses end up at
the same point but they evolve differently as the number of antennas increases
and have different reference elements and therefore different starting points.

The case ’Original’ is where the antennas are chosen in the order shown in
Fig. 3. For the indoor scenario, the first few selected antennas are in NLOS and
then some antennas in LOS get included in the selected subset resulting in a
temporary increase of the standard deviation, as seen for the black dashed line.
The case ’Strongest first’ means choosing the antennas with the highest average
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Figure 8: Standard deviation of channel gain as a function of number of base station
antennas when selecting antennas in different orders, for user 1 and the cylindrical
base station array, and the complex Gaussian channel as reference.

channel gain first, as computed for all frequency points and snapshots. This
seems to be the most reasonable choice and leads to quite a steady decrease of
the standard deviation in logarithmic scale. For comparison, the case ’Weakest
first’ is also shown, which is simply the reverse of the ’Strongest first’ label. This
results in a increase of the standard deviation when the antennas with higher
channel gain, relative to the already included antennas, also are included in
the subset. An observation from Fig. 8 is that whether the subset of selected
antennas is in LOS, NLOS or a combination therefore, affects the behavior of
the standard deviation curve, both in terms of starting point and regarding
the course of the curve. For further analysis see [9]. An additional remark is
that even though the order ’Weakest first’ has the least variations around its
average for M in the range from 5 to 50 antennas, and thus offers the most
channel hardening, one should note that this still may not be the option to go
for since the power level is normalized for the selected antennas. This makes
them comparable in terms of variations relative to their respective means but
that does not guarantee that choosing the weakest antenna first results in a
good enough channel in terms of absolute channel gain. As an example, for
M = 10, the un-normalized total channel gain, as summed for the first ten
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Figure 9: Standard deviation of channel gain as a function of number of base station
antennas when using one of the polarizations or a combination of both, for user 1 and
the cylindrical base station array, and the complex Gaussian channel as reference.

antennas and the whole bandwidth, is -30 dB for ’Strongest first’ and -42 dB
for ’Weakest first’, averaged over snapshots. Therefore, only the ’Strongest
first’ order will be used in the analysis from now on, in order to avoid any
confusion.

As previously indicated, the polarization state is causing variations in
the channel gain over the array. Computing the standard deviation for
M = 1, . . . , 64 when using one of the polarizations or a combination of both
yields the results in Fig. 9. For ’Both polarizations’, the set of antennas are se-
lected as one polarization per antenna, starting with vertical polarization, and
then alternating between the two polarizations as it traverses through the rings.
This means that the three options have the same aperture. The experienced
channel hardening depends on the polarization set selected, and thereby also on
the selected reference element. Fig. 9 shows the decrease of standard deviation
when going from 1 to 64 antennas, using the definition in (8). When using
the 64 horizontally polarized antennas, the channel hardening is 2.7 dB, while
the case with the 64 vertically polarized antennas gives a channel hardening of
2.8 dB. It is worth noting that even though the channel hardening is almost
the same for these two curves, the specific value of the standard deviation of
channel gain at each point is smaller when using the vertical polarization since
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these antennas already have smaller variations relative to its average compared
to the horizontally polarized antennas. An interpretation of this is that the
channel already can be considered as ’pre-hardend’, which could be a result of
the LOS component being mainly vertically polarized. This is supported by
the fact that when computing the mean of the un-normalized average channel
gain, this results in -64 dB for the vertically polarized antennas and -68 dB for
the horizontally polarized antennas. The most channel hardening, and also the
lowest standard deviation of channel gain for M = 128, is achieved when us-
ing a combination of both polarizations; then the channel hardening is 4.2 dB.
This is partly explained by the ability to exploit polarization diversity in the
environment, i.e. an increased number of physical paths, but is also an effect
of having different reference elements.

C Analysis of different scenarios

To investigate differences and similarities between scenarios, the channel
hardening is also analysed for measurements from the outdoor scenario, both
in LOS and NLOS, as depicted in Fig. 2. For all three scenarios, the users
with the most and least channel hardening are shown in Fig. 10a and Fig. 10b,
respectively. Note that these are not necessarily the users with the smallest
and largest standard deviation for a specific subset of antennas, such as for
M = 128. In Fig. 10a it can be seen that the user with the most channel
hardening is in the outdoor NLOS scenario. However, the channel from the
indoor scenario could already be interpreted as being ’pre-hardened’, as it for
each subset of antennas already has a smaller standard deviation of channel
gain relative to its mean. The users with the least channel hardening, and
also the largest standard deviation of channel gain for M = 128, are in general
found in the outdoor LOS scenario. Recalling that the channels for the dif-
ferent users are normalized, it should be noted that even though users in the
outdoor LOS scenario have the least channel hardening it does not necessarily
imply that it is a bad channel since the un-normalized channel could still have a
considerable high received channel gain and that a strong LOS in general gives
good communication performance. A comparison of the mean and maximum
un-normalized channel gain in the three scenarios is found in Table 1. It can
be observed that it is indeed the case that both the mean and the maximum
channel gain, as per antenna, are as expected higher in the outdoor LOS scen-
ario than in the NLOS scenario, although lower than in the indoor scenario.
However, the distances are different and thereby also the pathloss.

Fig. 11 shows the empirical CDFs of their channel gains when M = 128
for all scenarios and users, providing further insights about the behaviour of
the curves in the different scenarios. The marked users experience the least
and most channel hardening, also shown in Fig. 10a and 10b, respectively.
Evidently, the steeper the CDF is, the more channel hardening. Another ob-
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(a) The users with the most channel
hardening

(b) The users with the least channel
hardening

Figure 10: Standard deviation of channel gain as a function of number of base
station antennas for the three different scenarios with the cylindrical array, and the
complex Gaussian channel as reference.

servation is that if there are strong outliers, the standard deviation level is
increased; this is the case for the outdoor scenarios. As a reference, the expo-
nential distribution with λ = 1 is also provided, corresponding to the channel
gain, i.e. |h|2, with a mean of 1 for the one-antenna case where the channel is
complex Gaussian distributed; this means that there is no channel hardening.
Given this, the observation is that although the outdoor LOS scenario is to
a large extent similar to the reference curve for higher channel gains, the risk
of lower gains, affecting the probability of outage, is reduced when combining
the many antennas. As a final remark on the comparison between different
scenarios, a quantification of the average channel hardening results in 3.9 dB
for the indoor scenario, 1.7 dB for the outdoor LOS scenario and 4.3 dB for
the outdoor NLOS scenario.

D Influence of polarization

After exploring the influence of LOS and NLOS on the experienced channel
hardening, further investigations included a revisit to take a closer look into

Scenario Mean Maximum
Fig. 10a Indoor -71 -66

Outdoor LOS -100 -93
Outdoor NLOS -107 -104

Fig. 10b Indoor -72 -66
Outdoor LOS -88 -81
Outdoor NLOS -105 -99

Table 1: Comparison of the antennas with the mean and maximum average un-
normalized channel gain in the different scenarios.
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(a) Indoor (b) Outdoor LOS (c) Outdoor NLOS
Figure 11: Empirical CDFs of the normalized channel gain when using all 128
antennas in the cylindrical array, for all scenarios and users. The users marked in (a)
black dashed, (b) orange dotted and (c) green dash-dotted lines have the least and
the most channel hardening, and correspond to the users shown in Fig. 10. To serve
as reference, the exponential distribution (λ = 1) is in blue full line.

the polarization aspect. In Table 2, the mean and standard deviation of the
ratio between the channel gains of the vertical and horizontal polarization, as
per snapshot, frequency point and antenna element, are shown for the users in
Fig. 10. Although, they all seem to have similar standard deviation, the mean
is in general closer to zero for the users with the most channel hardening; this
is likely contributing to a more even distribution of the channel gain.

E Interaction between environment and antenna array

The last aspect we want to further investigate is the interaction between the
environment and the array. Therefore, measurements were also performed in
the indoor scenario, as previously has been described (see Fig. 1), with the
planar array shown in Fig. 4 for user 1 and 5. The resulting channel hardening
curves are shown in Fig. 12. For these measurements the users were surrounded
with a crowd, such that the square in Fig. 1 was almost filled with people. The
results in Fig. 12 show that significantly smaller standard deviations of channel
gain, i.e. down to -6.8 dB, are achieved for both users when using the planar
array in comparison to using the cylindrical array. This demonstrates that for a

Scenario Mean ratio Std ratio
Fig. 10a Indoor -0.7 8.0

Outdoor LOS -0.2 7.8
Outdoor NLOS -0.3 7.8

Fig. 10b Indoor 1.5 7.9
Outdoor LOS 1.4 7.9
Outdoor NLOS 1.1 7.9

Table 2: Mean and standard deviation (std) of the ratio between the channel gains
of the vertical and horizontal polarization for the users in Fig. 10.
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Figure 12: Standard deviation of channel gain as a function of number of base
station antennas for user 1 and 5, and the complex Gaussian channel as reference.
The scenario is the indoor scenario where the users are surrounded by a crowd with
the cylindrical and the planar array, respectively.

typical deployment geometry, the planar array can better exploit the diversity
in the environment as more of the antennas are effective and the distribution
of channel gain over the array is more even; the latter can be seen in Fig. 13
where the slopes of the empirical CDFs of the normalized channel gain for the
scenario with the planar array are steeper.

V Channel hardening in the COST 2100 chan-
nel model

This section provides a short description of the COST 2100 channel model, the
simulations performed with the model, which are later used for comparison,
and an example result from the simulations. Initial answers to the questions
if and how well the COST 2100 channel model with its model parameters in
general can capture the channel hardening effect are also given. This is further
elaborated on in the comparison in Section VI.

The COST 2100 channel model [24], including the massive MIMO extension
described in [27], is a GSCM that can stochastically describe massive MIMO
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Figure 13: Empirical CDFs of the normalized channel gain when using all 100 or
128 antennas for the two arrays and users in Fig. 12. and the exponential distribution
(λ = 1) as reference.

channels over time, frequency and space in a spatially consistent manner. The
goal with the extension is to capture channel characteristics that become more
prominent in massive MIMO channels. These extensions are:

� 3D propagation,

� the possibility for different parts of a physically large array to experience
different clusters, and

� a gain-function regulating the gain for individual multipath components,
which is of particular importance to closely-spaced users.

For the evaluation in this paper we use the indoor scenario with the cyl-
indrical array and closely-spaced users at 2.6 GHz. This scenario has been
parameterized based on the measurement data used in previous experimental
analysis and the complete model can be found at [25]. More specifically, the
chosen settings when running the simulations are outlined in Table 3.

In the simulations, 300 snapshots were generated at a rate of 50 snapshots
per second with a user velocity of 0.25 m/s; this means that samples are taken
over a distance of 1.5 m in total. 129 points in frequency are computed. The
simulated propagation environment is combined with a synthetic antenna pat-
tern of a cylindrical array with 128 antennas at the base station side. At the
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Figure 14: Standard deviation of channel gain as a function of number of base station
antennas with an omni-directional antenna (COST omni) or an antenna pattern with
user effect (COST meas) in the COST 2100 channel model for a typical user, and the
complex Gaussian channel as a reference.

user side, the multipath components obtained from the simulated environment
are combined with either an antenna pattern with user effect or an omni-
directional antenna, for comparison. A description of the antenna pattern with
user effect can be found in [31].

Each user antenna starts with a random initial orientation uniformly gener-
ated between [−π π), and during the simulation each user antenna undergoes a
randomly generated rotation between [−π π) in total in the azimuth plane. For
the obtained transfer function, the channels are normalized as in (4) and the
standard deviation of channel gain is computed as in (7), in the same manner
as for the measurement data. Running the simulation ten times, and averaging
the resulting standard deviation of channel gain over these ten simulations,

Setting
Network ’Indoor CloselySpacedUser 2 6GHz’
Link ’Multiple’

Antenna ’MIMO Cyl patch’
Band ’Wideband’

Table 3: Settings chosen for the simulations with the COST 2100 channel model.
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gives the result in Fig. 14 for a typical user.
As an example result from the simulations, Fig. 14 shows the resulting

standard deviation both when using the omni-directional and measured an-
tenna pattern with user effect, for the same propagation environment. The
complex Gaussian channel is also shown as a reference. The difference of the
starting point of the two curves with different antenna patterns is almost 0.9 dB
while at the end point, the difference is about 3.4 dB. The result here is only
for one specific user antenna pattern, and changing this pattern would affect
the channel hardening. However, it shows that there is both a limitation on the
channel hardening that is imposed by the simulated environment, in line with
the presented theory in Section III, but also that the antenna pattern of the
user can reduce the experienced channel hardening as much as to half of the
channel hardening experienced with an omni-directional antenna, on a linear
scale. In general, any user equipment with a non omni-directional antenna pat-
tern will likely degrade the experienced channel hardening as not all scatterers
will be effective.

VI Comparison between theory, measurements
and simulations

The last part of this study is a joint comparison of the three levels at which
channel hardening has been analyzed: theory, measurements and simulations.
This provides a more thorough analysis of channel hardening and synthesizes
the three points of view. We discuss aspects which are relevant when designing
reliable massive MIMO systems and highlight channel and antenna character-
istics important for channel hardening.

In Fig. 15, a comparison between theory, measurements and simulation
results from the COST 2100 channel model is shown. The users shown from the
measurements and simulations are the users with the most channel hardening
(Fig. 15a) and the least channel hardening, (Fig. 15b) among the nine users
when using all 128 base station antennas. As reference, the complex Gaussian
channel is included.

Quantifying the general behaviour of the curves from the simulations,
Fig. 16 shows the decrease (∆) of standard deviation when increasing the num-
ber of antennas, averaged over all users. Here, it can be seen that on average,
the slopes resulting from the measurements and the COST simulations with
measured antenna pattern have very similar behaviors and that the model in
general shows good correspondence. Meanwhile, the COST simulations with an
omni-directional antenna have in general a larger slope, although not as high as
in the complex Gaussian case due to the limitations in the environment. Con-
sidering the average channel hardening in the three cases, the measurements
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(a) The users with the most channel
hardening

(b) The users with the least channel
hardening

Figure 15: Standard deviation of channel gain as a function of number of base
station antennas for one user from (i) the measurements, (ii) the simulation with an
omni-directional antenna and (iii) the simulation with an antenna pattern with user
effect in the indoor scenario with the cylindrical array, and the complex Gaussian
channel as reference.

give a channel hardening of 3.9 dB, while the COST simulations on average
give, for the measured and omni-directional antenna, a channel hardening of
3.5 dB and 5.3 dB, respectively. Looking at the average starting points for
the three cases, the measurements start at 0.3 dB while the COST simulations
with the measured antenna pattern start at 0.6 dB and the omni-directional
antenna at
-0.8 dB. Below we summarize the results and discussions from three important
aspects.

The complex Gaussian channel model is overoptimistic: Starting
the discussion from a theoretical point of view, the complex Gaussian channel,
which is only limited by the number of antennas, gives a channel hardening of
10.5 dB when having 128 base station antennas. This channel has often been
assumed in theoretical studies of massive MIMO and is shown in this study to be
more optimistic than real measured massive MIMO channels, which in general
are spatially correlated. In reality the environment does generally not create
as rich scattering as assumed in the complex Gaussian channel. As a result,
channel responses are rather spatially correlated, and thus the environment also
imposes a limitation on the achievable channel hardening; this fact is captured
by (3). Moreover, the interactions between the array and the environment can
result in quite different received power levels at the antenna elements.

The channel gain distribution over the array is essential: Repeat-
ing the assumptions made in [5] in order to get to (3), it was assumed that the
channel coefficients for all physical paths are CN (0, 1) and that the steering
vectors of the physical paths are distributed uniformly over the unit sphere.
If the mean µ and the variance σ2 would deviate from this assumption, then
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Figure 16: Decrease (∆) of standard deviation of channel gain as a function of the
increasing number of base station antennas for the average user in (i) the measure-
ments, (ii) the simulation with an omni-directional antenna and (iii) the simulation
with an antenna pattern with user effect, and the complex Gaussian channel as ref-
erence.

the large-scale fading term in (3) would be bounded by 1
P (σµ )

2, see [5]. With
a large variance, relative to the mean, the standard deviation curves would
move up. The curves would move down if the variance is small relative to the
mean. What can be seen in e.g. Figs 8-10 is indeed that when having a higher
mean, the standard deviation curves in the indoor scenario move down; this
is likely due to having a strong LOS component. Having a large imbalance
in the channel gain over the array causes variations and can hence move the
standard deviation curves up; causes of these variations can be due to having
some antennas experiencing a strong LOS while others are not. This imbalance
can also occur between the polarization modes. These aspects could as well
change over time and thereby much of the remaining variations of channel gain
come from the time domain.

The user movements and antenna patterns are uncertain: The
large variation of channel gain in the time domain can be hard to predict as
there is always an uncertainty in the user movements and as a result of this, in
the interaction between the environment and the antenna patterns of the user
equipment. It is clear that the user antenna pattern and behaviour can be a
limiting factor for the channel hardening. This can be seen in Fig. 15 as the
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simulated curves with the antenna pattern with user effect are close to the user
with the least channel hardening in the measurements in Fig. 15b, while a user
with an omni-directional antenna experiences more channel hardening. Assum-
ing a non-beneficial scenario from the user aspect, then this type of simulation,
where the user equipment is rotating, could be used while in reality it could
happen that conditions are more favourable and thus a smaller standard devi-
ation could be achieved. For example, the user from the measurements with
the most channel hardening in Fig. 15a, experiences a similar channel harden-
ing as the simulations with the omni-directional antenna in Fig. 15b. Overall,
the most significant reasons for the differences between the measurements and
the simulations in Fig. 15 are the different antenna patterns and movements
of the users; to further align the results, then these parameters should be the
same. Further on, since the COST 2100 channel model is a stochastic chan-
nel model, comparisons with particular measurements are difficult. However,
on average the channel hardening curves resulting from the model show very
similar behavior as for the measurements, as seen in Fig. 16.

VII Conclusion

From our experiments and analysis, we can conclude that there is a clear chan-
nel hardening effect in massive MIMO, which flattens out the channel fading
in frequency and time as the number of antennas increases. However, the com-
plex i.i.d. Gaussian channel model, which is commonly assumed in theoretical
studies, is shown to be overoptimistic and does not provide an accurate model
for channel hardening in massive MIMO. This is due to the fact that real en-
vironments do not provide as rich scattering as assumed in the model but are
rather spatially correlated, as recently acknowledged in literature. Moreover,
interactions between the array and the environment will cause variations of the
received power levels between the different antenna elements. Therefore, by in-
vestigating the mechanisms that build up the distribution of channel gain over
the array, the channel hardening effect can be better understood. Power imbal-
ances can be due to having a set of antennas where some have a stronger LOS
and some not; this imbalance could also be between the polarization modes.
As these imbalances change over time, there will still be variations of the chan-
nel gain that are originating from the time domain. These changes are hard
to predict as there is always an uncertainty of user movements and antenna
pattern.

We have also shown that the COST 2100 model with its massive MIMO
extension statistically can capture the channel hardening effect well, given ap-
propriate propagation parameters and a realistic antenna pattern and user
behavior. As a final remark, in order to maximize the experienced channel
hardening, one needs to find strategies to cope with the power imbalances over
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the array and design the massive MIMO system such that it can best exploit
the diversity of the considered environment. However, channel hardening is
only one part of the complex story of achieving reliable communication and in
future work other aspects, such as received power levels and coverage, should
also be considered.
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Fading in reflective and heavily

shadowed industrial environments with

large arrays

One of the use cases for 5G systems and beyond is ultra-reliability low-

latency communication (URLLC). An enabling technology for URLLC

is massive multiple-input multiple-output (MIMO), which can increase

reliability due to improved user separation, array gain and the channel

hardening effect. Measurements have been performed in an operating

factory environment at 3.7 GHz with a co-located massive MIMO array

and a unique randomly distributed array. Channel hardening can ap-

pear when the number of antennas is increased such that the variations

of channel gain (small-scale fading) is decreased and it is here quantified.

The cumulative distribution function (CDF) of the channel gains then

becomes steeper and its tail is reduced. This CDF is modeled and the

required fading margins are quantified. By deploying a distributed array,

the large-scale power variations can also be reduced, further improving

reliability. The large array in this rich scattering environment, creates a

more reliable channel as it approaches an independent identically distrib-

uted (i.i.d.) complex Gaussian channel, indicating that one can rethink

the system design in terms of e.g. channel coding and re-transmission

strategies, in order to reduce latency. To conclude, massive MIMO is

a highly interesting technology for reliable connectivity in reflective and

heavily shadowed industrial environments.
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I Introduction

Wireless cellular communication is constantly evolving; currently 5G is rolled
out and research is aiming towards 6G. One focus area for 5G systems, for
which the requirements still partially are unfulfilled and hence will remain a
focus area, is the ultra-reliability low-latency communication (URLLC) use
case. Therefore, for 6G systems, discussions are ongoing regarding neXt gener-
ation URLLC (xURLLC). It has applications within e.g. automotive industry,
remote surgery and smart manufacturing. URLLC has gained huge interest
and commonly mentioned goals are reliabilities of 10−9 − 10−5 and latencies of
1 ms [1].

To achieve the goals of xURLLC, new technologies are required. From
a physical layer point of view, one of these enabling technologies is massive
multiple-input multiple-output (MIMO) [2]. The deployment of massive MIMO
systems enables characteristics that can improve reliability. First of all, due
to favorable propagation conditions – where the channels between two users
become pairwise orthogonal – the possibility to separate spatially multiplexed
users is improved. Secondly, when combining the many antennas, the array gain
results in a stronger received signal. Lastly, the channel becomes more flat in
both time and frequency as a channel hardening effect appears; this means that
the variations of channel gain decrease as the number of antennas increases.
These two characteristics in combination leads to a decreased probability of
outage, which can be so low that the way the rest of the communication system
is designed needs to be re-considered.

Channel hardening has been investigated in theory[2]–[7] where an inde-
pendent and identically distributed (i.i.d.) complex Gaussian channel model
is commonly used. However, in an indoor scenario, the model has been shown
to be overly-optimistic [8] since real massive MIMO channels usually are spa-
tially correlated. Lately, there have been several studies investigating channel
hardening in simulations [9], experimentally [8], [10]–[12] and also for systems
beyond conventional massive MIMO such as cell-free massive MIMO [13] and
intelligent surfaces [14].

With the channel hardening effect, the cumulative distribution function
(CDF) of channel gains becomes steeper and its tails smaller. A number of
studies have proposed solutions to model the channel and the tails of these
CDFs for URLLC purposes. As URLLC is about accounting for the extreme
outage events that rarely happen, an extreme value theory approach is applic-
able to model the channel [15]. In [16] approximations for the tail distribu-
tion for a wide range of channel models are presented, consisting of only two
parameters: an exponent and an offset. First elaborating on the benefits and
challenges when using parametric and non-parametric channel models, [17] con-
cludes that the power law tail approximation in [16] provides a good trade-off.
The concept of local diversity, which concerns evaluating the slope of the CDF
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at a certain point, is presented in [18]. The CDFs can also be used to relate to
the required fading margin, where a definition is provided in [19].

With the small-scale variations significantly reduced due to channel harden-
ing, the reliability becomes mostly related to the large-scale power variations,
mainly caused by shadowing. To combat shadowing, a distributed setup can
be the solution, resulting in that not all antennas are blocked simultaneously.
Various distributed configurations (ranging from semi-distributed to fully dis-
tributed) have been investigated in different indoor scenarios [20]–[23] and their
performance has been compared to the co-located equivalent [20], [21].

This study contributes to the area by analysing and modeling the chan-
nel based on a unique measurement campaign performed in one of Bosch’s
operating semiconductor factories in Reutlingen, Germany. The factory is an
extremely complex environment from a wireless communication perspective.
Channels have been collected with a massive MIMO system equipped with
both a co-located and a randomly, fully distributed array (within practical con-
straints). For the two arrays, the channel hardening effect and required fading
margins are quantified. The tails of the channel gain CDFs are character-
ized. Furthermore, an assessment of the decreased large-scale power variations
when deploying a distributed setup is made. To the best of our knowledge, no
measurement-based study has been performed with a fully distributed massive
MIMO setup in these extreme environments. Our experiments in combination
with the analysis, characterization and modeling provide valuable insights to
enable URLLC in complex factory environments.

The structure of the paper is as follows. The measurement scenario in Sec-
tion II, followed by measurement setup and data processing are described in
Section III. Following these sections, results are presented in Section IV where
a high-level inspection is presented, Section V concerns the channel harden-
ing effect and the tails of the CDFs are modeled in Section VI with related
fading margins in Section VII. After the elaboration on small-scale fading, the
shadowing-related results are presented in Section VIII. Lastly, in Section IX,
summary and conclusions are provided.

II Measurement scenario

The measurements have been performed in the Bosch semiconductor factory in
Reutlingen, Germany. This factory provides an environment with many walls
and long corridors as well as a lot of high metallic machinery, all providing
substantial shadowing and reflections of signals, as can be seen in Fig. 1. The
above leads to rich scattering. With robots and humans moving around it also
makes it a dynamic environment. The scenario investigated here consists of
a corridor with tall machinery on the sides. This environment includes many
tricky places in terms of coverage, large-scale and small-scale fading.
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(a) View towards the co-located array.

(b) The distributed array.

(c) View towards the left aisle.
Figure 1: Pictures from the measured environment in the Bosch semiconductor
factory.
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The scenario is described in Fig. 1 where Fig. 1a shows the view from the
corridor towards the base station (BS) with the co-located array deployed.
Directly in front of the array there is an open space and all antennas have
their highest gain in the direction of where the user equipment (UE) is located.
Fig. 1b shows the deployed distributed array. Note that this random deploy-
ment also means that antennas may have other equipment and/or antennas in
the close vicinity and most antennas do not have their highest gain in direction
towards the place where the UE is located, which is different from the situation
of the co-located array. Lastly, in Fig. 1c, the view from the corridor towards
the left aisle in the corridor can be seen.

An overview of where the measurements took place is visualized in Fig. 3,
where the BS is placed next to a wall and the UE is in the middle of the
corridor (the two UEs representing two different experiments). In the first
experiment the blue UE moves from line-of-sight (LoS) to non-line-of-sight
(NLoS) to the left (as seen from the BS). The UE antennas are at first pointing
as in Fig. 1c, then when moving into NLoS the stick is rotated 90◦ to the
right. The measurements also include scanning the entire area behind the
machinery with 6000 time samples, maintaining the antenna orientations. This
experiment serves as a basis for collecting statistics of the small-scale fading in
heavily shadowed places. For the second experiment, the red UE starts close
to the BS and then moves along the corridor while entering the aisles behind
the machinery, aiming at collecting large-scale fading statistics. In Fig. 2b the
view from the BS towards the UE and the corridor is seen.

III Measurement setup and data processing

The measurement device used in the experiment is the Lund university Massive
MIMO (LuMaMi) testbed , a long-term-evolution (LTE)-like and software-
defined radio (SDR)-based testbed with 100 coherent radio frequency (RF)-
chains, able to serve up to twelve UEs simultaneously. The equipment
used as UEs consists of one SDR, each having two RF-chains connected to
dipole antennas with vertical and horizontal orientation. The two RF-chains
are independently processed and can be seen as two separate users.

The testbed, acting as the BS, is normally equipped with a co-located ar-
ray, where the connected antenna ports form a rectangular array with four rows
and 25 dual-polarized λ/2-spaced antenna elements in each row. One polariz-
ation per antenna element is connected, where the polarization is alternating
between two consecutive elements. The second array is a randomly distrib-
uted array with random directions and polarizations, with the aim to increase
the exploited diversity in the environment. The distributed array consists of
100 omni-directional dipole antennas which, via a cable of three or five meters,
are connected to the testbed.
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(a) (b)
Figure 2: Overview of the measurement scenario with (a) the map, and (b) the view
from the BS towards the UE.

The synchronization between the BS and UEs is over-the-air (OTA) and
starts when the BS sends out a synchronization signal in the beginning of
each frame. When receiving, the UE uses that signal to synchronize to the
BS. During the measurements, samples have occasionally been lost. This is to
our best understanding due to the OTA synchronization failing and hence the
corresponding channel sample is not stored2. The raw channel gain |h|2 over
time, as averaged over frequency and summed for all BS antennas when using
the vertical UE orientation, is shown in Fig. 3. This shows an example of how
the lost samples are witnessed in the response, where dips of more than 25 dB
can be seen, randomly distributed over time. Most often, only 1-2 samples in
a row are lost. Occasionally but quite rarely, 3-4 samples in a row are lost.
There are no signs of fading dips when samples are lost.

The first uplink pilot in each frame is logged for later analysis, meaning
that a channel sample is collected every 10 ms (the slowest repetition rate that
can be handled by the testbed), i.e. frep = 100 Hz. Channels are continuously
recorded for the M = 100 BS antennas at a carrier frequency of 3.7 GHz
and over 20 MHz bandwidth, with F = 100 uniformly distributed frequency

2In other experiments where rubidium clocks have been used as frequency reference, then
no samples have been lost. This together with visual inspection of the stored transfer func-
tions point to the synchronization as origin for the lost sample problem.
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Figure 3: Raw channel gain over time, averaged over frequency and summed for
BS antennas, showing lost samples and an example of linear interpolation applied for
each frequency point and BS antenna.

samples over the bandwidth. In time, N = 6000 samples are collected. This
results in, for each UE, a channel matrix of dimensions H = [N × F ×M ].

Considering that the repetition frequency needs to be at least twice the max-
imum Doppler frequency in order to not violate the Nyquist sampling criterion,
i.e. frep ≥ 2fmax, the maximum speed vmax of the UE can be vmax = cfmax

fc
,

where c is the speed of light, fc the carrier frequency and fmax is the max-
imum Doppler frequency that can be handled with this repetition rate. Here
this means that the maximum speed of the UE can be 4 m/s; the experiments
here are performed below this limit.

The complex time correlation for all BS antennas and frequency samples
was investigated. The results showed that the correlation coefficient was less
than 0.5 for samples separated 20 ms or more (i.e. two samples) for all fre-
quency points and BS antennas. The samples collected are hence indeed quite
independent which is good for the statistical analysis but makes it difficult to
make a good interpolation. Therefore, when investigating the channel stat-
istics, the outliers due to the OTA synchronization error are removed. When
showing the time series, linear interpolation is applied to each frequency point
and BS antenna. An example of this is shown in the smaller box in Fig. 3
where the original signal with outliers is shown in blue and the interpolated
signal in dashed red.
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Figure 4: Channel gain for both UE orientations and the co-located and distributed
array over time with both UE orientations, when going into the left aisle.

IV High-level inspection

Taking a first look at the channel responses from the first experiment – the UE
moving from LoS to NLoS – Fig. 4 shows the interpolated channel gain over
time when going into the left aisle for both arrays and UE orientations. The
first seconds from the measurement are in LoS, with the higher channel gain,
and then the UE is shadowed by the machinery for the rest of the measurements
while there scanning the area. The channel gains of the co-located array are
higher due to the higher antenna gain and that the distributed setup is also
influenced by the attenuation from cables and adaptors. The small dips are
when the UE antenna is close to the floor, indicating that coverage can be
trickier at these spots.

When being shadowed, the channel gain for the co-located drops about 6 dB
and for the distributed setup the gain drops about 2-3 dB, depending on the
UE orientation. The LoS can hence be concluded to be less prominent in the
distributed case, as expected since the antennas are randomly placed. This
leads to somewhat bad placements for this specific measurement, while for the
co-located array, all antennas are pointing in the direction where the UE is. In
NLoS, the channel gain varies with the movement of the UE, the variations for
the vertically oriented antennas are larger than for the horizontally oriented.

For further results and analysis, the first five seconds of each measurement
are removed, in order to focus on the heavily shadowed areas. The means
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Figure 5: Normalized channel gain, as per BS antenna, in the co-located and dis-
tributed array when scanning the left aisle with horizontal UE orientation.

and standard deviations of the gain in dB, as starting from five seconds are
summarized in Table. 1

Looking closer into the similarities and differences between the BS antennas
of the two arrays, the mean (as averaged over time and frequency) of the
normalized channel gain is shown in Fig. 5. It can be seen for the co-located
array, most antennas are centered closely around the mean (which is 0 dB due
to the normalization) while for the distributed array, the power variations over
the array are larger. For the co-located array the standard deviation is 0.10 dB
and for the distributed array it is 0.22 dB. The corresponding values for the
vertical UE orientation is 0.18 dB and 0.24 dB, respectively. This is in line with
the assumption that for the distributed case, some antenna will have beneficial
placements, while some will contribute very little.

µ̂ σ̂

Co-located
V 0.88 0.70
H 0.86 0.38

Distributed
V -4.87 0.80
H -4.25 0.32

Table 1: Estimated parameters starting from 5 seconds in Fig. 4 (in dB).
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V Channel hardening

Starting the analysis, the channel hardening effect in this environment is in-
vestigated and quantified. The definition of channel hardening, as given in
[4], is that the channel vector hk between the BS and a user k offers channel
hardening if

Var{∥hk∥2}
E{∥hk∥2}2

→ 0, as M → ∞, (1)

where M is the number of base station antennas. The evaluation of channel
hardening is performed in the same manner as in [8], and with similarities to
the work in [10], [11]. Before analysis, the channel matrix for each UE antenna
is normalized as

hk(n, f) =
hk(n, f)√

1
NFM

∑N
n=1

∑F
f=1

∑M
m=1 |hkm(n, f)|2

, (2)

for N snapshots, F frequency points and M selected BS antennas, where selec-
ted means those antennas for which the channel hardening is later evaluated.
This normalization is also the one used in Fig. 5 and means that each entry in
hk, as averaged over frequency, time, and BS antennas, has an average power
equal to one. The channel hardening is then evaluated as the standard devi-
ation (square root of the variance) of channel gain for each UE as

stdk =

√√√√ 1

NF

N∑

n=1

F∑

f=1

|Gk(n, f)− µk|2, (3)

where Gk(n, f) is the instantaneous channel gain |hkm(n, f)|2, as summed and
divided by M , and µk is the average channel gain, as summed and divided
by N and F , and hence equal to one (i.e. 0 dB); details can be found in [8].
With (3), the channel hardening can be quantified as the difference in standard
deviation when using 1 and M BS antennas.

A visualization of the array gain and channel hardening effect is presented
in Fig. 6 for the co-located array in the NLoS part of the first experiment. Here,
the channel gain when combining all 100 antennas in comparison to the one
antenna case can be seen as a function over time and frequency. When adding
up the signals of the 100 antennas, the mean of the channel gain increases, that
is the array gain. What also can be seen is that for the one antenna case, there
are large variations over both time and frequency, while for the 100 antenna
case the variations are just a few dB; this is the channel hardening effect.

To quantify the experienced channel hardening, Fig. 7 shows the decrease of
standard deviation as a function of the number of BS antennas. The standard
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Figure 6: Channel gain over time and frequency for 1 (lower) and 100 BS antennas
(upper) when going into the left aisle and the co-located array is deployed and hori-
zontal UE orientation.

deviation for the i.i.d. complex Gaussian is shown for reference. Furthermore,
the standard deviation for both the UE with vertical and horizontal orienta-
tion are shown and a comparison of the co-located and distributed array. It
can be seen that there is indeed a very prominent channel hardening effect as
the standard deviation of channel gain decreases as the number of BS anten-
nas increases. It can also be concluded that there are no major differences
between the co-located and the distributed array; they behave similarly such
that for both arrays, the horizontally oriented UE is experiencing more channel
hardening. In general, the vertical UE orientation should be better at picking
up signals reflected from machinery on the sides while the horizontal UE ori-
entation ought to be better placed to pick up ceiling and floor reflections.

The measured standard deviations are following the theoretical curve quite
closely, or with a small offset, for a smaller number of antennas. For a higher
number of BS antennas, the curves start to diverge as the channel hardening
effect saturates. However, two of the measured standard deviations in Fig. 7
follow the theoretical one very closely, showing that this is indeed a very rich
scattering environment. The resulting channel hardening, measured as the
difference between the end and starting points of each curve, is between 7.1 dB
and 9.2 dB. This is not that far from the theoretical benchmark, which for
100 BS antennas is 10 dB. Comparing to a more general indoor environment,
[8] measured in an indoor auditorium in LoS, reaching standard deviations
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Figure 7: Channel hardening when scanning the left aisle for both arrays and UE
orientations. The i.i.d. complex Gaussian channel is shown for reference.

down to -6.8 dB, although less than that in most cases. This indicates that in
our indoor rich scattering factory environment, the channels between the UE
and the different BS antennas are to a large extent independent, and hence a
large portion of the channel hardening effect can be harvested, approaching the
theoretical bound.

VI Modeling the tails of the CDFs

Here, the CDFs are modeled by assuming that the underlying channel coef-
ficients h are i.i.d. complex Gaussian, leading to Rayleigh distributed |h|
and the channel gain |h|2 resulting in an exponential distribution. Summing
up the power for the M BS antennas as done with maximum ratio combin-
ing/transmission (MRC/MRT), a gamma distribution Γ(M, 1/M) is expected.
The shape parameter, here ideally translated to M , can be seen as a measure
of the possible degrees of freedom (DoF), which in case of fully independent
channel coefficients would be the number of BS antennas.

Visualizing the same measured channel gains but in another analysis, Fig. 8
and 9 show the CDFs of the channel gain for M = [1, 2, 4, 8, 16, 32, 64, 100], for
the co-located and the distributed configuration. The array gain, as seen in
Fig. 6, can not be seen here, since the gains are normalized by M , meaning
that the output power from the BS could be reduced with a factor M . The
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Figure 8: CDF of the channel gain when scanning the left aisle with horizontal UE
orientation and the co-located array deployed. The gamma distribution (Γ(M, 1/M))
is shown for reference.
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Figure 9: CDF of the channel gain when scanning the left aisle with vertical UE
orientation and the distributed array deployed. The gamma distribution (Γ(M, 1/M))
is shown for reference.
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Figure 10: The estimated shape parameter M̂ for both the co-located and the
distributed array when scanning the left aisle with the vertical or horizontal UE
orientation. The i.i.d. complex Gaussian channel is shown for reference.

channel hardening can however be clearly seen as the CDFs get steeper with
more antennas. The major improvements happen at the beginning and as
the antenna set gets larger, the difference is not as significant, although small
improvements are still to be harvested, in line with Fig. 7.

As a reference, the gamma distributions Γ(M, 1/M) with the shape para-
meter M and scale parameter 1/M is shown with dashed lines. It can be
observed that for a smaller subset of antennas, i.e. up to about 32 BS anten-
nas, both the scale and shape parameter correspond well to the measurements.
However, after that, there is a visible difference, indicating that one additional
DoF is not gained by adding one more BS antenna and hence, all channels
are not independent of each other. This observation can be made for both the
co-located and the distributed array. It can also be observed that the slope
for the measured curves in general are matching while the offset of the slope
at e.g. 10−5 for M > 2 is between 0.02 − 0.80 for the co-located array with
horizontal UE orientation and 0.52− 1.37 in the distributed case with vertical
UE orientation.

Elaborating on the previous observation, the shape and scale parameter are
shown in Fig. 10 and 11 for the co-located and the distributed setup for both
UE orientations. The case when only choosing the vertically or horizontally
polarized BS antennas is also included. In the case where the underlying chan-
nel coefficient would be i.i.d. complex Gaussian, the shape parameter would
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Figure 11: The estimated scale parameter 1

M̂
for both the co-located and the dis-

tributed array when scanning the left aisle with the vertical or horizontal polarization.
The i.i.d. complex Gaussian channel is shown for reference.

increase by 1 when adding 1 antenna, i.e. adding 1 DoF for each new BS an-
tenna. It can be observed that this is indeed not entirely the case, although
not too far away for one of the two possible UE orientations. These results can
easily be related to the channel hardening in Fig. 7, serving as the link indic-
ating how many independent channels there actually are for a certain subset
of antennas. As an example. for the channel hardening curve in Fig. 7, the
distributed setup with horizontal UE orientation ends up at the same point
as the i.i.d. complex Gaussian for 73 antennas. This can then be seen in the
shape parameter in Fig. 10. Interesting to note is also that the slopes when
only choosing one polarization at the BS are similar to when alternating, pos-
sibly due to the fact that most paths may be reflected. The scale parameter,
which can be translated to the standard deviation, is shown in Fig. 11 and
can also be used as a measure to quantify the channel hardening effect; here
seen as the decreasing slope as the number of BS antennas increases, which is
corresponding to the slopes in Fig. 7.

VII Fading margin

In [19], the link between channel hardening and fading margin is elaborated on
and a measurement-based definition of the fading margin is introduced by using
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Figure 12: The required fading margin for different outage thresholds for the co-
located and the distributed array.

the empirical CDF (ECDF). The definition relates to the median, as dependent
on the number of antennas M and with probability p, and is given as

FM (p) = 10log10(
Q(0.5)

Q(p)
) (4)

where Q is the quantile/inverse CDF function. Naturally, the more channel
hardening, the steeper the CDF, and the smaller fading margin is required.

In Fig. 12, the required fading margin, as given in (4) to achieve different
outages is shown as a function of the number of BS antennas for the left aisle for
the co-located array with horizontal UE orientation and the distributed array
with vertical UE orientation. Outages between 10−5−10−1 and antenna subsets
from [1, 2, 4, 8, 16, 32, 64, 100] are shown, as this is what can be used based on
the data, as seen in Figs. 8 and 9. The i.i.d. complex Gaussian channel is shown
for reference. What is seen is steadily decreasing required fading margins as the
number of BS antennas increases. The co-located and the distributed array are
following each other very well. Starting from one antenna, the required fading
margins decrease quite rapidly, meaning that there is a lot to gain in terms of
fading margin by adding just a few, while the gain in terms of decreased fading
margin is not that big when compared to the larger subsets of antennas. It can
be noted that at 100 antennas and an outage threshold of 10−5, the required
fading margin is not exceeding 4.3 dB.
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VIII Shadowing

Changing the focus towards large-scale fading and shadowing effects, the ana-
lysis continues with the results from the second experiment, Figs. 13 and 14
show the channel gain for different positions for each BS array, as averaged
over frequency and summed for all BS antennas. The effect is as expected a
high channel gain when being in LoS in the corridor and a lower channel gain
when being shadowed in the aisles. Here the first four to five aisles can be
seen for both the vertical and horizontal UE orientation, which show similar
behaviour globally but they also show differences when analyzing the details.
For example, the horizontal UE does not experience as severe dips when being
shadowed, potentially due to being better at picking up reflections from the
ceiling. The channel gain is also decreasing from left to right, which is an effect
of the path-loss when increasing the distance. However, note that the x-axis
is not directly translatable to distance as it is not strictly increasing with the
position/measurement time, as seen in Fig. 3.

To investigate the shadowing, the channel gains are fitted to a line (y =
kx + m) by linear regression in a least-square sense and the values for k and
m is shown in Table 2. The shadowing is analysed as the variations around
this line and Figs. 15 and 16 show the CDF of channel gain (on a dB-scale) for
this shadowing for the two array configurations. For each array, the vertical
and horizontal UE are shown with their respective fit to a normal distribution,
resulting in a log-normal distribution, with the standard deviation given in
Table 2.

In Table 2, the largest standard deviation is found to be with the co-located
array, serving the vertical UE, and the smallest variance is with the distributed
array serving the horizontal UE. The other two UEs are somewhere in between.
For the four cases seen in Figs. 13-16, the normal fit overestimates the tail; the
measured shadowing is less severe than this when it comes to the more extremes.
For the measured channels, the shadowing variation is between −4 and 6 dB for
the co-located array and −3 and 5 dB for the distributed array. These results
indicate that the worst cases of shadowing can be avoided and the span can be
reduced with a distributed array. Especially since, again reminding of the fact
that the co-located array is pointing in the direction of the experiment while the
distributed is somewhat random, the UE movement is unknown and therefore

k̂ m̂ σ̂

Co-located
V -0.0012 22.26 2.41
H -0.0010 22.32 1.28

Distributed
V -0.0011 22.36 1.72
H -0.0009 22.13 1.17

Table 2: Estimated parameters as shown in Figs. 13-16.
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Figure 13: Channel gain over time for the co-located array and both UE orientations
with the linear regression line.
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Figure 14: Channel gain over time for the distributed array and both UE orienta-
tions with the linear regression line.
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Figure 15: CDF of the shadowing for the co-located array and both UE orientations
and the fitted normal distribution.
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and the fitted normal distribution.
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the best placement of a co-located array would vary while in the distributed
case, some of the antennas should always have a more beneficial placement.

IX Conclusions

We have investigated the channel characteristics of massive MIMO, deployed
in a real operating factory. The environment provides blocking effects but
also extremely rich scattering, leading to the fact that signals are coming from
almost every angle and that there are no dominant directions. This results in
channel responses being not far from coinciding with the often theoretically
assumed i.i.d. complex Gaussian channel.

With massive MIMO, the channel becomes more reliable through the array
gain and channel hardening. The channel hardening can also be viewed as the
CDF of channel gains becomes steeper, here compared to a gamma distribution,
whose parameters have been estimated, giving a slightly different view of this
effect and a relation to the number of DoF. The channel hardening effect results
in that very small fading margins are required and that has also been quantified.
With 100 antennas the required fading margin does not exceed 4.3 dB for any
of the two array configurations.

Both a co-located and a fully distributed array have been deployed, aiming
at further extracting spatial diversity, and comparisons have been made. The
conclusion from this analysis is that the small-scale fading statistics are sim-
ilar for the two arrays, however, the worst cases in terms of large-scale power
variations are avoided and the span of experienced shadowing is reduced with
a distributed setup, being beneficial in heavily shadowed environments and
unknown UE movement patterns.

Having an almost i.i.d. complex Gaussian channel will impact the whole
system architecture, suggesting one to rethink how the channel relates to both
the hardware design and the upper layers. From a system perspective, the
channel coding can be done with short block lengths and short packets. A very
limited number of re-transmissions should also be possible, enabling ultra-low
latency. To summarize; xURLLC can be realizable in reflective and heavily
shadowed industrial environments with large distributed antenna arrays, but
co-located arrays can also be sufficient to achieve this goal.
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Massive MIMO goes sub-GHz:

Implementation and experimental

exploration for LPWANs

Low-Power Wide-Area Networks operating in the unlicensed bands are

being deployed to connect a rapidly growing number of Internet-of-Things

devices. While the unlicensed sub-GHz band offers favorable propagation

for long-range connections, measurements show that the energy consump-

tion of the nodes is still mostly dominated by the wireless transmission

affecting their autonomy. We investigate the potential benefits of deploy-

ing massive MIMO technology to increase system reliability and at the

same time support low-energy devices with good coverage at sub-GHz

frequencies. The impact of different antenna configurations and propaga-

tion conditions is analyzed. Both actual average experienced array gain

and channel hardening are examined. The assessment demonstrates the

effect of channel hardening as well as the potential benefits of the experi-

enced array gain. These measurements serve as a first assessment of the

channel conditions of massive MIMO at sub-GHz frequencies and are, to

the best of our knowledge, the first of its kind.
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I Introduction

The Internet-of-Things (IoT) is strongly growing. A variety of applications –
each having its own requirements – are being deployed in a fast pace. Con-
sequently, the number of IoT devices are increasing exponentially. Furthermore,
a high number of all the applications demand that these devices are autonomous
for a couple of years. Low-Power Wide-Area Networks (LPWANs) operating in
the unlicensed sub-GHz spectrum are being deployed to connect these devices.
However, the current LPWANs are unable to meet the new stringent require-
ments of a new wave of IoT demanding low-power, massive connectivity and
high reliability.

Massive MIMO is a technology where a large number of antennas is used
at the base station to serve multiple devices at the same time. By introducing
more antennas, the reliability, coverage, energy-efficiency and the number of
connected nodes can be enhanced in comparison to when using conventional
single-antenna gateways. Hence, there is a potential benefit of using massive
MIMO in the unlicensed sub-GHz spectrum to support the growth of IoT ap-
plications.

In order to validate the anticipated benefits of using massive MIMO for
LPWANs, testbeds or other measurement equipment is required. In Table 1
an overview of current available massive MIMO testbeds operating at sub-
6GHz is presented. In contrast to LPWAN applications, most of these testbeds
are designed for high throughput. The trend is also to rather explore higher
frequencies and therefore a lot of attention is given to designing equipment
to operate in the mmWave, or even terahertz, bands. For instance, Facebook
introduced Terragraph [1], which is operating at 60GHz. Although some of the
testbeds can operate at sub-GHz frequencies, massive MIMO measurements in
this unlicensed band are still lacking and the actual benefit of deploying massive
MIMO to support future LPWANs have until now remained unexplored.

To cover this gap, we extended a massive MIMO testbed to be narrow-
band, operate in the unlicensed sub-GHz band and designed a versatile antenna
array. Secondly, we conducted the first sub-GHz massive MIMO measurement
campaign to collect channels in an outdoor scenario with two different array
configurations and made them available open-source 3. An initial assessment of
the radio propagation characteristics were studied, based on the average array
gain and channel hardening, showcasing the potential gain of using massive
MIMO to evolve current LPWANs in order to pave the way for the new wave
of IoT.

The structure of this paper is as follows. In Section II the versatile antenna
array is described, followed by a section elaborating on the implementations
made in the framework and in the setup in order to comply to the regulations

3dramco.be/massive-mimo/measurement-selector/#Sub-GHz

dramco.be/massive-mimo/measurement-selector/#Sub-GHz
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Table 1: Overview of massive MIMO testbeds grouped by frequency band capability.

University/Company Location Number of
antennas

Frequency
range

Sub-GHz
Eurecom (OAI) [2] Sophia

Antipolis,
France

64 depends
on RF
platform

KU Leuven [3] Leuven,
Belgium

64 400MHz
to 4.4GHz

Rice University (Argos) [4] Houston,
Texas,
USA

64 (v1) 96
(v2) flex-
ible (v3)

50MHz to
3.8GHz
(v3)

Sub-6GHz
Norwegian University of Science

and Technology [5] Trondheim,
Norway

64 1.2GHz to
6GHz

University of Lund (LuMaMi) [6] Lund,
Sweden

100 1.2GHz to
6GHz

University of Bristol [7] Bristol,
UK

128 1.2GHz to
6GHz

Southeast university [8] Nanjing,
China

128 1.2GHz to
6GHz

in the unlicensed band. Section III presents the measurement scenario and
Section IV shows the results from the experimental exploration. Finally, the
conclusions are given.

II Versatile Large Array

A flexible patch antenna array was developed in-house and deployed at the
base station side. The patch was designed for the unlicensed frequency band
865.00MHz to 869.65MHz. In this band, an S1,1 lower than −10 dB was tar-
geted. As can been seen from Figure 1, the S1,1 is lower than −10 dB between
856.25MHz to 874.25MHz and is hence meeting the specifications. To lower
the impact of mutual coupling between these antennas [9], patch antennas were
preferred over dipoles. The radiation pattern of the patch antenna is shown in
Fig. 2. The antenna has a gain of 5.9 dBi. Two patch antennas are contained
in one antenna holder. The array is made up of antenna holders, where each
holder has two patch antennas. The holders were designed to be modular such
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Figure 3: Multiple modular antenna holders connected.

that different configurations could be easily assembled4; the back side of these
holders and how to connect them can be seen in Fig. 3. Furthermore, our
design enforces that the antennas are always spaced by half a wavelength, in-
dependent of the the manner in which the holders are connected, i.e., vertically
or horizontally. For the experiments we targeted a 32 antenna ULA but also
a URA with the 32 antennas split in four rows of eightantennas each. These
configurations are shown in Fig. 1. Due to the modular design of the antenna
holders, many other configurations could be made including, but not limited
to, cylindrical and distributed setups.

III Transmission in the Unlicensed Sub-GHz
Band

In order to comply to the regulations of short-range devices (SRD860), the
utilized frequency band, the transmit power, bandwidth and duty cycle of
the existing massive MIMO framework needed to be adapted. An overview
of these limitations are given in [10]. These restrictions apply to specific fre-
quency bands and applications. The allowed bandwidth in the SRD band varies
between 5 kHz and 5MHz. In these bands a maximum transmit power and duty
cycle are also specified. The duty cycle ranges from 0.1% (3.6 s per hour) to
10% (36 s per hour). The maximum transmit power is defined as the Effective
Radiated Power (ERP). The ERP is the total power that would have been fed
to a half-wave dipole to get the same radiation intensity as the actual device at
the same distance and in the direction of the antenna’s strongest beam. Hence,

4dramco.be/massive-mimo/sub-ghz-array/animation.gif

dramco.be/massive-mimo/sub-ghz-array/animation.gif


Paper IV 145

(a) 4 × 8 URA

(b) 32-element ULA
Figure 4: Antenna array configurations.

the ERP can be expressed as

ERP = Gd Pin , (1)

where Gd is the gain of the actual antenna compated to a reference half-wave
antenna and Pin the input power. The ERP is limited between 5mW (7dBm)
and 2000mW (33 dBm).

In this work, we use the SRD band 545. The band is defined between
869.40MHz and 869.65MHz, and limits the ERP to 500mW (27 dBm) and the
duty cycle to 10%. We use a carrier frequency of 869.525MHz.

Transmit Power. As the base station in this measurement setup is only
acting as a receiver, the only transmit power that needs to be restricted is the
one of the node. This is easily done in the interface of the original framework.
The utilized USRP (NI USRP 2952) has a maximum transmit power of 20 dBm,
thereby respecting the maximum allowable transmit power of 27 dBm as per
SRD860.

Bandwidth. The bandwidth used for real-time operation of the testbed is
20MHz. Orthogonal frequency-division multiplexing (OFDM) is used and as in
LTE, 1200 subcarriers are used for carrying the data, which is further divided
into 100 resource blocks and a subcarrier spacing of 15 kHz. To respect the
regulations of having a bandwidth of maximum 250 kHz, this has to be reduced.
Implementation-wise this was solved by transmitting zeros on all subcarriers

5European Union, Commission Decision of 9 November 2006 on harmonisation of the
radio spectrum for use by short-range devices (2006). 2006/771/EC. Consolidated version of
August 2017.



146 Paper IV

Figure 5: Modified time frame with three OFDM symbols per 10 ms slot.

except for the 13 subcarriers in the middle of the symbols, resulting in a total
bandwidth of 195 kHz. This means that uplink pilots were transmitted at
two subcarriers in an OFDM symbol and that one resource block of data was
utilized.

Duty Cycle. The maximum duty cycle, i.e., transmit-to-silent ratio, de-
pends on the radio frequency (RF) band. The duty cycle is computed as

DCmax =

∑
Ton

Tobs
, (2)

over a time window of one hour. In order to respect the duty cycle regulations,
the frame structure had to be changed as well. The default frame structure
is based on LTE with 10 subframes, each with two slots where each slot is
containing seven OFDM symbols. For all experiments, the first OFDM symbol
in the first slot was an uplink pilot. The two symbol following symbols were
set to be transmitting uplink data, as in Fig. 5 where the first three symbols
of the the first slot in the frame structure is shown. All other symbols were
empty yielding a duty cycle of 2% (3× 66.67 µs/10ms).

The framework featured Over-the-Air (OTA) synchronization. Due to the
modification the original slots dedicated for synchronization were removed.
Atomic clocks were instead used for syncing the base station and the mobile
station. Therefore, the synchronization source in the framework needed to be
changed from the local oscillator to the input clock reference where the atomic
clock is connected.

IV Measurement campaign and Open-Source
Data

The measurement campaign was performed in front of the Department of Elec-
trical Engineering (ESAT) in Heverlee, Belgium. An overview of this envir-
onment can be seen in Fig. 3. The base station was equipped with either an
ULA or an URA, as shown in Fig. 1a and 1b, and placed on the balcony of
the building at a height of 7 meters. Meanwhile the node, seen in Fig. 7, was
moving around along the paths that are also depicted on the map. Measure-
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Figure 6: Overview of rural measurement area. All paths have each a total length
of approximately 140 m.

ments were collected for all 32 antennas6 at static points, spaced 10 meters
apart, and continuously along the same paths. The chosen paths include posi-
tions both in Line-of-Sight (LoS) and non-LoS (NLoS) and also paths that are
either perpendicular or parallel to the base station antenna array. The details
of the measurement setup can be found in Table 1 and the measurements are
available open-source3.

V Experimental Exploration

In this section a first assessment of the channel conditions of measured
massive MIMO at sub-GHz frequencies is presented. The antenna elements
are numbered from right to left and from the bottom to the top. A first look
of what the average received channel gain for the different antennas can look
like for an ULA and an URA in both LoS and NLoS is shown in Fig. 8. The
channel gain per antenna at position k is averaged over time and frequency as
in

1

NF

N,F∑
|hk,m(n, f)|2 , (3)

6Due to an unexpected issue, only the first 31 channels could be used.
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Figure 7: Transmit node.

Table 2: Measurement setup

Parameter Symbol Value

Carrier frequency fc 869.525MHz
Number of subcarriers (15 kHz) F 2
Number of snapshots N 1000a/6000b

Transmit power (coerced) Ptx 22.6 dBm
Number of base station antennas M 32
Number of nodes K 1
Base station Array configuration ULA/URA
Type of BS antenna Patch
Type of UE antenna Dipole
Sample interval 10ms
Sample duration 66.67 µs
Measurement duration 10s/60s
Subcarrier modulation QPSK
BS height 7m
UE height 1.5m
Antenna polarization vertical

a For static measurements.
b For continuous measurements.
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Figure 8: The average channel gain per antenna for the two array configurations in
LoS and NLoS. The antenna elements are numbered from right to left and from the
bottom to the top.

where hk,m(n, f) is the channel vector measured at position k at snapshot n,
frequency f and at antenna m. By averaging the channel gain over time and
frequency, the small-scale effect is averaged out and thus Fig. 8 depicts the
large-scale fading coefficient per antenna. The differences between these large-
scale fading coefficients per antenna illustrate the large-scale fading over the
array. The LoS and NLoS points are chosen as one static point in the beginning
of path A, close to the base station array, and one static point 100 meters away
along the same path, respectively. Due to the different path losses, the NLoS
curves will naturally be lower than the LoS ones. Another difference that can
be observed is that for the LoS cases the average channel gain is more similar
for the different antennas in both arrays while in NLoS a more prominent large-
scale fading effect can be observed over the array; this is especially clear for the
URA where four dips of channel gain can be observed – one for each row in the
array. Furthermore, the variation of channel gain per antenna is also larger for
the NLoS points. The difference between the standard deviation of channell
gain per antenna for the ULA between the LoS and NLoS scenario is 1 dB and
the corresponding value for the URA is 1.8 dB. The URA experiences a 1.1 dB
higher standard deviation than the ULA in the NLoS scenario. Finally, one
last observation from Fig. 8 is that the URA in general has a higher average
channel gain than the ULA.

One advantage with massive MIMO is the array gain resulting from combin-
ing the many antennas, resulting in a potential transmit power reduction at the
node side. Moreover, as the number of base station antennas M increases, the
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Figure 9: Channel gain over time (along path B) for 1 and 32 base station antennas
in the ULA, respectively.

variation of channel gain decreases; this phenomena is called channel hardening
and makes a fading channel behave more deterministic. We adopt the defini-
tion given in [11], stating that a channel hk offers channel hardening when the
number of base station antennas M goes to infinity if

V
{
∥hk∥2

}

E {∥hk∥2}2
→ 0, as M → ∞, (4)

where V {.} is the variance, E {.} the expectation and ∥.∥ is the Euclidean
norm. Both the array gain and the channel hardening can be observed in the
experimental results depicted in Fig. 9 where the lower curve corresponds to
one antenna and the upper curve is when combining all antennas for the ULA
along the continuous path B measurement. Due to the array gain, the latter
is moved up and the channel hardening effect can be seen as the variations
of channel gain becoming insignificant in comparison to the one antenna case.
Both the increased received gain and the smaller fading margin required can
reduce the transmit power needed at the node side.

VI Conclusions

In this work, we have presented an experimental setup and the first measure-
ment campaign using massive MIMO at sub-GHz frequencies and made the
data available open-source. Our initial assessment shows the potential benefits
of using massive MIMO for connecting remote energy-constrained devices. Due
to the presence of channel hardening, the reliability of the link can be increased.
In addition, the array gain allows to decrease the transmit power of the devices,
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or to extend the coverage. The impact of using an ULA in comparison to an
URA in LoS and NLoS conditions is investigated. Our study demonstrates the
feasibility of using massive MIMO at sub-GHz frequencies to support future
LPWANs. These measurements enable further investigation of, e.g., precoding
and scheduling algorithms for IoT devices.
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Experimental exploration of unlicensed

sub-GHz massive MIMO for massive

Internet-of-Things

Due to the increase of Internet-of-Things (IoT) devices, IoT networks

are getting overcrowded. Networks can be extended with more gateways,

increasing the number of supported devices. However, as investigated in

this work, massive MIMO has the potential to increase the number of

simultaneous connections, while also lowering the energy expenditure of

these devices. We present a study of the channel characteristics of massive

MIMO in the unlicensed sub-GHz band. The goal is to support IoT ap-

plications with strict requirements in terms of number of devices, power

consumption, and reliability. The assessment is based on experimental

measurements using both a uniform linear and a rectangular array. Our

study demonstrates and validates the advantages of deploying massive

MIMO gateways to serve IoT nodes. While the results are general, here

we specifically focus on static nodes. The array gain and channel harden-

ing effect yield opportunities to lower the transmit-power of IoT nodes

while also increasing reliability. The exploration confirms that exploiting

large arrays brings great opportunities to connect a massive number of

IoT devices by separating the nodes in the spatial domain. In addition,

we give an outlook on how static IoT nodes could be scheduled based on

partial channel state information.
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I Towards massive and reliable IoT: the poten-
tial of multiple antenna systems

Internet-of-Things technology opens up a plethora of new applications and ser-
vices in various domains. Examples include smart sustainable city services,
precision farming, environmental monitoring and efficient utilities. These ap-
plications pose requirements on the wireless connectivity beyond what is offered
by current networks. In particular, (i) the projected massive number of devices
to be supported, (ii) the stringent energy constraints of many of the transmit-
ting nodes, and (iii) the need to establish reliable connections ask for innovative
wireless transmission approaches. Low-Power Wide-Area Networks (LPWANs)
operating in unlicensed sub-GHz spectrum are of interest to many IoT applic-
ations. They incur no or only a small subscription cost, and the operation at
relatively low frequencies offers good coverage [1]. In this paper we study the
potential of deploying multiple antenna systems to upgrade these LPWANs to
support future IoT services. We focus in particular on massive multiple-input
and multiple-output (MIMO) technology as it bears a great potential in view
of the above listed requirements:

1. It can support an unprecedented number of simultaneous connections
through extensive spatial multiplexing.

2. It typically operates with low complexity single antenna terminals. It
allows to considerably reduce the transmit power at the node side thanks
to the significant array gain at the base station side.

3. It offers an increased reliability of the links due to the experienced channel
hardening effect.

New approaches and technologies need to be adopted to accommodate the
massive increase of IoT devices. In [2], the authors use a maximum-likelihood
strategy to decode two colliding users based on an interference model. This
technique further extends the amount of supported devices in the network.
Other work has considered diversity techniques to improve IoT technologies.
In [3] Snipe is introduced, which is an IoT system deploying two antennas to
coherently combine the received signals at the gateway. Spatial diversity is
exploited in [4] by coherently combining weak signals of different gateways in
the cloud. The system, Charm, improves the range up to three times and the
IoT battery-life fourfold. Including multiple antennas at the gateway is also
proposed by [5], where this is theoretically analyzed. However, the authors
consider only commercially available hardware and are therefore unable to use
maximum ratio combining and are hence rather analyzing a selection combing
technique.
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(a) 32-element ULA

(b) 4 × 8 URA
Figure 1: Antenna array configurations.

The potential benefits of massive MIMO for IoT have been studied in the-
oretical work such as [6]–[12]. Yet, whether this potential can be realized in
real network deployments heavily relies on favorable characteristics of the ra-
dio propagation channels [13], [14]. In particular, many studies have assumed
independent and identically distributed (i.i.d.) Rayleigh fading channels [5],
[7], [12]. Measurement-based studies have shown that the reality deviates from
this [15]–[17] and for example significant correlation is often observed over the
antennas in the array [16]. Consequently, the channel hardening encountered
is less pronounced than predicted by the Rayleigh fading model [15]. Fur-
thermore, different array topologies have been considered as they each favor
different environments. For example, in [18] it is demonstrated that an L-
structured array outperforms both the uniform linear array (ULA) and the
uniform rectangular array (URA) configuration. Hence, they advocate to also
consider unconventional array structures.

Previous work has primarily focused on broadband transmission technolo-
gies [12], [19]–[22]. As a novel contribution, we study unlicensed narrowband
low-power and long-range communication. Unlicensed massive MIMO has been
studied in other work in the context of spectrum sharing [23]. However, to the
best of our knowledge, no studies have reported on massive MIMO to support
LPWANs.

While the results are generally applicable, we here focus on communication
tailored for IoT. This means that (i) a narrowband signal is used, (ii) the carrier
frequency is sub-GHz, (iii) the number of gateway antennas are more limited
than in cellular networks and (iv) the nodes can be considered static. As such,
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we consider 32 antenna elements and no movement of the devices.
Whereas commonly the single-antenna device is denoted as the user equip-

ment (UE) in a massive MIMO or Long-Term Evolution (LTE) context, in an
Internet-of-Things setting the term node or IoT node is used. As we study
the effects of massive MIMO in an Internet-of-Things setting, we use the term
node to depict the end-device or single-antenna device.

In this paper, we assess the potential of deploying massive MIMO in the
unlicensed sub-GHz band for upgraded IoT connectivity based on the meas-
ured channel responses. Thereto, we report on the experimental character-
ization of narrowband sub-GHz channels with different array configurations.
The architecture and implementation of the experimental test set-up is further
elaborated on in [24]. More specifically, the antenna design and holders, the
limitations of operating in a license-exempt band and how it is implemented is
discussed. Furthermore, the experimental campaign is elaborated on and the
raw open-source data is referenced. Some first results are shown to evaluate
the experiment.

To summarize, our contributions reported on here are (i) an analysis of chan-
nel propagation characteristics for large antenna array systems7. We demon-
strate – based on the measurements – that the reliability and the number of
simultaneous connections can be increased. Furthermore, the array gain can
extend the coverage of the base station or allows to reduce the transmit power
of the IoT devices. Despite the benefits, some challenges remain such as relat-
ively large antennas and arrays and sporadic traffic that may result in a large
overhead, requiring a new set of massive MIMO-specific protocols.

This paper is further organized as follows. In the next section, we intro-
duce the system model and theoretic fundamentals. Section III introduces the
measurement setup and scenarios. In Section IV, we present the exploration
and assessment performed based on the experiments. Finally, in Section V
the main conclusions of this paper are summarized and an outlook on future
progress towards massive MIMO-upgraded networks for future IoT is given.

Throughout the paper, vectors are denoted by boldface lower case (x) and

matrices by boldface capital letters (X). The superscripts (·)T and (·)H are
used to denote the transpose and the conjugate transpose operations, respect-
ively. The absolute value is denoted by |·|, ∥·∥ denotes the ℓ2 norm and ∥·∥F is
the Frobenius norm or Euclidian norm. The notations E {·} and V {·} denote
the expectation and the variance of a random variable, respectively. An over-
line, e.g. x̄, indicates a normalized quantity. The eigenvalues of a matrix are
obtained by the operator λ (·). The optional subscripts (·)min and (·)max are
used to get the minimum and maximum value. The set of complex numbers is
denoted by the symbol C.

7The collected data is available at: dramco.be/massive-mimo/measurement-selector/

#Sub-GHz. and (ii) an assessment of massive MIMO opportunities and challenges for IoT

dramco.be/massive-mimo/measurement-selector/#Sub-GHz
dramco.be/massive-mimo/measurement-selector/#Sub-GHz
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Table 1: Measurement Setup

Parameter Symbol Value

Carrier frequency fc 869.525MHz
Number of subcarriers (15 kHz) F 2
Number of snapshots N 1000a/6000b

Transmit power (coerced) Ptx 22.6 dBm
Number of base station antennas M 32
Number of IoT nodes K -
Base station array configuration ULA/URA
Type of BS antenna Patch
Type of UE antenna Dipole
Sample interval 10ms
Sample duration 66.67 µs
Modulation OFDM
Subcarrier modulation QPSK
UE height 1.5m
BS height 7m
Antenna polarization vertical

a For static measurements.
b For continuous measurements.

II System Model and Theoretic Fundamentals

Channels. The channels are estimated for each base station (BS) antenna at
different node positions and for different frequency points and time instances.
An overview of the system parameters and used symbols can be found in
Table 1. The total number of antennas is denoted by M . The subscript m
specifies the antenna index. The total number of node positions is denoted
by K and a given position index by k. As elaborated in [24], the channel is
estimated over two frequency points F at different time instances N , with f
and n denoting the frequency point and time instance index, respectively. Con-
sequently, a channel matrix for a position k is expressed as Hk ∈ CN×F×M .
Note that the collected channel includes both small-scale and large-scale fad-
ing, as well as potential effects from the hardware and interfering devices. As
a baseline to compare our results, we use the i.i.d. complex Gaussian channel,
i.e., Rayleigh fading channel, as commonly used in theoretical studies. This is
modeled as a complex random variable with zero mean and unit variance of
power (h ∼ CN (0, 1)).

Channel Estimation. The channel is estimated by sending a unique pilot
signal from each single-antenna device to the base station. Each device sends
a pilot signal at a dedicated frequency, i.e., during the pilot phase all devices
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use distinct frequencies. The BS can estimate the channel response for each
device at a specific location k based on the a priori known pilot sequence. The
estimated channel is derived by correlating the complex conjugate of the pilot
ϕ with the received uplink signal y:

ĥk = yϕH . (1)

The vector ĥk ∼ CM denotes the estimated channel response between the M
antennas and the single-antenna device at position k. For further analysis and
readability, we will be using the vector h to denote the estimated noisy channel
ĥ.

Normalization. The channel hk(n, f) at each position k is normalized
such that the average channel gain over all antennas, frequencies and snapshots
is equal to one, i.e.,

∥∥h̄k

∥∥ = 1, i.e.

h̄k(n, f) =
hk(n, f)√

1
NFM

∑N
n=1

∑F
f=1

∑M
m=1 |hk,m (n, f)|2

. (2)

Channel hardening. We assess the channel hardening as a representative
characteristics for the decrease of the fading with increasing number of anten-
nas, by which the channel becomes more deterministic and the reliability of
the link improves. According to [25], a channel h̄k experiences more channel
hardening if

V
{
∥h̄k∥2

}

E
{
∥h̄k∥2

}2 → 0, as M → ∞, (3)

where the variance and expectation is taken over the frequency and time
dimensions for a given position k. This means that as the number of antennas
increases, the variation of channel gain decreases. Here, the standard deviation
is considered, as is also done in [15]. This means that, for a subset of M
base station antennas and each position k, the instantaneous channel gain, as
dependent on time and frequency, is defined as

Gk(n, f) =
1

M

M∑

m=1

|hk,m(n, f)|2, (4)

resulting in an average channel gain for each position of

µk =
1

NF

N∑

n=1

F∑

f=1

Gk(n, f) = 1, (5)

which no longer depends on the number of antennas at the base station as
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we averaged with respect to all antennas M and will be equal to 1 due to
the normalization. Note, a distinction is made between the channel gain and
the array gain. The channel gain is the squared absolute value of the channel
coefficient. In contrast, an array gain is here the sum of the channel gains of
each antenna relative to the channel gain of a single antenna case. The array
gain implies an additional gain of having multiple antennas, i.e., an array.

Finally, the standard deviation of the channel gain at a given position k can
be computed as

σk =

√√√√ 1

NF

N∑

n=1

F∑

f=1

|Gk(n, f)− µk|2, (6)

which is used to quantify the channel hardening by taking the difference
between the complete set of base station antennas and one base station an-
tenna.

Correlation coefficient. To compare the channel correlation between
different channel pairs, the correlation coefficient8 is studied. It is defined
between two channel vectors hi and hj as

δi,j(n, f) =

∣∣∣h̄i(n, f)
H · h̄j(n, f)

∣∣∣
∥∥h̄i(n, f)

∥∥∥∥h̄j(n, f)
∥∥ , (7)

where the channels are normalized according to (2). The correlation coefficient
is estimated by picking two random measurement locations (i and j). From
these locations, we select one random snapshot (n) and frequency point (f)
and use these channel vectors to compute the correlation coefficient. The cor-
relation coefficient depicts the antenna-averaged channel correlation between
two channel instances. In case of uncorrelated channels, the coefficient is zero,
while the coefficient is one for channels which are parallel, i.e., equal up to a
scaling factor.

Channel correlation. The channel correlation matrix per position is ob-
tained as the mean over N snapshots of the user channel and its transposed
channel conjugate for the same number of samples.

R =
1

NF

N∑

n=1

F∑

f=1

h̄(n, f)h̄
H
(n, f), (8)

where R ∈ CM×M . It expresses the correlation between the channels ob-
served by each antenna.

8To be complete, the correlation coefficient here defined is not the same as the correlation
coefficient usually used in statistics.
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The condition number. The joint orthogonality of multiple positions, or
channels, is investigated by using the condition number [26], [27]. It is defined
as

κK,M (n, f) =
λmax(H̄(n, f)

H
H̄(n, f))

λmin(H̄(n, f)
H
H̄(n, f))

, (9)

with κK,M ∈ [1,∞), for M antennas and K users. The channel mat-
rix H̄(n, f) consists of the normalized channel instances of K positions
[h̄1(n, f) . . . h̄K(n, f)] ∈ CM×K . A high condition number means that at least
one pair of channels is strongly correlated. When all channels are pairwise
orthogonal, the condition number becomes one. The inverse condition number
is chosen as a metric to be able to express the orthogonality in a finite range,
i.e., κ−1

K,M ∈ [0, 1].
Chordal distance. The chordal distance measures the orthogonality

between two eigenspaces, represented as the p-dominant eigenvectors. By defin-
ition [28], the chordal distance between two matrices Ui and Uj is given by

dc (Ui,Uj) =
∥∥∥UiU

H
i −UjU

H
j

∥∥∥
2

F
, (10)

where Ui ∈ CM×p and Uj ∈ CM×p are the unitary matrices that span over the
number of antennas M and p-dominant eigendirections. The unitary matrices
are obtained in the eigenvalue decomposition from the Hermitian matrix R as
follows: R = UDUH . Note that in order to estimate the chordal distance it is
important to obtain the p-dominant eigendirections in advance.

III Measurement Setup and Scenario

The 5G massive MIMO testbed at KU Leuven9 based on National Instruments
equipment was used during these experiments. The testbed runs the Lab-
VIEW Communications MIMO Application. This application was designed
for LTE-TDD based transmission. Therefore, the LabView application had to
be adapted to conform to the regulations of [29]. To be precise, the occupied
bandwidth, the transmit power and duty cycle of the framework had to be
altered. This is elaborated on in [24]. Table 1 summarizes the measurement
setup.

The base station is, as mentioned before, equipped with 32 vertically po-
larized patch antennas. Two array configurations were used, a 4-by-8 URA
(Fig. 1b) and a 32-element ULA (Fig. 1a). The patch antenna was designed
to operate in the 868MHz band. In theoretical massive MIMO papers a 32-
element array may be considered relatively small, yet in absolute terms at

9https://www.esat.kuleuven.be/telemic/research/NetworkedSystems/

infrastructure/massive-mimo-5g

https://www.esat.kuleuven.be/telemic/research/NetworkedSystems/infrastructure/massive-mimo-5g
https://www.esat.kuleuven.be/telemic/research/NetworkedSystems/infrastructure/massive-mimo-5g
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Figure 2: Transmit node with a single dipole antenna.

this operation frequency the array is definitely quite large, i.e., 5.5m for a 32-
element ULA at 868MHz or with a wavelength of 34.5 cm. The array consists
of two-element holders. These holders facilitate the design of different array
topologies. While in this measurement we use a rectangular and a linear uni-
formal array, cylindrical and distributed arrays can be easily constructed with
this design. At the node side, a single dipole antenna is used (Fig. 2).

The measurements were conducted in front of the Department of Electrical
Engineering (ESAT) building in Heverlee, Belgium. The measurement envir-
onment can be seen in Fig. 3. The base station was placed on the balcony at
the first floor of the building at a height of 7m.

During the experimental campaign, we collected the channels on all 32
antennas for static and continuous measurements. Between each static meas-
urement position we moved the transmit antenna (node) 10 meters according
to the paths shown in Fig. 3. The paths were chosen in order to have positions
perpendicular and parallel to the base station, as well as having NLoS and LoS
positions. As the measurements were done in summer, the presence of foliage
on the trees has a non-negligible effect on the collected channels. Both the
measurement data10 and the processing scripts11 are available in open-source.

When comparing LoS and NLoS scenarios, we use two static points per
case. The locations of the measurement points are shown in Fig. 4 and further
used in Section IV to study the effect of LoS and NLoS scenarios.

10dramco.be/massive-mimo/measurement-selector/#Sub-GHz
11github.com/GillesC/MARRMOT

dramco.be/massive-mimo/measurement-selector/#Sub-GHz
github.com/GillesC/MARRMOT
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Figure 3: Overview of rural measurement area. All paths have a length of approx-
imately 140 m.

Figure 4: Points considered to be LoS and NLoS including distances (in m) with
respect to the base station.

Figure 5: Antenna numbering with 8 randomly selected subsequent antenna ele-
ments (highlighted).
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IV Evaluation

We here evaluate different performance metrics, grouped based on their impact
on crucial aspects for IoT communication. Section A explores the benefits of
massive MIMO regarding the reliability, coverage and energy efficiency of the
IoT nodes. The ability to serve multiple nodes and a first look on how to
schedule them is studied in Sections B and C.

When investigating the impact of the number of base station antennas, we
selected Ms subsequent array elements according to their numbering. In the
case of a ULA this always results in a ULA of Ms antenna elements, this in
contrast to selecting random antenna elements. The same reasoning does not
always hold for the URA configuration. An example where this does not hold
is shown in Fig. 5. Consequently, the results of the URA configuration, with
respect to the number of antennas, needs to be carefully interpreted. To be
able to capture small-scale fading, while still have a negligible effect of the
large-scale fading, we divided the continuous measurements in paths with a
length of approximately 25λ.

A Increased Energy Efficiency, Coverage and Reliability

The reliability, coverage and energy efficiency improvement are assessed by
means of the channel gain diversity, combining gain and channel hardening
effect. The combining gain allows reducing the transmit power of the nodes
thanks to the increased gain when combining the many base station antennas.
Equivalently, the coverage can be extended by the achieved combined gain.
Furthermore, when a channel offers channel hardening, the variance of the
channel gain decreases as the number of antennas increases, hence providing
a more reliable channel. As a result, the fading margin at the IoT node can
also be reduced. As the channel becomes more deterministic, the probability
of packet losses decreases, and thereby the number of required retransmissions
is reduced.

Channel Gain Diversity over the Array. In [16], it was observed that
antenna arrays with a large aperture experience antenna-dependent large-scale
fading. In this work, we have observed similar behavior even with a low number
of antennas. Notably, the physical aperture of the array is larger for 868MHz
than 2.6GHz as in [16]. The un-normalized average channel gain, summed over
frequency and per base station antenna, is depicted in Fig. 6 for the two array
configurations and a LoS and NLoS scenario respectively. By averaging the
channel gain over time for each antenna element, we take away the small-scale
fading present on each antenna. Fig. 6 shows that the large-scale fading can
not be considered constant over the antennas as is frequently assumed in theor-
etical work [12]. Depending on the position of the antenna in the array, it can
be shadowed or see different multi-path components; this naturally becomes
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Figure 6: The average (over time) channel gain per antenna element demonstrates
the presence of varying large-scale fading over the antennas. The antenna numbering
is according to Fig. 5.

even more noticeable in the NLoS scenario for both array configurations. The
average observed difference between the maximum and minimum channel coef-
ficients between two antennas during one measurement is 15.4 dB and 13.2 dB
for the ULA and URA, respectively. Depending on the location of the node
and how the multi-path components travel in the environment, the antennas at
the base station will hence not contribute equally to the overall received signal.
Fig. 7 illustrates this by showing the average channel gain for all base station
antennas and all measured points. The considerable differences demonstrate
that spatial diversity can significantly improve the link reliability. It can also
be noted that at some points, a specific antenna can be in a fading dip while
being one of the strongest antennas at other points.

Channel Hardening. When increasing the number of antennas, the
channel hardening effect appears. For a Rayleigh fading channel, the chan-
nel hardening becomes 10 log10(

√
M) when using the standard deviation for

comparison as in (6). The channel hardening is here measured as the difference
of the standard deviation of the channel gain when going from 1 toM antennas,
i.e., 7.5 dB with 31 antennas. A comparison between i.i.d. Rayleigh fading and
the measured channel with the ULA and the URA is shown in Fig. 8. Here,
the average standard deviation of channel gain of a time window of size 600 for
an increasing number of antennas is depicted, extracted from the continuous
measurements along path B and C in Fig. 3. The antennas are chosen in the
order that is outlined in Fig. 5.

In Fig. 8, a clear channel hardening effect can be seen as the standard
deviation of channel gain decreases when the number of base station antennas
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Figure 7: Average channel gain per base station antenna (ULA). Each row depicts
the average channel gain per measurement point for each antenna element.

increases. In the beginning the URA has a lower standard deviation than the
ULA until eight antennas where it saturates and is then bypassed by the ULA.
For the ULA the average channel hardening is 3.2 dB and for the URA it is
2.3 dB. The reason for more channel hardening with the ULA is most likely
due to better possibilities of exploiting the spatial diversity while adding more
rows to the URA does not contribute as much. The channel hardening effect
allows to reduce the fading margins and therefore the overall transmit power
as well.

B Serving Multiple Nodes

The channel orthogonality is assessed by means of the correlation coefficient and
the inverse condition number of channels captured at different measurement
locations. The former describes the orthogonality of two nodes, while the
latter shows the joint channel orthogonality of multiple nodes. Both metrics
are evaluated with respect to the number of base station antennas. We consider
on average 300 locations per antenna configuration. The actual static locations
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Figure 8: Average standard deviation of channel gain (6) when increasing the num-
ber of antennas for the ULA and URA.

were extended with virtual locations by splitting the continuous measurements
in virtual locations, each with 100 channel instances, equivalent to capturing
1 second.

Correlation Coefficient. The correlation coefficient relates to the concept
of favorable propagation, which also quantifies the ability to separate channels.
When there is favorable propagation [30], the channel vectors are pair-wise

orthogonal such that
1

M
hi

Hhj → 0 as M → ∞ for two positions i and j.

Fig. 9 depicts the correlation between two channel instances from two ran-
dom locations as a function of the number of base station antennas. The result
was obtained by calculating the correlation coefficient – as defined in (7) –
100 000 times per antenna configuration and for different numbers of consec-
utive antennas. For i.i.d. Rayleigh fading the average correlation coefficient
becomes 1/M [30]. Fig. 9 shows the same trend for the ULA, URA and i.i.d.
Rayleigh fading for the first eight antennas. After eight antennas the decrease
of the correlation flattens for the URA, demonstrating that adding a second
row does not contribute as much to the decorrelation of the channels. This
effect is much smaller in the ULA case, illustrating that increasing the size of
the ULA increases the spatial diversity, as was also observed when studying
the channel hardening.

The correlation between the channels for a LoS and NLoS case is shown
in Fig. 10. The general trend shows that the ULA configuration captures
channels which are less correlated than the URA configuration. Moreover,
when deploying close to 32 antennas, the correlation coefficient for both NLoS
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Figure 9: Average node correlation δi,j in (7) between the channel vectors of two
random node positions, as a function of the number of BS antennas. Expressed in
dB to better illustrate the difference between the graphs.
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Figure 10: Correlation coefficient δi,j between the two LoS and NLoS users.

and LoS becomes equal. Hence, even in LoS, increasing the number of antenna
elements in a ULA configuration contributes to the decorrelation of the channel
coefficients such that nodes could be separated. However, for the URA, as
expected this is trickier in LoS and the decorrelation of users is much more
prominent in the NLoS scenario.

Orthogonality of Multiple Nodes. The orthogonality of multiple IoT
nodes is assessed by examining the condition number [27] or the distance from
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favorable propagation [13]. The normalization and the channel instance selec-
tion procedure are equivalent to that explained in Section B.

A large condition number implies strongly correlated channels, while a con-
dition number of one indicates pair-wise orthogonal channels. The inverse
condition number is chosen as a metric to be able to express the orthogonality
in a finite range, i.e., κ−1 ∈ [0, 1]. The inverse condition number for two, five
and ten users as a function of the number of base station antennas is shown in
Fig. 11a. The users are randomly selected as discussed in Section B. Logically
κ−1
K,M equals zero as long as K is larger than M .

We see that the κ−1
K,M of the ULA follows closely the ideal i.i.d. Rayleigh

fading case and tends to move closer to this curve as the number of base station
antennas increases; for the URA case, the distance from i.i.d Rayleigh fading
is larger.

The empirical cumulative distribution function (CDF) is used to further
elaborate on the impact of K and M in Fig 11b. There exist some strongly
correlated channels, as is illustrated by the spread of κ−1

K,M over the entire
range [0, 1]. This is also noticeable in the CDF of the correlation coefficient
(Fig. 11b) as both ULA and URA show some correlation coefficients close to
one. While there are not many strongly correlated signals, it still demonstrates
the importance of adequate user grouping and scheduling.

C Scheduling IoT Nodes

Dominant Eigendirections. As demonstrated with previous metrics, we
cannot assume i.i.d. Rayleigh fading channels but expect that signals, coming
from the IoT nodes, have distinct directions. In other words, we expect that in
this setting, nodes have dominant directions which do not change drastically
over time. These dominant directions and their significance are studied by their
eigendirections and could be used to schedule nodes.

The distribution of weak and strong eigendirections can be extracted from
the channel correlation matrix R as defined in (8) [30]. The correlation matrix
is obtained from the continuous channel collection along path B and C for a
time window of size 600 samples, corresponding to approximately 25λ. A di-
agonal matrix D containing the eigenvalues is obtained through the eigenvalue
decomposition of the correlation matrix. The eigenvalues are sorted in des-
cending order. The higher the values of the first eigenvalues, the more energy
is confined in a few eigendirections. Fig. 12 depicts the eigenvalues tr(D) of
the channels for path C and B in Fig. 4. Most of the energy – between 68%
and 85% – is carried by three eigendirections, regardless of the antenna array
and node position. As we have a finite number of measured channel instances,
the i.i.d. Rayleigh fading channel is also simulated with the same number of
snapshots. Fig. 12 shows that the eigenvalues are distributed around 0 dB,
whereas asymptotically all eigenvalues will be equal. Fig. 12 further reveals



172 Paper V

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

K = 2

K = 5

K = 10

Number of selected base station antennas Ms

Av
er

ag
e

in
ve

rs
e

co
nd

iti
on

nu
m

be
r
κ
−
1

K
,M

ULA
URA
i.i.d.

(a) The average inverse condition number κ−1
K,M for K IoT nodes and 32 antennas.

0 0.2 0.4 0.6 0.8 1

0

0.5

1
K = 2K = 5K = 10

κ−1
K,M

C
D

F
( κ

−
1

K
,M

)

ULA
URA
i.i.d.

(b) CDF of the inverse condition number κ−1
K,M for K IoT nodes and 32 antennas.

Figure 11: The average and CDF of the inverse condition number κ−1
K,M for K IoT

nodes and 32 antenna.

that the experimentally captured data are close to the asymptotic case. We
can conclude that for both configurations and both paths, dominant directions
are present. The latter is in contrast to the simulated i.i.d. case. The ULA
and URA show similar trends on both paths.

The difference between the three dominant eigendirections is measured by
computing the chordal distance, defined in (10). The chordal distance is used
in [31], [32] to reduce the complexity when selecting users to be scheduled to-
gether, while still performing similar to full-CSI selection algorithms. Fig. 13
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Figure 13: Chordal distance of 3-dominant eigenspaces between path B and C for
the ULA and URA configuration.

presents the average chordal distance between the 3-dominant eigenspaces of
paths B and C. This figure shows the degree of orthogonality of the eigen-
spaces between the aforementioned configurations. As expected, the difference
between the eigenspaces increases when the number of antennas increases. The
ULA increases the distance between the three eigenspace more rapidly by in-
creasing the number of base station antennas, while with the URA it stagnates
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after 8 antennas.

V Outlook and Conclusion

In this paper we have studied the opportunities of massive MIMO technology
to upgrade LPWANs operating in the unlicensed sub-GHz band for future IoT
applications. We have evaluated several relevant performance metrics, based
on measurement data gathered through an experimental campaign; this data
is now available open-source. The campaign covered both LoS and NLoS scen-
arios, and ULA and URA antenna array configurations were deployed. Our
assessment confirms that both array gain and channel hardening are consid-
erable. Hence, when combining the many antennas properly, the power con-
sumption of the nodes can be reduced drastically and the link reliability can
be increased. For example, for the case of a 32-antenna gateway this could spe-
cifically allow the battery-powered IoT devices to reduce their transmit power
by M – or 10 log10(M) dB. Or alternatively, use the additional combining gain
to extend the coverage. Furthermore, the fading margins can be lowered due
to the channel hardening effect. This effect also ensures that fewer retransmis-
sions are required, which are shown in [33] to account for considerable energy
consumption in current LPWAN technologies.

We performed an analysis of joint orthogonality of channels for different
node positions. It shows that the relatively large array does receive quite dif-
ferent responses from these positions, opening the opportunity for spatial mul-
tiplexing of nodes. When comparing the URA and ULA, it is noticeable that
while the received gains of both are similar, the channel correlation between
different positions are quite different. This indicates that the average chan-
nel power per antenna is similar for both configurations, but the linear array
also ensures a more diverse set of paths is received. The latter facilitates bet-
ter decorrelation of nodes and is hence better suited for serving many nodes.
Noteworthy is that even with users perpendicular to the array, the ULA still
performs better than the URA. The ULA also outperforms the URA when
users have the same azimuth angle with respect to the base station, as shown
in Fig. 10.

The measured channels show the presence of a few dominant eigendirections
that could used for scheduling users. It also demonstrates that i.i.d. Rayleigh
fading does not hold in our scenarios. New models need to be designed to
include sub-GHz massive MIMO propagation. These models can then be used
to design new low-power IoT protocols.
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This paper presents measurement and analysis results for millimeter-

wave (mmWave) massive multiple-input multiple-output (MIMO) per-

formance in different real-life scenarios with moderate user equipment

(UE) mobility. For the measurement campaign, the developed massive

MIMO testbed operating at 28GHz called LuMaMi28GHz is employed.

In this testbed, the base station has 16 transceiver chains with a fully

digital beamforming architecture (with different pre-coding algorithms)

and simultaneously supports multiple users with spatial multiplexing. The

UEs are equipped with a beam-switchable antenna array for real-time an-

tenna selection where the one with the highest channel magnitude, out

of four pre-defined beams, is selected. We explore the potential benefit

and features of mmWave massive MIMO systems with antenna selection

based on both measured (and recorded) channel data and real-time system

performance evaluation.
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I Introduction

Massive MIMO is a technology [1], [2], which can enable reliable communic-
ation. Scaling up the number of antennas on the base station side and by
exploiting spatial multiplexing, the system can simultaneously serve multiple
users. The large antenna array results in an array gain and when scaling up
the number of antennas, a second effect is that the variations of channel gain
decreases, known as the channel hardening effect, and hence, the system can
rely on a more stable channel, resulting in a more reliable system [3], [4].

Massive MIMO is quite well explored at sub-6 GHz but the trend is to also
move the communication up in frequency [5], to be able to exploit a larger por-
tion of the spectrum. A drawback is the larger pathloss; the shorter wavelength
at higher frequencies results in a lower received power. To combat this larger
pathloss in the higher part of the spectrum, one could deploy a massive MIMO
system. With the array gain coming from the many antennas, the received
power can increase and the system can benefit from the channel hardening
effect.

At Lund University, there has previously been developed a massive MIMO
testbed, LuMaMi [6]. The testbed can operate in real-time, simultaneously
serving twelve users and is based on software-defined radio (SDR) technology. It
has 100 coherent radio-frequency (RF) chains and a center frequency of 3.7 GHz
and 20 MHz bandwidth. The system uses orthogonal frequency-division multi-
plexing (OFDM) and long term evolution (LTE)-like transmission parameters
and operates in time division duplex (TDD) mode. This testbed has then been
extended to operate at higher frequencies, i.e. LuMaMi28GHz [7], [8]. With
16 transciever chains and a fully digital beamforming architecture, the base
station in this work serves two user equipments (UEs) that each are equipped
with a beam-switchable array and can perform real-time antenna selection.
With this approach, each UE only needs one transceiver chain, hence decreas-
ing the hardware complexity and cost, but can still improve the performance
by switching to a better beam when the current beam is e.g. shadowed.

In this work, we are exploring the potential benefit and features of using
massive MIMO at mmWave frequencies with antenna selection. We demon-
strate a real-time testbed with a fully digital beamforming architecture, which
is able to serve multiple users. Based on measured channel data from Line-of-
Sight (LOS) and Non Line-of-Sight (NLOS) scenarios, we assess the perform-
ance gain that can be achieved with channel-based antenna selection at the
UE side for two different types of antennas.

The structure of the paper is as follows. First the measurement equipment,
i.e. LuMaMi28GHz and the UEs, are presented with more details. This is
followed by an outline of the measurements scenarios and the performed exper-
iments. Then the results and related analysis is presented, before concluding
the work.
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(a) Base station

(b) UE

Figure 1: System overview including the digital and analog subsystems for the base
station and the UEs.

II Measurement equipment

An overview of the system architecture for LuMaMi28GHz [7], [8] can be seen in
Fig. 1a and includes the digital subsystem from the original testbed, which has
been extended with an analog subsystem. This subsystem consists of frequency
converters that converts between the 2.5 GHz intermediate frequency (IF) and
the 28 GHz RF, which is then attached to the antenna array. In total, this
fully-digital beamforming testbed is using 16 transceiver chains, with potential
for further extensions. Each SDR in the digital subsystem has two transceiver
chains, which is then connected to one frequency converter followed by four
antennas. Two of these are used for transmitting and two for receiving.

As for the base station side, the UE side is also based on the original system
and an overview of the system architecture can be seen in Fig. 1b. Each UE
has then one transceiver chain leading to a frequency converter. Then there
is a front-end module which includes a power amplifier, an RF switch and the
module is used for the beam-switching. This module is then connected to four
antennas, which are corresponding to the beams that you can switch through.
The two antenna arrays can be seen in Fig. 2 with the yagi antenna array to
the left and the patch antenna array to the right. The antenna switching can
be controlled by the SDR with a certain strategy, e.g. selecting the beam with
the highest channel gain. It is also possible to manually switch between the
beams and this is what has been done in this work.
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Figure 2: The UE antennas with the yagi antenna array (left) and the patch antenna
array (right).

III Measurement scenario

The measurement location is an indoor lab at Lund University; the map where
the experiments were performed can be seen in Fig. 3, including testbed and
UE placements. The base station is placed in a corner, with the array pointing
towards the starting position of the UE. In the LOS scenario in Fig. 3a, the UE
started about 1 meter from the base station array and ended about 6.7 metres
away. For the NLOS scenario, the UE started about 4.5 metres from the base
station and approximately 1 meter from the wall to the right, moving in total
approximately 1.3 metres.

The experiments were done both for a static case where the UE was moved
about 10 centimetres between each measurement and also for a continuous case
when UE was moving along the dashed lines. For the static experiments, each
beam was measured at each point, collecting 100 samples during 1 second.
One sample includes the channel between all base station antennas and active
UE antennas and also 100 points over the bandwidth. For the continuous
experiments, the experiment was repeated four times, one for each beam. Since
the beams here were not measured simultaneously, these results will only give
indications on what to expect, while the static experiments naturally are more
precise. In the LOS experiment, 2000 samples were collected during 20 seconds
and in the NLOS experiment, 1000 samples during in 10 seconds were stored.
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(a) LOS scenario (b) NLOS scenario

Figure 3: Map over the scenario where the experiments were performed in LOS and
NLOS.

IV Results and analysis

Starting the analysis with exploring what a mmWave massive MIMO channel
can look like, a static measurement was done at the initial position of the UE
in Fig. 3b for 10 seconds, i.e. 1000 time samples. As initially stated, massive
MIMO results in an array gain, which here can be seen as the difference between
the lower surfaces and the upper surfaces, for both types of antennas in Fig. 4a
and 4b, respectively. The surfaces on the top corresponds to when the channel
from the UE’s strongest beam to the 16 antennas at the base station side
is combined, while the two lower ones in each figure are the channels from
one of the strongest and one of the weakest UE beams, respectively, to one
random base station antenna (the one to the upper left in the array in this
case). Please note the different z-axes, which here are kept to better show the
different surfaces for the patch antenna and since the weak beam from the yagi
antenna is really week, potentially only noise, these would be less detailed if
having the same z-axes.

In Fig. 4c and 4d, the channel gain for all four beams are shown over time
and frequency when combining their respective channels to the 16 base station
antennas. It can be seen that it results in a more stable channel in both time
and frequency, for both the yagi and patch antenna, as compared to the one
base station antenna cases, which can be seen in Fig 4a and 4b. In Fig. 4c
and 4d, some of the beams are almost overlapping so the difference between
the four different layers are not that clear but it gives an idea of what it can
look like. What one also can see in the figures are that the patch antenna
has a higher gain, moving the surfaces up, and the yagi antenna has a wider
bandwidth, resulting in a finer resolution.

The results from the LOS scenario can be seen in Fig. 5 and Fig. 6, for the
two different types of UE antennas. In Fig. 5a there are the static measurements
for the yagi antennas and in Fig. 5b are the continuous measurements for the
same antennas. What is seen is the channel gain for the four different beams
over distance. Naturally the channel gain decreases as the UEs is moving away
from the base station. Furthermore, as seen for the continuous measurement,
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(a) Patch antenna array (b) Yagi antenna array

(c) Patch antenna array (d) Yagi antenna array

Figure 4: Channel gain over time and frequency for 1) 16 base station transceiver
chains and the strongest UE beam (upper), 1 base station transceiver chain and one
of the strongest UE beams (middle), 1 transceiver chain and one of the weakest beams
(lower) in Fig. 4a and 4b and 2) 16 base station transceiver chains and the different
beams in Fig. 4c and 4d .

there are also small-scale variations as the channel gain changes up and down
between consecutive samples. In this experiment two beams are competing for
being the strongest one, beam 2 and 4, and two which are weaker, beam 1 and
3. Remember that the comparisons between the graphs in this figure only are
indicative and not exact, as well as the comparison between the figures, while
the figure with the static measurements is more deterministic. The maximum
gain difference observed here is a point where there is 11 dB between the
strongest and weakest beam, as calculated from the static measurements.

In Fig. 6 the corresponding results can be seen for the patch antennas. In
relation to Fig. 5, the curves are higher up due to the higher antenna gain.
Similarly, there are two beams competing for being the strongest one and two
which are weaker. The largest gain difference between two beams here can be
found to be 13 dB. For the static measurement in Fig. 6a there are 55 meas-
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(a) Static

(b) Continuous

Figure 5: Channel gain versus distance for the experiment in Fig. 3a for all four
beams in the yagi antenna array and both the static continuous experiment.
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(a) Static

(b) Continuous

Figure 6: Channel gain versus distance for the experiment in Fig. 3a for all four
beams in the patch antenna array and for both the static and the continuous experi-
ment.



190 Paper VI

urement points along the line and for the continuous measurement there are
2000 measurement points. To be considered is that depending on the resolu-
tion of the measurement and how often an update of the choice of beam in the
system is to be done, the gain from beam selection would differ. Hence there
will be a trade-off between always using the strongest beam and how much re-
sources, such as computing resources for implementing the selection algorithm
or spectrum resources for sensing the channel at different beams, one would
like to spend on updating the beam used.

For the NLOS scenario in Fig. 3b, the corresponding results are shown in
Fig. 7 and 8. For the yagi antennas, the results are shown in Fig. 7a and 7b.
In these figures, the first half is in LOS and then the channel gain drastically
drops as the antennas become shadowed in the NLOS area. Similarly to the
LOS scenario, as the channel changes, the strongest beam changes. Although
not as much for the stronger beams in the static measurements. Also similar to
the LOS experiments, there are two stronger and two weaker beams with the
largest difference of 13 dB and also here the trade-off between the gain that
is achievable if the strongest beam is chosen at all times versus what it costs
to spend resources on updating too often can be considered. Marked in the
figures are also approximate lines from where the antennas are shadowed.

The corresponding results for the patch antennas are shown in Fig. 8a and
8b. As for the LOS scenario, the curves for the patch antennas are higher up.
Similar to the yagi antennas, one can see a fast drop in channel gain for all
beams as the antennas become shadowed. With the resolution of 10 centimeters
as for the static measurement here, one would not gain anything from switching
as long as beam 2 is the one chosen. What the result would be with more
frequent updates could be different. The largest difference between two beams
is 14 dB for one point.

Yagi antennas Patch antennas
LOS 11 dB 13 dB
NLOS 13 dB 14 dB

Table 1: The measured gain differences between the weakest and strongest beam for
the yagi and patch antennas in LOS and NLOS.

Summarizing the possible gains due to beam-switching, Table 1 shows the
corresponding numbers for the yagi and patch antennas, respectively, in both
LOS and NLOS. For these experiments, the maximum achievable gain between
the weakest and strongest antenna is slightly higher for the patch antennas than
the yagi antennas and the gain is also slightly higher in the NLOS scenario in
comparison to the LOS scenario. Overall, there is a significant gain that can
be achieved with channel-based antenna selection at the UE side.
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(a) Static

(b) Continuous

Figure 7: Channel gain versus distance for the experiment in Fig. 3b for all four
beams in the yagi antenna array and for both the static and the continuous experi-
ment.
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(a) Static

(b) Continuous

Figure 8: Channel gain versus distance for the experiment in Fig. 3b for all four
beams in the patch antenna array and for both the static and the continuous experi-
ment.
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V Conclusions

First of all, this work demonstrates digital up conversion modules with inherent
analog beamforming and beam selection as a complement to the already present
digital beamforming at IF. The mmWave massive MIMO system can be used
to increase the reliability due to both the demonstrated array gain and also
the channel hardening effect. The performance evaluation of using antenna
selection shows that the system can benefit from beam selection at the UE
side; in these experiments gains up to 14 dB between two beams has been
shown. Although the channel changes fast and the strongest beam changes
often, there is a trade-off between the gain that can be achieved by switching
beam and how often one actually is doing the update and this trade-off is to
be further investigated.
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