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To my friends and family





”The following signal is recorded equally on both channels,
but is out of phase.”

from the song
”Jenny Ondioline (Alternate Version)”

on the album
”Transient Random-Noise Bursts With Announcements”

by Stereolab





Sammanfattning

Att tr̊adlöst kunna koppla upp sig mot internet är numera en del av varda-
gen och antalet enheter som använder sig av tr̊adlös kommunikation har ökat
explosionsartat under de senaste årtiondena. År 2018 väntas antalet mobila en-
heter och anslutningar ha ökat till 10.2 miljarder1 och väntas därmed överstiga
den samlade befolkningen i världen. Dessutom väntas den månatliga mobila
datatrafiken i världen år 2018 överstiga 15 exabytes (15 · 1018 bytes), vilket
är mer än tio g̊anger som mycket som motsvarande siffra för 2013. Utöver
detta s̊a har användandet av strömmande media, s.k. streamed media, ökat
stadigt genom företag s̊asom Netflix och Spotify. Under kvällstid i Nordamerika
st̊ar Netflix för s̊a mycket som 34 % av all tr̊adbunden datatrafik och tillsam-
mans med Youtube utgör de uppemot 50 % av all tr̊adbunden datatrafik.2

Denna utveckling förväntas fortsätta och kommer i allt större grad omfattas
av tr̊adlösa enheter som smartphones, tablets och tr̊adlösa routers. Framtidens
tr̊adlösa enheter förväntas därför kunna stödja mycket högre bithastigheter,
fler användare och l̊angt fler olika typer av applikationer än vad som är fallet
idag. Vi har redan börjat se en utveckling som g̊ar mot prylarnas internet, eller
the Internet of Things (IoT), där saker som klockor, hush̊allsapparater, bilar
och olika typer av sensorer kommunicerar med varandra och med internet.

Mobilindustrin och forskare inom en rad olika omr̊aden arbetar därför med
olika typer av nya teknologier och lösningar p̊a hur framtidens tr̊adlösa kom-
munkationssystem ska kunna bidra med högre bithastigheter, bättre Quality-of-
Service (QoS), samt hur de ska kunna stödja fler användare. Ett stort problem
relaterat till detta är att det tillgängliga frekvensutrymmet är begränsat. En
lovande dellösning p̊a dessa problem är att utnyttja frekvensbanden inom mm-
v̊agsomr̊adet p̊a 30-300 GHz, som än s̊a länge varit i stort sett outnyttjat av
allmänheten. För höghastighetskommunikation över korta avst̊and (upp till 10
m) har särskilt stort intresse har riktats mot det frekvensband som ligger kring
60 GHz, där det runtom i världen finns en bandbredd p̊a omkring 7 GHz avsatt,

1Detta enligt en prognos framtagen år 2014 av företaget Cisco.
2Detta enligt en rapport fr̊an Sanvine 2013.
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viii Sammanfattning

att tillg̊aför kommunikation. Denna stora bandbredd väntas möjliggöra tr̊adlös
kommunikation med bithastigheter upp till 7 Gbit/s. Detta kan jämföras med
dagens tr̊adlösa WLAN-system som typiskt uppn̊ar hastigheter upp till 0.6
Gbit/s.

Presentandan som kan uppn̊as av ett tr̊adlöst kommunikationssytem
är emellertid starkt beroende av egenskaperna hos den tr̊adlösa utbred-
ningskanalen, vilket är kanalen som binder samman en radiosändare med
en mottagare. Den beskriver hur den mottagna radiosignalen har p̊averkats i
förh̊allande till den utsända signalen och beror starkt p̊a bl. a. vilken omgivn-
ing sändaren och mottagaren befinner sig i och vilken frekvens som används.
Mycket forskning har bedrivits kring utbredningskanalens egenskaper för de
frekvensband som används idag för mobil kommunikation. Däremot s̊a har
det inte forskats alls lika mycket kring utbredningskanalens egenskaper i mm-
v̊agsbandet eller 60 GHz-bandet. P̊a grund av den stora v̊aglängdsskillanden
mellan millimeterv̊agor, med v̊aglängder p̊a 1-10 mm, och v̊aglängderna hos
de frekvensband som används idag, där v̊aglängden är ca 10 cm, s̊a är ut-
bredningskanalens egenskaper för mm-v̊agor vitt skilda fr̊an egenskaperna
hos utbredningskanaler för lägre frekvener. Av denna anledning behöver
forskning bedrivas runt egenskaperna hos typiska utbredningskanaler i mm-
v̊agsbandet. Den här avhandlingen fokuserar p̊a typiska inomhus-kanaler i 60
GHz-bandet och inneh̊aller en samling artiklar som karakteriserar, modellerar
och utvärderar utbredningskanalens egenskaper för framtida 60 GHz-system.

Artikel I undersöker riktningsegenskaperna hos den tr̊adlösa radiokanalen
vid 60 GHz, baserat p̊a mätningar i ett konferensrum. I artikeln identifieras
radiv̊agornas typiska utbredningsvägar inom rummet, vilket gör det möjligt
att karakterisera hur den mottagna effekten beror p̊a olika riktningar sett fr̊an
sändarsidan och mottagarsidan, samt hur effekten beror p̊a den fördröjning som
sker p̊a grund av att de olika utbredningsvägarna är olika l̊anga. Resultaten
visar att huvuddelen av den mottagna effekten kommer fr̊an utbredningsvägar
med en eller tv̊a interaktioner med omgivande föremål. Dessutom visar resul-
taten att föremål som taklampor och andra mindre föremål ofta är inblandade
i betydelsefulla utbredningsvägar.

Artikel II presenterar en kanalmodell för flerantennsystem vid 60 GHz
genom att bygga vidare p̊a resultaten fr̊an artikel I. Modellen är giltig för god-
tyckliga antennelement och kan återskapa hur den mottagna signalen typiskt
beror p̊a olika riktningar och fördröjningar. Kanalmodellen jämförs även med
de kanalmodeller för 60 GHz-system som utvecklats för industristandarderna
IEEE802.15.3c och IEEE802.11ad. I artikeln visas ocks̊a att den presenter-
ade kanamodellen stämmer väl överens med de statistiska egenskaperna hos de
uppmätta kanalerna.

Artikel III studerar effekten av människor och andra objekt som block-
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erar (d.v.s. skuggar) direktv̊agen mellan sändaren och mottagaren. Vid lägre
frekvenser är p̊averkan av objekt som skuggar mottagaren oftast inget probelm,
eftersom signalen änd̊a kan ta sig fram genom diffraktion kring det skuggande
objektet och genom andra utbredningsvägar runt det skuggande objektet. Vid
60 GHz är dämpningseffekterna fr̊an denna typ av skuggning mycket sv̊arare
och den mottagna effekten kan vara mycket l̊ag. Av denna anledning väntas
60 GHz-system behöva utnyttja sig av riktade antennstr̊alar för att kunna ta
sig runt skuggande objekt. Detta gör det nödvändigt att kunna karakteris-
era och modeller effekterna av denna typ av skuggning. I artikeln presenteras
mätningar som kvantifierar effekten av skuggdämpningen fr̊an objekt som met-
allcylindrar, plastcylindrar och ett antal olika personers ben. Artikeln visar
att dämpningen fr̊an dessa olika objekt är likartade och att dämpningen fr̊an
metallcylindern kan bestämmas med hjälp av en teoretisk modell baserad p̊a
geometrisk optik. I artikeln jämförs ocks̊a dämpningen orsakad av människor
med dämpningen fr̊an en människofantom (en ih̊alig modell av en människa
utan armar och ben) som fyllts med vatten. Resultaten visar att den vatten-
fyllda människofantomen har liknande dämpningsegenskaper och kan därför
används i mätningar för att simulera skuggdämpningen orsakad av människor.

Artikel IV presenterar ett nytt sätt att modellera och estimera hur den
mottagna effekten avtar som funktion av fördröjningen. Tidigare estimerades
detta oftast genom att anpassa en rät linje till mätdatan utan att ta hänsyn
till att det finns ett brusgolv i mätdatan som gör att det inte g̊ar att observera
data som r̊akar befinna sig under niv̊an som sätts av brusgolvet. Utöver detta
s̊a är den uppmätta datan p̊averkad av slumpmässiga signalvariationer, s.k.
fädning, vilket ocks̊a p̊averkar estimeringen. I den här artikeln presenterar vi en
estimeringsmetod som tar hänsyn till alla dessa effekter och estimerar simultant
b̊ade fädningen och effektavtagandet. I artikeln visas att detta sätt att estimera
kan förbättra de estimerade parametrarna avsevärt. Resultaten användes i
artikel II och gör att kanalmodellen stämmer bättre överens med de statistiska
egenskaperna fr̊an mätningarna. Estimeringsmetoden som presenterats i den
här artikeln har även applicerats p̊a ett annat estimeringsprobelm gällande
utbredningsförluster (s.k. path loss).

Artikel V utvärderar kapacitetsförbättringen, i termer av bithastighet, som
kan uppn̊as med hjälp av riktade antennstr̊alar och genom s.k. spatiell mul-
tiplexering där flera dataströmmar skickas parallellt genom att utnyttja sepa-
rata utbredningsvägar för de olika dataströmmarna. Artikeln jämför dessutom
dessa tv̊a tekniker och visar under vilka förutsättningar som det är lönsamt
att använda sig av spatiell multiplexering istället för riktade antennstr̊alar.
Vidare presenteras ett mått p̊a hur många antenner som krävs för att kunna
åstadkomma effektiv spatiell multiplexering.

Artikel VI beskriver ett antal olika metoder för att gruppera olika radiov̊agor
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i kluster baserat p̊a deras riktningar och fördröjningar. Klustringen av data
är ett viktigt steg i estimeringen av en riktningsbaserad kanalmodell, efter-
som dessa bygger p̊a att man observerat att radiov̊agskomponenterna dyker
upp i specifika kluster i tid och rum. I kanalmodelleringssammanhang har
klustringsalgoritmen K-means varit den dominerande metoden och användes
i artikel II. I den här artikeln p̊apekar vi att K-means är ett specialfall av
en s.k. mixture av normalfördelningar. Med anledning av detta presenteras
en klustringsmetod baserat p̊a en s̊adan mixture av normalfördelningar, vilket
allts̊aär en mer generell klustringsmetod. Denna metod kan hantera kluster
med olika stora spridningar i de olika dimensionerna, vilket är n̊agot som K-
means-algoritmen har sv̊art att hantera. Efter detta presenteras ocks̊a en klus-
tringsmetod som bygger p̊a en mixture av asymmetriska Laplace-fördelningar.
Denna metod gör det möjligt att identifiera kluster med en assymetrisk form,
vilket inte fungerar bra om en mixture av normalfördelningar antas. Dessutom
presenteras en hierarkisk klustringsmetod som kan användas för att initiera de
övriga klustringsmetoderna.

Artikel VII omfattar kanalmätningar vid 60 GHz i ett stort och ett litet rum,
där sändar- och mottagarantennerna är dubbelpolariserade, d.v.s., varje an-
tennelement omfattas av b̊ade horisontell och vertikal polarisationsorientering.
Med hjälp av dessa mätningar karakteriseras hur polarisationskomponenten
hos de olika radiov̊agorna p̊averkas av utbredningskanalen. I artikeln undersöks
dessutom hur kapaciteten kan förbättras om dubbelpolariserade antennelement
används. Utöver detta inkluderar dessa mätningar den vattenfyllda fantomen
som presenterats i artikel III för att emulera effekterna av skuggdämpningen
fr̊an en människa. Resultaten visar att kapaciteten kan förbättras avsevärt
genom att använda sig av dubbelpolariserade element och att korspolarisation-
skopplingen är lägre jämfört med typiska värden för lägre frekvenser.

Sammanfattningsvis har den här avhandlingen förhoppningsvis kunnat
bidra med en ökad först̊aelse för hur den tr̊adlösa utbredningskanalen beter sig
för mm-v̊agssystem i allmänhet och för 60 GHz-system i synnerhet.



Abstract

To be able to connect wirelessly to the internet is nowadays a part of everyday
life and the number of wireless devices accessing wireless networks worldwide
are increasing rapidly. However, with the increasing number of wireless devices
and applications and the amount available bandwidth, spectrum shortage is
an issue. A promising way to increase the amount of available spectrum is to
utilize frequency bands in the mm-wave range of 30-300 GHz that previously
have not been used for typical consumer applications. The 60 GHz band has
been pointed out as a good candidate for short range, high data rate commu-
nications, as the amount of available bandwidth is at least 5 GHz worldwide,
with most countries having 7 GHz of bandwidth available in this band. This
large bandwidth is expected to allow for wireless communication with bit rates
up to 7 Gbit/s, which can be compared to the typical WLAN systems of today
that typically provide bit rates up to 0.6 Gbit/s. However, the performance of
any wireless system is highly dependent on the properties and characteristics
of the wireless propagation channel. A lot of research has been dedicated to
the characterization and modeling of propagation channel properties for fre-
quencies up to 10 GHz. However, due to the much shorter wavelengths, the
propagation channel properties for mm-wave bands are quite different from
those of lower frequency bands. For this reason, a lot of new research has
to be conducted to characterize, model and evaluate the propagation channel
properties for mm-Wave bands.

This thesis focuses on indoor short range wireless propagation channels in
the 60 GHz band and contains a collection of papers that characterizes, models
and evaluates different aspects that are directly related to the propagation
channel properties.

Paper I investigates the directional properties of the indoor 60 GHz wireless
radio channel based on a set of indoor measurements in a conference room. In
the paper, the signal pathways and propagation mechanisms for the strongest
paths are identified. The results show that first and second order interactions
account for the major contribution of the received power. The results also
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xii Abstract

show that finer structures, such as ceiling lamps, can be significant interact-
ing objects. Lastly, the multi-path components appear to be clustered in the
angular-delay domain, indicating that the 60 GHz channel could be efficiently
modeled by a cluster-based double directional model.

Paper II presents a cluster-based double-directional channel model for 60
GHz indoor multiple-input multiple-output (MIMO) systems. This paper is
a direct continuation of the results in paper I. The model supports arbitrary
antenna elements and array configurations and is validated against measure-
ment data. The validation shows that the channel model is able to efficiently
reproduce the statistical properties of the measured channels. The presented
channel model is also compared with the 60 GHz channel models developed for
the industry standards IEEE802.15.3c and IEEE802.11ad.

Paper III characterizes the effect of shadowing due to humans and other
objects. Measurements of the shadowing gain for human legs, metallic sheets,
as well as metallic and plastic cylinders are presented. It is shown that the
shadowing gain of these objects are fairly similar and that the shadowing due
to the metal cylinder can be determined based on the geometrical theory of
diffraction. Basic measurements of the impact of polarization are also pre-
sented. Next, the shadowing due to a water-filled human body phantom is
compared with the shadowing due to real humans. The results show that the
water-filled phantom has shadowing properties similar to those of humans and
is therefore suitable for use in 60 GHz human body shadowing measurements.

Paper IV presents a novel way of estimating the cluster decay and cluster
fading. Previously, the cluster decay has usually been determined by perform-
ing a simple linear regression, without considering the effects of the noise floor
and cluster fading. The noise floor makes it impossible to observe any possible
clusters that are located below the noise floor. Furthermore, the distribution of
the cluster fading distribution is being truncated by the noise floor at a certain
point depending on the exact delay. The paper presents an estimation method
which takes these effects into account and jointly estimates both the cluster
decay and cluster fading. It is shown that this estimation method can greatly
improve the estimated parameters. It is also shown that if the effects of the
noise floor are not taken into account when estimating the cluster decay, the
estimated parameters might adversely affect the modeled delay spread. This
estimation method was applied in paper II and was also applied to different
problem in a paper on path loss estimation techniques.

Paper V evaluates the capacity improvement capability of spatial multiplex-
ing and beamforming techniques for 60 GHz systems in an indoor environment.
In this paper, beamforming refers to conventional gain focusing in the direction
of the strongest propagation path. The paper uses a capacity metric that only
depends on the multi-path richness of the propagation channel and the antenna
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aperture size. In the paper, it is shown that, when the link budget is limited
due to electrically small antennas and long Tx-Rx separation distances, beam-
forming approximates the capacity of spatial multiplexing. However, spatial
multiplexing is a worthwhile option when Rx SNR is favorable and a higher
peak data rate is required. For a transmit power of -10 dBm, a high receive
SNR is guaranteed when the antenna aperture is larger than 1λ2 and 9λ2 in
the LOS and NLOS scenarios, respectively.

Paper VI describes different methods for the clustering of wireless multi-
path components. In the literature, the clustering method that is predomi-
nantly used is the K-means algorithm, or a power-weighted version of K-means,
called K-power means. In this paper, we point out that K-means is a special
case of a Gaussian mixture model (GMM). The paper presents a clustering
method based on a GMM. This method is able to handle arbitrary cluster
spreads in the different dimensions better than the K-means algorithm. A
power-weighted version of the GMM is also presented. In addition to this, a
mixture model based on asymmetric Laplace distributions is also presented,
with and without power-weighting. Lastly, a hierarchical method is also pre-
sented, which is suggested to be used to initialize the other clustering methods.

Paper VII is based on channel measurements in a small and a large room,
where the Tx and Rx arrays have dual polarized elements. Using these mea-
surements, the cross-polarization ratio (XPR) of the multi-path components are
characterized. This gives valuable information on how the MPCs are affected
by the propagation channel. A statistical description of the XPR is also needed
for the development of a propagation channel model that supports polarization.
The paper also investigates the eigenvalue spreads for single and dual polarized
elements. Furthermore, the measurements include LOS and NLOS measure-
ment, where the NLOS scenarios include water-filled human presented in paper
III. The results show that the capacity can be greatly improved if dual-polarized
elements are used, and that the XPR values are in general higher compared to
lower frequencies.

In summary, this thesis contributes to an increased understanding and
knowledge of the behavior and characteristics of propagation channels for mm-
wave systems in general and for 60 GHz systems in particular. The results
in the thesis are thus useful for the design and development of future wireless
systems in the mm-wave range.





Preface

After finishing my Master’s Thesis on the interesting topic of antenna design
for breast cancer scanning systems, I was encouraged to apply for an open
Ph.D. position in the field of 60 GHz wireless propagation. Even though this
field was entirely new to me, I was really intrigued by both the topic and the
possible opportunity to pursue a career in this new field. After some time, I
got the fantastic news that I had gotten the position and I could look forward
to delving into a lot of different areas related to the 60 GHz wireless channel.

At the time when I started my Ph.D. studies, the field of 60 GHz wireless
communications was buzzing, but had still not quite taken off. Different in-
dustrial standards were being worked on and only a small part of the research
community were working directly with measured 60 GHz wireless radio chan-
nels. We managed to report several relevant findings that are related to the
60 GHz propagation channel. We reported on the directional properties of the
indoor 60 GHz channel and derived a MIMO model that was compared with
the industry standards. We also looked at shadowing introduced by humans
and various objects and how to model this behavior. Also, we investigated
how to most effectively transmit data, by comparing spatial multiplexing with
beamforming. Lastly, we also report on some estimation problems that are re-
lated to the modeling part of my work. Looking back at my work, I realize that
my main findings are all, in one way or another, related to the characteriza-
tion, modeling and/or evaluation of 60 GHz (and millimeter-wave) propagation
channels; hence the title of my thesis. Now, almost five years later, it is in-
spiring to see that the research on 60 GHz and other various mm-wave bands
have really taken off. It is also worth mentioning that, even though most of the
work in this thesis focuses on the 60 GHz band, a lot of the concepts, ideas and
findings in this thesis are applicable to other frequency bands and problems.

This doctoral thesis concludes my work as a Ph.D. student, and is comprised
of two parts. The first part gives an overview of the research field in which
I have been working during my Ph.D. studies and a brief summary of my
contribution in it. The second part is composed of seven included papers that
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constitute my main scientific work:

[1] C. Gustafson, F. Tufvesson, S. Wyne, K. Haneda, A. F. Molisch, ”Direc-
tional analysis of measured 60 GHz indoor radio channels using SAGE”,
in IEEE 73rd Vehicular Technology Conference (VTC Spring), Budapest,
Hungary, 2011

[2] C. Gustafson, K. Haneda, S. Wyne, F. Tufvesson, ”On mm-Wave Multi-
path Clustering and Channel Modeling”, in IEEE Transactions on Anten-
nas and Propagation, Vol. 62, No. 3, pp. 1445-1455, 2014.

[3] C. Gustafson, F. Tufvesson, ”Characterization of 60 GHz Shadowing by
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2012.
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Chapter 1

Introduction

Sir Jagadish Chandra Bose held a public demonstration in the late 1800s, where
he ignited gunpowder and rang a bell at a distance using millimetre range wave-
length microwaves, signaling the start of mm-wave wireless research. Further-
more, it has been claimed that the wireless detection device used by Marconi
to receive the first transatlantic wireless signal on December 12, 1901, was in
fact invented by Sir J.C. Bose [1]. Since then, the wireless techniques have
gradually become more and more sophisticated, and have now been integrated
with our everyday lives and are being used in numerous different applications.

However, the number of users and applications are still growing, and there is
still a need for higher data rates. This is an issue, sine the available bandwidth
is a limited resource. A promising way to increase the amount of available
bandwidth is to use higher frequency bands such as the mm-wave frequency
bands. Much like in the demonstration by Sir Bose, the 60 GHz band is in-
tended for short range wireless transmission. However, the mm-wave systems
of tomorrow are expected to provide wireless data rates that are significantly
higher compared to what is typically achieved in the lower frequency bands
that are commonly used today.

The use of mm-wave frequencies also requires a lot of dedicated research.
The propagation properties for typical mm-wave wireless channels are widely
different from those of lower frequency bands. So, in order to facilitate the
development of mm-wave systems, the propagation characteristics of mm-wave
wireless channels need to be characterized, modeled and evaluated.

Wireless systems in the mm-wave range are expected to be used for various
applications, ranging from short range communication and on-body wireless de-
vices, to cellular communication and inter-chip communication. Another bene-
fit of mm-wave systems is that the form factor of the antennas are much smaller,
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Figure 1.1: Sir Jagadish Chandra Bose.

making it possible to put a large number of antennas on a small area. This
is truly beneficial, as the mm-wave systems are expected to use beam-forming
to ensure reliable communication. Also, multiple-input multiple-output tech-
niques such as spatial multiplexing, where the data is transmitted in several
parallel spatial streams, could be of use in some mm-wave systems.

This thesis focuses on the propagation channel for 60 GHz systems. Chapter
2 gives an introduction to 60 GHz and millimeter-wave wireless communication.
Chapter 3 discusses propagation channel aspects such as channel modeling
approaches and channel models for 60 GHz and mm-wave systems. Chapter 4
treats different estimation methods that are necessary for the development of
wireless channel models. Chapter 5 presents different measurements techniques
for wireless channel measurements as well as antenna measurements. Finally,
chapter 6 summarizes the contributions of the thesis and lists topics for future
work in this field.



Chapter 2

60 GHz and

millimeter-wave wireless

systems

The number of wireless devices accessing wireless networks worldwide are in-
creasing rapidly. According to a forecast by Cisco in 2014 [2], the number of
mobile devices and connections will grow to 10.2 billion by 2018, exceeding
the world’s population. Furthermore, the monthly global mobile data traffic is
expected to surpass 15 exabytes by 2018, which is more than ten times that
of 2013. Also, over the last few years, there has been a tremendous increase
of streamed media through networking services such as YouTube, Netflix and
others. This puts a huge pressure on the mobile industry and research com-
munity to come up with new technologies and solutions to provide wireless
systems that offers a good quality of service (QoS) and high data rates at a
reasonable price. Bandwidth is a key resource that is essential for any wireless
system. With the increasing number of wireless devices and applications and
the amount available bandwidth, spectrum shortage is an issue. A promising
way to increase to amount of available spectrum is to utilize frequency bands
in the mm-wave range of 30-300 GHz that previously have not been used for
typical consumer applications.
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2.1 Why mm-Waves?

The mm-wave band refers to the frequency band of 30-300 GHz, where the
wavelength are in the range of 1-10 mm, hence the name mm-waves. An impor-
tant question to be asked is: Should we use mm-wave frequencies for everyday
consumer applications? The answer to this question is yes. With the increasing
number of users and applications, spectrum shortage is an issue, and a promis-
ing way to increase the amount of available spectrum is to utilize frequency
bands in the mm-wave range that previously have not been used for typical
consumer applications. With the advance of radio and CMOS technology, typ-
ical consumer applications at mm-wave frequencies are nowadays feasible both
in terms of performance and cost.

However, mm-wave systems are inherently different from lower frequency
band systems, and a lot of this is related to differences in the physical propaga-
tion mechanisms at different frequencies. An important difference for mm-wave
systems, compared to systems at lower frequencies, is that the radio waves in
general experience greater attenuation. Systems at mm-wave frequencies suf-
fers from a larger free space pathloss (assuming constant-gain antennas), a
higher penetration loss and more significant shadowing due to obstructing ob-
jects. As a result, the achievable communication range is in general shorter for
mm-wave systems, although long-range point-to-point mm-wave links do exist.
As an example, the 60 GHz band is targeted for short-range, high data rate
communications for device-to-device and and WLAN communications. How-
ever, due to the nature of 60 GHz radio propagation, the communication range
is typically confined within a single room. This is due to the large pathloss and
penetration loss at 60 GHz. However, this may also be a benefit for the system,
since it will experience less interference from other nearby users operating at
the same frequency, allowing for a larger potential of frequency reuse. Also,
the large bandwidths available at mm-wave frequency bands will allow for wire-
less data rates that are significantly higher compared to today. This could for
instance allow uncompressed wireless streaming of high-definition (HD) video.

Another interesting aspect of mm-wave systems is the small form factor of
the antennas. The antenna size is related to the wavelength, which means that
multiple antenna elements can be packaged onto a small area and can even be
integrated on a chip. See for instance [3, 4] and the references therein.

2.2 Applications and Industry Standards

A large number of different mm-wave applications are envisioned. Some that
are already in use include high data rate WPAN systems, car radars and satel-
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lite systems. Other future applications include the following:

• Millimeter wave communication for fifth generation (5G) broadband cel-
lular communication [5].

• Millimeter-wave for wireless backhaul connections [6].

• High data rate device-to-deivce, in-plane [7,8] and in-car [9] communica-
tions.

• High data rate inter-chip communications [10, 11].

• Wireless short-range, high-precision localization systems [12].

This thesis focuses mostly on the 60 GHz indoor propagation channel. Table
2.1 shows the frequency allocation in the major regions worldwide, for systems
operating in the 60 GHz band. In most of these regions, at least 5 GHz is
available. In Europe, as much as 9 GHz of continuous spectrum is available.

Table 2.1: Worldwide frequency allocation for 60 GHz wireless systems.

Frequency band Bandwidth
Region (GHz) (GHz)

Australia 59.4-62.9 3.5
Canada & USA 57-64 7

China 59-64 5
Europe 57-66 9
Japan 59-66 7

Some of the industry standards that drive the development of mm-
wave wireless multi-gigabit wireless communications technology include the
IEEE.802.15.3c [13] and IEEE.802.11ad [14] standards. Previously, the Wire-
less Gigabit Aliance (WiGig), was a trade association that promoted the use
of the unlicensed 60 GHz band for muti-gigbit wireless communications. The
Wi-Fi Alliance and WiGig Alliance finalized a unification in March, 2013, and
now operates under the Wi-Fi alliance name.
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2.3 mm-Wave Systems, MIMO and Capacity

A MIMO radio or propagation channel matrix, H, for a system with Nr receive
antennas and Nt transmit antennas, can be described as

H(t, τ) =











h1,1(t, τ) h1,2(t, τ) · · · h1,Nt
(t, τ)

h2,1(t, τ) h2,2(t, τ) · · · h2,Nt
(t, τ)

...
...

. . .
...

hNr,1 hNr,2 · · · hNr,Nt
(t, τ)











∈ C
Nr×Nt , (2.1)

where hm,n(t, τ) is the impulse response at time t and delay τ , between the nth
and mth transmit and receive antenna, respectively. The input-output relation
of the MIMO channel can then be described in matrix notation as

y(t, τ) = H(t, τ) ⋆ s(t, τ) + n(t, τ), (2.2)

where ⋆ denotes the convolution operator, y ∈ CNr×1 is the received signal
vector, s ∈ CNt×1 is the transmitted signal vector and n ∈ CNt×1 is the noise
vector. For a narrowband (i.e., frequency flat) MIMO link, this relation can
be written as

y(t) = H(t)s(t) + n(t) =

√

ρ

Nt
Ĥ(t)s(t) + n(t), (2.3)

where ρ is the SNR per receiver branch. For such a narrowbandMIMO channel,
the capacity, in units of bits/s/Hz, can be shown to be given by

C = max
Tr(Rss)=Nt

{

log2det

(

INr
+

ρ

Nt
ĤRssĤ

H

)}

, (2.4)

where Rss = E{ssH} is the covariance matrix of s.1 Eq. 2.4 is suitable for
use when comparing measurements from different locations as a function of the
SNR, ρ.

If the channel is completely unknown to the transmitter, so that is has
no channel state information (CSI), then s may be chosen with equal power
allocation to all the transmit antennas such that Rss = INt

. For this case, it
can be shown that the capacity is given by

C =

r
∑

i=1

log2

(

1 +
ρ

Nt
λi

)

, (2.5)

1Furthermore, Tr(·) denotes the trace of a matrix, (·)H denotes Hermitian transpose,
det(·) denotes a matrix determinant and I is an identity matrix.
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where r is the rank of the channel and λi is the ith positive eigenvalue of ĤĤH .
If the transmitter instead has perfect CSI, i.e., the capacity can be optimized
by solving the maximization problem

C = max
∑

γi=Nt

{

r
∑

i=1

log2

(

1 +
ργi
Nt

λi

)

}

, (2.6)

where γi is the transmit energy in the ith sub-channel, subject to
∑

i γi = Nt.
This optimization problem can be solved by the solved by the so-called water-
pouring algorithm.
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Chapter 3

60 GHz and

millimeter-wave

Propagation Channels

In this chapter, various aspects related to the millimeter-wave propagation
channel are treated. Different channel modeling approaches are discussed and
related to mm-wave systems. Then, large-scale channel parameters such as
pathloss, large-scale fading and human body shadowing are treated. Finally,
double-directional MIMO channel models for 60 GHz and mm-wave systems,
which include both large-scale and small-scale effects, are presented.

3.1 Wireless Channel Modeling Approaches

A realistic wireless channel model is vital for the development of a reliable
wireless system design. Before any detailed system design can be performed,
accurate characterization and modeling of the propagation channel is required,
since all the different layers of a wireless system need to relate to the charac-
teristics of the propagation channel at hand. A good wireless channel model
can efficiently reproduce the typical behavior of the wireless channel and give
insights into the most relevant radio propagation mechanisms. These channel
models are often implemented as channel emulators and simulators, so that the
performance aspects of many different parts of the wireless system of interest
can be evaluated and optimized.

However, modeling the wireless channel is challenging due to the many dif-

11
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Channel Modeling
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Figure 3.1: Modeling approaches for wireless channels.

ferent complex mechanisms that govern wireless propagation. Therefore, most
channel models rely on a tradeoff between accuracy and simplicity. Hence, the
goal of a channel model is often to capture the aspects that are of importance
to the wireless system, without being too complex so that it is easy to im-
plement and use. Different channel modeling approaches are used depending
on the system in question and its intended use. Factors like carrier frequency,
bandwidth and propagation environment play an important role when it comes
to choosing an appropriate modeling approach.

Figure 3.1 shows a classification of the most common types of channel mod-
eling approaches. The two main categories are stochastic and deterministic
modeling approaches, which can be sub-categorized further. Deterministic
modeling approaches can be based on, for instance, ray tracing, field theory or
electromagnetic wave theory using Maxwell’s equations. Another example of
a deterministic channel modeling approach is to directly use measured data.
However, such a model relies on the use of a large amount of measurement
data, making it impractical to use and distribute. Furthermore, when using
measurement data directly, it is difficult to get a grasp of the physical processes
that are causing the measurement data to behave in a certain way.

Many deterministic approaches, such as ray tracing or electromagnetic sim-
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ulations, are inherently site-specific, which makes them better suited for cases
when this is desired, such as for base station placement or coverage analysis
for a specific environment. For these cases, deterministic approaches can be of
great value. On the other hand, site-specific approaches require an environment
model, which can be very complex depending on the environment and the de-
sired modeling accuracy. Hence, these methods can often be computationally
expensive.

Stochastic approaches aim at reproducing the statistical behavior of the
channel. Correlation-basedmethods do this modeling the correlation properties
of the channel. This can be done using the full correlation matrix between all Tx
and Rx elements for a given MIMO channel. However, using the full correlation
matrix requires a large number of model parameters, which often makes it too
complex. Instead, simplified models, such as the Kronecker model [15], are
often used. The more sophisticated Weichselberger model [16] is a another
popular correlation-based model.

In geometry-based stochastic channel models (GSCMs), an ensemble of
point scatterers are typically placed in different geometrical positions based
on statistical distributions. Different scatterers can be assigned different prop-
erties and the channel is determined by summing the contribution from the
different scatterers at the receiver [17]. Cluster-based double-directional chan-
nel models can also be seen as GSCMs. In these models, multi-path component
(MPC) cluster centroids, as well as the MPCs within each cluster, are deter-
mined based on statistical distributions for the delays and angles. A benefit of
GSCMs are that the directional aspect of the channel is included in the model-
ing, making it possible to use these models for theoretical analysis that involves
the directional properties of the channel. Also, it is easier to relate the model
parameters to the physical propagation mechanisms that are involved. More
importantly, as the modeling involves directions, the influence of the antenna
gain can be de-embedded, making it possible to derive a model that is truly
describing the propagation channel.

Fig. 3.2 highlights the difference between a radio channel and a propagation
channel. In the radio channel, the effects of the Tx and Rx antenna (antenna
gain, polarization mismatch, etc.) are included in the channel, whereas the
propagation channel only describes the effect of the channel without any influ-
ence of the antennas. Ideally, the propagation channel is the channel that the
radio system would experience when using isotropic Tx and Rx antenna ele-
ments. A GSCM that describes the propagation channel is valid for arbitrary
antenna elements and array configurations, and the radio channel for a given
antenna array can be derived from the propagation channel model simply by
adding the antenna patterns and array configuration for the antenna array of
interest.
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Propagation channel 

Radio channel 
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Receive 
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Figure 3.2: The propagation channel can be extracted from radio chan-
nel measurements if the double-directional channel is estimated using the
radiation patterns of the Tx and Rx antennas.

Hybrid models are based on a combination of stochastic and deterministic
parts. For instance, a GSCM might be used together with ray-tracing, so that
the cluster positions are determined using ray-tracing, but the MPCs within a
cluster are stochastic.

3.1.1 Modeling Approaches for mm-wave Systems

For any type of wireless system, the modeling approach usually depends on the
intended use of the system and the intended use of the model. For mm-wave
backhaul links, simpler modeling approaches that include pathloss and addi-
tional losses due to oxygen absorption and precipitation might suffice. How-
ever, for indoor, in-car or in-plane mm-wave scenarios, a more general model
approach is usually required. A popular approach for wideband multi-antenna
systems has so far has been to use a GSCM, with or without parts that are
deterministic.

In the literature, many 60 GHz indoor models are rooted in the Saleh-
Valenzuela (SV) model [18], in which the multi-path components (MPCs) ar-
rive in clusters in the delay domain. The mean cluster power is exponentially
decaying with delay according to a certain time decay constant. The mean
power of the MPCs in each cluster is also decaying exponentially with delay,
but with a different decay constant. The SV model has also been extended
to include the angular domain [19]. In [20], the double-directional model was
proposed, in which the channel is described as a sum of a number of plane
waves (MPCs) each having a certain complex amplitude, delay and directions
of departure and arrival. Most of the recent work on 60 GHz indoor channel
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modeling is based on a double-directional modeling approach with a modified
SV model that is extended to the angular domain. In Table 3.1, a number
of 60 GHz indoor models in the literature are summarized, and the included
domains in each reference are listed. Here, τ is the delay, φTx and θTx are
the azimuth and elevation direction of departure (DOD) and φRx and θRx are
the azimuth and elevation direction of arrival (DOA), respectively. Although
not exhaustive, Table 3.1 shows that modeling approaches are moving towards
approaches where all the different domains are included.

Table 3.1: Various 60 GHz indoor channel models in the literature.

Environment τ φTx θTx φRx θRx Ref. Year Note

Various X - - - - [21] 2005
Laboratory X - - - - [22] 2010
Hospital X - - - - [23] 2012
Corridor X - - X - [24] 2005
Various X - - X - [13] 2009 802.15.3c
Room X - - X X [25] 2009
Various X X X X X [14] 2010 802.11ad

Conf. Room X X X X X [26] 2014 This work

The IEEE802.11ad channel model [14] constitutes a mix of measurement-
based stochastic parameters, ray tracing, empirical distributions and theoret-
ical models. Ray tracing is used to determine the cluster delays and angles,
empirical distributions are used for the amplitude and intra-cluster angular
distribution of reflected rays and theoretical models for the polarization prop-
erties. Blockage models for human body shadowing are included on top of
the modeling framework. The IEEE802.15.3c channel model [13] is a SIMO
channel model that only includes the azimuth DOD. The details of these two
industrial channel models will be discussed in more detail in the next chapter.

For general mm-wave channel modeling, a stochastic or hybrid GSCM is
an attractive approach. The main reasons as to why this is the case can be
summarized as they:

• Support wideband channel modeling.

• Include both large-scale and small-scale fading effects and the antenna
correlation.

• Can be used to derive a propagation channel model that is valid for
arbitrary antenna elements and array configurations.
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• Model the directional properties of the channel, which is vital for beam-
forming and human body shadowing analysis.

• Support geometrical human body shadowing models that can easily be
added to the model framework [27].

3.2 SISO Channel Characterization & Model-

ing

SISO channel models constitute more of a characterization of some important
measures, such as path loss, large scale fading (shadow fading), power delay
profile, delay spread, etc.

3.2.1 Pathloss and Large-scale Fading

The pathloss can be defined as the ratio of the transmit power to the received
signal power power as a function of the Tx-Rx separation distance. A good
pathloss model is essential for link budget analysis and network planning. Be-
fore we consider the general pathloss models, we will briefly look at the free
space pathloss (FSPL), which is the pathloss for two isotropic antennas in free
space separated by a distance d, and is given by

FSPL(d) =

(

4πd

λ

)2

=

(

4πdf

c0

)2

. (3.1)

Here, it is seen that the FSPL is proportional to the square of the carrier
frequency, i.e., FSPL ∝ f2, resulting in a much more severe FSPL for mm-
wave systems. Fig. 3.3 shows the FSPL at 2.4, 60 and 300 GHz, as a function
of distance. Compared to the FSPL for a given distance at 2.4 GHz, the FSPL
is about 28 dB larger for 60 GHz and about 42 dB larger for 300 GHz.1 It
is possible to combat the increased FSPL at mm-wave frequencies by using
antennas with higher gain or using multiple antenna array elements to achieve
beamforming gain.

However, in a realistic multi-path environment, the antennas are no longer
in free space and the signal will reach the Rx through several different paths.
For these cases, the path loss is often modeled by a log-distance power law [28],
which in units of dB can be written as

1Note that this is due the assumption that the antenna gain is constant over frequency,
resulting in a smaller antenna aperture at higher frequencies. The so called ”loss” is due to
the expansion of the radio wave front in free space.
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Figure 3.3: Free space pathloss at 2.4, 60 and 300 GHz as a function
of distance.

PL(d) = PL(d0) + 10nlog10

(

d

d0

)

+Ψσ, d ≥ d0, (3.2)

where d is the distance, n is the pathloss exponent, PL(d0) is the pathloss at a
reference distance of d0 and Ψσ is a random variable that describes the large-
scale fading about the distance-dependent mean path loss. If the effect of the
small scale fading is removed from the data set by averaging the data over the
time samples corresponding to a wide-sense-stationary region, the large-scale
fading can be modeled as a log-normal distribution which in the dB-domain
corresponds to a zero-mean Gaussian distribution with standard deviation σ,
i.e., Ψσ ∼ N (0, σ2). Hence, the pathloss is normally distributed with a distance
dependent expected value, i.e., PL(d) ∼ N (µ(d), σ2), where

µ(d) = PL(d0) + 10nlog10

(

d

d0

)

. (3.3)

The reference value PL(d0) can be estimated based on measurement data,
or based on reference measurements at this distance. For LOS scenarios, it is
sometimes deterministically calculated based on the free-space pathloss, as

PL(d0) = 20log10

(

4πd0
λ

)

. (3.4)
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Here λ is the wavelength at the given frequency. For NLOS scenarios, the
free-space equation does not hold, which means that the reference value in
this case must be determined in another fashion. Since it might be difficult to
produce reliable measurements of the reference value in NLOS scenarios, it is
often estimated based on the measurement data.

Pathloss and Large-scale Fading Estimation

In [29], it was shown that the censoring of data samples below the noise floor
can have a significant impact on the estimated pathloss parameters, both for the
pathloss exponent, large-scale fading variance and the reference value PL(d0).
Furthermore, as discussed above, note that, in NLOS scenarios, the reference
value needs to be estimated, since the theoretical free-space path loss is no
longer valid. For these reasons, some of the reported pathloss parameters in
the literature, especially for NLOS scenarios, might be inaccurate. In this
section, a pathloss estimation technique for censored data is presented.2

To completely model the pathloss and large-scale fading for a given data
set, we wish to estimate the three parameters of (3.2), i.e., n, PL(d0) and σ

2.
The data under consideration is implicitly assumed to be Gaussian distributed
since Ψσ is Gaussian in the dB domain. Using (3.2) the data set for L path
loss measurements can be modeled as,

y = Xα+ ǫ, (3.5)

where

y =











PL(d1)
PL(d2)

...
PL(dL)











, X =











1 10log10(d1)
1 10log10d2)
...
1 10log10(dL)











, ǫ =











Ψσ,1

Ψσ,2

...
Ψσ,L











and

α =

(

PL(d0)
n

)

.

By applying ordinary least squares, the parameter α can be estimated as

α̂ =
(

XTX
)−1

XTy. (3.6)

Using the estimates contained in α̂, the variance σ2 can be estimated as

σ̂2 =
1

L− 1
(y −Xα̂)T (y −Xα̂). (3.7)

2The estimation method has not been published previously in any journal or paper, and
has been derived and implemented by the author of this thesis.
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By applying ordinary least squares, the effects of missing or censored sam-
ples are not taken into account. It has previously been shown, that the missing
samples can have a significant effect on the estimated parameters for both the
pathloss exponent, n̂ and the large-scale fading variance σ̂2. This effect is
especially severe for NLOS scenarios, where the received power can be very
small.

In order to estimate the pathloss exponent and fading variance of censored
data, with a known number of missing samples, it is possible to base the esti-
mation on a censored normal distribution. Under this assumption, each data
observation follows a normal distribution that is censored from the right. The
censoring occurs for data samples where the pathloss is greater than or equal
to c. The value −c is a channel gain that corresponds to the noise floor of
the channel sounder. In practice, c is chosen with some margin with respect
to the noise floor, so that a limited number of samples dominated by noise
are included as measurement data.3 Using the data set in (3.5), the data is
assumed to be censored so that observations with values at or above c are set
to cy, i.e.

y =

{

y∗i if y∗i < c
cy if y∗i ≥ c

(3.8)

where

y∗i ∼ N(xiα, σ
2). (3.9)

The probability of observing a censored observation at a distance d is given by

P (y ≥ c) = 1− Φ

(

c− xiα

σ

)

, (3.10)

where Φ is the cumulative distribution function (CDF) of the standard normal
distribution. Now, by using I as an indicator function that is set to 1 if the
observation is uncensored and is set to 0 if the observation is censored, it is
possible to write down the likelihood function as

l(σ,α) =

L
∏

i=1

[

1

σ
φ

(

yi − xiα

σ

)]Ii [

1− Φ

(

c− xiα

σ

)]1−Ii

, (3.11)

3Note that, in practice, the censoring occurs for the power-delay profile (PDP), which
means that even if the received power is larger than the noise floor, parts of the PDP are
being censored by the noise floor. However, this is assumed to have a small effect on the
measured data. Furthermore, assuming that the censoring occurs for the received power
makes the estimation procedure much simpler.
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where φ is the standard normal probability density function (PDF). The log-
likelihood ln(l) can now be written as

L
∑

i=1

{

Ii

[

−lnσ + lnφ

(

yi − xiα

σ

)]

+ (1 − Ii)ln

[

1− Φ

(

c− xiα

σ

)]}

. (3.12)

Using the log-likelihood L(σ,α) = ln[l(σ,α)], the parameters σ and α are
estimated using

argmin
σ,α

{−L(σ,α)}, (3.13)

which is easily solved by numerical optimization of α and σ. Here, it is impor-
tant to remember that this method is only valid under the assumption that the
measured data is appropriately modeled using Eq. (3.2). Therefore, it might
be necessary to perform some statistical tests, and to study the residuals, given
the estimated parameters. However, the presented method approach can eas-
ily be further extended, so that it supports other pathloss models, such as the
dual-slope model [29]. As an example, synthetic data at 5.6 GHz was generated
according to Eq. (3.2) with known parameters and a synthetic censoring level
at c. The parameters were first estimated using ordinary least squares (OLS),
i.e. Eq (3.6) and (3.7), where the censoring is not taken into account. Then,
the parameters are estimated using the ML method described above, where
the censoring is taken into account. The result is shown in Fig. 3.4. The OLS
method clearly underestimates both the pathloss exponent, n̂, as well as the
standard deviation of the large scale fading, σ̂. The ML method on the other
hand, is able to correctly estimate both parameters in this example. This shows
the importance of taking the censored data into account, as this can greatly im-
prove the parameter estimates, especially in NLOS or OLOS scenarios, where
the received power can be very small, and a large number of measurement
points might be censored. Fig. 3.5 shows the same thing as Fig. 3.4, but is
for measured data from a vehicle-to-vehicle (V2V) measurement campaign for
OLOS scenarios at 5.6 GHz [29].4 In this case, the parameter estimates for the
OLS shows significantly smaller values compared to the parameter estimates
for the ML method.

This large discrepancy is due to the large number of censored samples in this
data set; about 45 % of the measurement data points are censored. As a result,
the OLS, which does not consider the censored samples, greatly underestimates
the pathloss exponent and large scale fading.

4Note that this frequency is not in the mm-wave frequency band, and is only used as
an example. The presented method is expected to be especially useful for outdoor pathloss
measurements in the mm-wave band, where the received power can be extremely small.
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Figure 3.4: Pathloss estimation based on censored synthetic data using
the ML estimation method that considers censoring and using OLS with-
out considering censoring. The ML method produces accurate estimates,
whereas the OLS method underestimates n and σ.
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Figure 3.5: Pathloss estimation of censored measurement data, us-
ing the ML estimation method that considers censoring and using OLS
without considering censoring. Due to the large number of censored data
points, there is a large discrepancy between the parameter estimates for
the two different methods.
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Pathloss models for mm-wave outdoor channels

Outdoor mm-Wave scenarios include backhaul links [6], peer-to-peer ad hoc
networks [30] and cellular systems [5]. So far, research on outdoor mm-wave
channels have mostly focused on large-scale parameters such as pathloss and
shadow fading [31], although some work has been performed regarding the an-
gular properties [32]. Measurement-based parameter estimates for the pathloss
and large-scale fading have been reported for various outdoor scenarios at a
number of different mm-wave frequencies, e.g.:

• Cellular and peer-to-peer measurements in an urban environment at 38
and 60 GHz [30].

• Urban cellular measurements at 28 GHz [33].

• Campus cellular measurements at 38 GHz [34].

• Campus, urban and in-building cellular measurements at 28 GHz [35].

• Urban cellular at 28 and 73 GHz [32].

References [30,33–35] all use a pathloss reference value for the NLOS scenarios
that is based on the free space pathloss value at this distance. This approach
will lead to incorrect estimates, as the free space pathloss reference value is
not valid for NLOS scenarios, and will cause an overestimation of the pathloss
exponent. The overestimation of the pathloss exponent will also cause the large-
scale fading variance to be incorrectly estimated. In a subsequent paper [31],
the pathloss estimates from [33] and [30], where a fixed free space reference
is used, are compared with the estimates obtained when the reference value is
being estimated. The results show that when estimating the reference value,
both the estimated pathloss exponent and large-scale fading are much smaller
compared to when using the free space reference. The paper also investigates
the pathloss exponent and large-scale fading for different Tx heights.

It could also be worth mentioning that the results in [30, 31, 33] are all
based on highly directional antennas that are rotated, and that the estimates
are based on measurements over small angular regions. In [32], the measure-
ments from [33] are used, but the pathloss is estimated based on the power
from all directions, and the peak antenna gains are removed from the measure-
ments. The estimated parameters for these omnidirectional measurements, for
the NLOS scenarios are shown in Table 3.2. For LOS, the pathloss is modeled
according to the free space pathloss with a large-scale fading standard deviation
of 8.7 and 8 dB at 28 and 73 GHz, respectively.

It is not straightforward to come up with a general pathloss model that
is valid for arbitrary antennas, especially when considering antenna arrays
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Table 3.2: Pathloss parameter values for the pathloss exponent n and large-
scale fading standard deviation, σ, for outdoor urban cellular environments in
NLOS scenarios, as reported in [34].

f [GHz] n σ

28 2.92 8.7
73 2.45 8.0

that utilize beamforming. Furthermore, in outdoor scenarios, certain loca-
tions might experience significant shadowing due to large obstructing objects
such as tall buildings. Further measurements are needed to include additional
outdoor environments.

Lastly, for outdoor mm-wave systems, it is sometimes necessary to take
the atmospheric absorption and rain attenuation into account. Atmospheric
absorption peaks at about 20 dB/km at 60 GHz [36], which means that it
is going to be of importance for Tx-Rx separations above 200 m, where the
absorption is in excess of 4 dB [37]. The atmospheric attenuation is much less
severe at for instance 28, 38 and 73 GHz. The attenuation due to rain is about
10 dB/km for heavy rain at 60 GHz [38], so it is necessary to take both rain and
atmospheric attenuation into account for outdoor mm-Wave cellular coverage
calculations and for mm-wave point-to-point links over long distances. For
indoor communications, it is not necessary to take these factors into account.

Pathloss models for 60 GHz indoor channels

There are many papers reporting on pathloss parameters for indoor 60 GHz
channels. However, in many of these papers, the influence of the antennas is not
de-embedded from the radio channel measurements, which indeed will have an
effect on the reported values. Depending on the antenna type and orientation,
the environment will be illuminated in different ways. Also, since the antenna
arrays are expected to utilize beamforming, and sharp shadow zones can be
formed, it is worthwhile to try to find a way of modeling the pathloss that
is valid for arbitrary antenna elements and orientations, as well as arbitrary
shadowing situations. There is a solution to this problem, but before going
into those details, some pathloss parameters presented in the literature will be
discussed first, in order to shed some light on why a different approach might
be needed.

In [39], Smulders presents an excellent summary and comparison of parame-
ter values reported in the literature, for the pathloss exponents and large-scale
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fading variances for different indoor environments in the 60 GHz band. Ta-
ble 3.3 shows the range of the typical pathloss parameters summarized in [39].
Here, it is evident that the pathloss parameters (pathloss exponent, large-scale
fading and reference value) presented in the literature cover a very wide range.
Some of these large discrepancies might be attributed to differences in antenna
types and orientations. In [39], a generic LOS and NLOS pathloss model is sug-
gested, with n = 1.7 and σ = 1.8 for LOS scenarios and n = 3.3 and σ = 4.6
for NLOS scenarios. However, such a generic model is not always reasonable
due to the effects of beamforming and human body shadowing.

Table 3.3: Typical pathloss parameter values for the pathloss exponent n and
large-scale fading standard deviation, σ, for various indoor environments at 60
GHz, as reported in [34].

n σ PL(d0)

LOS 0.5-2.5 0.14-5.4 34-84
NLOS 1.64-5.4 1.55-8.6 35-86

In [40], the effects of different antenna patterns on the pathloss estimates
were investigated by using different antenna types, antenna orientations and
antenna heights. In the paper, omnidirectional, fan-beam and pencil-beam
antennas are used. Indoor pathloss parameters for indoor laboratory environ-
ments where then estimated for the different antenna types and orientations.
Table 3.4 lists parameters for a couple of different antenna combinations. As
seen in the table, the parameters cover a very wide range, and some of the
parameters are quite extreme. In one case, the pathloss exponent is negative,
at n = −1.5, which suggests that the power increases with increasing Tx-Rx
distances. This is because of the antenna pattern; as the Tx and Rx are moved
apart, the direction for the LOS is changed, so that the LOS component is
stronger for larger separation distances. Additionally, some of the pathloss
reference values are quite extreme, such as PL(d0) = 34.8 dB at 1 m. This
can be compared to the free space pathloss at 1 m which is 68 dB at 60 GHz.
The presented values are most likely able to emulate value that are similar to
ones corresponding to that specific measurement. However, if the pathloss val-
ues are extrapolated to regions outside those of the measurements, the values
start to become less and less reliable. This is exemplified in Fig. 3.6, where
pathloss curves for the presented parameter values are shown. Furthermore,
the presented values give no clear indication on what kind of received power
one should expect for a certain antenna type and orientation, other than the
fact that very large differences in the received power can be expected depending
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Figure 3.6: Pathloss curves corresponding to the parameters presented
in Table 3.4, according to the values in [38].

on the scenario, antenna type and antenna orientation. In order to avoid these
issues, a different approach is needed.

Table 3.4: Pathloss parameter values for indoor laboratory environments in
the 60 GHz band. The parameters are derived using omni-directional, fan-beam
and pencil-beam antennas in different combinations and orientations, from [38].

Height Tx-Rx PL(d0) [dB]
difference [m] antennas n σ [dB] (d0 = 1 m)

LOS 0 Omni-omni 1.2 2.7 68.3
1 Omni-omni 0.6 1.3 87.8
0 Fan-omni 0.4 1.0 79.7
0 Fan-pencil 2.0 0.6 67.4
0 Fan-pencil±35◦ -1.5 0.8 115

NLOS 0 Omni-omni 5.4 3.9 34.8
1 Omni-omni 2.7 2.7 71

In [26] (this work), a double-directional indoor propagation channel model
was derived, in which the pathloss is not explicitly modeled. Instead, the im-
pulse responses are modeled in an absolute scale with respect to the channel
gain. The channel gain for the LOS component (for the propagation channel)
was found to be appropriately determined by the free space equation. This
way, the pathloss can be implicitly emulated by the channel model, for arbi-
trary antenna elements and array configurations, by generating power-delay
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profiles (PDPs) for a specific scenario. The received power can then be found
by integrating the PDP. Alternatively, if one is interested in the received power
for a specific frequency, it is possible to look at small-scale averaged frequency
transfer functions. This way, the received power as a function of frequency is
available, which might be interesting if the antenna pattern in question has a
significant frequency dependence. Fig. 3.7, shows the channel gain for LOS and
NLOS scenarios at 62 GHz, based on the measurement data and based on the
channel model when using isotropic antennas, or, using the measured antenna
patterns for the antennas that were used in the measurement. The solid line is
the free space pathloss. Also, the figure includes the received power that was
measured, and also, for the LOS scenario, data reconstructed for the isotropic
case based on the directional estimates for the measurements. Here, we note
that the antennas that are used in these measurements are not that directional;
the Tx antenna was an omnidirectional biconical antenna with a gain of about 1
dBi and the Rx antenna was an open waveguide with a maximum gain of about
6.5 dBi. However, there is still a clear difference between the received power
for the isotropic case and the received power when using the measured antenna
patterns. If highly directional antennas were used, pointing in arbitrary direc-
tions, the received power would exhibit significantly larger fluctuations. The
same is true if more extreme shadowing cases were introduced. It can also be
seen that the measured received power agrees quite well with the measurements
and the reconstructed data. This method of calculating the received power is of
course much more computationally complex compared to using a conventional
pathloss model. This drawback is outweighed by the following facts:

1. This method is able to derive pathloss models from the channel model.

2. The received power can be calculated for arbitrary antenna types, an-
tenna orientations and shadowing scenarios. This can be done even if
the received power as a function of Tx-Rx separation does not obey the
generic pathloss model.

3. As the antenna patterns and the channels are being modeled separately
using this method, it is easier to relate to the physical processes that are
responsible for the variations in the received power.

4. The pathloss parameters are not needed for the development of the chan-
nel model, which is advantageous, since it is difficult to accurately esti-
mate the pathloss parameters in indoor scenarios.

For the isotropic LOS scenario, the pathloss parameters were estimated
based on the data generated by the channel model.5 The results are presented

5Ideally, it would be preferable to also estimate this based on measurement data, but
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in Table 3.5. For both the omnidirectional case, the pathloss exponent is 2.0,
which is the same as for the free space case. This is due to the fact that the
LOS component is significantly stronger than the remaining components. On
average, the received power for the omnidirectional case is only slightly larger
than the received power in free space. For the case with the measured antenna
patterns, the estimated pathloss exponent is also 2.0. This is because of the way
the data from the channel model was generated in this case; the azimuth direc-
tion of arrival and departure for the LOS component was modeled as a uniform
random variable over the interval corresponding to the maximum and minimum

azimuth angles in the measurement, i.e., φ
Tx/Rx
LOS ∼ U (φ

Tx/Rx
min , φ

Tx/Rx
max ). This

was done to facilitate a fair comparison of the channel model data and the mea-
surement data. If the angles were chosen in a different way, for instance based
on a specific measurement route, it would be possible to model the received
power along this route. Depending on the antenna pattern, it is fully possible
for the received power to exhibit a behavior that is not appropriately modeled
by the generic pathloss model.

For the OLOS scenario, the ratio between the transmitted power , pTx, and
the average received power p̄Rx, emulated by the channel model, is increasing
exponentially with the Tx-Rx separation distance, d, as

pTx/p̄Rx = p(d0)e
k(d−d0), d > df , (3.14)

where d0 is a reference distance and df is the farfield distance. In units of
dB, the ratio can be written as

P̄ = 20log10(pTx/p̄Rx) = P (d0) + kdB(d− d0). (3.15)

When taking the large scale fading into account, the ratio between the received
and transmitted power can be described as

P = P̄ +Ψσ = P (d0) + kdB(d− d0) + Ψσ, (3.16)

where Ψσ is a distribution that describes the large scale fading about the
distance-dependent average ratio. This expression can be seen as an alter-
native description of the pathloss, and is valid for OLOS scenarios. These
parameters of Eq. 3.15 were estimated for the emulated NLOS scenario, with
measured and isotropic antenna patterns, and are shown in Table 3.5. The
fading about the mean power ratio is described by a normal distribution with
variance σ2.

in this case, the number of data points from the measurements are too small, making it
impossible to obtain reliable estimates.
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Table 3.5: Pathloss parameter estimates based on the channel model in [26].

Antennas n σ PL(d0)

LOS Omnidirectional 2.0 0.5 67.8
LOS Measured 2.0 1.3 65.2

Antennas kdB σ P (d0)

OLOS Omnidirectional 1.63 2.6 80
OLOS Measured 1.69 3.6 79
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Figure 3.7: Received power for a Tx power of 0 dBm for different Tx-Rx
separation distances, based on the channel model and measurements [26].
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3.2.2 Power Delay Profile

The power delay profile (PDP) of the radio or propagation channel, sometimes
referred to as the power delay spectrum, can be defined as the average channel
gain as function of delay. It can be calculated based on measured channel
impulse responses (CIRs), hnr,nt

(τ). The PDP, Ph(τ) can then be obtained as

Ph(τ) =
1

NtNr

Nt
∑

nt=1

Nr
∑

nr=1

|h(snr
, snt

, τ)|2, (3.17)

where snt
and snr

denote the spatial position relative to the array origin for
the ntth Tx and nrth Rx antenna, respectively.

For indoor LOS scenarios, the PDP contains a LOS component which is sig-
nificantly stronger (usually around 16-20 dB) than the second strongest com-
ponent. For delays longer than the one corresponding to the delay for the LOS,
the PDP has been observed to have a shape that is exponentially decaying with
delay. If the angular domains are considered as well, it can be observed that the
majority of the power comes from a number of MPCs that appear in clusters in
the angular-delay domain. This will be discussed in detail in section 3.3. For
most of the common environment scenarios, such as office, residential, library
and conference room environments, the PDP has been observed to exhibit this
exponential shape in the delay domain. However, in some more esoteric en-
vironments, other PDP shapes have been reported, such as for the ultrasonic
inspection room environment in [23], where the PDP is being modeled using a
power law model. For the more common types of environments, the exponential
part of the PDP is made up of a number of fairly strong specular components,
surrounded by weaker specular components and a diffuse part. To the best of
the author’s knowledge no papers have reported on the diffuse scattering part
for mm-wave frequencies.

For the OLOS scenario, the shape of the PDP is very similar to the PDP
in a corresponding LOS scenario, except for the LOS component. In Fig. 3.8,
a measured PDP for a LOS and a corresponding OLOS scenario is shown,
from [41], with estimated cluster decay from [42]. At around 160 ns, there
are two outdoor specular reflections coming from a building opposite to the
room in question. These reflections are not considered in the analysis for the
following reasons: the outdoor reflections are caused by a physical process
that is different from the interactions that only occur inside the room, and are
thus not contributing to the exponentially decaying shape of the PDP. The
exponential decay of the PDP in the delay domain is caused by the fact that
the radio waves are likely to undergo an increasing number of interactions with
the environment as the delay increases. If the outdoor reflections were to be
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Figure 3.8: Measured indoor PDP for a conference room environment.

included, it would cause the cluster decay to be less steep, and would no longer
describe the typical decay for the clusters corresponding to the interactions
inside the room. Also, the outdoor reflections are very weak and would rarely
be of significance and would furthermore require a large building fairly close,
directly opposite to the windows in the room.

For NLOS scenarios, the PDP can take many different shapes depending
on the exact shadowing situation, due to the sharp shadow zones that can be
formed in the 60 GHz band. Parts of the PDP will have a very small power,
corresponding to the directions and delay where the shadowing is present.

RMS Delay Spread

Based on the PDP, a number of important parameters can be derived, such as
the mean excess delay and root mean square delay spread (RMS DS). The RMS
DS is especially important, as it can give a rough measure of how much inter-
symbol-interference (ISI) that is to be expected for a given bit-rate. This is
crucial for the design of transceivers, as it sets the complexity for the equalizer
in the receiver. The RMS DS, for the time discrete case, can be calculated
based on the PDP as

Sτ =

√

∑

τ Ph(τ)τ2
∑

τ Ph(τ)
−
(∑

τ Ph(τ)τ
∑

τ Ph(τ)

)2

. (3.18)
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The RMS DS is a measure of how the multipath power in the channel is
spread over the delay. This due to the multipath environment, which causes a
number of delayed and scaled copies of the transmitted signal to reach the Rx,
which induces time-selective fading. The DS depends on several different fac-
tors, such as propagation environment, shadowing situation, antenna types, the
choice of polarization for the antennas and any signal processing techniques that
are applied to the transmitted signal. If one considers the propagation channel,
the DS should ideally only depend on the propagation environment; i.e. the
exact DS only depends on the room size and structure, the types of objects in
the room and their electrical properties (i.e., their complex permittivity), and
any shadowing objects that are present.

In the literature, typical values for the mean RMS DS in the 60 GHz band
for various typical indoor LOS scenarios range from 4-11 ns [43]. The typical
values for the DS in the 60 GHz band are significantly smaller compared to
those at lower frequencies. In [44], RMS DS values for outdoor peer-to-peer
scenario at 38 and 60 GHz are reported, where the mean was 23.6 and 7.4 ns
at 38 and 60 GHz, respectively. Values for the indoor RMS DS at 2.25 and 58
GHz are reported in [45], where it was found that the DS values at 58 GHz
are about half of those at 2.25 GHz. The reported mean RMS DS values at 58
GHz are 8.8 and 13.2 ns for LOS and NLOS scenarios, respectively.

It is clear that the DS is in general somewhat smaller for the 60 GHz band
compared to lower frequency bands. But, one should keep in mind that the
bit rate intended for the 60 GHz band is also much higher, which means that
the typical DS the channel exhibits might still be an issue. For this reason,
some papers have investigated ways of decreasing the DS in mm-Wave channels.
In [46], a number of different beamforming (BF) techniques and their effect on
the DS is investigated. Narrowband BF, wideband BF, statistical eigenvector
BF and dominant eigenmode transmission techniques are compared, using dif-
ferent array sizes. For all of these beamformers, for 70 % of the occurrences,
the RMS DS was reduced to less than 0.5 ns in the LOS scenarios and around 5
ns for the NLOS scenarios. This can be compared to the RMS DS with no BF,
where the mean values are around 4 and 9 ns, for LOS and NLOS scenarios,
respectively. This shows that any BF technique has the additional benefit of
reducing the DS. In [47], the spatio-temporal focusing performance of a time
reversal processing technique was evaluated, which showed that this technique
also has a great positive impact on the RMS DS. Other papers, such as [48,49],
has suggested circular polarization to be used as a way to lower the DS. By
using circularly polarized Tx and Rx antennas, the DS can be effectively re-
duced in LOS scenarios, since odd order specular reflections will have their
polarization handedness changed, so that they are greatly suppressed. On the
other hand, this solution is not useful for NLOS scenarios, where the trans-
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mission typically relies on first order specular reflections. In [50], the DS is
not mentioned, but different polarization choices for the Tx and Rx antennas
were considered. It was shown that the most robust combination, in terms of
polarization mismatch, was to use linear polarization at one end and circular
at the other end.

3.2.3 Shadowing

Due to the short wavelength at mm-wave frequencies, the attenuation due to
shadowing or obstruction by objects or humans is much more severe compared
to at lower frequencies. For this reason, it is necessary to characterize and model
the shadowing appropriately. A lot of research has focused on the shadowing
due to human bodies in the 60 GHz band. The shadowing has been shown
to cause losses of about 5-20 dB for persons walking through the LOS, lasting
about 6 s. The shadowing due to a static person blocking the LOS was shown
to be about 45-65 dB [51]. The large difference is likely attributed to the
exact orientation of the person blocking the LOS; the shadowing region for a
person that is crossing the LOS path in a perpendicular fashion is much smaller
compared to the region for a static person blocking the LOS while facing one
of the antennas. A study of the human body shadowing in an airbus showed
fading depths up to 20 dB, lasting up to 8 s [52]. In [53], the shadowing loss due
to various human body parts were examined. It was shown that the shadowing
loss for the field diffracted around a human leg or a human neck can be in excess
of 30 dB. Also, the shadowing loss is highly dependent on the size, shape and
location of the shadowing object. Fig. 3.9 shows the theoretical shadowing gain
due to perfectly conducting cylinders with various radii equal to 15 and 25 cm,
at 2.4 and 60 GHz, as a function of the cylinder position displacement. The
shadowing at 60 GHz is significantly larger compared to at 2.4 GHz due to the
difference in wavelength.

Human body shadowing models

In [53], it was also shown that the shadowing due to human bodies are similar
to that of a metallic cylinder, and that the field diffracted around the cylinder
can described by creeping waves. The diffracted field can thus be predicted
using the geometrical theory of diffraction (GTD) [53] or uniform theory of
diffraction (UTD) [54, 55]. The concept of modeling the human body as a
cylinder was examined further in [54], where the shadowing is modeled using
circular dielectric cylinders, dielectric elliptic cylinder and multiple-knife edge
models. The results show that it is not necessary to consider dielectric proper-
ties of skin, since the conductivity is high enough for it to be approximated as a
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Figure 3.9: Theoretical shadowing gain due to perfectly conducting
cylinders at 2.4 and 60 GHz.

perfect electrical conductor, and that there is no significant deviation between
circular and elliptic cylinders. The multiple-knife edge serves as a sufficiently
good model, which has the benefit of having a low computational complexity.

The IEEE802.11ad model uses this multiple-knife edge model to emulate
human body shadowing. The shadowing model combines ray tracing simula-
tions with an electromagnetic knife edge diffraction model and a random walk
model for the human movement [56]. This model was subsequently extended
and validated in [27] and is originally based on the work in [57].

3.3 mm-Wave MIMO Channel Modeling

This chapter presents double-directional channel models that are typical for
indoor 60 GHz systems. The general double directional model is introduced,
along with typical inter- and intra-cluster models for rays and clusters. Dif-
ferent modeling approaches for the arrival times, angular distributions and
amplitude distributions are also then treated. The inter- and intra-cluster
model parameters constitutes the main modeling parameters of typical mm-
Wave MIMO channel models.
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3.3.1 The Double-directional Channel

The double-directional channel model was proposed in [20] and describes the
propagation channel through a number of superimposed plane waves between
the Tx and Rx sites. Each plane wave, i.e., MPC, is characterized by a certain
complex amplitude, delay and direction of departure and arrival. The generic
model for these plane waves can be described as a sum of N plane waves:

hp(τ, φ
Rx, θRx,φTx, θTx) =

N
∑

n=1

αnδ (τ − τn)δ
(

φRx − φRx
n

)

δ
(

θRx − θRx
n

)

×δ
(

φTx − φTx
n

)

δ
(

θTx − θTx
n

)

,

(3.19)

where n is the plane wave index, φ and θ are the azimuth and elevation angles
expressed in local coordinate systems at the Tx and Rx sides, α is the complex
amplitude and δ(·) denotes a Dirac delta function.

Using Eq. (3.19), the wideband MIMO radio channel impulse responses, for
arbitrary array configurations and antenna patterns, can then be calculated
by considering the complex antenna gains of the Tx and Rx antennas, GTx

and GRx, respectively, as well as the additional phase shift of each plane wave
depending on the exact position of each antenna element at the Tx and Rx
sides. The CIR of the radio channel, for a given Tx-Rx antenna combination,
with the Tx element at the position rTx = [xTx yTx zTx]

T and Rx antenna
element at rRx = [xRx yRx zRx]

T, can then be calculated as

h(τ, rRx, rTx) =

N
∑

n=1

hp(τn, φ
Rx
n , θRx

n , φTx
n , θTx

n )

×GRx(φ
Rx
n , θRx

n )GTx(φ
Tx
n , θTx

n )ejkRxrRxejkTxrTx ,

(3.20)

where the wave vector is described as

k =
2π

λ
[cos(θ) cos(φ) cos(θ) sin(φ) sin(θ)] . (3.21)

Cluster-based Double-directional Models

The double-directional model is often used together with the concept of multi-
path clusters. The propagation channel can then be modeled based on stochas-
tic description of the multi-path clusters. Each multi-path cluster contains a
fixed number of MPCs, each having similar delays and directions of arrival and
departure. The generic double-directional model in Eq. 3.19 is then described
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using a different notation, as it now describes a sum all the MPCs in L + 1
different clusters, where the lth cluster contains Kl + 1 number of MPCs:

hp(τ, φ
Rx, θRx, φTx, θTx) =

L
∑

l=0

Kl
∑

k=0

αk,lδ (τ − Tl − τk,l)δ
(

φRx − ΦRx
l − φRx

k,l

)

δ
(

θRx −ΘRx
l − θRx

k,l

)

×δ
(

φTx − ΦTx
l − φTx

k,l

)

δ
(

θTx −ΘTx
l − θTx

k,l

)

,

(3.22)

The double-directional channel is now described using inter- and intra-
cluster parameters, where the inter-cluster parameters describe the delays and
angles of the clusters, whereas the intra-cluster parameters describe the delays
and directions for the MPCs in each cluster, with respect to the delays and
angles of the cluster centroid.6 Here, αk,l is the complex amplitude of the kth
ray (i.e. MPC) in the lth cluster and Tl, Φ

Tx
l and ΘTx

l are the delay, azimuth
direction of departure (DOD) and elevation DOD of the lth cluster, respec-
tively. Similarly, ΦRx

l and ΘRx
l describe the azimuth and elevation direction of

arrival (DOA), respectively, for the lth cluster. Finally, τk,l, φ
Tx
k,l , θ

Tx
k,l , φ

Rx
k,l and

θRx
k,l are the delay, azimuth DOD, elevation DOD, azimuth DOA and elevation
DOA of the kth ray in the lth cluster, respectively. These are the intra-cluster
parameters, and are described in delays and angles relative to the delay and
angles of the cluster that they belong to.

The parameters for the above inter- and intra-cluster parameters are usually
described statistically, but they can also be based on ray tracing or some kind
of geometrical model. In the following sections, different modeling approaches
for these various parameters, that are typical for 60 GHz indoor scenarios, are
described.

3.3.2 Arrival Times

The arrival times for the clusters and the rays within each cluster, are often
assumed to follow two different independent Poisson processes, with two dif-
ferent intensities. However, in the wireless channel literature, there are very
few papers (if any), that directly estimates the intensities of these two Poisson
processes. Instead, a clustering is usually performed so that the delays for the
clusters and the delays for the rays in each cluster are known. It is assumed
that the clustering is perfect, so that the identified delays are the true ones.
Under this assumption, the cluster and ray inter-arrival times are correctly

6Different definitions of the cluster exists. Sometimes, the cluster centroid refers to the
power weighted center of gravity for the cluster, and in other cases, it refers to the strongest
component in the cluster or the component that arrives first.
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described by two independent exponential probability density functions. The
cluster arrival time for each cluster is thus described by an exponentially dis-
tributed random variable that is conditioned on the arrival time of the previous
cluster, i.e.

p(Tl|Tl−1) = Λe−Λ(Tl−Tl−1), l > 0. (3.23)

Here, Λ is the cluster arrival rate. Similarly for the ray arrival times, we have

p(τk,l|τk−1,l) = λe−λ(τk,l−τk−1,l), l > 0, (3.24)

where λ is the ray arrival rate.

3.3.3 Angular Distributions

The DOD and DOA for the clusters and rays are usually described using dif-
ferent angular distributions. The DOD and DOA for the clusters are highly
dependent on the propagation environment and the scattering objects in the
environment. The IEEE802.11ad channel model [14] uses ray-tracing and em-
pirical distributions to determine the cluster angles. In the IEEE802.15.3c
model [13], only the azimuth cluster DOA is being modeled, and it is modeled
as a uniform distribution:

ΦRx
l ∼U [0, 2π]. (3.25)

For the intra-cluster angles, the probability density function for the azimuth
and elevation angles are either described using a zero-mean Laplace distribution
with standard deviation σ, with probability density function, as

p(φk,l) =
1√
2σ
e−|

√
2φk,l/σ|, (3.26)

or, using a zero-mean Normal distribution, as

p(φk,l) =
1√
2πσ

e−φ2
k,l/(2σ

2). (3.27)

The IEEE802.15.3c channel model uses Laplacian distributions, whereas
the IEEE802.11ad channel model uses a Normal distribution.

3.3.4 Cluster and Ray Amplitude Distributions

The amplitudes for the clusters and rays have been modeled in various different
ways in the literature. In the classical Saleh-Valenzuela (SV) model [18], the
mean power of the kth ray in the lth cluster is modeled as

β̄2
k,l = β̄2

0,0e
−Tl/Γe−τk,l/γ , (3.28)
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where Γ and γ are cluster and ray decay constants, respectively. Also, ¯β2
0,0 is the

average power of the first ray in the first cluster. An approach similar to this is
being used in the IEEE802.15.3c channel model [13]. Here, the ray and cluster
fading was found to be appropriately modeled as being log-normal-distributed.

In the IEEE802.11ad model, a slightly different approach is being used. The
gain of the LOS component is determined by the Friis’ transmission equation
and the gain for the main component of each cluster is modeled as having a
mean amplitude given by

β̄0,l =
glλ

4π(d+Rl)
, (3.29)

where d is the distance between the Tx and Rx, Rl is the is distance the lth
cluster has traveled in excess of the Tx-Rx distance, and gl is a reflection loss
coefficient. The reflection loss is being modeled by a truncated log-normal
distribution [58]. However, based on the measured data and the estimated
truncated log-normal distribution that is presented in [58], it is difficult to tell
if this modeling approach is reasonable, and more data is likely needed in order
to obtain reliable estimates. For this reason, it is hard to assess the performance
of this modeling approach.

The IEEE802.11ad model also uses a slightly different approach for the
intra-cluster amplitude distribution. The basic intra-cluster model is shown in
Fig. 3.10. The amplitude of the main ray can be determined by Eq. 3.29. The
remaining rays in the cluster are described by a number of pre- and post-cursor
rays that have an average amplitude that decays exponentially on both sides of
the main component in the cluster. The rays have uniformly distributed phased
and Rayleigh-distributed amplitudes with average amplitudes determined by
the pre- and post-cursor average exponential decays and the pre- and post-
cursor K-factors.

In [26], the average power of the main component in each cluster is modeled
by an exponential cluster decay, whereas the remaining rays in each cluster are
modeled using the same basic intra-cluster structure as in Fig. 3.10. However,
the fading for both the clusters and rays are modeled by log-normal distribu-
tions. Given the large bandwidth of 2 GHz that is being modeled, and the
fact that individual rays can be resolved in the directional estimation process,
it seems reasonable that the ray and cluster fading are both log-normal. An
intuitive explanation for this is that each ray undergoes a number of interac-
tions with the environment, where each interaction cause an interaction loss. If
these interaction losses are modeled as independent and identically-distributed
normal variables, then the total loss would be log-normal. The Rayleigh dis-
tribution on the other hand, typically arise in narrowband cases, where several
different plane waves are summed. If the waves can be described as random
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Figure 3.10: Intra-cluster model for the IEEE802.11ad channel model.

complex numbers whose real and imaginary components are i.i.d. Gaussian
with equal variance and zero mean, the absolute value of the sum of these
plane waves is Rayleigh-distributed.

In [42], it was noted that the cluster decay is a critical parameter for 60
GHz indoor channel models. Due to the fast decay and limited dynamic range
in typical 60 GHz channel measurements, it is necessary to consider the trun-
cation of the noise floor in the estimation process. The basic concept for this
estimation approach is shown in Fig. 3.11, which shows synthetic data that
is truncated by a noise floor. In the log-domain, the exponential decay and
log-normal fading can be modeled as a truncated normal distribution with a
delay dependent mean, or,

ln(β2
0,l) ∼ N (µ(Tl), σ

2). (3.30)

The cluster decay and cluster fading estimates can be greatly improved by this
estimation method compared to estimation methods that traditional ordinary
least squares methods. The estimated cluster decay for measured data, with
and without considering truncation, can be seen in Fig. 3.12. It is evident that
the cluster decay is being underestimated when the truncation due to the noise
floor is not taken into account.
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3.3.5 Polarization

In a multi-path propagation environment, cross-polarized signals are caused by
reflection, diffraction and scattering interactions with the environment. Due to
the complex interactions with the environment, it is often infeasible to attempt
a deterministic approach to determine the depolarization. Instead, the cross-
polarization ratios (XPRs) of the propagation paths for different environments
are often characterized by typical numerical values, or modeled stochastically.
At 60 GHz, XPR values of of 10-20 dB for first and second order reflections
have been reported for office environments [59]. In [60], XPR values in the 70
GHz band, in shopping mall, railway and office environments, were observed
to be in the range of about 10-30 dB. This indicates that the XPR is larger
at these higher frequencies as compared to at lower frequencies. At 5.2 GHz,
mean values of the XPR have been reported to be 6.6 and 6.3 dB in office
and conference room environments, respectively [61]. In the Winner II channel
model [62], the XPR parameter values have mean values of 4-12 dB for 2-6
GHz.

In general, orthogonally polarized elements will exhibit a very low fading
correlation. This can be characteristic can be utilized to combat fading through
polarization diversity, or to increase the spectral efficiency through spatial mul-
tiplexing using multiple-input multiple-output (MIMO) systems with orthog-
onal antenna elements. The capacity improvement that can be gained using
dual-polarized antenna elements and the effectiveness of polarization diversity
techniques are highly dependent on the characteristics of the XPRs [61]. As
the XPR is greater at mm-wave frequencies compared to lower frequencies, it
might be expected that the different polarization techniques might be more
efficient at mm-wave frequencies.
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Estimation Methods

4.1 Double-Directional Estimation

As discussed in the previous chapter, the MIMO propagation channel may be
modeled using a double-directional channel model for the propagation path
parameters. This modeling approach thus requires estimation of the MPC
parameters, based on a realistic model. The measured impulse response is
usually assumed to consist of specular components, noise and sometimes a
diffuse part. A number of different high resolution parameter estimators have
been developed for the specific purpose of MPC parameter estimation.

The SAGE algorithm [63,64], is an algorithm that is based on the expecta-
tion maximization algorithm, and uses a successive interference cancellation in
order to jointly estimate delay, Doppler and azimuth and elevation directions
of departures and arrivals. The likelihood function is iteratively evaluated by
keeping a subset of the parameters fixed, while maximizing the likelihood func-
tion with respect to the remaining subset of the parameters. For the next
iteration, these new estimates are then kept fixed to estimate a new subset of
the parameters in similar fashion.

RiMAX [65] is another estimation method that aims at improving the pa-
rameter estimates by considering a diffuse part in addition to the specular
MPCs, so that the diffuse scattering is taken into account in the estimation
process. Lastly, in [66], a state based method sequential estimation technique
based on extended Kalman filter, is presented. This latter method is especially
useful for tracking time-variant channels.

In this thesis, the SAGE algorithm was applied to measured data. In hind-
sight, it would have been beneficial to use a parameter estimator that also
estimates the diffuse part of the impulse response, in order to properly quan-

41
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tify the diffuse part of the impulse response. However, the choice of SAGE as
the parameter estimator is motivated by the fact that, for 60 GHz indoor chan-
nels, most of the power in the impulse response can be attributed to specular
components.

In the SAGE algorithm, it is assumed that the impulse responses consist of
a superposition of a finite number of L plane waves, i.e., L number of specular
MPCs. These MPCs are each characterized by a complex polarimetric am-
plitude, α, delay, τ and directions of departure, ΘTx, and arrival, ΘRx. The
transfer function between the mth receive and nth transmit antenna is then
assumed to be correctly described by the sum of L different MPCs as

Hm,n(k, i,α, τl,Θ
Rx,ΘTx) = (4.1)

L
∑

l=1

GRx(m, k,Θ
Rx
l )TαlGTx(n, k,Θ

Tx
l )e−2π∆fτlke2π∆tνli,

where GTx, GRx and k is the complex polarimetric antenna patterns of the Tx
and Rx, and frequency sub-index, respectively. If the channel is measured in a
time-static environment, the Doppler frequency, ν, and the snapshot index, i,
can be omitted.

4.2 Clustering Methods

In order to estimate the parameters of a cluster-based channel model, the multi-
path component clusters need to be identified somehow. A multi-path cluster
is loosely defined as a group of multi-path components that have similar delays
and directions of departures and arrivals. Initally, these clusters were identified
based on visual inspection [67]. In order to improve the clustering estimates
and to allow for automatic detection of clusters, different methods were subse-
quently introduced. For these automatic clustering methods, a cluster is often
defined based on a distance metric or based on a distribution. Typically, a
MPC is then usually defined by a vector where the spherical coordinates have
been transformed to cartesian coordinates, so that each MPC is described by
a vector as

Y = {τd, xa, ya, za, xd, yd, zd},

where τd is a scaled version of the delay. One of the most popular clustering
methods is the so called K-power-means algorithm [68]. It is based on the K-
means clustering algorithm, but also includes the path powers in the clustering
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procedure. The K-means algorithm is actually a special case of the Gaussian
mixture model (GMM) clustering method. In the GMM clustering method,
the data is assumed to follow a GMM of the form

Yi =

K
∑

k=1

wikπ(Yi|θk). (4.2)

HereK is the number of clusters, wik = P(xi = k) are prior probabilities for the
multi-path component i belonging to class k, and π(Yi|θk) denotes a Gaussian
density function with parameter mean, µk and, covariance matrix, Σk (note
that θk = {µk,Σk}). This model can be estimated using the EM algorithm,
where the following steps are iterated until convergence:

• ∀i ∈ [1, n] and k ∈ [1,K], set

πik =
wkπ(Yi|θk)

∑K
k=1 wkπ(Yi|θk)

.

• ∀k ∈ [1,K], let πk =
∑n

i=1 πik and set wk = πk/n and

µk =
1

πk

n
∑

i=1

Yiπik,

Σk =
1

πk

n
∑

i=1

πik(Yi − µk)(Yi − µk)
T.

Once convergence is reached, a clustering is obtained by selecting xi =
argmaxk πik. Note that the K-means clustering is obtained if the covari-
ance matrix is restricted to Σk = σ2I and if σ2 → 0. A power weighted version
of the GMM has been presented in paper VI of this thesis. There, a clustering
method based on a mixture of asymmetric Laplace distributions was presented
as well. Other clustering methods, based on for instance hierarchical methods,
have also been proposed [69]. In Fig. 4.1, a typical clustering result using the
K-power-means algorithm is shown, for an indoor scenario at 62 GHz in a
conference room environment [26].

Another problem that needs to be solved when performing mutli-path clus-
tering, is how to determine the number of clusters in a given measurement data
set. The standard approach for this is to try to determine the number of cluster
based on a clustering index. These indices are normally based on metrics that
corresponds to intra-cluster compactness and inter-cluster separation [69].
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Chapter 5

mm-Wave Channel and

Antenna Measurements

Due to the technological constraints of the channel sounding devices at mm-
wave frequencies, the measurement techniques are somewhat different com-
pared to the state-of-the-art channel sounder techniques that are available for
the lower frequency bands. In this chapter, the main channel sounding tech-
niques that are used at mm-wave bands, are briefly presented.

5.1 Rotating Antenna Technique

A technique that has been widely used at 60 GHz and mm-wave frequencies is
the rotating antenna technique [70]. This method uses a highly directional an-
tenna that is mechanically rotated in two or three dimensions. Measurements
are taken at each angle. This way, the power-angular spectra can be retrieved.
The PDP can be obtained by integrating the measurements over the measure-
ment angles. A drawback of this technique is that it requires a large number of
measurements in order to cover all directions, which makes it time consuming.
For this reason, this method can only be applied to measure channels that are
nearly static. In spite of these drawbacks, this method has been found to be
very useful. The method can be used with a vector-network analyzer or any
other type of channel sounding device, as long as the antenna can be rotated.
It is also possible to perform different directional estimation techniques to the
measured data.

The accuracy of this method depends on the limitations of the channel
sounder as well as the directivity and sidelobes of the antenna pattern for the

45



46 Overview of Research Field

antenna that is being rotated. If phase information from the measurement
is used, it is also important to consider the influence of possible cables being
bent or moved. Furthermore, the phase might be affected by the phase center
of the rotating antenna. However, the phase center of the antenna is usually
frequency dependent and difficult to estimate.

5.2 Virtual Antenna Array Technique

Another channel sounding technique is based on the virtual antenna array
principle. When using this method, a single Tx and a single Rx antenna is typ-
ically attached to a mechanical positioning device. The spatial position of the
Tx and Rx antenna are then successively changed according to a pre-defined
spatial pattern, and measurements are taken at every spatial position. This
way, virtual Tx and Rx arrays can be formed, with arbitrary array configura-
tions. The virtual antenna array technique can be used to create measurement
data sets suitable for directional estimation. This method has been applied
in [26] for indoor measurements in the 60 GHz band. Similar to the rotating
antenna technique, the virtual antenna array technique is limited to scenarios
that are nearly time-static, and the influence of moving cables or drifts in the
measurement instruments have to be considered.

5.3 Real-time Channel Sounders

The main drawbacks of virtual antenna array and rotating antenna array tech-
niques, is that they are limited to time-static scenarios. There are however
60 GHz and mm-wave channel sounders that supports near-real-time measure-
ments. This allows for measuring non-static scenarios, which is necessary to
characterize for instance Doppler spreads and dynamic human-body shadow-
ing scenarios. A wideband channel sounder for the 60 GHz band, that sup-
ports a bandwidth of 5 GHz, is presented in [21]. In a more recent paper,
a dual-polarized ultra-wideband channel sounder with up to 7 GHz instanta-
neous bandwidth is presented [71]. It has an architecture that allows for easy
scalability of the number of receivers, and, depending on the choice of the in-
termediate frequency, many different bands in the range of 24-66 GHz, with
bandwidths of 3.5 or 7 GHz, can be asessed.

Ideally, real-time channel sounding is of course desired. However, the near-
real-time channel sounders that have been presented in the literature so far,
only include a limited number of Tx and Rx antenna array elements, making
it infeasible to perform reliable real-time channel measurements that allow for
high resolution directional parameter estimation.
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5.4 Antenna Measurements

The antenna patterns of the antennas used in the included papers were mea-
sured using a VNA and a positioning system. The co- and cross polarized
antenna pattern for a standard V-band open-ended waveguide and a biconical
antenna from Flann Microwave (MD249, 50-70GHz) were measured by apply-
ing a roll-over-elevation method. The antenna gains were calculated based on
the gain-transfer method [72]. The accuracy of the measurements were vali-
dated by comparing the measured antenna patterns with the gain specifications
from the antenna manufacturer and based on the antenna gain simulated in an
electromagnetic full-wave simulator. The measured antenna gains are shown
in Fig. 2.3.
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z

φ
θ

−35−25−15−55

Figure 5.1: Co- and cross-polarized antenna gains at 62 GHz, in units
of dBi, for a standard V-band open waveguide and a bi-conical antenna
from Flann Microwave. Ordered from left to right, the patterns are for
the co-polarized open waveguide, cross-polarized open waveguide, co-
polarized biconical and cross-polarized biconical antenna.
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Chapter 6

Summary and

Contributions

This chapter summarizes the research contributions of the papers included in
this thesis and then discusses topics for future work.

6.1 Research contributions

6.1.1 Paper I: Directional Analysis of Measured 60 GHz

Indoor Radio Channels using SAGE

This paper puts focus on the double-directional properties of the 60 GHz indoor
radio channel.The directional properties of the 60 GHz channel is of significant
importance for two main reasons: Firstly, most of the wireless channel models
for 60 GHz communications are rooted in the double-directional channel model,
where the channel is described in terms of a sum of plane waves. These plane
waves are referred to as multi-path components (MPCs). These MPCs needs
to be effectively estimated and characterized in order to be able to derive a
reliable 60 GHz indoor channel model. Secondly, as 60 GHz indoor channels
typically suffer from a much greater signal attenuation compared to the 2 and 5
GHz bands that are commonly used today, 60 GHz communication systems are
expected to rely on beamforming to be able to ensure reliable communication.
In case of shadowing, for instance by a person blocking the current signal path-
way, the signal is re-routed using beamforming to a different direction to make
sure that the communication link is still up. For this reason, it is important to
characterize the double-directional propagation properties of the MPC param-

49



50 Overview of Research Field

eters with respect to power, delay and directions of arrival and departure, so
that different beam-forming techniques can be effectively evaluated.

The results in this paper are based on transfer-functions measured from 61
to 65 GHz in a conference room environment, using a vector network analyzer-
based system. Electro-mechanical positioners were used to form 7 × 7 planar
virtual arrays at both the Tx-Rx sides. The Rx antenna array was placed
at a fixed position close to one of the corners of the room, whereas the Tx
antenna array was placed at different positions within the conference room.
The measurement campaign includes 17 LOS scenarios as well as 15 NLOS
scenarios where the Tx is placed at the same position as in a corresponding LOS
scenario, which makes it possible to effectively compare the corresponding LOS
and NLOS scenarios. In the NLOS scenario, the Tx is blocked by a computer
laptop. The SAGE algorithm is applied to the measurement data in order to
obtain maximum-likelihood estimates for the MPC parameters. To the authors
best knowledge, this is one of the first papers to present high-resolution MPC
parameter estimates for the 60 GHz double-directional channel. Furhtermore,
the results include azimuth and elevation parameter estimates for both the
direction of arrival and departure, which at the time of publication was not
available in the literature.

The results show that the LOS component is quite dominant in the LOS
scenario, and is usually about 20 dB stronger than the second strongest com-
ponent. By comparing the directional properties with the room geometry, the
results show that it is possible to correctly identify the signal pathways and
to identify the propagation mechanisms involved for the strongest components.
This verifies that it is feasible to apply the concept of virtual arrays and high
resolution parameter estimators to 60 GHz channel measurement data. First
and second order interactions account for the major contribution of the re-
ceived power. The results also show that finer structures such as ceiling lamps
are significant interacting objects, indicating that it is important to include
the elevation information and that finer structures should be considered when
measuring or modeling typical environments.

By comparing the corresponding LOS and NLOS scenarios, we find that
the MPC parameters are very similar in the directions that are not covered
by the laptop screen. It also shows that diffraction in fact can be a significant
propagation mechanism in certain cases. Furthermore, the shadowing object
does not only affect the LOS component but also any other signal pathways
that happen to be shadowed. This shows that it might not be sufficient to just
remove the LOS component to emulate a typical NLOS scenario, which is done
in the IEEE 802.15.3c channel model.

Lastly, it can be observed that the MPCs appear to be clustered in the
angular-delay domain, indicating that the 60 GHz channel could be efficiently
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modeled by a cluster-based double directional model.
I am the main contributor of the paper and was responsible for the data

analysis and the writing of the paper. Ialso modified a previous version of a
SAGE algorithm to also include the frequency dependence of the radio signals.
I was involved in all parts of the work, except for the channel measurements,
which were performed by co-authors Katsuyuki Haneda and Shurjeel Wyne
before I started as a Ph.D. student.

6.1.2 Paper II: On mm-Wave Multi-path Clustering and

Channel Modeling

This paper is a presents a double-directional MIMO channel model based on the
measurements presented in paper I. For this paper, the parameter estimates
from SAGE are improved by estimating a larger number of MPCs and by
including the Tx and Rx antenna patterns in the estimation procedure, so
that the antenna patterns can be de-embedded. Now, the MPC estimates
describe the propagation channel, which in contrast to the radio channel is
independent of the antenna pattern. This allows us to derive a cluster-based
double-directional propagation channel model that is valid for an arbitrary type
of antenna element and array geometry.

The MPC parameters are clustered using the well-known K-power-means
algorithm and the number of clusters are identified using the Kim-Parks in-
dex. Using the results from the clustering algorithm, parameter estimates
for a cluster-based double-directional model is presented, evaluated and com-
pared with two 60 GHz industry standard channel models; IEEE 802.15.3c and
IEEE802.11ad. It is shown that the spatio-temporal properties of the MPCs are
related to the room environment, especially for the elevation angles. For this
reason, two different way of modeling the cluster centroids are considered: In
the first approach, the cluster centroids are generated deterministically based
on a simple ray tracing routine. In the second approach, simple probabil-
ity distributions are used to randomly generate the cluster centroids. When
validating the results for the two methods, it is evident that the stochastic ap-
proach shows a better performance when it comes to reproduce the statistical
behavior of the channel. The approach based on ray-tracing is lacking in its
performance due to an over-simplified description of the environment in the
ray-tracing algorithm. The type of description used for the environment in the
ray-tracing algorithm is the same as the one used in the IEEE802.11ad model.
This shows that if ray-tracing is to be used at 60 GHz, finer structures such
as chairs, bookshelves and ceiling lamps need to be included in the model, and
that the IEEE802.11ad model might be lacking in its performance.

Lastly, the presented channel model is validated against the measured data
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by comparing statistical distributions for the eigenvalues, delay spreads and
directional spreads of the channels generated by the model with those from the
measurements. The model shows a good statistical agreement with all of these
three measures, which shows that the derived model can be used to reproduce
the typical statistical behavior of the 60 GHz channel.

I am the main contributor of this paper. I performed the antenna pattern
measurements and was responsible for the data analysis and the writing of the
paper.

6.1.3 Paper III: Characterization of 60 GHz Shadowing

by Human Bodies and Simple Phantoms

For 60 GHz indoor channels, human body shadowing has been shown to have a
significant impact on the received power, and beamforming typically needs to be
employed to overcome this obstacle. In this paper, we present an experimental,
measurement-based characterization of the reflection and shadowing effects in
the 60 GHz band caused by human bodies and various phantoms. In the VNA-
based measurement setup, highly directional horn antennas are scanned across
the object. The measured data is post-processed to remove the influence of
cables, amplifiers, antennas and then gated in the delay domain to remove
contributions from possible multi-path components that have a delay longer
than those of the field diffracted around the shadowing object.

It is shown that the geometrical theory of diffraction can be used to accu-
rately model the diffracted field around simple objects such as a cylinder. The
shadowing caused by a metallic cylinder, a water-filled cylinder and a metallic
sheet is compared with those of human legs. It is shown that the shadowing
is fairly similar for these objects. Finally, the shadowing due to a water-filled
human phantom is compared with those of a real person. Results show that
the water-filled phantom had shadowing properties similar to those of humans
and is thus suitable for use as a human shadowing object in the 60 GHz band.

I am the main contributor of this paper and was involved in all parts of
the work. I performed all the measurements myself and was responsible for the
data analysis and writing of the paper.

6.1.4 Paper IV: Modeling the Cluster Decay in mm-Wave

Channels

During the work with paper II, it was found that the channel model initially
overestimated the delay spread. It was found that this overestimation was due
to an incorrect estimation of the cluster decay parameter. In this paper, we
derive a novel way of estimating the cluster decay and the large scale cluster
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fading, wherein the effects of the noise floor are taken into account. In the paper
we show that if the effects of the noise floor are not taken into account, the
cluster decay might be overestimated (corresponding a slower cluster decay)
and the cluster fading might be underestimated. The problem is solved by
taking possible missing clusters into account through the use of a maximum-
likelihood expression based on a truncated normal distribution. It is shown
that this method improves the parameter estimates of the cluster decay and
fading. When applying these results in the channel model paper, the delay
spread is no longer being overestimated. This paper also shows that 60 GHz
channel models are sensitive to the cluster decay parameter, which is due to
the large cluster K-factor of around 10 dB for the clusters.

I am the main contributor of this paper. I came up with the idea for the
paper, was responsible for the data analysis and writing of the paper. David
Bolin contributed with ideas for the mathematical formulation of the problem
and with implementation aspects of the maximum-likelihood estimator used in
the paper.

6.1.5 Paper V: 60 GHz Spatial Radio Transmission: Mul-

tiplexing or Beamforming?

In this paper, the capacity improvement capability of spatial multiplexing and
beamforming techniques for 60 GHz spatial transmission in an indoor envi-
ronment is evaluated. In this paper, beamforming refers to the conventional
gain focusing by narrow antenna beams in the direction of the strongest prop-
agation path. In the paper, a channel capacity metric that only depends on
the richness of multi-path propagation channel and the antenna aperture size,
is derived. The paper also derives values for the spatial-degrees-of-freedom
(SDoF), which is the maximum number of antenna elements on the aperture
that are needed for efficient multiplexing. The results are evaluated based on
measured single-polarized 60 GHz radio channels, and shows that the channel
offers multiple SDoFs under both LOS and NLOS conditions, given that the
receive SNR is sufficiently high. Lastly, the paper compares spatial multiplex-
ing and beamforming techniques in terms of their attainable channel capacity
using measured 60 GHz radio channels. This comparison shows that, for a Tx
power constraint of -10 dBm, spatial multiplexing is advantageous over beam-
forming when the antenna aperture size is larger than 1λ2 and 9λ2 in LOS and
NLOS scenarios, respectively.

Katsuyuki Haneda is the main contributor of the paper. I was responsible
for producing the SAGE estimates for the propagation channel, and contributed
with ideas, suggestions and by writing parts of the paper.
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6.1.6 Paper VI: A Note on Clustering Methods for Wire-

less Channel Models

This paper deals with different clustering methods for wireless channel models.
In the paper, we compare the well-known K-means algorithm with a Gaussian
mixture model (GMM) and a novel method based on a mixture of asymmetric
Laplace (AL) distributions. Also, a hierarchical clustering method is also pre-
sented and it is suggested that this method can be used to get initial cluster
estimates for the different clustering methods. In the paper, it is also noted
that K-means is a special case of a GMM, and power-weighted versions of all of
these clustering methods are also presented. It is shown that the performance
of K-means is poor for cases when the cluster shape is uneven, for instance when
the cluster spreads are different in the different dimensions. The GMM is able
to handle clusters with uneven spread in the different dimensions and is thus
superior to K-means. However, if the cluster distribution is not Gaussian, the
performance of the GMM might be lacking. For instance, if the cluster shape
is AL-distributed, the clustering method based on an AL mixture outperforms
the GMM.

I am the main contributor of this paper, and was responsible for writing the
paper, the data analysis and the implementation of the hierarchical clustering
method. David Bolin contributed with writing of the paper and with the
implementation of the GMM. Jonas Wallin contributed with writing of the
paper and with the implementation of the AL clustering method.

6.1.7 Paper VII: Polarimetric Channel Measurements at

60 GHz with Realistic Shadowing

Paper VII presents measurement-based results in a small meeting room and a
larger conference room. The measurement includes LOS scenarios and NLOS
scenarios where the direct path is shadowed by the water-filled phantom that
was analyzed in paper III. In these measurements, dual-polarized antenna ele-
ments are used at both the Tx and Rx arrays, making it possible to evaluate
the influence of polarization orientation on the the system performance. The
paper presents experimental values of the cross-polarization ratios (XPRs) of
the propagation paths. Furthermore, the eigenvalue spreads of single- and dual-
polarized antenna arrays are investigated. Lastly, cluster decay rates for the
two different rooms are estimated.

I am the main contributor of this paper, performed the measurements and
was responsible for the data analysis and the writing of the paper.
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6.2 General Conclusions and Future Work

The wireless channel involves complex processes and has a huge impact on the
received signal and the performance of any wireless system. It is therefore nec-
essary to carefully characterize and model the typical behavior of the wireless
channel. However, the behavior of the wireless channel can be very different
from one frequency band to another and from one scenario to another, making
it necessary to characterize channels with respect to the intended frequency
and scenario. This thesis has shed some light on the general behavior and
characteristics of mm-wave propagation channels, with a special focus on in-
door channels in the 60 GHz band. In this section, I would like to share some
of my thoughts on some general conclusions about the field and possible areas
of future work.

Through my work over the years, I have learned that channel measurements
are essential when it comes to channel modeling and channel characterization.
The directional analysis in paper I revealed that the indoor 60 GHz channel
is dominated by specular reflections, as one might expect. However, it is not
easy to predict the signal strength of these specular paths as it depends on
the scattering objects present in the environment. At mm-wave frequencies,
ray-tracing has proved to be useful at least to some extent. However, as shown
in paper II of this thesis, a simple model for the environment, where only the
walls, floor, ceiling and a table is taken into account in the ray-tracing routine,
is often not enough to accurately predict the behavior of the channel. An
interesting topic for future work could be to investigate exactly how detailed
the model for the environment geometry and permittivity of the objects need
to be, in order for the ray-tracing routine to give accurate-enough results.

For 60 GHz and mm-wave channels, some of the areas that, in my opinion,
require urgent attention, are the following:

• Further measurement based characterization and modeling of the polar-
ization properties of mm-wave channels.

• Real-time channel measurements that include a large number of antennas,
so that the time-varying directional channel can be investigated.

• Improved modeling of typical cellular mm-wave scenarios, based on real-
time channel measurements.

• Currently, many different frequency bands in the range from 15-90 GHz
are being researched. Therefore, the current mm-wave modeling and
characterization results need to be extended to cover a wider frequency
range.
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Lastly, another interesting topic for future work, is to look into novel ways
of modeling and estimating the wireless channel. Currently, a popular way of
modeling the channel has been through the use of double-directional cluster-
based channel models. When deriving such channel models, the workflow is
typically performed in four different steps, as follows:

1. Perform a measurement campaign in order to gather a large data set.

2. Given a certain signal model for the channel, estimate the components of
the channel, using a high-resolution parameter estimator.

3. Cluster the estimated components, using a clustering method.

4. Examine the clustering results in order to propose a suitable channel
model, and then estimated the parameters for this model based on the
clustering results.

A basic problem with this approach is that steps 2-4 in general are based on
different signal models and assumptions, and the parameter results are affected
by all of these. In paper VI, a first attempt at trying to combine steps 3-4 was
presented. In future work, it would be of interest to try to combine steps 2-4.
This could be achieved by having one basic model that includes everything,
from the directional signal model, the assumptions regarding clusters and all
of the modeling assumptions made in the channel model. So, instead of having
three separate models that have little or no connection at all, one single model
is used instead. If successful, this approach could potentially improve the
performance of the estimated channel model. One should keep in mind, that
this approach is quite daunting, since such a model would be very complex and
would thus require a lot of work. It is yet unclear if it is possible to accurately
estimate the parameters of such a model, as it encompasses so many different
aspects.
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1 Introduction

Significant research activity is currently being undertaken to design next gen-
eration high-speed wireless systems operating in the 60 GHz band, in partic-
ular for Gbit/s transmission over short distances. Several standards (IEEE
802.15.3c, IEEE 802.11ad) are emerging, and products are available on the
market. The 60 GHz band is of interest mainly due to the large bandwidth of
at least 5 GHz that is available worldwide. However, the attenuation of radio
waves at 60 GHz is very high, for several reasons: (i) the free-space pathloss
is proportional to the square of the carrier frequency (assuming constant-gain
antennas), and thus much higher than for the 2 and 5 GHz bands commonly
used today [1] (ii) the dimensions of physical objects in a room are typically
large in relation to the wavelength of 5 mm, resulting in sharp shadow zones
and (iii) transmission through obstacles such as walls is low. The challenges
related to these propagation characteristics needs to be addressed in order to be
able to establish a reliable communication link in the 60 GHz band. One possi-
ble solution is to use beamforming where the individual phases of the antenna
elements in an array are electronically controlled to achieve a suitable array
pattern. Using beam switching [2], beamforming can be designed to direct the
beam towards different directions depending on the situation. For instance, if
the LOS is blocked, the beam can be steered towards a direction where a strong
first order reflection is available.

For the above reasons, the directional properties of the 60 GHz channel
is of high importance, as is reflected by the previous work on this topic. In
[4], the 60 GHz channel was measured for typical indoor environments using
a 1×4 patch array antenna and the SAGE algorithm was used to estimate
the direction of arrival (DOA) in azimuth. In [3], highly directional antennas
were mechanically steered in order to determine the DOA characteristics for
several different environments, including typical building hallways and small to
medium sized rooms. The study confirmed that the majority of the components
in the LOS scenario could be determined from ray tracing techniques. In this
paper, we use the SAGE algorithm and a virtual array setup to analyze the
directional properties of measured channels in a conference room. We compare
the results for different LOS scenarios with the corresponding NLOS scenarios.
The results include estimates of the direction of departure and direction of
arrival in both azimuth and elevation, as well as measures of the direction
spread.
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1.1 The IEEE802.15.3c channel model

A complete channel model for mm-wave systems was developed and standard-
ized by the IEEE802.15.3c working group. It supports several different scenar-
ios, including office, desktop and library scenarios [5]. The angular characteris-
tics of the channel is only considered at the Tx side. A particular simplification
is that for desktop, office and library scenarios, the NLOS model is derived from
the LOS model by removing the LOS component. In this paper, we investigate
by measurement whether such a simplification is a good approximation to re-
ality; i.e., we compare the directional estimates of the LOS scenarios with the
corresponding NLOS scenarios where the direct wave is blocked by a computer
screen.

2 60 GHz Radio Channel Measurements

The 60 GHz channel was measured in a conference room at Aalto University,
Espoo, Finland using a vector network analyzer based system [6]. The mea-
sured frequency range was 61-65 GHz, using 2001 frequency points. A 7×7
planar virtual array was used at both the Tx and the Rx side. Using 2-D elec-
tromechanical positioners, the Tx and Rx arrays were scanned in the horizontal
and vertical planes, respectively. The Tx antenna was a commercial biconical
antenna with an omnidirectional pattern in azimuth, while the Rx antenna was
an open waveguide. The inter-element spacing was 2 mm in both arrays. The
Rx array remained at a fixed location, whereas the Tx array was placed at 17
different positions on top of the tables. A LOS and a NLOS scenario was mea-
sured for all positions except for two Tx positions, where only a LOS scenario
was measured. The difference between the LOS and NLOS scenarios are made
solely by blocking the LOS path with a laptop screen placed 0.42 m away from
the Tx. Other objects in the measurement environment and the locations of
the arrays were the same for the LOS and NLOS scenarios.

3 Directional analysis

3.1 Signal Model for the Analysis

The measured channel matrix Hmeas is of size 49×49 where each element hm,n

contains the channel frequency transfer function between receive and transmit
antenna element number m and n, respectively. The transfer function is as-
sumed to be correctly described by the contributions from a finite number of
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plane waves as [1]:

hm,n

(

k, i, αl, τl,Θ
Rx
l ,ΘTx

l , νl
)

= (1)

L
∑

l=1

αle
−j2π∆fτlkGTx

(

n, k,ΘTx
l )GRx(m, k,Θ

Rx
l

)

ej2π∆tνli,

where L is the total number of multipath components (MPCs), αl, τl, Θ
Tx
l and

ΘRx
l is the complex amplitude, delay, direction of arrival (DOA) and direction

of departure (DOD), respectively. GTx, GRx and k is the complex antenna
pattern of the Tx and Rx, and frequency sub-index, respectively. Since the
channel was measured in a time-static environment with only one snapshot,
the Doppler frequency, ν, and the snapshot index, i, can be omitted in (1). In
the analysis, an observation bandwidth of 300 MHz around 62 GHz with 26
frequency samples is used.

3.2 The SAGE Algorithm

The SAGE algorithm [7] is an iterative method for obtaining maximum-
likelihood estimates of the MPC parameters. In this paper, the SAGE algo-
rithm is used to provide the directional estimates of the channel as well as
estimates of the complex amplitudes and the delay. In these evaluations, 50
MPCs are estimated. In our analysis, we have considered synthetic antenna
patterns, i.e., each array element is an omni-directional antennna with a phase
shift that depends on the direction of the incoming plane wave and the array
geometry. The elevation estimates for the DOD of the l:th MPC, θTx

l , have
ambiguities due to the horizontal array geometry of the Tx array: it cannot be
determined whether they arrive from the upper or lower half-space, whereas
the measurement arrangement allows such a determination at the Rx. This
ambiguity can be resolved by assuming that no double-reflections (via floor
and ceiling) occur; in this case MPCs with a DOA in the upper half-sphere
have a DOD that also must lie in the upper half-sphere. Measurement results
confirm that very few MPCs exhibit the mentioned double-reflections, and
furthermore those MPCs have low power.

3.3 Reconstruction Error and Residual Power

The signal model in (1) does not cover spherical waves or diffuse multipath
components. As a result, the total power of the extracted MPCs are therefore in
general lower than the power of the observed signals at the antenna ports. The
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mean square relative reconstruction error (MSRRE) and the relative residual
signal power, Λ, were calculated using the estimates given by SAGE for L = 50
MPCs, as [8]

MSRRE =
1

K

K
∑

k=1

( ||Hmeas
k −H(L)re.k ||2F − Pn

||Hmeas
k ||2F − Pn

)

(2)

Λ = 1− 1

K

K
∑

k=1

( ||H(L)re.k ||2F
||Hmeas

k ||2F − Pn

)

(3)

Here, Hre. is the matrix reconstructed by the signal model in (1) using L
MPC parameters estimated by SAGE. The summation is over the K different
frequency sub-indexes and || · ||F denotes the Frobenius norm. In (3), Pn is the
estimated noise power from each measurement. The noise power was estimated
from a part of the power delay profile where no signals were observed.

The calculated CDFs of the relative residual power and the MSRRE can
be seen in figure 1. In the LOS scenario, the residual signal power is less than
7 % for all Tx positions. The residual power in the NLOS scenario is higher,
although it is less than 20 % in most cases. The values of the MSRRE are only
slightly higher than those of the residual power.
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Figure 1: CDFs of the relative residual power and the MSRRE for the
different Tx positions in the LOS and NLOS scenarios.
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3.4 Direction Spread

The direction spread is calculated as [9]

σΩ =

√

√

√

√

L
∑

l=1

|e(φl, θl)− µΩ|2P (φl, θl), (4)

where µΩ and the unit vector for the direction of the l:th component, e(φl, θl),
are given by

µΩ =

L
∑

l=1

e(φl, θl)P (φl, θl)

e(φl, θl) = [cos(φl) sin(θl), sin(φl) sin(θl), cos(θl)]
T

Here, P is the normalized power spectrum, while φl and θl is the azimuth
and elevation angle of the l:th MPC, respectively.

4 Results

4.1 Directional Estimates

Figure 1 shows the Tx azimuth estimates for all the Tx positions in the LOS and
NLOS scenarios. The site map of the conference room where the measurements
took place can be seen in figure 3. The length of the lines in figures 1 are
proportional to the absolute values of the MPC powers in dB. The power of
the direct wave is on the order of 20 dB stronger than the second strongest
component for all positions except for positions a4 and a5, where the difference
is only 4 dB. When comparing figure 5(a) and 2(b), it becomes evident that the
estimates are very similar except in the direction around the direct wave. For
all positions in the NLOS scenario, there is a significant component departing
in the same azimuth direction as the LOS component in the LOS scenario.
When both the elevation and azimuth estimates are taken into account, it is
confirmed that these MPCs are diffracted around the top edge of the computer
screen. The power of these MPCs is 18-20 dB lower compared to the direct
wave in each corresponding LOS scenario. We note that the height difference
between the screen and the Tx/Rx is only 7.5 cm.

Figure 3 shows the floorplan with the estimates of the 27 strongest MPCs
in the LOS scenario with the Tx in position a3. The black lines are the esti-
mated azimuth DODs and DOAs given by SAGE, while the dashed lines are
expected pathways connecting the Tx and the Rx based on geometrical op-
tics. Also shown is the coordinate system that is used as a local coordinate
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Figure 2: Tx azimuth estimates for all Tx positions in the LOS and
NLOS scenarios. The length of the lines are proportional to the power
of each MPC in dB.

system at both the Tx and the Rx. The azimuth angle, φ, and the eleva-
tion angle, θ, is defined as shown in figure 3. The vertical receive antenna
array is oriented such that the antenna boresight is pointing in the direction
(φ, θ) = (320◦, 0◦). There is a large number of components centered around
the LOS direction. These components could be physically existing MPCs that
are created by reflections from the metallic parts of the antenna/waveguide fix-
tures (even though absorbing materials were placed on the fixtures during the
measurements). Some of these components might be artifacts created due to
an imperfect subtraction of the LOS component in the successive interference
cancellation step in SAGE. This effect could be mitigated by using a complete
data model of the antenna patterns.

4.2 Signal Pathways

Table I shows the identified pathways of the components that also are illustrated
in Fig. 3. Some of the components appear to be reflected on a window or an
object embedded around the window, such as blinds or the frames around the
window. One component is reflected on the ceiling and three other components
are identified as being reflected on ceiling lamps, which have a metallic cover.
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Figure 3: Floorplan of the meeting room where the measurements took
place with the Tx in one of 17 positions. The black lines are the azimuth
estimates for the 27 strongest components in the LOS scenario.
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This suggests that it is important to include the elevation estimates in the
description of the directional properties of the channel.

4.3 DOD and DOA estimates

Figure 4 shows the DOD and DOA for the LOS and NLOS scenarios with the
Tx in position a3. The diameters of the circles are proportional to the power of
each MPC in dB and the color of each circle represents delay in ns. Figure 4(b)
contains a larger number of estimates with longer delays compared to figure
4(a). This is due to the fact that - given the fixed total number of estimated
MPCs - the LOS scenario (which has many components near the LOS) allows
to extract fewer weak, long-delayed components.

For this reason, it is difficult to make a fair comparison between the two
figures. However, most of the MPCs in the LOS scenario, beside the one close to
the LOS direction, can also be identified in the NLOS scenario. This indicates
that MPCs that are not close to the LOS direction have similar directional
properties. The strongest MPC in this NLOS scenario is identified as being
diffracted on the top of the computer screen. Modeling the NLOS scenario
based on the LOS data with the LOS component removed, as done in the
802.15.3c model, would lead to significant errors in this case.

Table 1: Identified signal pathways.

Identified signal Power Delay
MPC # path [dB] [ns]

1 Direct wave -70 7.1
4 Table -92 7.6
6 Window -95 28.9
11 Ceiling lamp -95 22.0
12 Ceiling -95 13.2
15 Window/wall -97 45.4
19 Ceiling lamp -100 30.7
22 Ceiling lamp -101 18.5
26 Wall -102 34.0
27 Window -102 33.0

Figure 5 is the same as figure 4, but with the Tx in position b6 instead. The
LOS and NLOS scenarios appear to be more similar in this case. In this NLOS
scenario there are some components that are marked ”computer”, which appear
to be reflected on the computer screen and are then reflected on a window. This
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is one of few scenarios where there are significant components that are reflected
on the screen.

4.4 Direction spread

The calculated CDFs of the direction spread is shown in figure 6. The direction
spread at the Rx is lower compared to the Tx, which is due to the fact that the
Rx is placed in one of the corners of the conference room. Also, the waveguide
antenna elements of the vertical Rx array do not radiate in the backward direc-
tion towards this corner. The direction spread of the Tx in the LOS scenario
is varying a lot for the different Tx positions. For the two Tx positions a5 and
a6, the direction spread is substantially higher than in the remaining positions.
In both these positions, there are two strong components (the direct wave and
a reflection from a window) that have azimuth estimates that are separated
by almost 180 degrees. The components are significantly stronger than the re-
maining ones and the difference of the estimated power for the two components
is about 4 dB. The high direction spread in these two cases is almost entirely
attributed to the two strongest components. The implication of this is that the
direction spread measure should be viewed together with information about
the power distribution of the components. In the NLOS scenario, the direction
spread for the Tx is above 0.9 for most positions. However, we note that there
are few strong reflections present in the NLOS scenario.

5 Conclusions

The 60 GHz radio channel was measured in a conference room and the SAGE
algorithm was applied to the measured data to give estimates of the MPC pa-
rameters for LOS and NLOS scenarios. It has been shown that it is possible to
identify the signal pathways and corresponding scattering objects for different
MPCs of the measured 60 GHz radio channel and that the estimates given by
SAGE agree well with the geometry of the measurement site. The study also
showed that the directional properties of the channel in the LOS and NLOS
scenarios are very similar except around the LOS direction. In the NLOS
scenario, diffraction around the objects blocking the LOS was shown to be a
significant propagation mechanism, giving rise to an insight into the existing
channel models that the NLOS channel cannot be realized just by omitting the
LOS component. A comparison of the directional estimates with the geometry
of the room suggests that it is important to include the elevation estimates in
the description of the directional properties of the channel. Direction spread
measures for both the Tx and the Rx were presented for both LOS and NLOS
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scenarios.
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Figure 4: DOD and DOA for the (a) LOS and, (b) NLOS scenarios
with the Tx in position a3.
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Figure 5: DOD and DOA for the (a) LOS and, (b) NLOS scenarios
with the Tx in position b6.
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On mm-Wave Multi-path Clustering

and Channel Modeling

Efficient and realistic mm-wave channel models are of vital importance

for the development of novel mm-wave wireless technologies. Though

many of the current 60 GHz channel models are based on the useful

concept of multi-path clusters, only a limited number of 60 GHz chan-

nel measurements have been reported in the literature for this purpose.

Therefore, there is still a need for further measurement based analyses of

multi-path clustering in the 60 GHz band. This paper presents clustering

results for a double-directional 60 GHz MIMO channel model. Based on

these results, we derive a model which is validated with measured data.

Statistical cluster parameters are evaluated and compared with existing

channel models. It is shown that the cluster angular characteristics are

closely related to the room geometry and environment, making it infeasi-

ble to model the delay and angular domains independently. We also show

that when using ray tracing to model the channel, it is insufficient to only

consider walls, ceiling, floor and tables; finer structures such as ceiling

lamps, chairs and bookshelves need to be taken into account as well.
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1 Introduction

As the requirements for efficient and reliable wireless communications with
high throughput are ever-increasing, novel wireless techniques have to be con-
sidered, and the available radio spectrum has to be used efficiently in order
to overcome spectrum shortage. Due to the large bandwidth of at least 5
GHz available worldwide [1], the 60 GHz band is a promising candidate for
short-range wireless systems that require very high data rates. Efforts have
already been made regarding standardization by the IEEE 802.15.3c [2] and
IEEE 802.11ad [3] working groups, and some commercial products are already
available on the market.

The propagation characteristics in the 60 GHz band are quite different
from those in the lower frequency bands commonly used today for cellular
communication. Assuming identical transmit powers and antenna gains, the
received power at 60 GHz is smaller than that at lower frequencies due to a
smaller receive antenna aperture at 60 GHz. Furthermore, since the dimensions
of typical shadowing objects are large in relation to the wavelength at 60 GHz,
sharp shadow zones are formed, making diffraction an insignificant propagation
mechanism [4], Also, due to the high penetration loss of most materials at
60 GHz, multi-path components propagating through walls or other objects
typically have low power. Due to these propagation characteristics, highly
directional antennas or adaptive beam-forming techniques are required in order
to establish a reliable 60 GHz communication link [5].

As the potential benefits of systems operating in the 60 GHz band are
directly related to the propagation environment characteristics, realistic and
reliable channel models are of vital importance for the design and development
of novel 60 GHz technologies. Furthermore, as beam forming techniques are
vital for many types of mm-wave communications, the channel should ideally
be modeled using a MIMO model that takes the angular characteristics of the
channel into account.

The IEEE802.11ad channel model is a MIMO model based on a mixture
of ray tracing and measurement-based statistical modeling techniques [6]. It is
a cluster-based spatio-temporal channel model that supports several different
environments. The measurements for the IEEE802.11ad model were conducted
using highly directional antennas that were steered in different directions in
order to evaluate and model the cluster parameters of 60 GHz channels.

Several recent studies are directly related to the IEEE802.11ad model and
include theoretical investigations regarding capacity [7], spatial diversity tech-
niques [8] and beamforming performance [9], as well as an extended model for
human blockage in 60 GHz channels [10].

In this paper, we present measurement-based results for a double-directional
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60 GHz MIMO channel model in a conference room environment. Statistical
cluster parameters are evaluated and compared with existing 60 GHz channel
models. The novel aspect of our proposed channel model is the method by
which it models the spatio-temporal properties of the clusters. We provide
two different ways of modeling the cluster spatio-temporal properties; one be-
ing stochastic and the other a semi-deterministic approach that is based on
ray-tracing. Most of the current 60 GHz directional analyses rely on mea-
surements using highly directional antennas that are mechanically steered [11]
and sometimes also include ray tracing results [6]. The results in this paper
are based on measurements using the virtual antenna array technique. The
double-directional estimates for the multi-path components (MPCs) were ob-
tained using the SAGE algorithm. This technique can potentially offer an
improved resolution of the MPC parameters compared with techniques based
on mechanically steered high-gain antennas [6]. The clustering results were
then obtained using an automated clustering algorithm.

2 60 GHz Radio Channel and Antenna Mea-

surements

2.1 Measurement Environment

This work is based on results from a 60 GHz radio channel measurement cam-
paign performed in a conference room with a volume of 6.8×7.0×2.5 m3. The
IEEE802.11ad working group has performed measurements in smaller confer-
ence rooms with volumes of approximately 3× 4.5× 3 m3 [12] and in a slightly
larger conference room with a width and length of 6.3 m and 4.3 m [13]. During
our measurements, the Rx array was placed at a fixed position in one of the
corners of the room whereas the Tx array was placed at one of 17 predefined
positions on either of the two tables in the room. As indicated by Fig. 1, 17
different line-of-sight (LOS) measurements were performed at these positions
as well as 15 additional obstructed-line-of-sight (OLOS) measurements. In the
OLOS scenarios, a laptop computer screen was used to block the direct path
between the Tx and the Rx. Further details about the measurements can be
found in [14].

2.2 Measurement Equipment and Setup

The 60 GHz radio channel was measured using a vector network analyzer based
system [15]. 2-D electromechanical positioners were used to move the Tx and
Rx antennas in the horizontal and vertical planes, respectively. A commercial
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Figure 1: Floorplan of the measured conference room.

biconical antenna, Flann Microwave MD249, with an omnidirectional pattern
in azimuth was used at the Tx side, and the Tx virtual array was a horizontal
uniform rectangular array with 7 × 7 elements. The Rx antenna was an open
waveguide, vertically polarized and oriented such that the waveguide opening
was directed towards the opposite corner of the room compared to where the
Rx array was situated. The Rx virtual array was a vertical uniform rectan-
gular array with 7 × 7 elements. All measurements were performed with the
antennas in a vertical-to-vertical (V-V) polarization orientation. The inter-
element spacing was 2 mm in both arrays. Back-to-back measurements were
performed in order to remove the influence of the coaxial cables, mixers, and
feeding waveguides.

2.3 Antenna measurements

The co- and cross-polarized antenna gains of the Tx- and Rx antenna were
first measured using a setup based on a vector network analyzer (VNA) and
electromechanical positioners. A standard gain horn antenna with known gain
and high cross-polarization discrimination ratio was used as the reference an-
tenna. Electromagnetic absorbers were used to cover equipment in the close
vicinity of the antenna, such as the VNA, positioners and tables. Also, since
the measurements were performed in a large open area in a room, the data will
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also include effects due to possible multi-path propagation within the room. A
simple time-domain gating technique was employed to filter the measured data
and remove parts of the impulse response with longer delays. The frequency
range in the measurement was 60-64 GHz, yielding a time resolution of 0.25
ns. The gain transfer method [16] was then employed to calculate the antenna
gain. Due to the small wavelength and considering the alignment accuracy of
the measurement setup, it was not possible to extract the phase responses of
the antennas precisely. Fig. 2 shows the co- and cross-polarized antenna gains
of the Rx antenna at 62 GHz. The cross-polarized antenna gain of the biconi-
cal Tx antenna (not shown) is low in all directions, whereas the cross-polarized
antenna gain of the open waveguide is fairly high in certain directions.

x
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z

φ
θ

0 0.2 0.4 0.6 0.8 1

−30 −25 −20 −15 −10 −5 0 5

Figure 2: Co-polarized (left) and cross-polarized (right) Rx antenna
gain in dBi of the open waveguide at 62 GHz.

Using the measured co- and cross-polarized data, it was possible to estimate
the cross-polarization discrimination ratio (XPD) of the antennas as

XPD(φ, θ)|dB = Gco(φ, θ)|dB −Gcross(φ, θ)|dB. (1)

In other words, we define the antenna XPD to be the difference between
the co-polarized and cross-polarized antenna gain in a certain angular direction.
This is of importance since the measurements were performed only with V-V
polarization, which means that it is not possible to employ a full polarimetric
estimation of the complex amplitudes in SAGE. Instead, only the complex gain
of the V-V component is estimated. This means that the SAGE algorithm only
produces accurate results for MPCs in directions where the XPDs of the Tx
and Rx antennas are large [17]. In total, less than 5% of the total number of



On mm-Wave Multi-path Clustering and Channel Modeling 93

MPCs in all scenarios were located in directions were the XPD was lower than
20 dB.

3 Multi-path Estimation and Clustering

3.1 The SAGE algorithm

The measured transfer functions are assumed to be correctly described by a
finite number of plane waves, i.e. multi-path components (MPCs). Each MPC
is described by its complex amplitude, delay, direction of departure (DOD)
and direction of arrival (DOA). In order to estimate these MPC parameters,
the SAGE algorithm is used. A double-directional analysis using SAGE based
on the same measurements was previously presented in [18], and the reader is
referred to that paper for details regarding the signal model for the analysis.
This work improves the SAGE estimates of [18] by employing a more detailed
model for the gain patterns of the antennas used in the measurements. By
taking the gain of the antennas into account, the estimated results describe the
propagation channel.

The SAGE analysis was performed over an observation bandwidth of 200
MHz centered at 62 GHz with 26 equi-spaced frequency samples. The estimated
MPCs can be used to model the 2 GHz band from 61–63 GHz because the
multi-path parameters do not change drastically over this frequency band. This
assertion is justified by the fact that neither the power angular profiles [19], nor
the SAGE estimates change drastically when evaluated at center frequencies of
61, 62 and 63 GHz.

3.2 Clustering Method

In this paper, a cluster is defined as a group of multi-path components having
similar delays and directions of departure and arrival. The estimated MPCs are
grouped into clusters using the K-power-means algorithm wherein the multi-
path component distance is used as a distance metric in parameter space [20].
For the validation of the number of clusters, the Kim-Parks index [21] was
utilized. The Kim-Parks index, KP , can be considered as a normalized version
of the Davies-Bouldin index. It is calculated using an over- and under-partition
measure function, vo and vu, that are normalized with respect to the minimum
and maximum number of clusters, Cmin and Cmax,

KP (C) = vo(C) + vu(C). (2)
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The optimal number of clusters, Copt, for a certain scenario is then given by

Copt = argmin
C

{KP (C)} , Cmin ≤ C ≤ Cmax. (3)

In practice, the largest number of clusters is set to be a number that is large
enough to make sure that the correct number of clusters is identified. For a
more detailed description of the Kim-Parks index, the reader is referred to
[21]. The Kim-Parks index was chosen over the combined validation scheme
as it produced consistent results that agreed better with the number of cluster
identified based on a visual inspection. When using the Kim-Parks index, the
number of identified clusters ranged from 6 to 12 in the LOS scenario and 8 to
12 in the OLOS scenario. Fig. 3 show typical clustering results for the direction
of departure. Similar results were obtained for the direction of arrival. Each
circle represents an MPC and the colors indicate identified clusters and the
radius of each circle is proportional to the power of each MPC. In order to
get more consistent results in the LOS and OLOS scenarios, the clustering in
the LOS scenarios are performed without including the LOS component. That
way, the power levels are similar in both scenarios. It is possible to exclude
the LOS component from the clustering since this component can be treated
deterministically. The clustering results for the LOS and OLOS scenarios are
very similar. The main differences between the LOS and OLOS scenarios are

1. A strong LOS component present in the LOS scenario.

2. A number of components are present in the OLOS scenario that are
diffracted around the computer screen.

4 Survey of 60 GHz Channel Models

4.1 The Extended Saleh-Valenzuela Model

Based on the clustering results, a number of statistical 60 GHz channel model
parameters can be derived. One of the most widely used channel models based
on clusters is the extended Saleh-Valenzuela model, where the impulse response,
h, is given by Eq. (4).

h(t,Θrx,Θtx) =

L
∑

l=0

Kl
∑

k=0

βk,le
jχklδ (t− Tl − τk,l) δ (Θrx − Ωl − ωk,l) δ (Θtx −Ψl − ψk,l)

(4)
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Figure 3: Typical clustering result for the direction of departure.

Here, βk,l is the complex amplitude of the kth ray (i.e. MPC) in the lth cluster
and Tl, Ωl and Ψl are the delay, DOA and DOD of the lth cluster, respectively.
Similarly τk,l, ωk,l and ψk,l are the delay, DOA and DOD of the kth ray in
the lth cluster, respectively. Finally, δ(·) is the Dirac delta function and the
phase of each ray, χk,l, is assumed to be described by statistically independent
random variables uniformly distributed over [0, 2π). The mean power of the
kth ray in the lth cluster is given by

β2
k,l = β(0, 0)2e−Tl/Γe−τkl/γ , (5)

where Γ and γ are the cluster and ray decay constants, respectively, and β(0, 0)2

is the average power of the first ray in the first cluster [22].
If the delay and angular domains can be modeled independently, the cluster

and ray arrival time distributions may be described by two Poisson processes.
Under this assumption, the cluster and ray inter-arrival times are typically
described by two independent exponential probability density functions. The
cluster arrival time for each cluster is thus described by an exponentially dis-
tributed random variable that is conditioned on the arrival time of the previous
cluster, i.e.

p(Tl|Tl−1) = Λe−Λ(Tl−Tl−1), l > 0. (6)

Here, Λ is the cluster arrival rate. Similarly for the ray arrival times, we have

p(τk,l|τk−1,l) = λe−λ(τk,l−τk−1,l), l > 0, (7)



96 PAPER II

where λ is the ray arrival rate.
The extended S-V model relies on the assumption that the delay and angular

domains can be modeled independently. As will be shown later, this assumption
might not be valid for 60 GHz channels. Instead, it is necessary to either jointly
model the angular and delay domains using a joint angular-delay distribution
[23], or to use a deterministic approach based on ray tracing, which is done in
the IEEE 802.11ad channel model [6]. This will be discussed further in section
VI.

4.2 The IEEE 802.15.3c Channel Model

In the IEEE802.15.3c channel model, the extended S-V model of eq. (4) is used
with the addition of a LOS component that is derived deterministically. It is
a SIMO model that only models the DOA. The cluster DOA is modeled using
a uniform distribution in the range [0, 2π). Cluster arrival times are modeled
using a certain cluster arrival rate as in eq. 6 [24].

4.3 The IEEE 802.11ad Channel Model

The IEEE802.11ad channel model is similar to that of the extended S-V model.
However, in contrast to the 802.15.3c model, the delay, DOD and DOA for
clusters are derived from empirical distributions for different types of first and
second order clusters stemming from, e.g., ceiling and wall-ceiling interactions.
The gain of the clusters are determined based on propagation and reflection
losses, where the reflection losses are modeled using truncated log-normal dis-
tributions. The rays within each cluster are modeled using a central ray and a
number of pre- and post-cursor rays. The pre- and post-cursor rays are mod-
eled using different arrival times, λpre and λpost, decay rates, γpre and γpost,
and average ray amplitudes. The pre- and post-cursor rays also have K-factors,
Kpre and Kpost, related to the amplitude of the main ray [6].

5 Clustering Results

Cluster-based channel models rely on two sets of parameters, namely inter- and
intra-cluster parameters, describing the clusters and the rays in each cluster,
respectively. In this section, results regarding the estimated inter- and intra-
cluster parameters are presented and related to the channel models discussed
above.



On mm-Wave Multi-path Clustering and Channel Modeling 97

5.1 LOS component

In our model, the Tx-Rx distance is assumed to be known and is used as an
input to the model. For the LOS scenarios, the power of the direct wave (the
LOS component) is modeled deterministically based on the free space path
loss. The delay of the LOS component is determined by the Tx-Rx separation.
Furthermore, the location of the Tx and Rx arrays are assumed to be known,
so that the DOD and DOA of the LOS component can be determined.

5.2 Inter-cluster Parameters

The cluster peak power is taken as the strongest MPC in each cluster. In
this paper, we estimate the cluster decay using the cluster power and delay
in absolute units, making it possible to estimate the cluster decay without
normalizing the clusters with respect to delay and power of the first cluster.
This also allows the noise floor to be kept at a constant level for all the different
measurements. This way, the effect of clusters that might be located below
the noise floor, and might thus have been missed, can be taken into account
by modeling the clusters using a truncated normal distribution. Then, the
cluster decay constant Γ was estimated based on a likelihood expression for this
truncated model [25]. The cluster peak power and the result of the truncated
regression is shown in Fig. 4.
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Figure 4: Cluster peak power as a function of absolute delay and the
estimated cluster decay based on a truncated model for the clusters.

As the LOS component already is being modeled deterministically, it was
omitted when estimating the cluster decay for the LOS scenario. When esti-
mating the decay constants for the LOS and OLOS scenarios separately, they
were both estimated to be Γ = 8.7 ns. Hence, the cluster decay can be modeled
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using the same value for both the LOS and OLOS scenarios. Fig. 4 shows the
cluster peak power for the LOS and OLOS scenarios combined. The estimated
data for the combined data also yielded a value of Γ = 8.7 ns.

It was found that the cluster peak power variation around the mean could
be appropriately modeled using a log-normal distribution, which corresponds to
a normal distribution in the dB-domain. The estimated value for the standard
deviation of this normal distribution was found to be the 6.4 dB in both the
LOS and OLOS scenarios.

The cluster inter-arrival times can be described by an exponential distribu-
tion. Fig. 5 shows a CDF of the cluster inter-arrival times and an exponential
distribution with an MLE of the parameter Λ. For both the LOS and OLOS
scenarios, the estimated cluster arrival rate is 1/Λ = 5 ns.

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

Cluster inter−arrival time [ns]

pr
(I

nt
er

−
ar

riv
al

 ti
m

e 
<

 a
bc

is
sa

)

 

 

Measurement data

Exp(Λ)

Figure 5: CDF of the cluster inter-arrival times and an exponential
distribution with a MLE of the parameter Λ.

5.3 Modeling Cluster Angles and Delays

As shown in Fig. 6 and 7 below, it is not feasible to assume independence
between the delay and angular properties of clusters. In the IEEE802.11ad
model, this dependence is taken into account by modeling the cluster delays and
angles deterministically, based on ray tracing results. In this paper, we consider
two different ways of modeling the spatio-temporal properties of clusters; one
being stochastic and one being deterministic (i.e. based on ray tracing). These
two approaches both have their own strengths and weaknesses, depending on
the intended use:

• Ray tracing is site-specific, which could be an advantage when assessing
the performance at a specific site. However, when it comes to assessing
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the overall statistics of 60 GHz MIMO channels, it requires accurate
ray tracing results for many different Tx- and Rx-positions, making it
ineffective.

• Conversely, a stochastic model can not provide information about a spe-
cific room or site, but can effectively reproduce the stochastic properties
of 60 GHz channels in a given type of environment.

From now on, these two models are referred to as the ray tracing model and
the stochastic model and they are presented in detail below.
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Figure 6: Delay and azimuth angles of estimated multi-path compo-
nents (dots) and ray-tracing results for first, second and third order
reflections (circles).

Ray tracing model

In the deterministic model, a ray tracing algorithm is used to determine the
first and second order reflections, and the corresponding azimuth and elevation
angles, as well as delays. In this paper, a simple three-dimensional image-
based ray tracing algorithm is used, where the conference room is modeled as
a parallelepiped with the same overall dimensions as the conference room and
with tables as the only objects in the room. The conference room geometry is
modeled in the same way in the IEEE802.11ad model [6] and has the advantage
of being simple to use for modeling purposes. Fig. 6 compares the delay and
azimuth angles of the estimated multi-path components with those of a ray-
tracing simulations for all LOS scenarios. The elevation angles are not shown
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here for improved clarity. There is an overall agreement between the ray-
tracing and measurement results, but at the same time, a large number of
significant MPCs that have been estimated are not accurately captured by
the ray tracing algorithm. The high resolution estimates of MPC delays and
angles were matched with the furniture placement in the room such that it
was confirmed that most of these MPCs were interacting with objects such as
ceiling lamps, chairs and bookshelves, i.e. objects that are not included in the
ray tracing model.

The results from the ray tracing algorithm can not be used directly with
the parameters derived for the intra-cluster parameters, since the ray-tracing
results are inconsistent with the cluster definition used in the clustering algo-
rithm. When employing ray tracing, a number of possible reflections are iden-
tified, and all of these could be modeled as clusters. However, the intra-cluster
parameters are all based on the results found using the clustering algorithm.
In this algorithm, a cluster is defined as a group of MPCs that are close to
each other in the spatio-temporal domain, whereas the clusters found using ray
tracing are based on the physical interaction with the environment. As a re-
sult, the number of clusters found using ray tracing is significantly larger than
those based on the clustering algorithm. Therefore, the multi-path component
distance (MCD) metric [26] is used to group rays that are close to each other
in the spatio-temporal domain. The MCD is calculated for a combination of
two different reflections, i and j, as

MCDij =
√

||MCDDOD,ij ||2 + ||MCDDOA,ij ||2 +MCD2
τ,ij

where the delay distance is given by

MCDτ,ij = ξ
|τi − τj |
∆τmax

τstd
∆τmax

. (8)

Here, ∆τmax = maxij{|τi−τj|}, and τstd is the standard devation of the delays.
For our purposes, ξ = 3 was found to be a suitable delay scaling factor. The
MCD for angular data is given by MCDDOD/DOA,ij

= 1
2 |ai − aj |, where

ai = [sin(θi) cos(φi), sin(θi) sin(φi), cos(θi)]
T

Before calculating the MCD, all rays are sorted with respect to their delays.
Then, the MCD between the ray with the shortest delay and all other rays are
calculated, and all rays with a MCD < 0.25 are grouped together with the ray
with the shortest delay. Then, the same thing is done again for the remaining
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rays, until all rays have been assigned to a group. The cluster delays and angles
are then determined as the delay and angles of the rays with the shortest delays
in each group.

Stochastic model

In the stochastic model, the cluster angles are modeled using conditional prob-
abilities. The cluster delays, Tk, are are modeled based on exponentially dis-
tributed cluster inter-arrival times. Then, the cluster elevation angles, Θk are
determined using a joint pdf for the elevation angles conditioned on the cluster
delay, i.e.,

f(Tk,Θk) = f(Θk|Tk)f(Tk), (9)

where f(Θk|Tk) is the conditional cluster elevation pdf and f(Tk) is the
marginal pdf for the cluster delay. This conditional pdf is determined empir-
ically by considering the possible elevation angles for first and second order
reflections in a room with certain dimensions. The idea is that this condi-
tional pdf should reflect upon the possible elevation angles for several different
scenarios, with the Tx and Rx placed at different height. Here, we note that
this paper only includes measured results for a single height of the Tx and Rx
arrays. However, for the conditional pdf, we consider hypothetical scenarios
where the Tx is located at a table at different heights, h1, varying from 5-40
cm above the table, emulating a laptop or a similar device. The Rx is located
at heights, h2, varying from 5 cm above the table height up to 5 cm from the
ceiling, thereby emulating a device such as a DVD-player, projector or internet
access point.

Then, three different curves are used to put bounds on the possible eleva-
tion angles for the clusters. The first two curves, the upper and lower bounds,
are determined by the maximum and minimum elevation angles for the second
order reflections as a function of delay. The third bound, the shortest delay
bound, is given by the curve for the shortest possible delay at a given elevation
angle for a specific Tx-Rx separation, and is thus different for different scenar-
ios. These three curves are shown in Fig. 7, together with the estimated Tx
elevation angles of the MPCs as a function of delay.

Based on the measured data and ray tracing simulations, approximately
40% of the clusters are located within +/-5◦ of the horizontal plane. Therefore,
we assign a 40% probability for the clusters to be located in the horizontal plane
and a 60% probability of being located within the area bounded by the dashed
curves in fig. 7. The clusters that are not assigned to the horizontal plane are
randomly placed at a certain elevation angle using a uniform distribution over
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Figure 7: Elevation-delay dependence model for the stochastic channel
model.

the supported elevation angles for the given delay, i.e.,

f(Θl|Tl) =
1

Θmax(Tl)−Θmin(Tl)
. (10)

The values Θmin(Tl) and Θmax(Tl) are the smallest and largest possible eleva-
tion angles at a given delay, respectively. The azimuth cluster angles are, for
simplicity, modeled using a uniform distribution over the interval [0, 2π).

5.4 Intra-cluster Parameters

Our clustering results confirm that the clusters generally consist of a main peak
surrounded by weaker components with longer and shorter delays. Hence, we
adopt the same basic intra-cluster delay model as in [6], where each cluster
consist of a number of pre- and post-cursor rays. The ray inter-arrival times
were calculated by taking the delay of each pre- and post-cursor ray and sub-
tracting it with the previous one, thereby creating a set of conditional arrival
times.

Fig. 8 shows CDFs for the ray inter-arrival times for the pre- and post-
cursor rays in the LOS scenario and CDFs for exponential distributions with
MLEs of the rate parameters λpre and λpost.

Next, the mean ray decay rates and K-factors for the pre- and post-cursor
rays, γpre, γpost, Kpre and Kpost, were calculated by normalizing each ray
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Figure 8: CDF of the ray inter-arrival times for the pre- and post-cursor
rays in the LOS scenario, and exponential distributions with MLEs of
the parameters λpre and λpost.

with respect to the delay and mean amplitude of each associated cluster and
performing a linear regression.

Then, the normalized path amplitude gain distribution of the pre- and post-
cursor rays could be calculated by normalizing each ray with respect to the
mean ray amplitudes at a certain delay. The power of the pre- and post-
cursor rays are appropriately modeled using a log-normal distribution, or a
normal distribution in the dB-domain. In Fig. 9, CDFs of the post-cursor ray
power distributions for the LOS and OLOS scenarios are shown. The standard
deviation of the normal distributions are very similar for both the pre- and
post-cursor rays as well as for the LOS and OLOS scenarios, with values in the
range of 5.6 to 7.1 dB. These values are similar to the standard deviation for
the cluster peak power (i.e. the power of the main ray in each cluster), where
the standard deviation is 6.4 dB.

The intra-cluster angles were calculated by taking the difference of the ray
angles and the associated cluster centroid angles. Our results show that a good
fit to the measured inter-cluster angles, ωk,l, is achieved by a zero-mean Laplace
distribution with standard deviation σ, with probability density function

p(ωk,l) =
1√
2σ
e−|

√
2ωk,l/σ|. (11)
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Fig. 10 shows the CDF of the intra-cluster azimuth angles of arrival in the LOS
scenario, and a Laplacian distribution. Similar curves were obtained for both
the LOS and OLOS scenarios in both the azimuth and elevation domains. We
also note that the intra-cluster angles for the azimuth and elevation domains
showed very small correlation coefficients, indicating that they can be modeled
independently. The estimated values of the variance σ for the azimuth intra-
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Figure 9: CDFs of the normalized path power gains of the post-cursor
rays and a normal distribution with a MLE of the variance σ2, for the
(a) LOS and (b) OLOS scenarios.
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cluster angles for the DOD and DOA were 0.7 and 0.3 radians, respectively.
This difference is most likely attributed to the difference in placement of the
Tx and Rx arrays. The Rx array is located close to one of the corners of the
room. For the elevation intra-cluster angles, the values of σ for DOD and DOA
were estimated to be 0.2 and 0.3 radians, respectively.
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Figure 10: CDFs of the intra-cluster azimuth angles of arrival and
normal and Laplace distributions with MLEs for the standard deviation
σ, for the (a) LOS and (b) OLOS scenarios.
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6 Channel Model Comparison

In this section, the extracted channel model parameters are compared with
those of the IEEE802.11ad and IEEE802.15.3c channel models. Also, the num-
ber of clusters and number of rays inside each cluster is also discussed.

6.1 The IEEE 802.11ad Channel Model

In the IEEE802.11ad conference room channel model, the inter-cluster parame-
ters are largely based on ray tracing results and empirical distributions [6]. For
instance, the time and angle of arrival for clusters, as well as attenuation due
to reflections, are all modeled using empirical distributions. Hence, it is not
possible to compare the inter-cluster parameters of our proposed model with
the IEEE802.11ad model.

However, our proposed model adopts the same basic intra-cluster model
used in [6], making it possible to compare the two models. In Table I, the esti-
mated intra-cluster time-domain parameters for the LOS and OLOS scenarios
are presented and compared with the values from the IEEE802.11ad channel
model for the conference room environment.

Table 1: Intra-cluster time-domain parameters; Comparison with the
IEEE802.11ad Conference Room Model

Parameter Notation LOS OLOS 802.11ad

Ray decay time γpre [ns] 4.6 4.8 3.7
γpost [ns] 4.7 4.5 4.5

Ray K-factor Kpre [dB] 8.6 10.3 10
Kpost [dB] 9.0 11.0 14.2

Ray arrival rate λpre [1/ns] 0.90 1.1 0.37
λpost [1/ns] 0.90 1.0 0.31

Our results show larger values for the ray arrival rates and somewhat larger
ray decay times. These differences might be explained in part by differences
in the measurement environment but also due to differences in how the data
analysis is performed. Since the rays in our analysis are estimated using a high-
resolution algorithm in a real furnished environment, a larger number of rays
might be detected, resulting in a different ray arrival rate. The ray K-factors
are however similar.
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6.2 The IEEE802.15.3c Channel Model

The 802.15.3c channel model uses a Laplacian or Gaussian distribution, with
standard deviation σφ, to model the intra-cluster azimuth angular distribution
of the rays inside each cluster. The cluster and ray powers are modeled using
lognormal distributions with standard deviations σc and σr, respectively. This
is in agreement with the findings in this paper, and our proposed model also
employs a Laplacian distribution for the intra-cluster angular distribution and
log-normal distributions for the cluster and ray powers.

The IEEE802.15.3c channel model supports several different scenarios and
channel model parameters have been presented for desktop, office, residential,
kiosk and library scenarios [24]. Among these, the library scenario is most
similar to the conference room scenario considered in this paper. In Table II,
channel model parameters (both inter- and intra-cluster parameters) for the
IEEE802.15.3c library LOS scenario are compared with the parameters of our
model.

Table 2: Inter- and Intra-cluster time-domain parameters; Comparison with
the IEEE802.15.3c Library Model

Parameter Notation LOS OLOS 802.15.3c

Cluster arrival rate Λ [1/ns] 0.2 0.2 0.25

Ray arrival rate λ [1/ns] 0.9 1.0-1.1 4.0

Cluster decay rate Γ [ns] 8.7 8.7 12

Ray decay rate γ [ns] 4.6-4.7 4.5-4.8 7.0

Cluster log-normal st. d. σc [dB] 6.4 6.4 5.0

Ray log-normal st. d. σr [dB] 7.0-7.1 5.6-6.1 6.0

Ray DOD azimuth st. d. σφ [deg] 40 23 10
Ray DOA azimuth st. d. σφ [deg] 17.2 17.3 N/A
Ray DOD elevation st. d. σθ [deg] 11.4 12.1 N/A
Ray DOA elevation st. d. σθ [deg] 17.2 17.5 N/A

It can be observed that our results show smaller values for the ray arrival
rate compared to the 15.3c model. On the other hand, our results for the
ray arrival rate is also larger compared to that of the IEEE802.11ad model.
Furthermore, our results show larger values for the standard deviations of the
intra-cluster angular Laplacian distribution, especially for the DOD in the LOS
scenario. The reason for this could be related to differences in how the rays
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and clusters are identified.

6.3 Number of clusters and rays

In our results, we observed 6-12 and 8-12 clusters in the LOS and OLOS scenar-
ios, respectively, with an average of 10 clusters for both scenarios. The average
number of clusters in the 15.3c model is 9, whereas the IEEE802.11ad model
has a fixed value of 18 clusters. This difference is due to the fact that the clus-
ters in the IEEE802.11ad model are identified using ray tracing, and several
of those clusters would be grouped into one cluster when using a clustering
algorithm.

The observed number of rays inside each cluster ranged from 1 up to 38 in
one extreme case. The mean observed number of rays in each cluster was 7
for LOS and 9 for OLOS. It was found that the number of rays in each cluster
could be modeled using an exponential distribution. However, we have found
that due to the ray decay and the large K-factor for the rays, only the first 2-10
rays make a significant contribution to the overall statistics of the simulated
channel. Hence, the number of rays in each cluster is set to a fixed number
in our model; 6 pre-cursors and 8 post cursor rays for each cluster. The same
values are used in the IEEE802.11ad model.

7 Channel Model Validation

In order to assess the performance of the developed channel model, it needs to
be validated. In this section, in order to verify the performance of the model,
the following metrics are used to compare the outputs from the channel models
with the results from the measurements: the relative eigenvalues of the MIMO
channel matrices, the RMS delay spread and the direction spread. A large
number of MIMO channel matrices were generated using the ray tracing and
stochastic models, using the same array geometry, antenna patterns and array
positions as in the measurements. For each array position, frequency transfer
functions, H(f) ∈ C

Nt×Nr , were generated for the same 49× 49 MIMO config-
uration as in the measurement, using a bandwidth of 2 GHz in the frequency
range of 61-63 GHz, with 1001 frequency points. This frequency range was
chosen since 60 GHz wireless systems typically use bandwidths as large as 2
GHz [2], [3]. Based on these results, we compare the statistical results from
the model with the measurements for the three chosen metrics.
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Eigenvalues

The relative eigenvalues were calculated for a large number of 9 × 9 MIMO
channel matrices. These 9 × 9 channel matrices are formed using rectangular
subarrays based on the larger 49 × 49 channel matrices at each Tx/Rx array
position. We define the nth relative eigenvalue to be

λn,rel. =
λn

∑I
i=1 λi

. (12)

The relative eigenvalues are normalized with respect to the sum of all eigenval-
ues, which means each relative eigenvalue can be interpreted as a fraction of the
total instantaneous channel power. Fig. 11 shows CDFs of the four strongest
eigenvalues for the stochastic and ray tracing models as well as the measure-
ments, for both the LOS and OLOS scenarios, using all Tx array positions.
Both the stochastic and ray tracing models agree well with the measurement
data, with a slightly better agreement for the stochastic model.

RMS Delay Spread

The RMS delay spread (RMS DS) was calculated based on the power-delay
profiles (PDPs) from the measurements and for the realized PDPs generated
by the two models. The PDPs are calculated based on the channel impulse
responses (CIRs). Each CIR, h(τ), is derived by applying a Hann window
to H(f) in order to suppress side lobes, and then taking the inverse Fourier
transform. The PDP, Ph(τ) is then obtained as

Ph(τ) =
1

NtNr

Nt
∑

nt=1

Nr
∑

nr=1

|h(snr
, snt

, τ)|2, (13)

where snt
and snr

denote the spatial position relative to the array origin for
the ntth Tx and nrth Rx antenna, respectively.

The RMS DS is often calculated by only including values in the PDP that
are within a certain range from the peak value. In this paper, we apply a 30 dB
dynamic range when calculating the RMS DS. The RMS DS is then calculated
as

Sτ =

√

∑

τ Ph(τ)τ2
∑

τ Ph(τ)
−
(∑

τ Ph(τ)τ
∑

τ Ph(τ)

)2

. (14)
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Fig. 12 shows CDFs of the calculated RMS DS for the LOS and OLOS
scenarios. It can be noted that both models agree well with the measured RMS
DS for the LOS scenario, as seen in Fig. 12 (a). For the RMS DS in the OLOS
scenarios seen in Fig. 12 (b), the ray tracing model seems to underestimate the
RMS DS. The reason for this is not known, but might be related to the fact the
ray tracing model does not model all the details present in the room and also
always places clusters at the same delays and angles for a given Tx-Rx setup.

The stochastic model on the other hand, has a median value that agrees
well with the measured values in the OLOS scenario, but exhibits a much larger
variation compared to the measured results. Given that only 15 measured
values of the RMS DS is available for this comparison, it is difficult to tell
whether this variation is reasonable or not. Based on reported values of the
RMS DS in the literature for similar scenarios [27], we argue that the values of
the RMS DS modeled by the stochastic modeled is reasonable.

Direction Spread

Lastly, the direction spread was chosen as a metric to evaluate and compare
the statistical angular properties of the models and the measurements. For this
comparison, the MPC estimates from SAGE for the measurements are used in
the evaluation. The direction spread, σΩ, is calculated for each scenario, using
L MPCs, as [28]

σΩ =

√

√

√

√

L
∑

l=1

|e(φl, θl)− µΩ|2P (φl, θl), (15)

where P (φl, θl) is the normalized power spectrum, whereas φl and θl denote the
azimuth and polar angles of the lth MPC, respectively. The mean direction,
µΩ, and the unit vector for the direction of the lth MPC, e(φl, θl), are each
given by

µΩ =

L
∑

l=1

e(φl, θl)P (φl, θl), (16)

e(φl, θl) = [cos(φl) sin(θl), sin(φl) sin(θl), cos(θl)]
T .

Fig. 13 shows CDFs of the direction spread at the Tx side for the models
and measurements. The stochastic model tends to agree quite well with the
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measurement results, whereas the ray tracing model tend to underestimate
the direction spread, especially for LOS scenarios. This is likely explained by
the fact that an oversimplified geometry was used in the ray tracing model.
In the measurements, there are several strong reflections from objects in the
environment such as ceiling lamps and bookshelves [18], and these effects are
not taken into account if the room is modeled as rectangular box with tables as
the only objects in the ray tracing routine. This shows that it is of importance
to include finer details in the environment when using a ray tracing-based
approach. As a result, this makes it even more challenging to develop a simple
ray tracing-based model that effectively models the statistical behavior of 60
GHz radio channels.

8 Conclusions

In this paper, we have presented measurement-based results for a 60 GHz
double-directional MIMO channel model. The measurements were performed
in a conference room using a VNA-based measurement system with 7× 7 pla-
nar virtual arrays at both the Tx and Rx sides. The measurements included
results from 17 LOS and 15 OLOS scenarios. A large number of MPCs were
estimated using the SAGE algorithm and then clustered using the K-power-
means algorithm. As the antenna patterns were de-embedded in the SAGE
algorithm, the proposed channel model supports different antenna types and
array geometries.

The intra-cluster properties describing the rays in each cluster are modeled
stochastically. Estimated parameters for the ray decay time, K-factor and ar-
rival rate have been presented. It has also been shown that the intra-cluster
angles are appropriately modeled using a zero-mean Laplacian distribution and
that the ray power distribution around the mean can be modeled using a log-
normal distribution. Furthermore, we have shown that the angular characteris-
tics of the MPCs and clusters exhibit a clear delay dependence related to overall
geometry of the room as well as the objects in the room. Our proposed channel
model includes two novel methods of modeling the cluster angular and delay
properties; one semi-deterministic model using ray tracing and one stochastic
model using joint angular-delay pdfs. Both of these models have been validated
against the measurement data using three different metrics; the relative eigen-
values, the RMS delay spread and the direction spread. Both models agree
reasonably well with the measured data. We have also provided a detailed
comparison of the channel model parameters with those of the IEEE802.11ad
and 802.15.3c channel models.
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Figure 11: CDFs of the four strongest relative eigenvalues for the mea-
surement data and for a large number of realizations using the ray tracing
and stochastic models in the LOS (a) and OLOS (b) scenarios.
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Figure 12: CDFs of the RMS delay spreads for the measurement data
and for a number of realizations using the ray tracing and stochastic
models, for the LOS (a) and OLOS (b) scenarios.
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Figure 13: CDFs of the Tx direction spread in the LOS (dashed curves)
and OLOS scenarios (solid curves).







Characterization of 60 GHz Shadowing

by Human Bodies and Simple

Phantoms

The 60 GHz band is very promising for high data rate (>1 Gb/s)

wireless systems operating at short ranges. However, due to the short

wavelengths in this frequency band, the shadowing effects cuased by hu-

man bodies and furniture are severe and needs to be modeled properly.

In this paper, we present an experimental, measurement-based character-

ization of the reflection and shadowing effects in the 60 GHz band caused

by human bodies and various phantoms, in order to find simple phantoms

suitable for use in human shadowing measurements. It is shown that a

water-filled human phantom serves as a good choice for this purpose.
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1 Introduction

Next generation wireless systems operating in the 60 GHz band are currently
being designed to provide very high data rates (> 1 Gb/s) for short range
communications. Products are already on the market and several standards,
such as the IEEE standards 802.11ad [1] and 802.15.3c [2], are available or
under development. Propagation in the 60 GHz band is characterized by a
large free-space path loss, low transmission through obstacles and also suffer
from sharp shadow zones that can be caused by e.g. furniture or humans.
Measurement results have shown that shadowing due to moving human bodies
have a significant impact on the propagation of millimeter waves and fading
depths of around -20 dB [3] or in the range of -18 to -36 dB [4] have been
reported. For propagation and performance analyses, it is therefore of vital
importance to have a good model for human interaction such as shadowing
and reflection.

Measurements of moving people require real-time systems, which at 60 GHz
usually limits the number of Tx and Rx antennas that can be used. Real-time
multi-antenna channel sounders at 60 GHz are rare but do exist. Such a chan-
nel sounder was presented in [5] and has since been used to characterize the
shadowing events due to human bodies using two access points and one Tx [3].
Some measurements do require a larger number of antennas, which can exclude
the possibility of using real-time measurements. So far, this has usually been
the case when studying the directional properties of the 60 GHz band. Such
measurements are typically performed using virtual arrays [6] or highly direc-
tional antennas that are mechanically steered [7] and requires that the channel
is nearly static. Measurement-based results of the directional properties that
also includes the effects of human shadowing are however scarce.

In the literature, ray tracing is often used to simulate the effects of human
interaction and the human body is modeled in several different ways. In [8],
the authors present a 60 GHz human blockage model developed within the
framework of the IEEE 802.11 Task Group ad. The model is based on ray
tracing and includes a knife edge diffraction model which is an extension of
the work in [9]. In [8], the human blockage is modeled using two double knife
edges for the body and two single knife edges for diffraction over a human head.
In [10], a diffraction based model is used to study network link connectivity,
where the human body is approximated by a perfectly conducting cylinder. The
authors in [11] employ a ray tracing technique to study human body shadowing
at 60 GHz, where the human body is modeled by a cylinder with a partition of
salt water that is circumscribed by a parallelepiped. The models used in [8], [10]
and [11] are efficient ways to simulate the shadowing effects in the 60 GHz band.
However, these effects still needs to be further characterized using measurement
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based results, and the human body models used in the above studies might not
be appropriate for use in measurements. In more recent studies, 60 GHz human
phantoms with appropriate dielectric properties, suitable for use in on-body
antenna measurements, are being developed [12], [13]. The aim of this paper
is to find a more simple human phantom suitable for use in 60 GHz human
shadowing measurements. In such measurements, the Tx and Rx antennas are
typically placed at a far-field distance from the shadowing object, and it is
only required that the phantom have the appropriate shadowing and reflection
properties. For this reason, we present a measurement-based characterization
of the shadowing and reflection properties of human bodies and various human
phantoms.

2 Measurement Setup and Methods

2.1 Measurement Equipment

In our measurements, transfer functions were measured using an Agilent
E8361A vector network analyzer (VNA). The measured frequency range was
58-62 GHz, using 1601 points, a stepped sweep and an IF-bandwidth of 1 kHz.
Fig. 1 shows the basic measurement setup. A V-band horn antenna with a
gain of 20 dB was used at both the Tx and Rx. The setup also utilizes a
power amplifier (PA) with a gain of 20 dB and a low-noise amplifier (LNA)
with a gain of 30 dB, both of which are connected to a high frequency coaxial
cable using a coaxial to waveguide transition. High accuracy electromechanical
positioners are used to scan the antennas linearly in a cross section plane of
the shadowing object.

Since the measurements are performed using a VNA and antenna position-
ers, it is important that the shadowing object remains still during the entire
measurement. Due to the short wavelength of about 5 mm, it is difficult to
measure the human blockage since even breathing may cause a person to move
too much. For this reason, we initially consider the shadowing due to human
legs for the investigation. This makes it easier to make reproducible measure-
ments and to compare the results with simple theoretical models. Four different
types of shadowing objects are considered initially: human leg, a plastic cylin-
der filled with water or wrapped with aluminum foil, and a thin metallic sheet.
The cylinder has a diameter of 11 cm and the PVC plastic is about 3 mm thick.
The metallic sheet is 11 cm wide and has a thickness of 1 mm. In the mea-
surement of the human legs, the main beam of the antennas were directed at
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Figure 1: Measurement setup.

the lower part of one thigh. At this part of the leg, the four different measured
legs had approximate diameters in the range of 11-12.7 cm. As a final step,
the shadowing of a more realistic human phantom is compared with those of
human bodies.

2.2 Measurement procedure

Two different types of measurements were performed to characterize the shad-
owing. In the first, one antenna is placed at a fixed and centered position
behind the shadowing object. The other antenna is then moved linearly across
the width of the object. In the second measurement, both antennas are scanned
across the width of the object simultaneously. The distance from each antenna
to the object is set to 70 cm, and the polarization is vertical to vertical unless
otherwise specified. In each measurement, a line-of-sight (LOS) measurement
was performed as a reference, where the shadowing object was removed. The
VNA was calibrated and a back-to-back measurement was performed to re-
move the influence of the coaxial to waveguide transition. The measured data
is then post processed to remove the influence of the PA and LNA and then
gated in the delay domain to remove contributions from possible multi-path
components with delays that are longer than those of the diffracted field. We
then define the shadowing gain as

gS(f, rTx,Rx) = HShadow(f, rTx,Rx)/HLOS(f, rTx,Rx), (1)
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Figure 2: Diffraction around a perfectly conducting cylinder.

where HShadow and HLOS are the post processed frequency transfer func-
tions of the shadowing and LOSmeasurements, respectively, and rTx,Rx denotes
the position of the Tx/Rx.

2.3 Diffraction by a Cylinder

The diffraction around a perfectly conducting cylinder, as shown in Fig. 2,
can be analytically calculated using a model based on the geometrical theory
of diffraction (GTD) [14]. A normally incident wave with a linearly polarized
E-field in the z -direction is assumed.

The amplitude of the incident E-field reaching the glancing points A1 and
A2 is denoted Ei. The diffracted E-field at the position P2, Ez, can then be
written as

Ez =

N
∑

n=1

De
nEi

exp(−jksd)√
8jksd

[

exp{−(jk +Ωe
n)τ1}+ exp{−(jk +Ωe

n)τ2}
]

(2)

The incident rays each travel a distance along the cylinder (τ1 and τ2) and
are attenuated according to the attenuation constant Ωn. For the E-field, this
constant is given by

Ωe
n =

αn

a
Mejπ/6. (3)
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Table 1: Complex permittivity at 60 GHz

ǫc Ref.
Skin 7.98− j10.91 [15]
Fat 2.51− j0.84 [15]
Infiltrated Fat 4.40− j3.13 [15]
Muscle 12.85− j15.74 [15]
Water (20◦ C) 11.9− j19.5 [12]

Finally, Dn and M are each given by

Dn = 2M{Ai′(−αn)}−2ejπ/6, M =

(

ka

2

)1/3

(4)

Here, −αn denotes the zeros of the Airy function Ai(·), k is the wavenumber
and a is the radius of the cylinder.

2.4 Dielectric Properties

The dielectric proerties of human tissue is of importance when developing hu-
man phantoms. At 60 GHz, the penetration depths in tissues are typically
small, which could indicate that it is important that the outer layer of the
phantom has dielectric properties similar to those of human skin. Table 1 lists
some typical values of the complex permittivity, ǫc = ǫ′ − jǫ′′, at 60 GHz, for
human skin, fat, muscle and of pure water at 20◦ C. We note that the dielectric
properties of pure water at 20◦ C are more or less similar to those of muscles.
For a more detailed discussion about the dielectric properties at 60 GHz, the
reader is referred to [12] and the references therein.

The dielectric properties of PVC plastics at 70 GHz and above have been
reported to have typical values around ǫc,PVC = 2.9−j0.03 [16], which indicates
that the dielectric loss in PVC at 60 GHz is low compared to skin. However,
this also indicates that the real part of the permittivity of PVC at 60 GHz
could be similar to that of uninfiltrated fat. A PVC phantom could be covered
with an appropriate layer with dielectric properties similar to those of skin to
create a layered model of the human skin/fat layers. This is however outside
the scope of this paper.
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Figure 3: Shadowing gain for the metallic cylinder and for the GTD
model. The Tx and Rx are moved simultaneously across the width of
the cylinder.

3 Results

3.1 Theoretical vs. Measured Shadowing Gain

Fig. 3 shows the measured and theoretical shadowing gain for the metallic
cylinder when the Tx and Rx are moved simultaneously across the width of
the cylinder. The theoretical curve was calculated using the GTD model de-
scribed above. The curves show a good overall agreement with a slightly worse
agreement close to the edge of the shadowing boundary. This can be attributed
to the fact that the theoretical GTD model used is no longer valid close to the
transition region about the shadow boundary. However, in the deep shadow
region, the GTD model can predict the shadowing gain accurately and shows
that the diffracted field can be described by so called creeping waves along the
surface of the cylinder.

Using the GTD model, the shadowing gain was calculated for different
metallic cylinders with radii ranging from 5-25 cm. The result is shown in
Fig. 4. As a reference, the radius of the cylinder used to model the human
body in [11] is 15 cm.
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Figure 4: Calculated shadowing gain for metallic cylinders with differ-
ent radii, using the GTD model.

3.2 Shadowing Gain for various Objects

Fig. 5(a) shows the measured shadowing gain for different shadowing objects
as a function of Tx position with the Rx at a fixed position. All objects
show similar diffraction patterns with slightly different shapes. The diffraction
patterns for the legs display assymmetry, which could be explained by the fact
that the legs are not perfectly cylindrical. The metallic and water filled cylinder
show a better agreement to the shadowing gain of the legs as compared to the
metallic sheet.

In Fig. 5(b), both the Tx and the Rx are moved simultaneously, which
makes the diffraction dips occur more frequently over distance. The metallic
cylinder shows a good agreement with the shadowing gain of the legs, especially
for person A. The leg of this person had a diameter of approximately 11.3 cm,
which is close to that of the cylinder.

3.3 Polarization

So far, only vertical-to-vertical polarization has been considered. For this rea-
son, the shadowing gain of a persons leg was measured using both vertical-
to-vertical (V-V) and horizontal-to-horizontal (H-H) polarization. The result
is seen in Fig. 2, which shows that the shadowing loss is greater for V-V
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Figure 5: Shadowing gain for different shadowing objects with (a) a
fixed Rx and (b) with the Tx and Rx moved simultaneously.
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Figure 6: Shadowing Gain for a leg, with vertical-to-vertical and
horizontal-to-horizontal polarization.

polarization.

This is due to a higher diffraction loss for fields that are parallel to the
surface of the shadowing object. For this particular measurement, the difference
between V-V and H-H polarization is about 5-6 dB in the deep shadow region.
However, this difference could be even greater for other shadowing objects
where the waves traverse a longer distance along the surface of the shadowing
object. When considering a more general shadowing scenario, it is difficult to
say if V-V or H-H polarization is to be preferred, since diffraction may occur
around the shoulder, head or the sides of a person.

3.4 Reflection

The diffraction patterns of the metallic and water filled cylinder turned out to
be quite similar. However, in order to find an appropriate phantom suitable
for use in measurements, the reflection needs to be considered as well. Fig. 7
shows the measured reflection for the metallic cylinder, the waterfilled cylinder
and a human leg. The reflection from the metallic cylinder is more than 4
dB higher than for the waterfilled cylinder, while the reflection from the leg is
fairly similar to that of the waterfilled cylinder.
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Figure 7: Measured reflection from a human leg and the metallic and
waterfilled cylinders.

3.5 A Realistic Human Phantom

For reasons explained above, only simple phantoms have been considered so
far. The next step is to try to find a human phantom with a more realistic
shape, that also is suitable for use in measurements. Since the water-filled PVC
cylinder had reflection and shadowing properties similar to those of a human
leg, it could be reasonable that a water-filled human phantom would be a good
candidate for 60 GHz shadowing measurements. In order to verify if this is
the case, a series of measurements were performed, comparing the shadowing
gain of the water-filled human phantom shown in Fig. 8 with those of humans.
The shell of this phantom is made of a type of fiberglass and has a thickness
of about 3 mm, which is the same as for the PVC cylinder. The dielectric
properties of this shell at 60 GHz is however unknown, which is an issue.

Two different types of measurements were performed in order to compare
the shadowing caused by the human phantom with that of humans. The dashed
lines in Fig. 8 indicate the distances over which the antennas were scanned, for
the two different scenarios. In the first scenario, both antennas are placed at
a distance of 70 cm from the phantom and are moved in a cross-section plane
along one of the shoulders. This resembles a scenario where a person stands
up and blocks the line-of-sight between the Tx and Rx.

In the second scenario, the antennas are instead moved across the neck of the
phantom. Again, both antennas were moved simultaneously over this distance
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z'

-0.1         0       0.1

Figure 8: A human phantom. The dashed line indicates the distance
over which the antennas are scanned. Corresponding measurements us-
ing humans were also performed.

and the polarization is V-V. For both scenarios, the phantom was replaced with
humans and great care was taken to ensure that the persons were sitting as
close as possible to the original position of the phantom. Each person tried to
remain as still as possible during the duration of the entire measurement. The
measured shadowing gain for the shoulder scenario is shown in Fig. 9 for three
different persons and the human phantom. The shadowing gain of all three
persons show higher values in the deeper shadow region when compared to the
human phantom. The curve for person A shows a trend similar to the human
phantom. The measurement for person B also shows a good agreement for
certain parts of the curve. The poor agreement for curve C could be caused by
movement of the person during the measurement. Furthermore, this particular
phantom does not have any arms, which could influence the results, making it
difficult to properly evaluate the results.

For this reason, an improved measurement setup was used for the neck
scenario, where the person was monitored using a video recording to ensure
that no movement took place. Also, a person with a neck size similar to that of



132 PAPER III

0 −0.02 −0.04 −0.06 −0.08 −0.1 −0.12 −0.14 −0.16
−40

−35

−30

−25

−20

−15

−10

−5

0

Antenna position [m]

S
ha

do
w

in
g 

G
ai

n 
[d

B
]

 

 

Human Phantom
Person A
Person B
Person C

Figure 9: Shadowing gain for the shoulder cross-section.

the human phantom was chosen for the measurement. The shadowing gain was
measured across the neck in order to minimize the influence from the arms of
the person. Furthermore, this scenario resembles the shadowing due to a human
leg, making it easier to verify that the measurement results are reasonable. The
shadowing gain for this scenario is shown in Fig. 10 for the person and the
human phantom. The two curves show a good agreement, both in the deep
shadowing region and close to the lit region. This indicates that the water filled
human phantom is suitable for use in 60 GHz shadowing measurements.

3.6 Future Work

Our results show that the physical dimensions of the shadowing objects have
a large impact on the shadowing at 60 GHz. In future work, a larger set
of measurements are needed to assess the influence of varying body sizes as
well as to characterize the typical shadowing features of an average person.
The influence of clothing might need to be investigated as well, since only few
examples of this exist at 60 GHz [17].
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Figure 10: Shadowing gain for the neck cross-section.

4 Conclusions

We have performed a measurement based investigation of the 60 GHz shad-
owing gain of human bodies and various phantoms in order to find a phantom
suitable for use in measurements. It has been concluded that the measured
shadowing gain of human legs are similar to those of the phantoms that were
studied. The best agreement was found for the metallic and water-filled cylin-
der. The metallic sheet also showed a similar pattern with a slighlty higher
gain. However, from a measurement point of view, any knife edge type of
phantom, such as the metallic sheet, has the drawback of being sensitive to
the exact orientation of the phantom. Furthermore, the reflection properties
of such a phantom would be an issue. Comparing the reflection properties of a
human leg with those of the metallic cylinder, it was found that the reflection
from the metallic cylinder was higher than for the leg by around 4 dB. The
water-filled cylinder on the other hand, showed a fairly good agreement with
the reflection from the human leg. Based on these results, a water-filled human
phantom with a more realistic shape was then considered. This phantom was
found to have shadowing properties similar to those of humans. This indicates
that the water filled human phantom is appropriate for use in human shadowing
measurements at 60 GHz.
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Modeling the Cluster Decay in

mm-Wave Channels

The cluster power is an important parameter for cluster-based wireless

channel models. This paper addresses modeling and estimation of the

cluster power for wireless channels. A novel way of estimating the cluster

decay and cluster fading, where the effects of the noise floor is taken into

account, is presented. Due to the noise floor present in the measurement,

only a limited number of clusters are available when estimating the cluster

decay. It is shown that the estimated cluster decay and cluster fading can

be improved if the effects of the noise floor and cluster fading are modeled

and taken into account in the estimation step. If the noise floor is not taken

into account in the estimation of the cluster decay, the resulting model can

overestimate the RMS delay spread. Further, the paper includes estimates

of the cluster decay and fading based on measured clusters for an indoor

wireless mm-Wave channel in a conference room environment.
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1 Introduction

Realistic wireless channel models are essential for the development of wireless
systems and techniques. Wireless systems operating in the millimeter wave
frequency range has gained a lot of interest over the recent years and the 60
GHz band has received special attention due to the large bandwidth that is
available worldwide [1]. Efforts have already been made regarding standard-
ization by the IEEE 802.15.3c [2] and IEEE 802.11ad [3] working groups, and
some commercial products are already available on the market.

The propagation characteristics in the 60 GHz band are inherently differ-
ent from those in the lower frequency bands. Furthermore, the 60 GHz band
has not been researched to the same extent as lower frequency bands, which
makes it essential to properly characterize all aspects of the various propaga-
tion characteristics. Wireless channel models typically rely on a set of model
parameters. An important part of these parameters are the ones that describe
the characteristics of the cluster power. The cluster power has been modeled
in various different ways for the 60 GHz band. In this paper, we are mainly
focusing on a framework that is based on the Saleh-Valenzuela model [4]. A
version of the Saleh-Valenzuela model is used in the IEEE802.15.3c channel
model [2]. There, the cluster power is mainly characterized by the cluster de-
cay rate and the cluster fading. Usually, the average cluster power is assumed
to be exponentially decaying with delay, but some modified versions have also
been proposed. For instance in [5], a flat-to-exponential breakpoint model was
suggested for the cluster decay.

In this paper, we present a novel method, where the cluster decay and cluster
fading is estimated by taking the effects of assumed missing clusters, located
below the noise floor, into account. We provide some numerical examples as
well as results based on measured data for a wireless mm-Wave channel in
a conference room environment [6]. Using a simple numerical example, with
known parameters, we show that if the noise floor is not taken into account, the
estimated cluster decay and cluster fading can deviate significantly from the
true value in certain cases. We also use the channel model presented in [6] to
show how the modeled RMS-delay spread can be affected if the missing clusters
are not taken into account in the estimation.

The estimation method presented in this paper is also applicable to other
frequency bands and to many other estimation problems. Due to the fact that
wireless channel measurements always are limited by noise and that fading can
cause the signal to vary significantly, the method could be useful in many other
wireless estimation problems. For example, it could be applied when estimating
the path loss exponent and the variance of the shadow fading. In general, the
method is especially useful for data with missing samples due to noise and with
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a variance that is fairly large in relation to the dynamic range of the observed
samples.

2 Cluster Decay Model

The cluster decay model considered in this paper is based on an extended Saleh-
Valenzuela model [4], [7]. In such models, the cluster power and the cluster
delay is often expressed relative to the average power of the first cluster and
relative to the delay of the first cluster, respectively. For modeling purposes,
we shall depart from this convention and instead express the cluster power
and cluster delay using the same units as in the measurement. In this paper,
β2
0,l denotes the cluster power of the lth cluster, with its power expressed as

the received power relative to the transmit power. Similarly, Tl, denotes the
propagation delay of the lth cluster, with delay expressed in seconds. The
reason for using these units, is that it makes it possible to estimate the channel
model parameters for the cluster power without having to normalize each data
set with respect to the delay and power of the first cluster. This way, the noise
floor from each measurement is kept at a constant level and is the same for all
data sets, and can easily be taken into account in the estimation. In addition,
the variance of the large scale fading process of the clusters is decreased as
absolute values are used instead of relative values for the estimates.

2.1 Probability distribution for the Cluster Power

The cluster power β2
0,l is modeled using the expression

ln(β2
0,l) = − 1

Γ
Tl +m+ ǫl, (1)

where Tl is the propagation delay of the lth cluster, Γ is the cluster decay time
constant, m is a reference level and where ǫl ∼ N (0, σ2) is the cluster fading.
Hence, ln(β0,l) ∼ N (µ, σ2), with expected value

µ = E{ln(β2
0,l)} = − 1

Γ
Tl +m. (2)

Here we note that, although m can be interpreted as the expected value of
ln(β2

0,l) at a propagation delay of 0 seconds, it should not be interpreted in a
physical sense, since the model under consideration is only valid when the Tx
and Rx are placed at a far-field distance from each other. However, given m
and Γ, it is possible to calculate a useful measure, such as the expected value
of the received cluster power at a distance of 1 m.
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As ln(β2
0,l) is Gaussian, the distribution for the cluster power β2

0,l is log-
normal with probability density function

p(β2
0,l) =

1√
2πσβ2

0,l

exp

(

−
(ln(β2

0,l)− µ)2

2σ2

)

. (3)

Furthermore, taking the expected value of the cluster power yields

E{β2
0,l} = exp

(

m+
σ2

2

)

exp

(−Tl
Γ

)

, (4)

i.e., the expected value of the cluster power is exponentially decaying with
delay. This is essentially the same way of modeling the cluster decay as done
in the well-known Saleh-Valenzuela model [4].

3 Estimation

Given a set of measured data, we wish to estimate the parameters of Eq.
(1), i.e. the constants m and Γ, as well as the variance σ2. Here, we make
the assumption that these parameters do not change for different locations
within the room. Under this assumption, it is possible to combine the different
measured data sets into one large data set that can be used for the estimation.
Using Eq. (1), with α = (m − 1/Γ)T , the data set can be modeled as

y = Xα+ ǫ, (5)

where

y =











ln(β0,1)
ln(β0,2)

...
ln(β0,L)











, X =











1 T1
1 T2
...

...
1 TL











, ǫ =











ǫ1
ǫ2
...
ǫL











.

Using ordinary least squares, the parameter α can be estimated as

α̂ =
(

XTX
)−1

XTy. (6)

Given α̂, the variance σ2 can be estimated as

σ̂2 =
1

L− 1
(y −Xα̂)T (y −Xα̂). (7)
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However, when estimating the parameters this way, the effects of the noise
floor are not taken into account, and are thus only applicable for cases when
the effects of the noise floor are insignificant. In practice, there is a noise floor
present in the measurement, and y is only observed if y > c = ln(Pnoise), where
Pnoise is the relative power of the noise floor present in the measurement. The
value of Pnoise is assumed to be known and constant over different measurement
sets. In practice, this value is estimated based on measurement data. Due to
the noise floor, each observation follows a truncated normal distribution,

yi ∼ Nc(xiα, σ
2). (8)

The likelihood expression for this distribution is given by

l(σ,α) =

n
∏

i=1

1
σφ(

yi−xiα

σ )

1− Φ( c−xiα

σ )
, (9)

where φ(·) is the probability density function for the standard normal distri-
bution and Φ(·) is its cumulative distribution function, and hence Eq. (9) can
be written as

l(σ,α) =

n
∏

i=1

1√
2πσ

exp(− 1
2σ2 (yi − xiα)2)

1
2 (1− erf( c−xiα√

2σ
))

, (10)

where erf(·) is the error function. Using the log-likelihood L(σ,α) = ln[l(σ,α)],
the parameters σ and α are estimated using

argmin
σ,α

{−L(σ,α)}. (11)

which is easily solved by numerical optimization of α and σ.

4 Results

4.1 Estimation using Synthetic Data

Before proceeding to measured data, we first consider an example using syn-
thetic data generated according to the model in Eq. (1), with known values for
Γ, m and σ. The data was generated using 700 samples. A synthetic noise level
was introduced at ln(Pnoise) = −24, separating the observable samples from
the unobservable ones, yielding approximately 350 observable samples for the
estimation, which is only slightly more than the number of samples available
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for the measured data. Then, the model parameters for the synthetic data were
estimated in two ways. For the first set of parameters, ordinary least squares
are employed without considering the effects of the noise floor, i.e. Eq. (6) and
(7) are used based on the observable samples. For the second set of parameters,
Eq. (11) is used, which takes the effects of the noise floor into account.
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Figure 1: Estimation based on synthetic data with a noise floor located
at ln(Pnoise) = −24.

Fig. 1 shows the synthetic data and the estimated cluster decay using these
two methods, as well as the true cluster decay. It can be observed that when
using a truncated regression, the estimates for the cluster decay agrees quite
well with the true cluster decay. However, when performing a regression with-
out considering any truncation, the cluster decay estimates are less accurate,
especially for the cluster decay. This means that the expected value of the clus-
ter power will deviate from the true value with increasing delay. As a result,
clusters with long delays generated based on these estimates will have a power
that often is larger than the values typically observed in the measurement. In
Section 4.3, we will show, using measured data, that this can have a severe
effect on the modeled RMS-delay spread.

Table 1 shows the true and estimated values of the parameters for the
synthetic data used in Fig. 1. It shows that, for this specific example, when
performing a regression without considering truncation, Γ is overestimated and
the standard deviation σ is underestimated. In general, the estimation error
when neglecting the truncation can be more or less severe depending on the
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Table 1: Estimated parameters for synthetic data.

m Γ [ns] σ

Regression w/o truncation -20.6 13.2 0.99

Regression with truncation -20.3 9.0 1.15

True values -20.3 8.7 1.21

exact signal-to-noise ratio (SNR), slope and variance in each specific case. How-
ever, for cases with a limited SNR and a variance that is large in relation to
the dynamic range of the samples, the type of behavior illustrated in the above
example can be expected.
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Figure 2: Estimation based on measured data at 62 GHz in a conference
room environment with an estimated noise floor at ln(Pnoise) = −27.1.

4.2 Estimation using Measured Data

Using measured data for the cluster power in a conference room environment
at 62 GHz [6], we estimate the model parameters of Eq. (1) in the same way as
before. The measurement data consists of 17 different line-of-sight (LOS) and
15 obstructed line-of-sight (OLOS) scenarios. The data for the cluster power in
the LOS scenario does not include the LOS component, since this component
is being modeled deterministically. Here, we assume that the cluster decay
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and cluster fading parameters are the same in the LOS and OLOS scenarios.
This assumption was justified by estimating these parameters for the LOS and
OLOS scenarios separately, which only revealed minor differences between the
different estimates.

Fig. 2 shows the straight lines for the estimated cluster decay for the two
different estimation techniques and Table 2 shows the values of the estimated
parameters. When the truncation is not considered, the estimated cluster decay
time constant is Γ̂ = 16.4 ns, which is nearly twice as large as the estimated
value found using the truncated regression, namely Γ̂ = 8.7 ns. Also, similar
to what was found in the previous example, the estimates m̂ and σ̂ are slightly
larger for the truncated regression compared to that of the regression without
considering truncation.

Table 2: Estimated parameters for measured data.

m Γ [ns] σ

Regression w/o truncation -21.3 16.4 1.21

Regression with truncation -20.3 8.7 1.47

Clearly, these two different approaches yield quite different results. In order
to give an illustrative example of the typical differences one might encounter for
these two approaches, two different power-delay profiles (PDPs) are generated
using the stochastic channel model presented in [6]. In the example, the two
different PDPs are generated using the cluster decay parameters estimated with
and without truncation, respectively.

These two PDPs are shown in Fig. 3, along with the measured PDP for this
specific Tx-Rx separation (the Tx-Rx separation is assumed to be known in the
channel model). The generated PDPs are reasonably similar to the measured
PDP for delays up to 55 ns in this specific example. For delays larger than
this, it can be observed that the PDP based on estimates without truncation is
significantly stronger compared to the measured PDP. This kind of effect can
cause the RMS-delay spread (RMS-DS) to be overestimated.

For an additional comparison, the average PDP (APDP) is caluclated based
on the PDPs that were measured and based on the PDPs generated using the
channel model. The APDP is calculated using N different PDPs, as

APDP =
1

N

N
∑

n=1

Ph,n(τ), (12)

where Ph,n(τ) is the nth PDP. The APDP for the measurements and the models
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Figure 3: Ameasured PDP and single realizations based on the stochas-
tic channel model in [6] with and without truncation.

with and without truncation, as well as the corresponding residuals, are shown
in Fig. 4(a) for the LOS scenario and in Fig. 4(b) for the OLOS scenario.

First, we note that the Tx-Rx separations for the measured and modeled
PDPs corresponds to delays of about 3 to 15 ns, and only 15 and 17 PDPs
are available when calculating the APDP for the LOS and OLOS scenarios,
respectively. As a result, this causes the uneven shape that is observed in the
APDP for delays in the range from 0-15 ns.

In the LOS scenario, both models agree fairly well with the measured APDP.
However, the model without truncation overestimates the APDP for longer
delays, whereas the model with truncation seems to underestimate the APDP
slightly for longer delays. For delays in the range of 0-15 ns, both models
agree well with the measurement. This is explained by the fact that the LOS
component is being modeled deterministically.

For the OLOS scenario, it can be noted that for delays smaller than 15 ns,
the measured APDP is significantly smaller compared to the modeled APDP.
This difference could be caused by the fact that only 15 PDPs are used to
calculate the APDP for the OLOS measurement. The model with truncation
agree quite well with the measurement for delays longer than 15 ns, whereas
the model without truncation consistently overestimates the APDP for delays
longer than 45 ns.
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4.3 RMS Delay Spread

The above examples illustrated effects which suggests that the RMS-DS could
be overestimated. In order to verify if this is the case, a large number of
PDPs were generated in the same way as before, for several different Tx-Rx
separations. Then, the RMS-DS was calculated based on each of these PDPs,
Ph(τ) as

Sτ =

√

∑

τ Ph(τ)τ2
∑

τ Ph(τ)
−
(∑

τ Ph(τ)τ
∑

τ Ph(τ)

)2

, (13)

with τ being the delay. This was done for both the line-of-sight (LOS) and
obstructed line-of-sight (OLOS) scenarios. The result is plotted as a CDFs of
the RMS-DS for the channel model using estimates with and without truncation
and also includes the measured RMS-DS.

The result is shown in Fig. 5(a) for the LOS scenario and in Fig. 5(b) for
the OLOS scenario.

In the LOS scenario, the RMS-DS for the truncated regression model seems
to agree quite well with the measured values, whereas the model without trun-
cation seems to overestimate the RMS-DS. For the OLOS scenario, both mod-
els have much larger tails as compared to the CDF of the measured RMS-DS.
However, given that only 15 samples are available for the measured RMS-DS
in this case, it is difficult to tell whether the heavy tails are appropriate or not.
Based on reported values of the RMS-DS for 60 GHz indoor channels in the
literature [8], we argue that these tails for the CDFs are reasonable.

5 Conclusions

In this paper, we present a novel way of estimating the cluster decay and
cluster fading, wherein the effects of the noise floor is taken into account. It
has been shown that in cases where the SNR is limited and the variance of
the cluster power is large in relation to the dynamic range of the samples,
the effect of the noise floor can have a significant impact on the estimated
cluster decay parameters, due to missing samples. This problem is solved by
taking the missing information into account in the model through the use of
a truncated normal distribution and by estimating the parameters based on
a likelihood expression for this distribution. Numerical examples have been
presented, including measurement based results for clusters in a wireless mm-
Wave channel in a conference room environment. The results show that if
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the noise floor is not taken into account, the RMS delay spread might be
overestimated.
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Figure 4: Average power delay profiles for the LOS (a) and OLOS (b)
scenarios for the measurements and using the model with and without
truncation. The residuals between the measurements and models are
also shown, indicating that the model without truncation overestimates
the APDP for longer delays.
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Figure 5: CDFs of the RMS delay spreads for measured data and using
the channel model with cluster power parameters estimates based on
the considered estimation techniques for the LOS (a) and OLOS (b)
scenarios.







60 GHz Spatial Radio Transmission:

Multiplexing or Beamforming?

This paper compares the capacity improvement capability of spatial

multiplexing and beamforming techniques for 60 GHz spatial transmis-

sions in a multi-carrier radio system such as orthogonal frequency divi-

sion multiplexing. The term beamforming in this paper refers to the

conventional gain focusing, for the strongest propagation path, by narrow

antenna beams. Our channel capacity metric depends only on the multi-

path richness of the propagation channel and the antenna aperture size,

but is otherwise independent of the realization of antenna elements on the

aperture. Our analysis also reveals the spatial degrees-of-freedom (SDoF)

of the radio channel, which is the maximum number of antenna elements

on the aperture for efficient spatial multiplexing. We evaluate the capac-

ity and SDoF of single-polarized 60 GHz radio channels measured in a

conference room environment. Our results show that the radio channel

offers multiple SDoFs both in line-of-sight (LOS) and non-LOS (NLOS)

scenarios such that spatial multiplexing can improve the channel capacity,

provided that the receive signal-to-noise ratio (SNR) is sufficiently high

to utilize them. Under −10 dBm of the transmit power, the high receive

SNR is guaranteed when the antenna aperture size is larger than 1λ2 in

LOS and 9λ2 in NLOS scenarios, respectively.
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1 Introduction

The millimeter-wave 60 GHz radio frequency band is considered to be one of the
most promising candidates for short-range high-data-rate communications due
to a wide bandwidth of several GHz available worldwide [1]. Recent standard-
ization activities for 60 GHz radio technologies in wireless personal and local
area networks have brought the technology into the practical domain [2, 3].
Another distinguished feature of 60 GHz radio systems, when compared with
conventional short-range wireless systems operating at 2 and 5 GHz, is the
capability of dense spatial communications because of the short wavelength of
5 mm. A physically small antenna aperture can be electrically large and hence
is capable of steering high-gain narrow beams towards the strongest propaga-
tion path [4–6]. Since the propagation attenuation is fairly high in the 60 GHz
band, enhancement of a signal-to-noise ratio (SNR) at the receive (Rx) side
through beamforming is an important feature in the link design. Furthermore,
because many antenna elements can be implemented on the small aperture,
it is possible to increase the channel capacity significantly by spatial multi-
plexing if the Rx SNR is sufficiently high [7, 8]. In both spatial multiplexing
and beamforming, interaction between the antennas and the propagation con-
ditions determines the attainable performance of a radio link such as channel
capacity. This paper provides insights on the attainable performance of such
spatial transmission schemes by:

• Deriving the spatial degrees-of-freedom (SDoF) of 60 GHz radio chan-
nels, which are defined by the antenna aperture size and the propagation
condition. The SDoF is the maximum number of antenna elements on
the aperture for efficient spatial multiplexing [9];

• Evaluating channel capacity in the 60 GHz band for a multi-carrier radio
system such as orthogonal frequency division multiplexing (OFDM), in
such a way that the capacity depends only on the propagation condition
and antenna aperture size but otherwise is independent of the realization
of antenna elements on the aperture; and finally,

• Comparing spatial multiplexing and beamforming techniques in terms of
their attainable channel capacity using measured 60 GHz radio channels.

The capacity gains that can be leveraged from spatial radio transmission de-
pend on both the propagation conditions and the antenna configuration. In
the literature several metrics such as the channel capacity, the number of dom-
inant eigenchannels, and the eigenvalue dispersion have been used to gauge
the capacity enhancement potential of multiple-input multiple-output (MIMO)
antenna systems. However, when these metrics are evaluated with a specific
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configuration of antenna arrays, applicability of the results is limited to the
evaluated antenna configurations only. To obtain more generic estimates of
capacity improvement that are applicable to various antenna geometries, we
evaluate a channel capacity that depends on the propagation conditions and
the antenna aperture size only, but is otherwise independent of the antenna
geometry. The capacity evaluated in this manner is called the intrinsic channel
capacity [10], which has been investigated in literature [11–15]. In the course
of evaluating the channel capacity, we also discuss the maximum number of
dominant eigenchannels for a given propagation condition and the transmit
(Tx) and Rx antenna aperture size – termed the SDoF of the radio channel –
that closely relates with the intrinsic capacity. The SDoF is a measure of the
number of antenna elements on the aperture that can efficiently contribute to
increasing the channel capacity via spatial multiplexing. The SDoF is also the
spatial multiplexing gain in the high SNR regime [11]. The SDoF for multiple
antenna channels has been studied for canonical channels [8,13,14,16] and for
measured radio channels [9, 17, 18]. The studies of the SDoF and the capac-
ity for 60 GHz channels still require efforts based on measurements since the
corresponding results at the lower frequency bands may not be applicable nec-
essarily. For example, investigations of measured 60 GHz radio channels have
shown much weaker diffraction effects than the lower frequency channels [19],
which can influence the channel capacity and the SDoF. Therefore we address
a difference of the SDoF estimates at 60 and 5 GHz. Throughout the paper, we
assume an OFDM-type multi-carrier system as a framework for the capacity
and SDoF evaluation, making it possible to analyze the channels and systems
based on narrowband assumption and hence keeping the analysis simplified yet
realistic. The analysis furthermore is under an assumption that we are free
from transceiver imperfections such as limited dynamic range, non-linearity,
noise figure, and implementation losses. Finally, we rule out antenna superdi-
rectivity [8,12] because it is an extremely narrowband characteristic and needs
an extra analytical framework for proper evaluation even under the usual nar-
rowband assumption of the channels and systems.

In the remainder of the paper, we first discuss about separation of radio
and propagation channels in Section II. The discussion forms bases for the
intrinsic channel capacity and the SDoF derived in Section III. Our 60 GHz
radio channel measurements in an office room are introduced in Section IV.
Finally, the SDoF estimates and the capacity are reported in Section V for
various antenna aperture sizes, for different Tx-Rx distances, and for line-of-
sight (LOS) and non-LOS (NLOS) scenarios. The results reveal that spatial
multiplexing does work at 60 GHz both in LOS and NLOS scenarios because
of the availability of multiple SDoFs, provided that the Rx SNR is sufficiently
high to utilize them. Under −10 dBm of the Tx power, the high Rx SNR is
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guaranteed when the antenna aperture size is larger than 1λ2 in LOS and 9λ2

in NLOS scenarios, respectively. Conclusions are given in Section VI.

2 The Radio Channel and Propagation Channel

For the purpose of deriving the intrinsic capacity and the SDoF, we first make a
distinction between the radio channel and the propagation channel. The radio
channel includes all effects of the antenna element and propagation channel,
while the propagation channel itself is only influenced by the antenna aperture
size but is otherwise independent of the antenna element on the aperture.

2.1 Overview

A narrowbandMIMO radio system is expressed in an equivalent baseband form
as

y = Hx+ ξn (1)

where x is an input signal vector to the Tx antenna ports, H is a transfer
function matrix of a MIMO radio channel, y and ξn are the output signal and
the complex white Gaussian noise vectors at the Rx antenna ports, respectively.
We assume that the antenna arrays can be enclosed by a minimum sphere with
a radius r0 on each side of the Tx and Rx. The radio channel includes the
Tx and Rx antenna arrays as well as the propagation medium in-between,
while the term propagation channel refers to a response of an electromagnetic
field after being radiated from the Tx antenna and until captured by the Rx
antenna. Therefore, the propagation channel response is determined solely by
the boundary conditions of the radio propagation environment and material
properties, e.g., complex permittivity and conductivity, and not by the way
the antenna radiates and receives the electromagnetic field. Analogous to the
matrix representation of the MIMO radio channel H , we will describe a matrix
representation of the MIMO propagation channel using coupling coefficients of
electromagnetic propagation modes between the Tx and Rx antenna apertures.

The separation of the radio and propagation channels is discussed in [20]
using the so-called double-directional analysis of radio channels. Estimating
directions of departure and arrival of plane waves at the Tx and Rx ends with
known antenna radiation patterns allows de-embedding of the antenna proper-
ties and estimation of the propagation channel. The relationship between the
radio and propagation channels is depicted in Fig. 1. An implicit assumption of
the propagation channel estimates, which is derived from the double-directional
analysis, is that they depend only on the size of the Tx and Rx antenna aper-
ture sizes and that the characteristics of the individual antenna element are
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Figure 1: The propagation channel can be extracted from radio channel
measurements using a double-directional analysis, subject to provision
of appropriate models for radiation patterns of the Tx and Rx antennas.

de-embedded. This is because the antenna aperture size determines the angu-
lar resolution of the antenna beams and therefore sets the granularity of the
propagation channel description.

2.2 Propagation Channel

The propagation channel can be expressed in different formats. We first discuss
a plane wave expression of the channel as a reference, as they are widely used
in popular multiple-antenna channel models such as the WINNER [21] and
COST models [22]. We then describe a spherical wave expression of the channel
which brings several advantages in analyzing the SDoF and the intrinsic channel
capacity over the plane wave expression. We show that the plane and spherical
wave expressions of the propagation channel are uniquely inter-related to each
other.

The narrowband propagation channel is usually described by a set of plane
waves as [20]

Pp = {αl,Γl,Γ
′
l}

L
l=1 , (2)

where α ∈ C2×2 is a polarimetric complex amplitude, Γ = [φ θ] and Γ′ = [φ′ θ′]
are vectors composed of azimuth and polar angles of the radiation and reception
on the Tx and Rx sides, respectively. The notation al means that a parameter
value a for the l-th plane wave.

The plane wave expression of the propagation channel corresponds to the
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one in the spherical wave domain as [23]

Ps = {Rj′j}∞j=1,j′=1 , (3)

where

Rj′j =

L
∑

l=1

fH
j′ (Γ

′
l)αlfj(Γl), (4)

fj(Γ) = [fV,smn(Γ) fH,smn(Γ)]
T denotes a far-field electric field intensity of

the j-th spherical wavemode at the Tx, the subscripts V, H denote vertical
and horizontal polarization respectively, and ·T denotes a transpose operation.
The index j is related to the s, m, and n-th spherical wavesmodes as j =
2 {n(n+ 1) +m− 1} + s [24], finally (·)H denotes the Hermitian transpose.
We stress that f is not an antenna radiation pattern, but are operators of the
spherical Fourier transform to convert from the plane to the spherical wave
domains. In this work the far-field is expressed in terms of the vertical and
horizontal polarizations as,

fV,1mn(Γ) = kmn(−j)n+1

(

jmP̄
|m|
n (cos θ)

sin θ

)

, (5)

fH,1mn(Γ) = kmn(−j)n+1

(

− d

dθ
P̄ |m|
n (cos θ)

)

, (6)

fV,2mn(Γ) = kmn(−j)n
(

d

dθ
P̄ |m|
n (cos θ)

)

, (7)

fH,2mn(Γ) = kmn(−j)n

(

jmP̄
|m|
n (cos θ)

sin θ

)

, (8)

kmn =
2

√

2n(n+ 1)

(

− m

|m|

)m

ejmφ, (9)

where P̄
|m|
n (·) is the normalized associated Legendre function with the order of

m.
According to (3) and (4), the propagation channel is expressed by an infinite

number of spherical waves, similar to the corresponding plane wave expression
which requires a huge number of plane waves, i.e., a very large L to model
diffuse propagation phenomena [25]. It is noteworthy that the spherical waves
can express the propagation channel by a matrix R having the coefficients Rj′j ,
while the plane wave expression needs to have both the angles and the complex
amplitude of the multipath components to describe the propagation channel.
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2.3 Radio Channel

An entry of the narrowband MIMO radio channel matrix H in (1), h, is ex-
pressed by the sum of L plane waves weighted by the Tx and Rx antenna
patterns as

h =

L
∑

l=1

a′H(Γ′
l)αla(Γl) (10)

where a(Γ) = g(Γ) exp {jk0〈u,d〉}, the operation 〈a, b〉 denotes an inner prod-

uct of vectors a and b, g(Γ) = [gV(Γ) gH(Γ)]
T
is the far-field radiation pattern

of the antenna element in the direction Γ, d is the position vector of the antenna
element, and finally,

u = [sin θ cosφ sin θ sinφ cos θ]
T
. (11)

The same entry of the narrowband MIMO radio channel can also be expressed
by R as [26]

h = q′HRq (12)

where q and q′ are spherical wave coefficients of the Tx and Rx antenna ele-
ments. They are related to the far-field antenna radiation pattern as

a(Γ) =

∞
∑

j=1

fj(Γ)qj (13)

for all the possible directions Γ.

3 Metrics for the Evaluation of Spatial Radio

Transmission Performance

This section defines the SDoF and intrinsic channel capacity based on the
propagation channel described in Section II. The SDoF and capacity of spatial
multiplexing is derived from the propagation channel expressed in the spherical
wave domain (3). In contrast, the capacity of beamforming is derived using the
plane wave expression of the propagation channel (2). In both cases, we assume
a multi-carrier radio system such as OFDM with each subcarrier showing flat
fading characteristics.

3.1 The Spatial Degrees-of-Freedom

Given an antenna aperture size at the Tx and Rx and a propagation condition,
the SDoF is the maximum number of eigenchannels for any radio channels
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realized by antenna elements on the apertures under the propagation condition.
The SDoF is determined by inherent multipath richness of the propagation
channel and the antenna aperture size [13]. For a given multipath richness,
larger SDoF can be observed using larger antennas on the Tx and Rx sides.
Elaborating based on the plane wave expression of the radio channel (10), larger
antennas can produce narrower beams in the angular domain and allow more
non-overlapping pathways to illuminate the multipath propagation channel. An
illustration in Fig. 2 helps understand the SDoF. The figure shows a multipath
cluster distribution over an azimuth-polar angle plane. As the antenna aperture
is larger, it is possible to create more orthogonal beams simultaneously within
the multipath cluster distribution, namely, to increase the SDoF of the radio
channel. The SDoF can also be explained by the spherical wave expressions
in (12). The number of dominant spherical wavemodes is determined by the
antenna aperture sizes at the Tx and Rx because of their mode truncation
property [24]. A rule of thumb of the truncation is characterized in terms of
the n-modes representing the polar angle characteristics as

N = ⌊k0r0⌋+ ǫ, (14)

where k0 is a wavenumber in the free space, r0 is a minimum radius enclosing
the whole volume of the antenna, ⌊·⌋ is the floor function, and ǫ is an uncer-
tainty factor taking values between 0 and 10 for practical antennas [24]. The
underlying physics behind the truncation is that an electromagnetic field de-
scribed by a mode higher than the order N attenuates rapidly as it radiates
from an antenna and does not propagate over space. Only modes with smaller
orders than N can propagate as a far-field over space and reach the Rx antenna.
The attenuation of each mode is expressed by the spherical Hankel function of
the first kind, which is illustrated in Fig. 2.4 of [24]. The truncation n-mode,
i.e., N in (14), is related to the total number of effective spherical waves as
J = 2N(N + 2). Therefore, the dimension of propagation channel matrix, R,
is determined as J ′ × J . This means the use of a larger antenna aperture leads
to a larger dimension of R. The SDoF of the radio channel is given by the
rank of R, and is an upper bound of the number of eigenchannels of any radio
channels realized by antenna elements on the aperture [17], i.e.,

rank(H) ≤ rank(R), (15)

where the equality holds only if the antenna elements exploit the available
multipaths in the propagation environment properly. Larger antenna apertures
give more SDoF if propagation channel conditions are favorable.
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Figure 2: An illustration of the SDoF in a multipath propagation chan-
nel: the SDoF is the maximum number of orthogonal beams that an
antenna array can create simultaneously within a multipath cluster dis-
tribution.

3.2 Channel Capacity

Spatial Multiplexing

We use the intrinsic channel capacity as a metric to discuss the implication
of the SDoF for spatial multiplexing. The intrinsic channel capacity was pro-
posed by Wallace and Jensen to define the channel capacity that can be realized
by antenna apertures exploited in multipath propagation environments [10].
Similarly to the SDoF, the intrinsic channel capacity does not depend on the
particular realization of antenna elements on the aperture, and can be de-
rived by performing the waterfilling power allocation to the eigenchannels of
the propagation channel matrix expressed in the spherical wave domain, R.
The dimension of R is determined by antenna aperture size at the Tx and Rx
according to the mode truncation (14). Denoting the singular value decompo-
sition (SVD) of the propagation channel matrix as R = UΣV H , the intrinsic
channel capacity is given by

Cmux = B log2 det

(

ID +
ΣSΣ

σ2

)

(16)

where B is the system bandwidth, σ2 is noise variance at the Rx, ID is a
square identity matrix of dimension D ≤ min(J ′, J), S = diag [s1, · · · , sD] is a
diagonal power allocation matrix at the Tx with entries of

si = max

(

µ− σ2

|λi|2
, 0

)

, (17)
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where |λi| is the i-th strongest singular value composing the diagonal matrix

Σ, and µ is determined such that
∑D

i=1 si = Pt is fulfilled, Pt is the total power
input to the Tx antenna aperture. In the high SNR regime, the SDoF serves
as the upper bound of the spatial multiplexing gain of any antenna systems
implemented on the aperture. Similarly to the SDoF, improvement in capacity
by spatial multiplexing becomes more prominent as a larger antenna aperture
is installed at the Tx and Rx.

Beamforming

The capacity of conventional beamforming is compared with that of spatial
multiplexing. The conventional beamforming in this paper refers to the use of
the antenna beam directing the maximum gain to the strongest propagation
path. Therefore we use the plane wave expression of the propagation chan-
nel (2). Since a spherical antenna volume is considered, its cross section forms
a circular antenna aperture for any direction of the propagation path. The
directivity of the circular antenna aperture on the x-y plane is given in the
complex amplitude domain as [27]

gd(ux, uy) =
2πr0
λ

J1(2πu)

πu
, (18)

where J1(·) is the Bessel function of the first kind, λ is wavelength in vacuum,
and

ux =
r0
λ

sin θ cosφ, uy =
r0
λ

sin θ sinφ, (19)

and therefore

u =
√

u2x + u2y =
r0
λ

sin θ. (20)

The directivity takes the maximum at θ = 0 and does not depend on φ be-
cause the antenna aperture is symmetric with respect to the z-axis. When the
strongest propagation path comes from a direction Γ0 = [θ0, φ0], the direc-
tivity (18) is rotated so that the effective circular aperture size is the largest
for the path. The directivity after rotation to the direction Γ0 is given by
gd(ux − ux0, uy − uy0), where

ux0 =
r0
λ

sin θ0 cosφ0, uy0 =
r0
λ

sin θ0 sinφ0. (21)

The radio channel response after the beamforming is

hbf =

L
∑

l=1

g′d(u
′
xl − u′x0, u

′
yl − u′y0)αlgd(uxl − ux0, uyl − uy0), (22)
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where αl is a summation of complex amplitude entries in αl. The channel
capacity after beamforming therefore yields

Cbf = B log2

(

1 +
Pt

σ2
|hbf |2

)

. (23)

The capacity formula of beamforming (23) is different from that of spatial
multiplexing (16). The difference comes from the ways the antenna aperture
is excited. Beamforming maximizes the antenna gain for a single propagation
path at the expense of no parallel transmission, while spatial multiplexing
based on the SVD weight forms the maximum number of orthogonal modes for
parallel transmission at the expense of reduced directional gain. When there is
only a LOS and no multipath in the channel visible over the Rx noise level, the
excited pattern of beamforming is equivalent to that of spatial multiplexing if a
single-polarized transmission is considered. When other multipaths are visible
over the noise or when multi-polarization transmission is taken into account, the
excited pattern of beamforming is different from the ones of spatial multiplexing
because of the difference in maximization strategy. This leads to the differences
of attained channel capacity as detailed in Section V-B.

4 60 GHz MIMO Radio Channel Measurement

and Modeling

4.1 Measurement Environments

MIMO radio channel measurements at 60 GHz band were performed in a meet-
ing room of a modern office building. The room has dimensions of 6.8× 7.0×
2.5 m3. During the measurements the Rx array remained fixed at one location
of the room, while a channel measurement was performed by placing the Tx
array at one of 17 predefined positions located on table tops as shown in Fig. 3.
There was a LOS between the Tx and Rx. In addition, NLOS scenarios were
also measured except at two positions shown in Fig. 3. The measured NLOS
scenarios were created by blocking the first Fresnel-zone of the LOS connection
with a laptop screen. Most of the measurements were performed during night-
time when there were no other people in the building, and when measuring
during the day the movement of people was prevented in the vicinity of the
measurement area to maintain a time-static measurement environment.
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Figure 3: Floor plan of the 60 GHz MIMO radio channel measurements.

4.2 Measurement Equipment

Channel measurement equipment consists mainly of a vector network ana-
lyzer (VNA), frequency up/down converters, two electromechanical scanners
installed on the Tx and Rx sides, and a control computer [28]. The channel
transfer functions were measured by the VNA with a Tx power +7 dBm in
a continuous wave mode and with a frequency range from 61 to 65 GHz. A
virtual planar array was formed at the Tx on the horizontal plane using one
of the 2-D electromechanical scanners. The Tx antenna element was a verti-
cally polarized commercial biconical antenna with an omnidirectional pattern
in azimuth. The virtual planar antenna array was also formed on the Rx side
on the vertical plane using another 2-D scanner. A vertically polarized open
waveguide having a unidirectional radiation pattern was used as the Rx an-
tenna element. Heights of the Tx antenna and the center element of the Rx
antenna array were both 1.1 m above the floor. With these Tx and Rx array
settings, we model a practical case of data transmission from a DVD player or
similar device, placed on the table, to a high-definition display device placed
at the corner of the room. The aperture sizes of the 2-D virtual antenna ar-
rays at the Tx and Rx are 12 × 12 mm2, which can be enclosed by a sphere
with a cross section of 9λ2 at 60 GHz. The measurement SNR was more than
40 dB for all the Tx-Rx combinations. Prior to measurements the equipment
was back-to-back calibrated; the response of the VNA, frequency-converters,
RF cables, connectors, and waveguides were then removed from the measured
frequency responses in a post-processing step, before the analysis.
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Figure 4: Power angular profile of estimated multipaths at Tx loca-
tion 9 in a LOS condition with varying center frequencies: (a) 61, (b)
62, and (c) 63 GHz.

4.3 Plane Wave Estimation

Parameters of the multipath plane waves are estimated from the back-to-back
calibrated channel transfer functions of the measurements using the SAGE al-
gorithm [29]. The estimated parameters include the ones in (2), namely the
azimuth and polar angles at the Tx and Rx and complex amplitude of each
multipath. Propagation delays were also estimated, but we did not use them
since the SDoF and the capacity in Section III was derived for a narrowband
channel. The assumption is justifiable since we consider a multi-carrier radio
system with subcarriers showing flat fading characteristics. We also assume
that the multipath parameters do not change drastically over the measured
frequency band from 61 to 65 GHz, because the relative bandwidth is at most
5 %. The assumption is reasonable according to Fig. 4 that exemplifies the
similarity of power angular profiles of estimated multipaths in a LOS condition
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for three radio frequencies centered at 61, 62, and 63 GHz with 300 MHz band-
width. Plane wave parameters estimated at 62 GHz center frequency were used
in the following SDoF and capacity evaluation. The amplitude estimates in (2)
contain only single non-zero entry corresponding to the vertically transmitted
and received component because the antennas used in the measurements were
vertically polarized. Measured cross-polarization discrimination ratio (XPD)
of the antennas revealed that only a small fraction of the estimated multipath
components were located in directions where the antennas exhibit a low XPD.
The parameter estimation involves radiation patterns of the Tx and Rx an-
tennas to calibrate their effects on the estimated parameters. Therefore the
parameters represent characteristics of the propagation channel seen from the
Tx and Rx antenna aperture. The number of estimated multipaths was less
than 50, and the multipaths were attributed to the LOS, specular reflections
from a table, window frame and blind, wall, and scattering from ceiling lamps.
Though the horizontal virtual antenna array at the Tx suffers from elevation
ambiguity, it is possible to identify the multipaths from the ceiling and table
uniquely at the Rx using the vertical virtual antenna array. Furthermore, delay
estimates of each propagation path enables us to identify scatterers better in
combination with angular estimates. The estimated propagation paths consti-
tuted more than 90 % of the total received power of the measurements. The
remainder of the power can be attributed to radio propagation phenomena
that did not fit the plane wave model and to noise. The magnitude of the LOS
was 4 to 18 dB larger than that of other multipaths depending on the Tx-Rx
distance. The longer distance tends to show less difference of the magnitude
between the LOS and multipaths.

5 Results and Discussions

5.1 SDoF Estimates

The plane wave parameter estimates are converted to the spherical wave ex-
pression using (4), and then the rank of the propagation channel matrix R

was derived. The dimension of R was determined by the antenna aperture
size in (14) with ǫ = 0. The Tx and Rx antenna aperture size is considered
identical in this analysis, hence R is always a square matrix. Figure 5(a) shows
eigenvalue distributions of the propagation channel R at Tx antenna location
4 for various antenna aperture size. Larger antenna aperture leads to more
eigenvalues visible in the figure because of the increased capability of the an-
tenna aperture to resolve multipaths in the angular domain. We define the
rank estimates to be the number of eigenvalues exceeding −t dB in magnitude
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Figure 5: (a) Normalized eigenvalue distribution of the propagation
channel R at Tx location 4 for various antenna aperture sizes, (b) Rela-
tionship between the SDoF and the antenna aperture size at Tx location
4. The SDoF is plotted for different threshold levels, i.e., t = 5, 10, 15,
and 20 dB. In (b), results from LOS and NLOS are overlaid.

relative to the strongest one, where t = 5, 10, 15, and 20 are tested in the fol-
lowing analysis. The effect of small-scale fading is averaged out by taking the
mean over the rank estimates from 100 small-scale realizations of R. Differ-
ent realizations of R were obtained by adding a random phase to the complex
amplitude of the propagation paths α [30].

Figure 5(b) shows the estimated DoF for increasing antenna aperture size
at Tx location 4. For the LOS case, the SDoF saturates around the antenna
aperture size of 2λ2, while the SDoF of the NLOS case does not show the
saturation until the antenna aperture size of 9λ2 because of the presence of
more multipaths. The step increase of the curves is attributed to the floor
function of the spherical wavemode truncation due to antennas in (14).

Figure 6 illustrates the SDoF variation over Tx-Rx distances in LOS and
NLOS scenarios. The Tx and Rx antenna aperture size was fixed at 9λ2. In
the LOS scenario, the SDoF stays less than 2 in any Tx-Rx distance if the
threshold level is 5 and 10 dB according to Fig. 6(a). The SDoF for 15 and
20 dB threshold indicate an increasing trend as the Tx-Rx distance is longer.
The noticeable increase was observed for Tx-Rx distances beyond 2.5 m and
the largest SDoF was 4.2 and 8.8 for 15 and 20 dB threshold levels, respectively.
The SDoF in the NLOS scenario shows significantly different trend compared
to the LOS scenario as shown in Figure 6(b). The SDoF is almost the same
for any Tx-Rx distance. The SDoF with t = 5 shows similar level as in LOS
scenarios, while the SDoF with other t indicated twice or three times larger
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Figure 6: Distance dependence of the SDoF at the antenna aperture
size of 9λ2. The SDoF is plotted for different threshold levels, i.e., t =
5, 10, 15, and 20 dB. (a) LOS and (b) NLOS scenarios.

SDoF compared to the LOS scenarios.
The results reveal a possibility to obtain the spatial multiplexing gain using

the eigenchannels. In the LOS scenario, since the second strongest eigenchannel
is at least 10 dB weaker than the first according to Fig. 5(a), the Rx SNR
needs to be more than 10 dB for effective spatial multiplexing. In the NLOS
scenario, the second eigenchannel is at least 3 dB weaker than the first, so a
larger spatial multiplexing gain is expected than in the LOS scenarios, provided
that the Rx SNR high enough to utilize the eigenchannels corresponding to the
second strongest eigenvalue and even weaker ones. When the SNR is high
enough, at most 8 and 20 antennas are sufficient to perform effective spatial
multiplexing in the considered LOS and NLOS scenarios, respectively. Even 5
and 13 antennas can work efficiently to capture eigenchannels down to −15 dB
relative magnitude in the LOS and NLOS scenarios. It is worth recalling here
that the radio channel measurement and modeling in this paper deals with only
a single polarization. Exploiting multiple polarizations on the Tx and Rx sides
will naturally lead to larger SDoF than the present analysis [31].

Finally, we provide some insights into the SDoF dependence on operating
radio frequencies by referring to [18] which reports the SDoF of indoor dual-
polarized multi-antenna radio channels at 5.3 GHz radio frequency. Since our
measurements concern single-polarized channels, it is roughly possible to com-
pare the SDoFs in [18] with those of the present paper by doubling them. In
LOS scenarios, the SDoF at 60 GHz is less than half of that at 5 GHz for the
same electrical antenna aperture size when a distance between the Tx and Rx
is less than 2 m. This can be explained by the dominance of the LOS power
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relative to other multipath components at 60 GHz. As the distance is longer,
there is no clear difference of the SDoF between 5 and 60 GHz because they
vary significantly depending on local scattering environments. Furthermore,
the SDoF of NLOS channels at 60 GHz shows a comparable or even larger
value than a multipath-rich LOS channel at 5 GHz for the same electrical an-
tenna aperture size. These observations imply clear differences of multipath
richness in 5 and 60 GHz channels, which in particular are the dominance of
the LOS power and an angular distribution of multipaths. We must empha-
size, however, that these insights are fairly general, and therefore, additional
measurements and in-depth propagation analyses are essential to obtain more
concrete insights.

5.2 Channel Capacity

Finally, the ergodic channel capacity is derived for spatial multiplexing and
beamforming. Instantaneous capacity is defined in (16) for spatial multiplexing
and (23) for beamforming. Taking the mean of the instantaneous capacity
over various small-scale fading realizations of the channel gives the ergodic
channel capacity. As in the derivation of the SDoF, adding the random phase
to the complex amplitude of the propagation paths generated the small-scale
realizations of the channel. The noise variance at the Rx is derived by σ2 =
kTB · 10NF

10 where k is the Boltzmann constant, T is the absolute temperature
of the environment and NF is the noise figure of the Rx. Parameter values
for the capacity calculation is summarized in Table 1. We show the intrinsic
capacity for channels with different antenna aperture size at the Tx and Rx,
and with different distances between the Tx and Rx. We assume that the
Tx and Rx antenna aperture size is identical for the sake of simplicity of the
analysis.

Table 1: Parameters for the channel capacity evaluation.

Parameter Symbol Value
System bandwidth B 2 GHz
Tx power Pt −10 dBm
Temperature T 293 K
Rx noise figure NF 10 dB

Figure 7 shows the variation of the capacity over different antenna aperture
size. The figures collect results from all the Tx-Rx combinations, and hence,
contain multiple curves. Figure 7(a) illustrates the capacity of spatial multi-
plexing that increases as the aperture size is larger, as in the case of the SDoF.
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(a)

(b)

Figure 7: Ergodic channel capacity as a function of the antenna aper-
ture size with (a) spatial multiplexing and (b) beamforming.

The slope of the capacity increase is 1.4 to 2.5 Gbps/λ2 in LOS and 0.9 to
1.8 Gbps/λ2 in NLOS scenarios, respectively. The slower increase in NLOS
scenarios stems from the lower Rx SNR. Increasing the antenna aperture size
also leads to higher capacity in the beamforming as shown in Fig. 7(b) because
of the enhanced gain for the strongest propagation path. When antenna is
larger than 2λ2, the capacity increases with 1.3 Gbps/λ2 in LOS and 0.7 to
1.3 Gbps/λ2 in NLOS scenarios, respectively, though the rate of capacity in-
crease is not linear with respect to the antenna aperture size but is actually
logarithmic.
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(a) (b)

(c)

Figure 8: Comparison of the ergodic channel capacity for beamforming
and spatial multiplexing. (a) LOS scenario with 1λ2 and (b) 9λ2 antenna
aperture size and (c) NLOS scenario with antenna aperture size of 9λ2.

Figures 8(a) and 8(b) show the capacity for channels with different Tx-Rx
distances in the LOS scenarios. Antenna aperture size of the Tx and Rx is
1λ2 for Fig. 8(a) and 9λ2 for 8(b). When the antenna aperture size is 1λ2,
beamforming performs as robust as spatial multiplexing. As the antenna size
becomes 9λ2, the capacity of spatial multiplexing is mostly higher than that of
beamforming. The degree of capacity improvement by spatial multiplexing is
more apparent when the Tx-Rx distance is shorter than 3 m because the Rx
SNR is high enough to take advantage of the multiple SDoFs available above
the noise level. Figure 8(c) illustrates the capacity for the NLOS scenarios with
9λ2 antenna aperture size. The capacity gain is found only when the Tx-Rx
distance is longer than 3 m, implying lack of SDoF when the distance is shorter
than 3 m. As a result, beamforming performs as good as spatial multiplexing
until 3 m distance. It was also found that the capacity gain due to spatial
multiplexing is remarkable only when the antenna aperture size becomes as
large as 9λ2 to guarantee sufficiently high Rx SNR.
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6 Conclusions

This paper used the SDoF and the intrinsic channel capacity as metrics to study
the effectiveness of spatial multiplexing in 60 GHz radio systems based on the
OFDM-type multi-carrier transmission. The results revealed that spatial mul-
tiplexing can work at 60 GHz even in the LOS scenarios. This is because of
multiple SDoFs available in the radio channels, typically up to 5 and 13 in the
LOS and NLOS scenarios, respectively, for the −15 dB threshold level relative
to the strongest eigenchannel. Under the Tx power constraint of −10 dBm,
spatial multiplexing is advantageous over beamforming when the antenna aper-
ture size is larger than 1λ2 and 9λ2 in LOS and NLOS scenarios, respectively.
When the link budget is limited due to electrically small antennas and long
Tx-Rx distances, beamforming approximates the capacity of spatial multiplex-
ing. Spatial multiplexing is a worthwhile option when the Rx SNR is favorable
and a higher peak data rate is required.

A hybrid approach of beamforming and spatial multiplexing can be a sound
compromise to take advantage of both techniques [8]. The present analysis con-
siders only vertically polarized Tx and Rx antennas. As it is reported in various
studies, the use of multiple polarizations improves the channel capacity signif-
icantly with spatial multiplexing, e.g., [31]. Therefore, there is larger potential
in spatial multiplexing to outperform beamforming when using antenna sys-
tems supporting multiple polarizations. However, we leave it as a subject of
future investigations.
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1 Introduction

As the wireless propagation channel plays a fundamental role in the overall
characteristics of any wireless communication system, it is necessary to have
reliable channel models to support and enable the development of new wireless
systems. Over the last decade, a popular approach has been to use double-
directional [1], cluster-based channel models, such as geometry based stochas-
tic channel models (GSCMs). In these models, the propagation channel is
described in terms of the complex amplitudes, delays as well as departure and
arrival angles of a number of clustered multi-path components (MPCs). The
fact that the MPCs appear in clusters is quite significant, as this implies that
cluster-based models can take the spatial and temporal correlation of the MPCs
into account. It has been shown that statistical channel models that do not
take the clustering into account tend to overestimate the channel capacity [2].
Furthermore, when using a double-directional channel model, the antenna pat-
terns can be de-embedded from the measurement data, making it possible to
develop a MIMO channel model that supports arbitrary antennas and array
geometries. A couple of standardized wireless channel models that utilize the
concept of clusters include the WINNER channel model [3], the COST 2100
model [4] and the 60 GHz channel models IEEE802.15.3c [5] and 802.11ad [6].

A fundamental part of the estimation procedure for cluster-based channel
models is the clustering of data. The goal in the clustering process is to identify
the number of clusters and their properties and then to use this information to
model the channel. A multi-path cluster can loosely be defined as a group of
MPCs having similar delays and angles of departure and arrival. However, there
is no universally agreed-upon definition of a multi-path cluster, which means
that the clustering results largely depend on how the clusters are identified or
estimated. Initial work used visual inspection to identify clusters [7]. This ap-
proach has largely been abandoned in favor of automatic clustering algorithms
such as K-means (or a power-weighted version of K-means), Fuzzy-c-means or
hierarchial clustering [8].

Even though these methods typically are used only as algorithms for cluster-
ing the data, the methods make implicit assumptions regarding the distribution
of the data. A well-known fact about the K-means algorithm is that it is equiv-
alent to a clustering method based on a Gaussian mixture model (GMM) with
restrictions on the covariance matrices for the Gaussian components. We will
clarify the modeling assumptions that are made if the K-power-means algo-
rithm is used by presenting a power-weighted GMM clustering method which
has the K-power-means algorithm as a special case.

For both the GMM and the K-means clustering methods, one makes Gaus-
sianity assumptions regarding the data, which might not be appropriate for
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clustering of multi-path components. In fact, the clustering of the data is
typically only used as a fist step in a larger model framework. For exam-
ple, the K-means algorithm may be used to cluster the data, and given the
clustered measurements, statistical models are estimated for the clusters. A
popular channel modeling approach is to assume Laplace distributions for the
intra-cluster-variations. From a statistical point of view, it would be more
appropriate to use the correct intra-cluster models when clustering the data.
Because of this, we present a Laplace-mixture model and a power-weighted
version, which can be used for simultaneous clustering and estimation of the
intra-cluster distributions.

The structure of the paper is as follows. Section 2 gives an introduction to
the K-means algorithm, Hierarchical clustering methods and the GMM clus-
tering method. This section also introduces power-weighted versions as well as
the Laplace-based clustering method. Some issues and aspects of the different
clustering methods are highlighted in Section 4. The different methods are
compared using measured data in Section 6, and Section 7 finally contains a
discussion of the results and suggestions for further topics of research.

2 Clustering algorithms

A cluster is typically defined as a group of multi-path components having sim-
ilar delays and directions of departure and arrival.

The vector {τ, θd, ϕd, θa, ϕa} consisting of the delay, departure angles, and
arrival angles for a multi-path component is in the space R × S × S, which is
somewhat difficult to work with due to the spherical topology. Therefore, it is
common to make a change of variables from spherical coordinates to cartesian
coordinates for the angles, i.e.,

{x⋆, y⋆, z⋆} = {sin(θ⋆) cos(ϕ⋆), sin(θ⋆) sin(ϕ⋆), cos(θ⋆)}
where now {xa, ya, za} ∈ R3 and {xd, yd, zd} ∈ R3. Let

Y = {τd, xa, ya, za, xd, yd, zd}
be the vector of the multi-path components in R+ × R3 × R3 and note that
measuring distances in this space corresponds to the Multi-path component
distance proposed by [9]. Here, τd is a scaled version of the delay.

2.1 Hierarchical Clustering

Several different hierarchical clustering algorithms exist in the literature. In
this paper we consider a hierarchical clustering algorithm based on the bottom-
up approach that clusters n multi-path components (MPCs), Y1, . . . ,Yn. In
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this algorithm, the pairwise distances between each MPC pairs are first calcu-
lated using the euclidean distance metric, i.e.,

• ∀i, j ∈ [1, n], i 6= j, let di,j = ‖Yi −Yj‖.

In this paper, the euclidean distance is used as a distance metric, but it is
also possible to use other metrics. Starting with n single MPC clusters, n− 1
new clusters are formed by grouping MPCs together based on the shortest
centroid distance. This procedure is then repeated for a decreasing number of
clusters until all MPCs form one single cluster. This way, clustering results for
K = 1, 2, 3, . . . , n number of clusters are being calculated using this method.
In this work, the hierarchical clustering method is used to calculate initial
clustering estimates for the other clustering methods presented here. This way,
the same initialization is used for the different methods.

2.2 K-means Clustering

The most popular method for clustering multi-path components is the K-means
algorithm. Assuming that we have n components Y1, . . . ,Yn that should be
clustered and by letting xi denote the class belonging of the ith component,
the K-means algorithm clusters the data by first assigning a mean µk to each
class and then iterating the following two steps until convergence:

• ∀i ∈ [1, n], let xi = argmink ‖Yi − µk‖.

• ∀k ∈ [1,K], let µk = 1
∑

n
i=1 I(xi=k)

∑n
i=1 I(xi = k)Yi,

where I(xi = k) = 1 if xi = k and 0 otherwise.

2.3 Gaussian Mixture-Model Clustering

It is well-known that the method above is a special case of the Gaussian mixture
model (GMM) clustering method. In the GMM clustering method, the data is
assumed to follow a GMM of the form

Yi =

K
∑

k=1

wikπ(Yi|θk). (1)

Here K is the number of clusters, wik = P(xi = k) are prior probabilities
for the multi-path component i belonging to class k, and π(Yi|θk) denotes a
Gaussian density function with parameter mean, µk and, covariance matrix,
Σk (note that θk = {µk,Σk}). This model can be estimated using the EM
algorithm [10], where the following steps are iterated until convergence:
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• ∀i ∈ [1, n] and k ∈ [1,K], set

πik =
wkπ(Yi|θk)

∑K
k=1 wkπ(Yi|θk)

.

• ∀k ∈ [1,K], let πk =
∑n

i=1 πik and set wk = πk/n and

µk =
1

πk

n
∑

i=1

Yiπik,

Σk =
1

πk

n
∑

i=1

πik(Yi − µk)(Yi − µk)
T.

Once convergence is reached, a clustering is obtained by selecting xi =
argmaxk πik. Note that the K-means clustering is obtained if we restrict
Σk = σ2I and let σ2 → 0.

2.4 Power-weighted clustering

A popular modification to the K-means method for clustering of multi-path
components is the K-power-means method [11]. The idea behind the method
is that observations with small power should affect the clustering less than
observations with large power. Because of this, the K-power-means method re-
places the updating step of the cluster centers with the power-weighted version

µ
(j+1)
k =

∑N
i=1 piI(xi = k)Yi
∑N

i=1 piI(xi = k)
, (2)

where pi is the observed power of observation i.
Since the K-means and GMM clustering methods assume Gaussian mixture

models for the data, it is of interest to find what model is assumed if the power-
weighted version is used. The natural power-weighted extension of the GMM
clustering method is to consider a model

π(Yi; θ) =
K
∑

k=1

wikπ(Yi|θk)pi , (3)

where pi is the measured power of the observation Yi and π(Yi|θk)pi is renor-
malized so that it is a density.

Writing down the augmented likelihood and performing the usual steps of
the EM algorithm, the EM estimator of the parameters is obtained by iterating
the following steps until convergence:
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• ∀i ∈ [1, n] and k ∈ [1,K], set

πik =
wkπ(Yi|θk)pi

∑K
k=1 wkπ(Yi|θk)pi

. (4)

• ∀k ∈ [1,K], let πk =
∑n

i=1 piπik, set wk =
∑n

i=1 πik/n and

µ
(j+1)
k =

1

πk

N
∑

i=1

piπikYi,

Σ
(j+1)
k =

1

πk

N
∑

i=1

piπik(Yi − µ
(j+1)
k )(Yi − µ

(j+1)
k )T.

(5)

An equivalent formulation of the model (3) when the mixture distributions
are Gaussian is to use the model

Yi =

K
∑

k=1

wikN (Yi;µk, p
−1
i Σk). (6)

That is, we scale the covariance matrix for observation i by the power pi. The
K-power-means algorithm is a special case of this method if we restrict Σk =
σ2I and let σ2 → 0. We can also imagine restricting Σk to be diagonal, which
may be reasonable for channel models since it allows us to capture different
variances of the different multi-path components while keeping the number of
parameters at a manageable level. We will compare these different models in
Section 6.

The formulation (6) gives us some insights into what modeling assumptions
that are made if the K-power-means or the power weighted GMM clustering
method is used. In essence, we allow for greater variability of observations
with low power. Allowing the observations with greater power to influence the
parameter estimates more than those with low power may be a good idea, but
from a physical point of view it may be difficult to motivate this modeling
assumption.

Another point that should be made is that there does not seem to be any
physical motivation behind why the K-power-mean algorithm should scale the
measurements by the power in linear scale. One could imagine scaling the
covariance matrix by any function of the power, f(pi), such as the logarithm.
An interesting question is if we from data can estimate the function f and
thereby determine the optimal choice of the power scaling, or if the function
f should, somehow, be decided a priori based on physical principles. This is
however outside the scope of this work.
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3 Laplace-based Clustering

In practice, clustered multi-path components are often observed to be non-
Gaussian with asymmetric and heavy-tailed distributions. In the case when
an observation in a cluster is assumed to be a vector of independent random
variables (corresponds in the Gaussian case to assume Σ to be diagonal) a
natural alternative to the Gaussian distribution is the Asymmetric Laplace
(AL) distribution. Previously, symmetric Laplace distributions were used for
some channel model parameters [12].

The density for AL is given by (see [13])

f(x;µ, δ, σ) =
1

√

2σ2 + µ2
e−

√

2

σ2 +µ2

σ4 |x−δ|+ µ

σ2 (x−δ),

where µ defines the asymmetry, δ the mode and σ2 the scale of the distribution.
An important property of the Laplace distribution, that is used in the EM-
algorithm below, is that it is a normal mean-variance mixture. That is, if Y is
an AL random variable then

Y = δ + µV + σ
√
V Z, (7)

where equality is in distribution, V is standard exponential random variable
and Z ∼ N(0, 1).

By the independence assumption, equation (3) can be written as

π(Yi|θk) =
m
∏

j=1

f(Yi,j ;µj,k, δj,k, σj,k)
pi , (8)

or equivalently

π(Yi|θk) =
m
∏

j=1

f(Yi,j ; p
−1
i µj,k, δj,k, σj,kp

−1
i ), (9)

where m is the number of dimensions.
We will now present the power-weighted Laplace clustering method. It

should be noted that the ordinary (non-power-weighted) Laplace clustering
method is obtained as the special case when assuming pi ≡ 1. The method
is, as in the Gaussian case, based on the EM-algorithm, and is derived in the
appendix.

The EM estimator of the AL parameters is obtained by iterating the fol-
lowing steps until convergence:
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• ∀i ∈ [1, n] and k ∈ [1,K], set

πik =
wkπ(Yi|θk)pi

∑K
k=1 wkπ(Yi|θk)pi

,

• ∀k ∈ [1,K] and ∀j ∈ [1,m] compute Hk,j =
∑n

i=1 p
2
i ei,1πi,ky

2
i,j and

Qk,j =

{∑n
i=1 p

2
i ei,k,1πi,k

∑n
i=1 piπi,k

∑n
i=1 piπi,k

∑n
i=1 ei,k,2πi,k

}

,

bk,j =

{∑n
i=1 p

2
i ei,k,1πi,kyi,j

∑n
i=1 piπi,kyi,j

}

,

where

ei,k,1 =
pi|yi − δk|
√

µ2
k

σ2
k

+ 2σ2
k

,

ei,k,2 =

|yi − δk|
√

µ2
k

σ2
k

+ 2σ2
k +

σ2
k

pi

pi(yi − δk)2
.

• ∀k ∈ [1,K] set wk = 1
n

∑n
i=1 πik. Furthermore ∀j ∈ [1,m], set

{

δj,k
µj,k

}

= Q−1
k,jbk,j ,

σk,j =
1

∑n
i=1 πi,k

(

Hk,j − bT
k,j

{

δj,k
µj,k

})

.
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4 Benefits of using mixture models

There are several notable differences between the K-means algorithm, the hi-
erarchical methods, and the model-based methods, some of which we highlight
in this section.

Overlapping clusters and uncertain components: Both K-means and
hierarchical clustering methods assigns hard decisions to the multi-path com-
ponents, meaning that each component is assigned to a certain cluster with a
probability of 1. Furthermore, these methods have no built in way of dealing
with clusters that are partly overlapping. As a result, these methods are more
likely to be affected by outliers and are expected to perform poorly in cases
with overlapping clusters. To overcome these problems, ad hoc methods of
removing outliers, such as the cluster pruning in [11], are sometimes applied
in an effort to reduce the number of possible outliers and to try to achieve a
clustering with well separated clusters. However, the cluster pruning affects
the result of the estimated parameters and furthermore lowers the number of
samples available for the estimation of the remaining channel model parame-
ters. In contrast to this, clustering methods based upon mixture models have
an inherent way of dealing with overlapping clusters by estimating the mix-
ture of clusters. Furthermore, the components are weighted according to their
probability of belonging to a certain cluster, which makes these methods less
sensitive to uncertain components or outliers.

Uneven cluster shapes: The K-means algorithm treats each data di-
mension equally and it is implicitly assumed that the cluster spreads in the
different dimensions are the same (or at least similar), which means that the
K-means algorithm tries to achieve a clustering with hyper-spherical clusters.
Due to this, K-means is expected to perform poorly for clusters with an uneven
shape, e.g. when the cluster spreads in the different dimensions are dissimilar.
Clustering methods based on mixtures do not suffer from these issues, since the
variances for the different dimensions are estimated in the clustering procedure.
For the GMM, an unconstrained covariance matrix would in principle allow for
arbitrary cluster shapes. However, from a practical point of view, it seems rea-
sonable to restrict the covariance matrix Σ to be diagonal. This simplifies the
channel modeling and more importantly, keeps the number of parameters to
be estimated at a reasonable level while still maintaining the ability to capture
clusters with different spreads (i.e. variances) in the different dimensions.

Scaling of the delay dimension: Since K-means treats each data dimen-
sion equally, the data for the delay domain, with units typically in ns, needs to
be appropriately scaled. In [11], a scaling of the delay is introduced, which also
includes an ad hoc factor, ξ, which can be adjusted to give the delay domain
more or less significance. The value of ξ is arbitrary, but is usually somewhere
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between 1 and 25. Different values of ξ will yield distinctly different clustering
results and no physical motivation seems to exist for the exact value of ξ. This
problem is also present in hierarchical clustering algorithms, since the cluster-
ing of the data is based solely on a distance measure. For mixture models,
this problem is not an issue, since the variances of the different dimensions are
allowed to be different. We note that it is still advisable to scale the data for
the delay domain by an appropriate factor in order to avoid numerical prob-
lems. As long as numerical problems are avoided, the clustering results will be
similar even if different scaling factors are used.

Different assumptions in the clustering and channel modeling: Fi-
nally, the different assumptions made by any type of clustering algorithm will
influence the result. Usually, these assumptions are quite different from the
ones made in the channel modeling. When using a mixture model, it is possi-
ble to jointly cluster MPCs and estimate some of the MPC parameters. When
using K-means, all MPC parameters must be estimated in a subsequent step
after the clustering has been achieved.

Issues associated with power-weighted clustering: The concept of
power weighted clustering suffers from a few isuess. As mentioned previously,
there seems to be no physical motivation behind the exact function that scales
the data with respect to power and different scaling functions will yield different
results. This is due to the fact that the power weighting allows observations
with greater power to influence the parameter estimates more than those with
lower power. However, in previous work where the K-power-means algorithm
is used, the power weighting is not taken into account when estimating the
parameters based on the residuals from the K-power-means algorithm. This is
not ideal from a modeling point of view, since the estimated parameters could
be considered to depend on the power when this kind of power weighting is
used. This issue is further complicated by the fact that there exists a physical
dependence of the power and delay, which makes it difficult to take the power-
dependence due to the power weighting of the estimated cluster parameters
into account. Lastly, when applying power-weights, the effective sample size is
reduced, which might be a problem when the data is based on a limited number
of measurement scenarios.

5 Clustering using synthetic data

In this section, we compare the different presented clustering methods by using
synthetic data with Gaussian and Asymmetric Laplace-distributed clusters,
with known parameters for the distributions, in an effort to demonstrate the
benefits of using clustering methods based on mixtures.
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5.1 Gaussian-distributed clusters

We first consider 10 different scenarios with 6 clusters each, with random clus-
ter centroids. Each clusters consists of 20 components that are normally dis-
tributed in five different dimensions, with a mean equal to the associated cluster
centroid. In Table 1, the estimated standard deviations for the data based on
the mixture estimated by the GMM, as well as based on a ML-estimate for
the residuals from the GMM and the K-means algorithm. This shows that
the parameters estimated based on the mixture are close to the true values.
The parameters based on the ML-estimate for the residual from the GMM are
slightly worse compared to the parameters estimated in the mixture. This il-
lustrates one of the benefits of using mixture-based clustering methods, as the
parameters of the mixture are jointly clustered and estimated. On the other
hand, the K-means algorithm tends to overestimate the standard deviations,
which is due to the issues discussed above.

Table 1: Estimated parameters of the standard deviation, σ, for the Gaussian
distribution, for synthetic data in five dimensions.

GMM GMM K-means
True mixture residual residual
σ σ̂ σ̂ σ̂

d1 0.20 0.22 0.24 0.26
d2 0.50 0.50 0.52 0.56
d3 0.20 0.20 0.21 0.24
d4 0.50 0.50 0.53 0.51
d5 0.20 0.21 0.23 0.36

5.2 AL-distributed clusters

Now, we we consider the same number of scenarios, clusters and components,
but generate synthetic clusters that are AL-distributed. The data has differ-
ent known parameters for the asymmetry, µ, and the standard deviation σ.
This data is clustered based on the AL mixture, the GMM and the K-means
algorithm. When basing the results upon the residuals, a maximum-likelihood
estimator based on the AL probability density function is used to estimate the
parameters. Table 2 shows the estimated standard deviation σ̂, based on these
different methods.

The estimates for the standard deviation based directly on the estimated
AL mixture and based on the AL residuals are quite close to the true values.
However, the parameters are being overestimated when basing the results on
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Table 2: Estimated parameters of the standard deviation, σ, for the AL-
distribution, for synthetic data in five dimensions.

AL AL GMM K-means
True mixture residual residual residual
σ σ̂ σ̂ σ̂ σ̂

d1 0.40 0.40 0.41 0.45 0.45
d2 0.30 0.33 0.34 0.36 0.40
d3 0.25 0.24 0.25 0.31 0.40
d4 0.20 0.23 0.23 0.27 0.32
d5 0.20 0.19 0.20 0.28 0.30

Table 3: Estimated parameters of the asymmetry, µ, for the AL distribution,
for synthetic data in five dimensions.

AL AL GMM K-means
True mixture residual residual residual
µ µ̂ µ̂ µ̂ µ̂

d1 0.3 0.30 0.30 0.22 0.22
d2 0 0.02 0.02 0.02 0.00
d3 0.2 0.22 0.22 0.17 0.15
d4 0 0.06 0.06 0.00 0.00
d5 0.1 0.18 0.19 0.07 0.07

the residuals from the GMM or K-means algorithm. As expected, the K-means
algorithm has the poorest performance of the different methods. Table 3 shows
the asymmetry parameter estimates, µ̂. The results based on the AL mixture
and AL residuals are quite close to the true values, except for dimension d5,
where the asymmetry is being overestimated. For the results based on the
GMM and the K-means algorithm, the asymmetry is being underestimated,
which is due to the inherent assumptions made in these methods.

6 Clustering using measured data

The clustering methods discussed in this paper have been applied to measured
data at 62 GHz in a conference room environment. The angular-delay prop-
erties of the data, as well as the power, were previously estimated using the
SAGE algorithm [12]. For the mixture models, we assume that an observation
of a cluster forms a vector of independent random variables. In the Gaussian
case, this corresponds to assume that the covariance matrix Σ is diagonal. This
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assumption is necessary to keep the number of parameters to be estimated at
a manageable level. Furthermore, in this paper, it is assumed that, except for
the mean of the GMM, µk, and the mode, δ, for the AL distribution, the clus-
ter parameters are the same for each cluster. Lastly, for all of these clustering
algorithms, the number of clusters is not identified automatically. In previous
work, the number of clusters was typically identified using some sort of clus-
ter validation index. For this work, we assume that the number of clusters
is known for each scenario. The number of clusters are based on the previous
results in [12], where the clustering was performed using K-means and the num-
ber clusters was identified using the Kim-Parks index. The number of clusters
ranged from 6 to 12.
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Figure 1: Marginal empirical distributions for all the measurements,
the AL mixture model and the Gaussian mixture model.

Figure 1 shows the marginal empirical distributions of all the measurements
as well as for the marginal distributions estimated by the AL and GMM clus-
tering algorithms. The GMM seems to have a poor fit for some cases where
there is a sharp variation in the marginal distribution. However, the AL mix-
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ture also deviates from the measured marginal empirical distribution in some
cases.

It is important to note that, as the data is clustered based on the delays
and the cartesian coordinates, the different clustering algorithms have inherent
modeling assumptions about the delays and the cartesian coordinates. The
GMM (and the K-means algorithm) assumes that the observations for the
cartesian coordinates and delays are normally distributed, whereas the AL
mixture model assumes asymmetric Laplace-distributed observations. These
assumptions will have an impact on the clustering results. In previous work,
channel model parameters have often been derived directly from the clustering
data, by performing a maximum-likelihood estimation of the parameters based
on the residuals from the clustering algorithm.
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Figure 2: CDFs of the residuals for the angles φa and θa based on
the K-means algorithm, the Gaussian mixture model (GMM) and the
asymmetric Laplace (AL) mixture model.

Figure 2 shows the CDFs of the residuals for the azimuth and elevation
directions of arrival, based on the K-means algorithm, the Gaussian mixture
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model (GMM) and the asymmetric Laplace (AL) mixture model, without using
any power-weighting. As seen here, the CDFs are quite similar for the K-
means algorithm and the GMM. The residuals for the angles of departure and
arrival were calculated by transforming back from the cartesian coordinates.
The CDFs of the angles are fairly similar, except that the residuals for the
AL clustering algorithm have heavier tails and more values close to the cluster
center, corresponding to a more spiky shape of the probability density function.

−40 −20 0 20 40 60
0

0.5

1

Delay [ns]

C
D

F

 

 

K−means
GMM
AL

Figure 3: CDFs of the residuals for the delays, based on the K-means
algorithm, the Gaussian mixture model (GMM) and the asymmetric
Laplace (AL) mixture model.

CDFs of the residuals for the delays are shown in Figure 3. For the GMM
and the K-means algorithm, the delays are symmetric around zero, which is
a direct effect of the modeling assumptions in the clustering algorithms. The
CDF for the AL mixture is asymmetric with much heavier tails. Furthermore,
the probability of having components arriving earlier than the cluster center
is much smaller for the AL clustering results. This shows that the clustering
method can have a significant impact on the estimated cluster parameters.
The K-means and GMM tend to find clusters with components that are evenly
distributed around the cluster centroid due to the Gaussian assumption. For
example, in the power weighted case, these algorithms will tend to assign multi-
path components arriving before a strong multi-path to the same cluster.

6.1 Parameter estimates based on different clustering

methods

In this section, we compare the residuals for the three different clustering meth-
ods. Then, we also estimate parameters for the asymmetry, µ, and mode, δ,
for the different dimensions based on the residuals for the different clustering
algorithms, using a maximum likelihood method for the AL distribution. These
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results are also compared with the parameter estimates of µ and δ from the AL
clustering algorithm. Here, we also note, that when clustering using for instance
the GMM, it would make more sense to calculate the estimates for the Gaussian
distribution, since this clustering method assumes Gaussian-distributed data.
However, if the data is assumed to follow an asymmetric Laplace distribution,
then, the AL mixture model should provide better results.

Table 4 shows the estimated parameters of µ and δ with no power weighting.
First, we note that results for K-means and GMM are quite similar. They
both show small values for the asymmetry, which is likely due to the Gaussian
assumption. The estimates for the AL are quite different from the results for
the K-means algorithm and GMM, which implies that the choice of clustering
algorithm will have a big impact on the clustering results. Furthermore, we note
that the AL clustering results exhibits quite small values for the asymmetry
with respect to the angles, but a larger asymmetry for the delay, which will
have a significant effect on the channel model parameters.

Table 4: Estimated parameters of the asymmetry, µ, and the standard devi-
ation, σ, of the AL distribution for arrival angles, departure angles and delay,
for K-means, GMM and AL-clustering.

K-means GMM AL K-means GMM AL
µ µ µ σ σ σ

τ 0.01 0.04 0.31 0.31 0.36 0.46
φa 0.00 0.00 -0.02 0.34 0.32 0.31
θa 0.01 0.00 0.04 0.25 0.25 0.25
φd 0.00 0.02 -0.00 0.28 0.26 0.23
θd 0.01 0.01 0.02 0.21 0.18 0.19

7 Discussion and Conclusion

It has been pointed out that all clustering algorithms make assumptions re-
garding the data. For instance, when the K-means algorithm or a GMM is
used for clustering, it is implicitly assumed that the data is Gaussian. These
clustering methods might still be very useful for clustering data that is indeed
not Gaussian. However, these assumptions will still influence the estimated
parameters and the clustering results, and a better clustering could perhaps
be achieved using a different clustering algorithm. In this paper, we have pre-
sented a clustering algorithm based on an asymmetric Laplace mixture model.
This model is more complex compared to the K-means and the GMM, but
has the advantage of being based on modeling assumptions that are closer to
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the assumptions made in many cluster based channel models. In this paper,
we have presented results using the GMM and the AL clustering methods. It
should be noted that the clustering algorithms also will influence the chan-
nel model parameters that are not included in these clustering methods, such
as cluster and ray decays, arrival rates and fading distributions. The impact
these clustering algorithms have on these channel model parameters will be
investigated in future work.

Power weighted versions for the K-means, GMM and the AL mixture model
have also been provided. Power-weighting allows for greater variability of ob-
servations with low power. However, the power-weighting does not take the
fact that the mean multi-path component power depends on the delay into ac-
count. This means that clusters with large delays will in general have a greater
variance. This might be a good idea, but it has also been pointed out that there
seems to be no apparent physical motivation on how to scale the covariance
matrix as a function of the power. Furthermore, when applying power-weights,
the effective sample size is reduced, which might be a problem when the data
is based on a limited number of measurement scenarios.

Lastly, the change of variables from spherical to cartesian coordinates is
standard practise and makes the modelling easier; however, a better choice
would be to define the model directly on the space R+ × S × S of delay and
angles. One way of doing this is to replace parts of the Gaussian mixture with
a mixture of Kent distributions.

8 Appendix

In this section we derive the laplace-based clustering method presented in Sec-
tion 3. The method is based on the EM-algorithm, which we assume is known
to the reader, see for instance [10] for an introduction.

The parameter that are to be estimated are the cluster parameters θk =
{δk, µk, σk} for k = 1, . . . ,K. To derive the formulas in the method, we note
that an AL random variable can be represented as normal mean-variance mix-
ture with mixture variable vi. We will also use the standard formulation of
mixture models using indicator variables by zik = I(xi = k) for the class be-
longings. To simplify the presentation, we only derive the formulation in the
one dimensional case; however, the multidimensional results follow almost im-
mediately since the dimensions are assumed to be independent.



A Note on Clustering Methods for Wireless Channel Models 199

The expectation used in the E-step at iteration s of the EM algorithm is

Q (θ, θ(s−1)) =

n
∑

i=1

E[log π(yi, zi, vi|Θ)|⋆]

=

n
∑

i=1

E (E [log π(yi, zi, vi|θ)| zi, ⋆] | ⋆)

=
n
∑

i=1

E

(

K
∑

k=1

zikE [∗] | ⋆
)

,

where E [∗] = E [log π(yi, vi,k|θ, zi,k = 1)| zi,k = 1, ⋆], and ⋆ denotes {pi, yi, θ(s−1)}.
The second equality is due to the tower property of the expected value and
third comes from the mixture formulation using the indicator variables zi,k.

From formulation (7) one can deduce that π(yi, vi,k|θ) is proportional (with
respect to θ) to π(yi|vi,k, θ, zi,k = 1). With Dik = yi − δk − p−1

i vikµk we thus
have

E [log π(yi, vi,k|θ, zi,k = 1)| zi,k = 1, ⋆]

= − log(σk)− E

[

DT
ik

p2i v
−1
i,k

2σ2
k

Dik|zi,k = 1, ⋆

]

+ C

= − log(σk)−
p2iE[v

−1
i,k |zi,k = 1, ⋆](yi − δ)2

2σ2
k

− E[vi,k|zi,k = 1, ⋆]µ2
k

2σ2
k

+
pi(yi − δk)µk

σ2
k

+ C,

where C is a constant independent of θ. The expectations in the expression
above have closed form expressions presented below in Section 8.1. Nothing in
the equation above depends on z, and we therefore have

n
∑

i=1

K
∑

k=1

E (zikE [log π(yi, vi,k|θ, zi,k = 1)| zi,k = 1, ⋆] | ⋆)

=

n
∑

i=1

K
∑

k=1

E (zik|⋆)
(

− log(σk)−
p2iE[v

−1
i,k |⋆](yi − δ)2

2σ2
k

−E[vi,k|⋆]µ2
k

2σ2
k

+
pi(yi − δk)µk

σ2
k

)

+ C.

Interchanging the sums and using that

E

(

zik|pi, yi, θ(s−1)
)

= E

(

I(xi = k)|pi, yi, θ(s−1)
)

= πik
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simplifies the equation above to

K
∑

k=1

(

− 1

σ2

{

δk
µk

}T

Qk

{

δk
µk

}

+
2

σ2
bT
k

{

δk
µk

}

− 1

σ2
Hk − log(σk)

n
∑

i=1

πi,k

)

+ C,

where Qk, bk and Hk are the one-dimensional versions of Qk,j ,bk,j and Hk,j

in the method in Section 3. Differentiating the expression with respect to
the parameters and setting the equations to zero, yields the desired updating
expressions for the parameters presented in Section 3.

8.1 Expectations

To make the formulas more compact, set

a =
µ2
k

σ2
k

+ 2,

b = p2i
(yi − δk)

2

σ2
k

.

Using the expressions for expectations GIG random variables (See e.g. [14]) and
using recurrence relations for the Bessel functions (see [15]) gives the following
formulas for the desired expectations

E[Vi,k|⋆] =
√

a

b

K3/2(
√
ab)

K1/2(
√
ab)

=

√
ab+ 1

b
,

E[V −1
i,k |⋆] =

√

b

a

K−1/2(
√
ab)

K1/2(
√
ab)

=

√

b

a
,

where Kλ(·) is the modified Bessel function of the second kind.

References

[1] M. Steinbauer, A. Molisch, and E. Bonek, “The double-directional radio
channel,” Antennas and Propagation Magazine, IEEE, vol. 43, no. 4, pp.
51–63, Aug 2001.

[2] K.-H. Li, M.-A. Ingram, and A. Van Nguyen, “Impact of clustering in
statistical indoor propagation models on link capacity,” Communications,
IEEE Transactions on, vol. 50, no. 4, pp. 521–523, April 2002.



A Note on Clustering Methods for Wireless Channel Models 201
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Realistic Shadowing

This paper presents results based on polarimetric radio channel mea-

surements at 60 GHz in a small meeting room room and in an empty,

unfurnished conference room. The measurements in the small meeting

room were performed using dual-polarized virtual antenna array elements

at both the Tx and Rx sides and includes LOS and NLOS scenarios. In

the unfurnished conference room, a directional horn antenna was scanned

in the azimuth plane and the Rx antenna was an omnidirectional antenna.

Based on these measurements, the paper presents experimental values for

the cross-polarization ratios (XPRs) of the propagation paths as well as

cluster decay parameter estimates for the two different rooms. Lastly, the

eigenvalue spreads of dual and single-polarized antenna arrays are inves-

tigated.
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1 Introduction

Frequency bands in the millimeter-wave range, i.e., bands in the frequency
range of ∼ 30− 300 GHz, are promising candidates for short-range high data-
rate wireless radio systems. However, accurate characterization and modeling
of the propagation channel is required in order to be able to efficiently make
use of the available bandwidth in the mm-wave range. To the authors’ best
knowledge, only a few papers deal with the polarization characteristics of mm-
wave propagation channels, and there is a lack of knowledge on how to properly
model those. In general, orthogonally polarized elements will exhibit a very low
correlation. This characteristic can be utilized to combat fading through po-
larization diversity, or to increase the spectral efficiency through spatial multi-
plexing using multiple-input multiple-output (MIMO) systems with orthogonal
antenna elements. The effectiveness of these polarization techniques are highly
dependent on the characteristics of the XPRs [1]. At 60 GHz, XPR values of
of 10-20 dB for first and second order reflections have been reported for office
environments [2]. In [3], XPR values in the 70 GHz band, in shopping mall,
railway and office environments, were observed to be in the range of about
10-30 dB. This indicates that the XPR is larger at these higher frequencies as
compared to at lower frequencies. At 5.2 GHz, mean values of the XPR have
been reported to be 6.6 and 6.3 dB in office and conference room environments,
respectively [1]. In the Winner II channel model [4], the XPR parameter values
have mean values of 4-12 dB for 2-6 GHz. In this paper, we present experimen-
tal values of the XPRs of the propagation paths at 60 GHz, based on indoor
measurements in a small meeting room and an empty, unfurnished conference
room. Furthermore, cluster decay rates are estimated and eigenvalue spreads
are investigated.

2 Channel Measurements

2.1 Small meeting room

The small meeting room has a floor size that is 3 m×4 m . The meeting room
contains a table, bookshelves, a whiteboard and has a window at the wall.
The Rx is placed in one of the corners of the room, emulating a device such
as a TV-screen. The Tx is placed in different locations at the table. For the
NLOS scenarios, a water-filled human phantom is placed in a chair, blocking
the direct path between the Tx and Rx. Such a phantom has previously shown
realistic shadowing behavior at mm-wave frequencies [5]. The Rx used in the
measurement was an open waveguide and the Tx was a biconical antenna.
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Figure 1: Measurement setup in the small meeting room (left) and floor
plan of the LOS and NLOS measurements (right).

The measurements in the small meeting room is based on the virtual an-
tenna array technique. Electromechanical positioners are used to move the an-
tennas, forming a virtual array. The orientation of the antennas were changed
so that the E-field was vertically and horizontally polarized, on both sides.
At the Tx, the virtual array formed a 5 × 5 dual polarized rectangular array
in the horizontal plane. Similarly, at the Rx side, the virtual array formed
a 5 × 5 dual polarized rectangular array in the vertical plane. Together, the
virtual arrays emulates a 25 × 25 dual-polarized MIMO system with 50 × 50
virtual antenna ports. In total, 4 LOS and 4 NLOS measurements were per-
formed in the small meeting room, resulting in a measurement set of 20, 000
impulse responses. The measurements were performed with a vector network
analyzer (VNA), measuring frequency transfer functions from 58-62 GHz, using
801 equally spaced frequency points with a transmit power of - 7 dBm for each
virtual Tx antenna port. Additionally, a power amplifier (PA) and a low-noise
amplifier (LNA) were connected directly to the Tx and Rx antenna, respec-
tively. The influence of the coaxial cables, PA, LNA and coaxial-to-waveguide
transitions was removed from the measured data in a post-processing step,
using back-to-back measurements.
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2.2 Unfurnished Conference Room

The conference room is unfurnished, with one door on one side of the room
and with two windows on the other side of the room. The walls are made of
brick covered in plaster and the floor is carpeted. In this room, the rotating
antenna technique was employed. A directional horn antenna with a gain of
about 20 dBi and half power beam-width of 18◦ was used as a Rx antenna.
The Rx was placed in the center of the room, mounted to a rotation stage.
The Tx was an omnidirectional biconical antenna with a gain of approximately
1 dBi, and was placed at a distance of 1.3 m from the Rx antenna. A PA
and an LNA was used at the Tx and Rx, respectively. The Rx was rotated
and transfer functions were measured every 1◦ using a VNA, with the same
settings as in the small meeting room. The measured data was calibrated using
a back-to-back measurement, and the peak antenna gains were removed from
the measurement data.

3 Results

For the small meeting room, the SAGE algorithm was applied on the measured
data in order to produce double-directional estimates of the multi-path com-
ponents. Measured data for the co- and cross-polarized antenna patterns were
included in the SAGE algorithm, so that the antenna gains were de-embedded
from the data. For the conference room measurements, the impulse responses
for each measurement angle was plotted on top of the basic floor plan, with the
delay scaled with the speed of light, so that it corresponds to a path distance.
This is shown in Fig. 2, for V-V and H-V polarization combinations. The figure
also includes mirrored images of the Tx, based on the locations of the walls in
the room. The peaks in the impulse responses for V-V and H-V polarization
were then identified based on a local peak search around the mirror images.
A peak is considered to be observed if its power is more than 3 dB above the
noise floor of the impulse resonse, and, that the peak is at least 6 dB stronger
than the smallest value in that local area. An ad hoc search area of ±5◦ and
±0.75 ns around the mirror image was found the be appropriate.

3.1 Cross-polarization ratios

The cross-polarization ratio for the propagation paths is defined here as the
ratio between the power of the co-polarized component of a multi-path com-
ponent (MPC) to its corresponding cross-polarized component. Each MPC is
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Figure 2: Measured impulse responses in the conference room for co-
polar (top) and cross-polar (bottom) configurations of the Rx antenna.
The mirror images for the Tx location are also shown as circles.

assumed to have a complex amplitude defined as

α =

(

αV V αVH

αHV αHH

)

. (1)

The cross-polar propagation path ratios are then defined as

XPRV =
|αV V |2
|αHV |2

, XPRH =
|αHH |2
|αVH |2 . (2)

The XPR values found based on the results from SAGE algorithm for the
meeting room, and based on the peak detection method described above can
be seen in Fig. 3. No significant difference was found for the line-of sight
(LOS) and non-line-of-sight (NLOS) scenarios, so the data set for LOS and
NLOS were combined. The values are in the range of 10-30 dB, which is in
agreement with the values reported in [3]. Since the values for the different
environments and polarizations are quite similar, the data for all XPRs were
combined into one data set. The mean and variance of a normal distribution
was estimated using maximum-likelihood based on the combined data set. The
combined data set and the estimated normal distribution is shown in Fig. 4.
The estimated mean and standard deviation of the normal distribution was
µ = 17.1 dB and σ = 5.2 dB, respectively. The measurement data for the
conference room was also used to calculate the XPR values for all delays and
measurement angles. Only values where the measured impulse response sample
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Figure 3: Cumulative distribution function for the propagation path
XPRs in meeting room and conference room environments.

was above the noise floor, for both the co- and cross-polarized, were included
when doing this. The XPR values now cover a wider range compared to the
specular XPRs, as it now also includes diffuse scattering. The ML-estimates
for a normal distribution gave the parameter values µ = 8.3 dB and σ = 6.5
dB.

3.2 Eigenvalues

Eigenvalue distributions were investigated based on the measurements in the
small meeting room. Smaller sub-arrays were created based on the larger vir-
tual arrays used in the measurement. A large number of rectangular 2× 2 sub-
arrays, at both the Tx and Rx sides, with inter-antenna element distance of 2
mm were created. These sub-arrays were created with three different antenna
orientations: V-V, V-H and a combination with 2 vertical and 2 horizontal
antenna elements at each side. This way, the sub-arrays for each polarization
combination have the same number of antenna elements, and were used to
measure in the same spatial position.

The eigenvalues for all of these 4×4 MIMO channel matrices corresponding
to these subarrays were calculated for each polarization combination, using
all the measured frequency points and all of the measured LOS and NLOS
scenarios. The eigenvalues were normalized with respect to the median value of
the strongest eigenvalue for each polarization combination, in order to facilitate
a comparison of the eigenvalue spreads. As seen in Fig. 5, the eigenvalue
spread for the 4× 4 MIMO channels in LOS scenarios are significantly smaller
compared to the spreads for arrays with H-H and V-V polarization orientation
of the antennas. For the NLOS scenarios, the eigenvalue spreads are not that
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Figure 4: Cumulative distribution functions of the XPRs for all spec-
ular paths, and for the all the XPRs in the conference room based on
impulse response sample above the noise floor and Gaussian distributions
based on ML-estimates for the data.

different for the different polarization combinations.

3.3 Cluster decay

The cluster decay was estimated based on both the SAGE results for the small
meeting room and based on the measurements in the unfurnished conference
room. For the modeling of the cluster decay and cluster fading, the reader is
referred to [6]. We note that the cluster decay estimation assumes that the
measurement data is describing the peak power of the cluster, i.e., the main
multi-path component of a cluster. For the conference room measurement,
this assumption is justified since the measurement data only includes specular
reflections that are observed in an unfurnished room. As previously observed
in [7], the main component in each cluster is usually attributed to specular
reflections. For the SAGE results in the meeting room environment, the as-
sumption is justified by the fact that the results from the SAGE algorithm was
set to only estimate 30 MPCs in each scenario. Upon examining the results,
very few components were attributed to non-specular interactions.

Fig. 6 shows the estimated cluster decay based on the conference room
measurements, for V-V and H-V polarization combinations. In this case, the
estimates are based on ordinary least squares (OLS) and a maximum likeli-
hood (ML) expression for censored data. The censored data is assumed to be
located at delays corresponding to the calculated path distances for the mirror
images of the Tx antenna, where the received power is below the noise floor.
The ML method is likely to produce more accurate results, but is however not
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Figure 5: Cumulative distribution function of the four eigenvalues of
4×4 MIMO channel matrices, based on all measurements in the meeting
room environment, for LOS and NLOS scenarios and different polariza-
tion orientations of the Tx and Rx array antennas.

that different from the results for the OLS. The estimated parameters based
on ML for the cluster decay and fading are shown in Table I. The values for
the cluster decay constants for V-V and H-V are quite similar, which indicates
that it might reasonable to model the cluster decay using a single cluster decay
parameter. Furthermore, the estimated parameters for the V-V polarization
are very similar to the estimates for a conference room presented earlier in [6].
In that case, the conference room was slightly larger, and the estimated pa-
rameters were based on MPC estimates that were clustered using an automatic
clustering algorithm. This indicates that it could be feasible to accurately esti-
mate the cluster decay using the rotating antenna technique in an unfurnished
room.

For the meeting room scenarios, the cluster decay was estimated based on
an ML estimator for a truncated normal distribution [6]. The estimated cluster
decay is shown in Fig. 7, for all four polarization combinations. The estimated
parameters are shown in Table I. The cluster decay constant for the meeting
room is smaller than for the conference room, corresponding to a steeper cluster
decay in the meeting room environment. A smaller room size is likely to give
rise to a steeper cluster decay, since the MPCs are likely to experience a larger
number of interactions as a function of delay in a smaller environment.
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Figure 6: Cluster decay estimation based on the conference room mea-
surement data, using ordinary least squares (OLS) and a maximum likeli-
hood (ML) expression for censored data, for V-V (top) and H-V (bottom)
polarization orientations.
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Figure 7: Cluster decay estimation based on the meeting roommeasure-
ment data, using a ML expression for truncated data, for the different
polarizations.
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Table 1: Estimated cluster decay for the meeting and conference room.

Enivronment Pol. m Γ [ns] σ [dB]
Conference room VV -20.7 8.7 1.41
Conference room HV -25.0 8.3 0.97
Meeting room VV -18.6 6.5 2.5
Meeting room HH -18.1 6.1 2.5
Meeting room VH -21.9 6.1 2.6
Meeting room HV -22.1 6.6 2.6

4 Conclusions

This paper presents experimental values for the specular propagation path
XPRs, based on measurements in a small meeting room and in an empty, un-
furnished conference room. The results show that the specular XPRs are in the
range of 5-30 dB, that can be modeled as normally distributed random vari-
ables with a mean and standard deviation of 17.1 dB and 5.2 dB, respectively.
The eigenvalue spreads for 4 × 4 MIMO channels with different polarization
combinations of the Tx and Rx antenna elements have been investigated. It
was shown that the eigenvalue spreads are significantly smaller for dual po-
larized antenna arrays compared to co-polarized arrays in the LOS scenario.
This means that polarization, as expected, provides an efficient way to nearly
double the spectral efficiency for LOS mm-wave communication. In the NLOS
scenario, no significant difference of the spreads were observed. Furthermore,
the paper presents values for the cluster decay rates for the meeting room and
conference room environments. The cluster decay rate for the co- and cross-
polarized components were found to be very similar, indicating that it might
be possible to model the cluster decay using a single cluster decay constant.
The cluster decay constants for the different polarizations were estimated to be
in the range of 8.3-8.7 ns for the conference room and 6.1- 6.6 ns for the small
meeting room. The cluster decay rate is highly dependent on the room size,
with a smaller cluster decay constants for smaller rooms, corresponding to a
steeper decay.
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