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The focus of this thesis is to perform and study indoor mesaments with both HSPA+
and LTE MIMO setups. The reason behind this study is to viditlee benefits of MIMO
implementation in indoor cells. MIMO scheme is comparedragjasingle antenna con-
figurations and other test cases, such as different antemaisity setups for spatial mul-
tiplexing and studying the effect of attenuation imbalancdIMO antenna lines. In
terms of performance, air interface throughput is used topare different setups. Mea-
surements were performed in a office building, using singlevath minimal interfernce.
Throughput results were gathered in both mobile routes asthtic locations, using lap-
top and spatial multiplexing MIMO capable commercial USBdams.

Results obtained from these measurements follow the exji@uts, for the most part,
made in measurement plan, based on literacy and theoryd®BHMO and wireless radio
access methods. On good channel conditions, near the anéerhat LOS locations,
the maximal practical throughput peaks can be seen, andgeeate is notably higher
than single antenna setups. For HSPA+ on best channel mog]ispatial multiplexing
MIMO gain is around 50% compared to single antenna and inevolnsinnel condition,
the average gain is only around 5 to 15%. With LTE, the MIMOngai good channel
conditions averages around 60% and on worse channel igstds 15 to 30% average
gain.

LTE with OFDMA is more stable in terms of throughput variartkan HSPA+ using
WCDMA. Static measurement results show that current statkial stream MIMO re-
ception is very sensitive to receiver antenna orientatih laoth HSPA+ and LTE. Small
change in receiver orientation can have a large effect tailodd throughput rate.
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Taman diplomitydn paamaarana on mitata ja analysoida HSPA+TE:n MIMO suori-
tuskykya sisétilassa. Tutkimuksen tarkoitus on selvittg&hdollisia MIMO:n tuomia
etuja sisdverkkojen toteutuksessa. Kahden antennin M#Vi@rratan yhden antennin
toteutusta vastaan ja lisaksi tarkatellaan muita tapauksiten eri keinoja toteuttaa an-
tenni diversiteettspatial multiplexingMIMO:lle ja MIMO:n antennilinjojen vaimennuk-
sen epatasapainon vaikutusta. Suorituskykyd mitataamutsdan ilmarajapinnan tiedon-
siirtonopeuksilla eri testitapauksissa.

Mittaukset suoritettiin toimistorakennuksessa yhdetituka ja minimaalisella hair-
i0ll&. Siirtonopeus mittaukset suoritettiin likkumaliaitteja pitkin seké paikallaan ki-
inteissa mittauspaikoissa. Mittalaitteina kaytettiimkattavaa tietokonetta, jossa mittao-
hjelmana on Nemo Outdoor. Kaytetyt USB modeemit ovat kdigesti saatavilla ja tuke-
vat spatial multiplexingIMO ominaisuutta.

Mittauksista saadut tulokset ovat paasaantoisesti kayaidesta saatujen ja testisuun-
nitelmassa tehtyjen odotusten mukaisia. Hyvassa radaskensa saadut tulokset, lahella
tai nakoyhteydessa lahteysantenniin paastiin hetkittguin lahelle kaytannén maksimi-
arvoja. HSPA+:rspatial multiplexingMIMO tuo hyvalla radiokanavalla keskimaarin 50%
parannuksen siirtonopeuksiin, mutta huonommissa radekasa saatu hyotty jaa 5 ja
15% valille. LTE:Il& hyvissa olosutheissa saatu hyoty oskk@aarin 60% ja huonomissa
olosuhteissa MIMO:n siirtonopeudet ovat keskimaarin 19%3paremmat kuin yhdella
antennilla.

LTE:n kayttdma OFDMA tekniikka on tulosten perusteella aakpi kuin HSPA+:n
WCDMA tekniikka. Tama nakyy siirtonopeuden vaihtelusteka referenssi-signaalin
voimmakuuden vaikutuksesta suorituskykyyn. Kiinteasskgssa suoritettujen mittausten
perusteella MIMO:n nykyinen vastaanotin on erittédin hérkkodeemin suuntaukselle.
Pieni muutos vastaanottimen suunnassa voi nakya merkitéamuutoksena tiedonsiirto-
nopeudessa.
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1. INTRODUCTION

Mobile telecommunications service providers have seemdisapcreasing demand for
mobile data over past few years. This trend seems to be ogp@wmid increasing due to
growing demands of packet switched data usage with variamislendevices. Main rea-
sons for this growth are changes in user behavior and demiacdsase in size of Internet
and multimedia contents and aggressive marketing of vésddeoadband connections with
flat pricing schemes and simple device installations. Ngtwperators have been forced
to invest and seek new solutions to increase capacity andfénarates they can offer to
their subscribers [1]. One scheme used to provide more itgpadultiple Input Mul-
tiple Output (MIMO), which utilizes multiple transmit an@ceive antennas to increase
performance of wireless transmission in terms of capacity@eak rates.

MIMO has been introduced in latest evolution of Third Getiera(3G) and Long
Term Evolution (LTE) mobile technologies to improve capgacspectral efficiency and
data transfer rates operators can provide in cellular misv@s a technology, MIMO is
specially suitable for wireless communications, becatisan offer significant increases
in both data throughput and link range without additionaidwidth or transmit power.
Best performance gains from MIMO are experienced with higin& to Interference-
plus-Noise ratio (SINR) cases [2].

Most of the packet based data traffic generated in urbanamwient is originating
from indoor environments. As demands for capacity aremgttigher, network operators
need to invest on efficient solutions to provide better cagerand capacity for indoor
users, since outdoor macrocells and microcells provididgor coverage often suffer poor
results to end user performance. This can be solved by usidigated indoor network
solutions, such as indoor distributed antenna systems D&l using latest evolution
of mobile technologies. Proper indoor planning and antgiaeements are crucial for
obtaining best benefits from MIMO setup [3].

Rich scattering environments like indoor areas, are eafpgsiuitable for MIMO sys-
tems due to assurance of multipath propagation. Partlgud#tractive cases are narrow-
band propagation environments, where multipath createspendent channels even with
small separations of antenna spacing. This makes orthbfregaency division multi-
plexing (OFDM) modulation used in LTE a good match with inddMIMO system [4].

This Master of Science thesis focuses on indoor performahdMO setup, intro-
duced by the 3rd Generation Partnership Project (3GPRsessfor Evolved High-Speed
Packet Access (HSPA+) and Long Term Evolution (LTE). Go#bieview indoor MIMO
concepts, perform indoor field measurements and resulysinaf MIMO performance
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in different cases. Chapter 2 introduces basic principfellati-antenna concept and
Chapter 3 focuses on indoor environment and its effect on ®lIéhannels and signal
propagation. Closer look for HSPA+ and LTE performance ant® scheme is pro-
vided in Chapters 4 & 5. The measurement plan, equipment@ifbdase are introduced
in Chapter 6. Chapter 7 provides the presentation of meamneresults, comparison
between test cases and analytical observations gathemadrésults and measurements.
Finally Chapter 8 provides conclusions and summary basatuglies and measurements,
providing a good overview of key points of the topics and gagl results.



2. MULTI-ANTENNA TECHNIQUES

The idea of using multiple receive and transmit antennaghesged as one of the most
significant technical breakthroughs in modern wireless momications. Background
principles of multi-antenna techniques originates fromyed990’s. First US patent was
proposed in 1993, considering concept of spatial multipigxSM) using MIMO and spe-
cially emphasizing applications to wireless broadcashs [5]. First research work to
refine new approaches to MIMO technology was done in 1996 astddboratory proto-
type of spatial multiplexing was demonstrated in Bell Lain4998.

These first steps of MIMO research focused on improving lnmk@ghput and explor-
ing other benefits and possibilities that MIMO based tragsions can provide in wireless
environment [6, 7, 8]. First uses of MIMO utilized simple s§phmultiplexing and expe-
rienced some gains from spatial diversity. More efficierd abmulti-antenna techniques
require more complex designs including advanced deteatiethods and more process-
ing capabilities. Basic MIMO concept where each signal congmt experiences unique
channel propagation conditions is illustrated in figure 2.1

>>> &H11 \/
TX L X | RX

D) y

o ADyZtinm / -
m  MIMO |

Figure 2.1: Basic MIMO concept where each signal experiences differeannel.

Wireless transmission channel is affected by fading thataicts the signal to noise
ratio (SNR). When SNR drops, error rate will increase in cafsdigital data transfer.
The principle of diversity is to provide the receiver with ltiple versions of same signal
experiencing different channel conditions. With multipigerse signals, the probability
of similar channel conditions effects is reduced. This bétpstabilize the wireless link,
improves performance and reduces error rates. In MIMO sedich antenna is a separate
single element and have to be considered independentifoltld not be treated as an
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antenna array, where all antenna elements act as a singgenstiThe additional diversity
against radio channel fading are provided with spatialditag where there is sufficiently
large distance between antenna elements, and by polanzditiersity, where antennas
use different antenna polarization directions.

2.1 MIMO formats

There are different MIMO configurations that can be used.sé&ldifferent formats offer
different advantages and disadvantages. The optimumicolist depending on the ap-
plication. Terminology of these different form of antene&tinology refer to single or
multiple inputs and outputs. Basic concept of each implgatem is shown in figure 2.2.

> 1
Tx—/r>>Y—Rx Tx|: >>>Y—F\’x

SISO * IMISO

Y MDY
1y

:IRx| | Tx|: >>>OY§ RXx

TX

SIMO

Figure 2.2: lllustration of different antenna setups.

Different MIMO formats all have different uses. The decislmetween different configu-
rations needs to account the cost of additional processidgramber of antenna elements
needed versus performance improvements more complexvsyst@n provide. Also in
case of mobile equipments (MESs), the battery life limitaicmeed to be weighted in the
decision making. More antenna elements and heavier priogeaee directly increasing
the power consumption of the mobile devices.

2.1.1 Single Input Single Output

Single Input Single Output (SISO) can be considered the siogile form of radio link.
This case is effectively a standard radio channel. One rrdtes antenna operates with
one receiver. There is no diversity gains and no additioralgssing required. Advantage
of SISO system is the simplicity. However, the SISO chamshited on its performance.
It is more susceptible to fading and interference than sysig&ing some form of diversity.
Also the channel bandwidth of SISO is limited by Shannons[18].

2.1.2 Single Input Multiple Output

Single Input Multiple Output (SIMO) version of the MIMO is age where transmitter has
a single antenna and the receiver has multiple antennas cabe is also known as receive
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diversity. SIMO is used to enable receiver to receive sgifraim multiple independent
sources to gain diversity against fading effects. Advaa@igSIMO is that it is relatively
easy to implement. It requires no changes from transmiitérsome extra processing is
required in the receiver end. The use of SIMO is suitable fanynapplications. Main
limitations for it are cases when receiver is mobile dewdeere levels of processing are
limited by size, cost and battery drain, and spatial difieeebetween antenna elements
is small. There are two main detection methods for SIMO. &vetl diversity form is
where SIMO system looks for the strongest signal betweesnaias and switches to that
antenna. Maximum ratio combining (MRC) form takes all reedisignals from multiple
receive antennas and sums them to a combination. In this falirthe received signals
contribute to overall signal and improve SNR [9].

2.1.3 Multiple Input Single Output

Multiple Input Single Output (MISO) is another version of MO offering transmit diver-
sity. MISO scheme is similar to SIMO, but in case of MISO thmealata is transmitted
from multiple antennas. The transmission redundancy ali@eeiver to be able to detect
combination of transmitted signals, allowing increasedltsignal power and more diverse
propagation and polarization. The advantage of using MESthat multiple antennas are
located at transmitter end, and the diversity processimgiformed there. This allows
reducing the receiver complexity, making MISO scheme bigtéor transmitting data to
mobile devices that have limitations in size or processapgabilities. Gain seen in MISO
case is better SNR when best signal is chosen at receive®gnd [

2.1.4 Multiple Input Multiple Ouput

Multiple Input Multiple Output (MIMO) term is used when treeare more than one an-
tenna at both end of the radio link. MIMO can be used to progd@s in both channel
robustness and channel throughput. Unlike degenerate c&a84MO introduced previ-
ously, a large data throughput capacity increase is pasisilslhse of MIMO. This requires
dividing transmitted data to different groups and to usermgébr separating the different
channel paths. In case of MIMO, the complexity is greatestabse multiple antenna
elements are required in both ends of the channel, and itresglieaviest amount of sig-
nal processing. But MIMO setup has capability to provide lgasns in performance and
capacity.

2.2 Capacity of wireless channels

Famous Shannon’s Theorem in [10], provides a simple fortautalculate theoretical up-
per bound to the capacity of a link. The formula acts as a fandaif available bandwidth
and SNR of the link. Result is given in bits per second. Shaisnbheorem can be stated
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as:

S
C = B -logs (1 + N) , (2.1)

where C is highest theoretical channel capacity, B is badtiwof the channel in hertz,
S is average signal power given in watts or in ¥®land N is the average noise power,
also in watts or volts. From equation 2.1, it is clear that two fundamental faclioniting
the capacity are the SNR and available bandwidth. The redesignal power can be
expressed aS = E, - R, whereF), is the received energy per information bit, aRds
used bit rate. Furthermore, the noise power can be express€d= N, - B, whereN,

is constant noise power spectral density reported in W/HE [Lhis way the equation 2.1
can be expressed as:

No- B
Additionally, by defining term bandwidth utilization= R/B. Because information rate

can never exceed the maximum channel capacity, wezget C. Now the bandwidth
utilization formula based on Shannon’s Theorem can be sgprkas:

C:B.zogz<1+Eb‘R). (2.2)

E
~ < logs (1 +- —b) . (2.3)
No

The channel utilization parameter and derived equatioruseéul for comparing ca-
pacity benefits gained from different MIMO setups. One waintwease the channel ca-
pacity is by using a high order modulation schemes, whichramee sensitive to SNR than
lower order modulations. Increase in transmit power is lagomethod to boost channel
capacity, because it increases the received signal powepa@d to noise power. How-
ever, the non-ideality of power amplifiers are limiting tlaage of practical signal power.
Also in practical cellular networks, the interference miling the capacity, causing limi-
tations of usable transmission power levels. Obtainintagecapacity is always a balance
between allowable error rate, bandwidth, SNR and availmbtesmit power.

2.2.1 Capacity increase through the use of MIMO systems

In MIMO systems, the principle is to establish multiple plasubchannels, which oper-
ate simultaneously in same frequency and time domain. $in&ceorrelation of subchan-
nels is always between 0 and 1, it is possible to derive uppettaaver bound of capacity.
When signal propagation loss is not taken in to account, geamum capacity is achieved
when correlation between subchannels is 0. The worst cageeis correlation factor is 1,
meaning that all subchannels are interfering each othgr [l maximum capacity for
MIMO can be derived from equation 2.3 as:

Ymaaz S Nomin lOg? <1 + i) ) (24)

nr
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wheren is number of transmitting antennas; number of receiving antennas amg;,, =
min(nr,ng). Additionally p is defined as:

o PTq:
==
where Py, is total transmit powetr\Vis total noise power anblis defined as:

P D, (2.5)

1 nr nr
2 2
m=1 n=1

where T is a matrix containing the channel transfer gainseish antenna pair. The
minimal MIMO capacity is correspondingly:

nr
From these formulas 2.4 and 2.7,it can be clearly seen tedbehefits from MIMO in
capacity increase is strongly connected to the correldt@ween subchannels.

2.2.2 Waterfilling

When the transmitter has knowledge between the correlatbsubchannels, the power
can be allocated in optimal way using the distribution knaxgnwaterfilling. The wa-
terfilling distribution scheme allows system to obtain nmaxm possible capacity based
on specific system conditions. The basic concept of waiadills to divide the trans-
mit power for all different subchannels in a way, that eacanetel reaches the required
level of SNR. Basically this means that channels with maenatations get more transmit
power to compensate SNR levels at receiver end. If a chammelition is really poor,
the waterfilling algorithm discards the use of that subcletnontil its condition improves
[13].

One of the most common difficulty with waterfilling algorithim case of MIMO is
used method of the minimization of the sum of mean squarese(MSES) of different
subchannels within MIMO channel. Instead of performing imizing the sum of MSEs,
system should be designed to minimize the determinant d8E matrix. This allows
classical capacity-achieving waterfilling result to beadhéd in MIMO systems. The
most common methods to utilize waterfilling solutions arabeing SINR ratio between
subchannels, minimizing MSE matrix determinant or minimizaverage bit error rate
(BER) over a set of parallel subchannels. The minimizati@verage BER is most suited,
when there is least channel knowledge [14].

2.3 Spatial multiplexing

Spatial multiplexing is a transmission technique utilizadvireless MIMO communi-
cation. The term spatial multiplexing means reusing of spdimension, by transmit-
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ting independent and separately encoded data signaledcstieams, from each of the
multiple transmit antennas. The maximum SM order, deswilbiumber of streams, is
Ny = min(Ny, N,). Figure 2.3 illustrates basic idea of MIMO using SM.

L x| 1) RX 1
B Em NS N
5 etz S W B R e R
el2d) N)——o adle
RN C B B I < I

Figure 2.3: Third order Spatial Multiplexing example.

The theoretical gain of SM is the basic SISO case througliputo - IV, , because in
ideal case the bitstream rate, or correspondingly speeffialency, can be increased by
the factor of SM order.

The basic principles how multiple parallel channels canreated in case of MIMO
using for example in % 2 antenna configuration is presented in equation 2.8. Tleévext
signals can be expressed as:

?:[m]:[hu th]‘[slle[nl]:H@jLﬁ’ 28)
r2 h21 h22 52 n2

wherer is received signal vectof] is the channel matrixg is transmitted signal vector and
7 IS noise vector. Assuming noise vector is 0, and that theradlanatrix H is invertible,
the signal vectok can be recovered perfectly at the receiver by multiplyiregréceived
vectorr by with matrix W = H 1 [11].

In case of excess antennas in transmitter, they can be upeovide beam-forming to
provide additional gain for reception. Combining SM andrbeiarming can be achieved
by means opre-coder-base®M. Linear precoding can be done by means of a 8izex
Ny, precoding matrix in transmitter, wheré, is number of signals to transmit aid, is
number of transmit antennas. In practical ca¥gdss equal or smaller thav,, meaning
that V;, signals are transmitted by usiig- transmit antennas [11].

When N;, = Nr, the precoding matrix is used to provide orthogonality toapal
transmissions, increasing signal isolation and thus lieduonter symbol interference (I1SI)
at the receiver end. When the number of signals to be tratesimg less than number of
transmit antennagV; < Nr), the precoding in addition provides possibility for beam-
forming in combination of spatial multiplexing. In pracaticthe precoding matrix will
never perfectly match the channel, thus there will alwaysdme residual interference
between transmitted signals. However, this interfereacebe taken care of by additional
processing at receiver end [11].
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The channel matri¥/ can be expressed in precoding case as:
H=w-Y V" (2.9)

where columng” andWW are coding matricey, is a N, x N, diagonal matrix with the
Ny, strongest eigenvalues éf! as its diagonal elements [11]. Figure 2.4 demonstrates
the use of precoding elements in transmission.

N, I\/I\TA —_ — VI}’\R N,

A_) _)v

S Ee

Figure 2.4: Orthogonalization of spatially multiplexed signals by meaf precoding.

To determine suitable precoding matrices V and W, the kndgdeof channel H is needed.
A common approach is to have receiver estimate the chandedl@cide suitable matrix
from a set of available precoding matrices. Then the recgives feedback information
about the selected coding matrix to transmitter for it toadeosuitable matrix V based on
channel conditions [11].

2.4 Spatial and polarization diversity

Spatial diversity method for SM requires distance betweansimitting antennas. Typi-

cally required distance between antenna elements would b&gnitude of wavelength

(M) of transmitted signal. Bigger distance between antenefssho ensure more uncor-

related radio channel propagation for separate parafjabss from different transmission

antennas. In case of spatial diversity transmission, thenaas have usually same polar-
ization.

Polarization diversity refers to the transmission schernere signals are transmitted
and received simultaneously on orthogonally polarizedesavPolarization of electro-
magnetic wave is defined as direction of its electric fieldteecDiversity gain can also
be achieved from polarized parallel channels without anyirement of spatial separa-
tion. Polarization diversity is an attractive alternatbeempared to spatial diversity. It does
not require transmitting antenna elements to be separgtéistance, thus the polariza-
tion can be performed with polarized antennas in singlerar@element. In practice, two
polarization schemes are most commonly used: horizonttical (O / 90°) or slanted
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(+45° [ -45°) [15].

Polarization scheme, however, is only suitable fox 2 MIMO, because 90angle
difference in transmission polarization is required toiaeh orthogonal Independence be-
tween transmitting antennas. For higher order SM, theretsarbe hybrid cases of spatial
and polarization difference. In case 0844 MIMO, the diversity could be obtained with
two antenna elements with spatial distance and both usitagiped antenna implemen-
tations [15]. Figure 2.5 shows simplified case of hybrid csitg method. In the figure
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Figure 2.5: Example of 4< 4 MIMO with hybrid spatial and polarization diversity.

all channels are separated either with spatial diversitgadarization diversity. Hybrid
design helps to reduce amount of antenna elements, whilefs&tring higher order SM
capabilities.

In case of spatial diversity, the main affecting factor is tlistance between antennas.
Distance separation can be done in transmitting, recemirtgpth ends. In practical cases
with fixed base transceiver station (BTS) locations and tedbs, the transmitter spacial
distance is only possible to obtain in BTS end. Small sizeditacstations can not fit
antenna distances of several wavelengths. The polaniedtiersity offers solution for
space problems. However, the affecting factor for poléieradiversity performance is
cross polarization discrimination (XPD) [15].

XPD measures the extent of depolarization in a wirelessraflalt is defined as:

a

XPD =20-log (?) dB, (2.10)

whereEc is co-polar signal strength arfdr is the cross-polar signal strength at receiver.
High values of XPD indicate higher lever of separation bemvdifferent polarizations.
Higher separation implies better suitability for polatiea diversity in multiplexing tech-
niques. However, specially in NLOS scenarios, high XPDoresiuses diversity deficit for
polarization diversity based MIMO systems. It is shown i@][that MIMO system capac-
ity is reduced for high level of XPD, because it means lessaigcatters and reflections
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over wireless channel, causing less multi-path compon®ff<C). Different wireless en-
vironments have different impacts of XPD behavior over pigation channel. Based on
[17], the best polarization diversity gains are obtainednrall cells that offer many scat-
tered signals. This ensures multiple received signals siithilar signal strengths, delay
and random polarization.

2.5 Reception schemes

There are different reception schemes in order to detecten@ive correct wanted signal
at receiver. Choosing the reception method depends oningpigation and complexity of
the receiver and transmission conditions in wireless enmirent. The optimal solutions
are usually most complex to implement and can require maregssing than simpler so-
lutions. Linear schemes are usually based on zero-for@hky ¢r minimum mean square
error (MMSE) criterion. Non-linear receiver processing asing various implementations
like maximume-likelihood (ML) or successive interferenancellation (SIC) [18].
Obtaining knowledge of the channel is important for reaaptiln 3G and LTE sys-

tems, the channel estimation in receiver is based on piloef@rence signal analysis.
When known pilot symbol is sent through the channel, theodisin effect can be seen
and channel equalizer configured to negate the effect ofepduad amplitude changes.

2.5.1 Zero-Forcing and Minimum Mean Square Error

Linear receivers like ZF or MMSE provide sub-optimal penfiance, but offer significant
reduction to computational complexity with tolerable penhance degradation. In these
schemes, the accurate knowledge of channel is essentj@idper operation. In practice,
the accurate knowledge of channel is not always availabietsmitter, which can have
negative effect on performance of linear MIMO receivershé optimal precoding matrix
is not used [19].

The ZF and MMSE equalizers can be applied to decouple N s#ms. The equation
for ZF and MMSE matrices are:

1
sz = (H*H)_lH*v and Wmmse = (H*H + —]) ) (211)
snr
whereW; or W,,,,.sc are used in receiver to multiply the received signal veaarancel
the channel H effects. Terrhin equation 2.11 is identity matrix, with ones in diagonal
and zeros elsewhere. The markiAg denotes the complex conjugate of matkix More
accurate the channel H knowledge is on W matrices, bettetdteztion accuracy is [20].

2.5.2 Maximum-Likelihood detection

ML detection is considered optimal receiver approach fatigfly multiplexed signals.
The performance of other reception scheme is usually cozdpagainst ML. The limi-
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tations of ML is, that in many cases it is too complex to impéghin practical systems.
The optimal detection of signals transmitted over MIMO ahels is known to be a NP-
complete problem, meaning it cannot be solved by compgatiethods using reasonable
amount of time [21].

Basic concept of linear MIMO communication system is wheamsmitted symbol
vectors is multiplied by channel matri¥/, and noise: is added to the signal. This gives
us a received symbol vectorthat arrives at detector. After detection, the symbol ve¢to
is chosen for output. The detectors role is to choose oneegidbsible transmitted symbol
vectors based on available data. The optimal detector dheturns = s,, the symbol
vector whose probability of having been sent, given the leskvectors, is the largest.
This is known as the Maximum A posteriori Probability (MARjtdction rule. Equation
is give as:

s. = argmazP (3 was sent | T is observed) , (2.12)

wheres is part of known and finite symbol alphabet. In practical cassumption is that
P(5 was sent) is constant, then the optimal MAP detection rule can be armits:

s, = argmaxP (U is observed|s was sent) . (2.13)

A detector that always returns an optimal solution satigfyequation 2.13, is called ML
detector [21].

2.5.3 Successive Interference Cancellation

Successive interference cancellation is non-linear ambrdor demodulation of spatially
multiplexed signals. It is based on an assumption that tipeats are separately coded
before the spatial multiplexing, often referred\aslti-Codewordtransmission. The figure
2.6 illustrates the basic concept of SIC scheme, wherevedaignals are demodulated
in successive order.

In the SIC detection, the first signal is demodulated, dedael re-encoded, then its
subtracted from received signals. In ideal case all theference from first signal is
removed from rest of the signals. This interference redaatontinues in successive order
until all signals have been demodulated and decoded [11].

For the first signals decoded in case of SIC, it is clear they t#ire subject to higher
interference levels, compared to later decoded signalis. pgffenomenon requires differ-
entiation in the robustness of different signals, so that fiignals in decoding should be
more robust to interference than second one, and so on. @hib& achieved for exam-
ple by applying different modulations and coding rates féedent signals. Lower-order
modulations and lower coding rates to combat interfereiibés method is referred to as
Per-Antenna Rate Control (PARC) [22].
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Figure 2.6;: Demodulation of spatially multiplexed signals based orc8ssive Interference
Cancellation.

2.5.4 Sphere Decoder

The main idea in Sphere decoding (SD) is to reduce the nuniloanadlidate vector sym-
bols to be considered in the search that solves ML solutibis i§ achieved by constrain-
ing the search to only those points that are inside a hypersphith radius- around the
received point. The corresponding idea is referred to as the sphere conqise):

d(s) < r?* with d(s) = ||y — Hs||?, (2.14)

where||y — Hs||? is an alternate way to express the MAP detection shown int&gua
2.13[23].

Normally the SD is implemented as a depth first tree searckyevbach level in the
search represents on transmitted signal. Figure 2.7réltest this scheme, where branches
exceeding the radius constraints can be discarded fromdayason. The estimation of
how much the trees need to be searched in advance is diféodt it is affected by noise
and channel conditions. This is why the complexity of spha®eoder is typically not
fixed, but it varies with time.

The issue with SD is that with many antennas and high ordemuiatdns the compu-
tation requirements grow exponentially. There are prolsdsa dealing with this issue,
such as using parallel processing to speed up the througiipthere decoders. This
implementation is used to 'split’ the sphere trees into sedst and compute the route in
parallel with multiple subtrees. Faster performance, dns thigher throughput can be
achieved, but this requires more computation effort wittafpal calculations [24].
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Figure 2.7: The structure and Sphere Constraint for Sphere Decoder.

2.5.5 Alamouti code

One widely used MIMO detection method is space-time codeth \fpace-time codes,
one data stream is transmitted from multiple antennas, lmmgignal is coded to exploit
independent fading conditions multiple antennas can aehiath spatial diversity. Most
popular space-time code is Alamouti, which is used in mamghess standards [25]. Typ-
ical Alamouti code in case of 2 2 MIMO can be expressed as:

h h Ty —af n n
Yoo Yo1 | _ 0,0 o1 0 *1 n 0,0 MNo,1 7 (2.15)
Y10 Y11 hl,O h1,1 Ty Iy Nio N1
and rearranged from equation 2.15 to:
Y0,0 ho,o hO,l 10,0
h h T n
yi,o _ 1,0 1,*1 0 X i,o _ (2.16)
Yo,1 ho 1 —h070 T g1
?ff@ hia _hik,o ni4

The equation 2.16 implies that signalgandz; are transmitted in two orthogonal paths.
Therefore, they can be detected independently, and onlglsitimear processing is re-
quired.

The benefits of Alamouti code is that it provides higher ditgrgain and does not
require complicated detection. Disadvantage comparedtce&se is that Alamouti code
transmits only single data stream instead of multiple stieal his makes Alamouti code
more suitable in worse channel conditions, where SNR is ¢wotb utilize multiple
streams for capacity gain effectively. And for cases whéranael is very singular and
thus unsuitable for SM scheme. Many wireless standards é@depted both schemes to
dynamically adjust wireless transmission method basedx@tirmy channel conditions
[25].
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2.6 Open-loop and closed-loop approach

There are two types of transmit spatial diversity, operplaad closed-loop. The term
open-loopis used when there is no feedback information about chamukirderference
conditions between transmitter and receiv@osed-loogerm implies that there is a con-
stant feedback from receiver, that allows transmitter fjostdransmitted signals to cope
better experienced channel conditions. Open-loop transrulves transmitting signals
from multiple antennas in deterministic pattern, that doaesdepend on channel. There
are advantages and disadvantages for both cases. Mosttouireless standards include
support for limited feedback schemes. For example, chastatd information (CSI) that
can be used in High Speed Downlink Packet Access (HSDPA) aidfar closed-loop
transmission.

In order to avoid heavy overheads from closed-loop feedbacthe system uplink,
channel information is usually quantized. This method ikeddimited feedback. Another
issue with closed-loop feedback solutions is the delays ttat a problem in slow-fading
channels, but in fast-moving environment the channel besdiast fading, and the feed-
back delay can cause closed-loop MIMO significant performedaosses. Another way to
obtain CSI is by uplink sounding, when ME transmits a sougdiignal to BTS. Then
the BTS can utilize the received signal to obtain informattout channel, without ex-
tra delays, and does not require a dedicated feedback dhadoeever this method is
mostly suitable for TDD systems, where uplink and downlisk same frequency bands.
When used in FDD system, different frequencies typicallgezience different channel
properties. This causes performance losses for uplinkdingrn case of FDD [26, 27].
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3. INDOOR ENVIRONMENT

Indoor as an environment for wireless transmissions coetptr outdoor propagation en-
vironment offers different approaches for the planningcpss. In smaller cells like pico-
or even femtocell, the coverage is usually not an issue. dtesfis more on limiting the
coverage to desired locations and preventing interferémeeighboring cells. Because
the distances between BTS antenna and mobile user equiotenare short, the propa-
gation loss is lower than in outdoor environments with landjetances. Also fast fading
effects are less in indoor environment, where objects ardlyniixed and movement speed
of UEs are slow.

Time variations within indoor systems are much less thawlaart mobile systems.
Spreading in frequency domain, also known as Doppler sprgath a typical wireless
indoor system can be discarded. Indoor areas also typiegtlgrience more and stronger
MPCs. All these things make indoor environment very sugdbi MIMO schemes. Best
benefits from MIMO can be achieved with high SNR values andt wath multipath envi-
ronment, ensuring better detection capabilities and padace for SM and other multi-
antenna techniques.

3.1 Signal propagation and channel model

There are numerous radio propagation models, that aim thgbradio wave propagation
in wireless environments. Many of them are involved aroufnde’ space"” radio wave
propagation, also known as free-space path loss (FSPLjeespace loss (FSL), where
electromagnetic wave travels in straight line through Bpace with no obstacles. The
FSPL equation is expressed as:

Lfs = 32.45 + 20 - lOg(dkm) + 20 - lOg(f]\/[HZ), (31)

wheredy,, is distance between antennas in kilometers ng. is used frequency in MHz
[28].

The ideal propagation is not usually experienced in prattases, so models need to
tune other parameters based on environments, frequemaetifeerent correction factors
for specific models. The basic phenomenons that affect @dpagation and cause sig-
nal distortions and losses are reflection, diffractionteciag and penetration. Different
objects and materials have different affects on radio ssgn&dditionally, the angle and
polarization of the signal hitting an obstacle affects tinergyth and phase of the reflecting
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or scattering signal.

The main difference between signal propagation in outdoar iadoor is that an
outdoor environment is more easily predictable and theeet@pographical maps and
databases that accurately determine the shape of an outdthorUsing mapping and
database approach for modeling is not feasible in indodesys Indoor models are not
accurate enough to predict and account every factor afigsignal propagation happen-
ing indoors. This makes indoor propagation modeling lessirate, because wireless
channel behavior can be more unpredictable and experi¢rregschanges within small
distances.

3.1.1 Noise and interference

All signals in wireless radio channels are experiencingaddition FSPL and propaga-
tion phenomenon, the effects of noise and interference. iffteeference is caused by
man-made signals and phenomenon affecting in same freglamao as desired signal.
Interference from other frequencies outside the used banctasily be dealt with band-
pass filters. However, interfering signals in same frequeaare disturbing the desired
signal. One major difference between interference ancerisithat interference typically
has a certain structure and predictability, that can beo#egal to suppress or remove its
effect completely. For example, multiple access schemes ass WCDMA and OFDMA
have different approaches how to deal with interfering aigthrough the use of coding
and orthogonality between subcarriers [11].

Noise effect is affected from both human and natural sourgesctromagnetic back-
ground radiation is caused by sun and stars and other etlebjects. Thermal noise is
affecting all electronic circuits that contain resistdeffect of noise is usually modeled as
white noise It is defined by its frequency-domain characteristicsaf bonstant power in
all frequencies, and at each frequency the phase of the sypestrum is completely uncer-
tain and is unrelated to phase at any other frequency. Amdifised in transmitters and
receivers add to noise effect as they boost the amplitudieeo$ignal experiencing addi-
tive noise. This is why filtering out unwanted bands is imaottto minimize noise effect
in the wireless systems. Noise interference can not be redhow predicted in wireless
communications. Wireless systems need to designed in swely,ahat reliable commu-
nication can be achieved with channel experiencing noieetsf This can be ensured
by having higher signal power compared to noise power afpteng or utilizing other
methods, such as spreading and despreading in WCDMA.

3.1.2 Pathloss

Deterministic approach such as ray tracing allows detastiénprediction of received
signal level at certain location. Accurate prediction ree&a account every object and
their properties affecting the propagating signal fromrseuo destination. When adding
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the multipath propagation the amount of different pathsoracaves can propagate, the
complexity of accurate predictions increases radicalhdobr spaces containing lots of
different types of objects and typically strong multipatiogpagation often makes purely
deterministic path loss models, such as ray tracing or lage impractical to be used
[29].

An alternative to deterministic approach is to use an emglirfstatistical) channel
model for path loss estimation. Empirical models are basegavameters obtained from
thorough measurement results with different environmgmés. For indoor environment,
the empirical models take in to account various differemapeeters that can be tuned
based on current setup. The general parameters are frgouaemye, bandwidth and type
of environment. Also multipath propagation, short and loeign fluctuations have to be
accounted. Indoor specific parameters are, for example,dfpooms, area or corridors,
amount of objects affecting the propagation, type and tiesk of materials used in walls
and ceiling, and size and shape of building. Example of COEIi2odel for indoor office
propagation is given as:

L=1Ls+37T4+34 Ky +6.9- Ky + 18.3 - plnt2/(n+1)=0.46) (3.2)

where L is attenuation (path loss) in dB, fs) is FSL in dB,n is number of traversed
floors, K.,,; is number of light internal walls anl’,; is a number of thick internal walls
[29].

3.1.3 Multipath propagation

Multipath propagation is result from several different w@lotes and reflectors in radio
channel. This makes received signal to arrive as a set ofedigtable reflections with
different attenuation and delay behavior. Multipath wawvemdoor environment tend to
arrive in clusters. Within each cluster the delay diffeeshare relatively small. Delays
between the clusters are larger in comparison. The delagadps a commonly used
parameter to quantify multipath effects. Delay spread @oor is usually small, rarely
exceeding few hundred nanoseconds. Delay spread alsasesravith the distance from
BTS [29]. Figure 3.1 shows example of delay spread effectrie and frequency domain.

Impulse Response Frequency Transfer in dB

Fourier Transform
LT 4

Figure 3.1: Delay effect of multipath impulse response to frequencavieh

Time Frequency
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In multipath reception, Rayleigh fading model can be usedetscribe wireless radio
channel, and allow calculations of outage probabilities@ther link parameters. Rayleigh
fading suggests, that mobile antenna receives contingaualge number of independent
reflected and scattered waves with different phases andtangs. Because of wave can-
cellation and addition effects, the received power seen top@ng antenna at any given
time becomes a random variable, depending on the locatiomobile device. Rayleigh
fading is usually used in NLOS cases, where there is no gleiminant signal compo-
nent.

Rician fading model is similar to that of Rayleigh model. kase of Rician fading,
a strong dominant signal component is present. This dorhc@mponent is caused for
example a LOS radio wave. The dominant wave component carsbmaf two or more
dominant signals, for example LOS signal and nearby strefigations. This combined
dominant signal can be treated in a deterministic way. BataR and Rayleigh fading
models can be used for indoor system, depending on the ca£22br NLOS reception
location.

The RicianK factor is defined as the ratio of dominant single power coexbsw other
scattered and reflected signal components. It can be impedhie in estimation wireless
channel behavior. ThK factor determines the distribution of received signal arageé,
and can be useful in determining the BER or other useful ggetf a channel. Direct
measurement df factor is difficult, but it can be estimated, for example bingsa set of
different samples of the channel at different frequen@&3.

3.2 Indoor antennas

Correct antenna placement is very important in indoor arBPassibilities for placement
locations may be limited due various reasons, but diffezdvetween proper placement
and poor placement can be significant for cell performanepeding on type and size of
indoor environment, the coverage can be provided with siogini-directional antenna, or
multiple separate antennas, also known as DAS. In the stfmli@ntenna location effects
with MIMO performance [30], the results suggests that thgacity of indoor MIMO
system is significantly affected by the antenna locationso Aotable conclusion is that
if path loss is ignored, in NLOS case, the affect on MIMO chalrrapacity is almost
independent of antenna locations. The highest capacityovesned when transmitter
antenna is located in center part of the wall. When antennaoiged towards edges and
corners, the performance degrades.

Antenna placement in indoors also depends on the type ohm@aateDirectional an-
tennas are often placed on outer walls directing the beaigeise building, while omni-
directional antennas are more suitable to be placed inicarga of building, and possibly
on ceiling, to allow better LOS coverage. One other optiofixded point antennas is to
use radiating cable antenna, often referred as radiatiaga&acable. This can be installed
inside ceilings or walls and used to provide continuous zye over longer distances.
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The radiating cable antenna provides similar signal strenger whole length of its in-
stallation. The cell performance is thus depending on dcgand obstacles between UE
and any point of the radiating cable antenna.

The proper design and implementation for DAS system is itgmbifor indoor cell
coverage and performance. When multiple antennas are ageduide sufficient cover-
age to whole building or just for specific locations inside thuilding, antenna locations
should be distributed evenly around area. This allows tdessepower for antennas and
still provide good coverage and signal strengths over taagea. Figure 3.2 shows an
example of simple DAS used in a building including cable éssand power distribution.
The simplest way to implement DAS is to select antenna lonatand then just install
cables to each antenna using basic splitters that dividepegually for both outputs. It
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Figure 3.2: Example of a simple indoor DAS setup.

can be clearly seen that power levels between antennastdd®€S and further away

are very different. This causes various issues betwees tbelt have different coverages.
From UE point of view, the dominant antenna can be furtheryativan closest antenna
to user location. This can cause increased interferenedslér uplink, more handovers,

poor performance and even dropped calls on weak coverage eagised by bad power
optimization in DAS setup [31].

The easiest way to balance the power levels between diffargennas and fix the
near/far problem is to use directional couplers. These s@pétters, but power levels
are not divided equally. Different directional couplervéaifferent ratios for the power
division. By choosing most suitable components for cabdtailhation, the power levels
can be easily optimized to provide similar output power fibraatennas in DAS setup.
Figure 3.3 shows the optimization done with directionalmets for the case shown in
figure 3.2. In the example case, the optimized DAS setup troogaximum antenna
power difference from 10 dB to 1.1 dB, by replacing the spigtby directional couplers.
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Figure 3.3: Example of an optimized indoor DAS setup.

As size of DAS grows, the number of antennas, lengths of sadiid amount other radio

frequency (RF) equipments, such as splitters or couplecseases. This makes power
balancing and optimization become more and more importanbifyger setups. Each

antenna should have sufficient power level to provide goanigh SINR and balanced

coverage areas [31].
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4. HSPA+

High-Speed Packet Access (HSPA) and its evolution HSPAB@RP standards aimed to
extend and improve existing wideband code division mudtgaicess (WCDMA) protocols
for Universal Mobile Telecommunications System (UMTS).eTépecification standard
for HSPA+ was introduced in 3GPP Release 7 in 2007 and itsdwidke commercial
deployment began in 2010 and is still ongoing [1].

Later 3GPP releases define new features and offer advancetibfuality for HSPA+.
Recent 3GPP releases supporting HSPA / HSPA+ are oftenatkast3.5G and 3.75G,
implying that they offer advanced features and performdmc®8G, but are not considered
as the 4th generation.

4.1 High speed packet access improvements for WCDMA

Latest releases for 3SGPP WCDMA specification are generafgrred as HSPA+. 1t is
designed to bring further enchantments for packet-datacss in WCDMA end-user
performance and system level. First HSPA enchantmentseleaRe 5 & 6, introduced
new basic methods, such as higher order modulation supgdr@-QAM, fast scheduling
and rate control, possibility for faster 2 ms transmissimetinterval (TTI), and fast hybrid
ARQ to improve capacity and reduce latency times compar&etease 99. The Release
7 introduced new HSPA+ features in WCDMA. The main featuresogtion for MIMO
usage, support for 64-QAM modulation and continuous paosenectivity scheme [11].

Releases 8 & 9 provide additional enchantments and featoré$SPA+. 64-QAM
modulation support for MIMO scheme is added in Release 8rdeeroto boost the peak
downlink rates. A new technique called dual-carrier operain downlink is also intro-
duced in Release 8. It provides an option for two adjacentezdrequencies to be used
simultaneously, allowing 10 MHz bandwidth usage instead fHz. This technique can
double the peak data rates and provide substantial incneasé capacity [32].

However, the Dual-carrier scheme does not offer improvernmespectral efficiency
like SM MIMO does, and some mobile operators do not have 10 M&tmwidth license
required for dual-carrier scheme. Release 9 allows diftezells in multicarrier operation
to exist in separate frequency bands and be used in comimnaiih MIMO in downlink.
Multicarrier operation in uplink is also introduced in Ra$e 9, allowing to achieve higher
peak rates while maintaining UE complexity level reasoaB2].

In addition to new features and schemes, also receiver egunphave experienced
improvements. Mobile terminal needs GRAKE2+ (type3i) reeefor more advanced
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features. Also transmission channels and states haveiemped enchantments. The
enchanted states aim to keep user in a state that offersrbdstdff between data rate
availability, latency and reaction times, and battery comgtion. Common states with
active Radio Resource Control (RRC) access are URA_PCHLCECH, CELL_FACH
and CELL_DCH. Transitions trigger between states basedenrequirements are made
more efficient in HSPA+ [32, 11]. However, the exact timingsl &riggers for state tran-
sitions are vendor equipment and network operator specific.

4.2 MIMO with HSPA+

HSDPA-MIMO supports transmission of two streams simultarsty. Both streams are
subject to same physical-layer processing in terms of ¢pdipreading and modulation
as single-stream HSDPA case. For MIMO transmission, lipeacoding is used before
transmission. Precoding is beneficial even if only one stresaused, because it can pro-
vide diversity gain. The idea behind precoding is to preedishe signals that the two
streams are as orthogonal as possible at the receiver eadrffitogonality reduces inter-
ference between two streams and eases processing requiseaheeceiver end [11].
The changes in physical-layer processing affected by ttiedaction of MIMO are

relatively simple. And impact to the protocol layer is sméligure 4.1 illustrates MIMO
transmitter scheme used in HSPA+. All units in transmittezio must be able to perform
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Figure4.1: MIMO transmitter chain for HSPA+

the operations simultaneously for two separate transamdsiocks. Transmitter chain
consists of coding unit, that adds redundancy and errorctietefor bitstream. Hybrid

automated repeat request (HARQ) is matched for each trasgmiblock to add error
correction bits for transmissions. In retransmissions R@Acan generate different re-
dundancy versions of same data, in order to obtain increshesdilundancy for retrans-
missions. HARQ rate matching operates in two stages. Eiistused to match the data
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rate of incoming stream to the capacity of used Virtual Ineeatal Redundancy buffer,
and then match the buffer capacity to physical channelsrlbdving is used to distribute
symbols around the matrix in order to diminish the effectaafifg or other interference
that can cause bursty errors in transmission. With interggoperation, the distribution
of corrupted data symbols becomes more even, allowing-emwection schemes better
change to recover original data [11, 33].

Modulator maps the data bit streams into symbol constetiati Modulation order
is determined by channel quality. For worse channel camuhti smaller modulation is
used to cope with the cases of stronger interference orlpath-The modulated symbols
are then spread by spreading factor 16. Number of spreadihgsaused is depending of
how much capacity cell has to offer for HSDPA user, and is Bbssed on user equipment
capabilities. The amount of spreading codes for HSDPA ubetiwseen 1 and 15. More
spreading codes allow more capacity for user data in onsrresion block. After spread-
ing, the data streams are scrambled in order to prevenfentéeice from other cells. Each
nearby cell has own unique scrambling code. This allows UBEefmarate simultaneous
transmissions from neighboring cells [11].

The precoding operation for MIMO streams is straightfovaBoth data blocks are
multiplied by precoding matrix. The weights in precodingtmaare chosen in such way,
that orthogonality is maximized between two streams iniveceend. The decision of
used precoding matrix can be changed based on precodimgnation (PCI) feedback
from UE. In general there is four possible precoding masrittet provide orthogonality
for MIMO transmission. For example, when first stream wesgire selected as:

(4.1)

1 I+j5 1—5 =1+ —1—]}
Wi = )

then the weights, -, w, » used for second stream are chosen to make columns of precod-
ing matrix orthogonal. The used precoding matrix is sigdadethe UE on the HS-SCCH.

In MIMO transmission both antennas are transmitting sepgvaot signals, so UE can
evaluate separate channels based on received pilots [11].

The signaling concerning MIMO transmission informatiord@ne in downlink HS-
SCCH, that was introduced in Release 5. The channel contehtdditions brought
by MIMO scheme at Release 7 is illustrated in figure 4.2. Thenakel provides timing
and coding information, allowing UE to listen the HS-DSCHatrect time and use the
correct codes. HS-SCCH operates with fixed rate 60 kbpsgspreading factor 128.
The information in HS-SCCH is divided in two categories sEpart contains the physical
channel parameters and second part has the control informjad., 33].

The CQI reporting is scheme is different when MIMO is used BAA+. Normal CQI
mode reports periodically single value between 0 - 30, iamtitigg UE measured channel
condition based on pilot signal. When MIMO is used, rank 2 @eported for both
streams, based on two different pilots. The CQI values fibedint MIMO streams range

and W 1 S {
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HS-SCCH
Part 1 Part 2

e Channelization codes < UE ID
e Modulation scheme e« Transport block size
e Number of streams ¢ Hybrid ARQ information
¢ Precoding matrix e Transport block size, stream 2
* Hybrid ARQ information, stream 2

Figure4.2: Contents of HS-SCCH. Grey shaded area is only used in wherOMédture,
added in Release 7, is enabled.

from O - 14.

4.3 HSPA+ performance

There are many factors affecting the performance of HSPAspariing cell. The UE
category class is defining the maximum transfer rates fodéwice. The features used in
NodeB and Radio Network Controller (RNC) also contributpéak rates, user scheduling
and such. The biggest affecting factors, however, are @seelink quality and amount of
active users. Even with single user in a cell, if radio linlp@or, the peak performance
rates can not be experienced. Correspondingly, if the ragkoquality is excellent, but
the cell is serving lots of users, the capacity and transfiesrfor single user are moderate
at best.

The schemes used in HSPA and HSPA+ for increasing perforenarec straightfor-
ward in terms of increased peak rates. Higher order modulatse increases the amount
of bits used in a symbol. From 16-QAM to 64-QAM, the increas&om 4 bits to 6 bits,
translating straight to 50% increase in throughput. Lilsayiusing schemes like MIMO
or dual-carrier gives 100% increase in peak data rates byt the use of two simulta-
neous transport blocks.

Actual throughput for HSDPA physical layer transfer is detimed by used modula-
tion, coding rate, transport block size and number of chiérateon codes in use. These
values can change in every 2 ms TTI and are chosen by Node&] baschannel quality,
user scheduling and available capacity for HSDPA. Pealutitrput, ignoring maximum
transport block sizes, can be calculated as:

Chip rate

Throughput= a

- Bits per symbol Coding rate- Number of codes (4.2)

whereChip rate is fixed at 3.84 Mcps and spreading factdr is fixed at 16. Modulation
order determine®its per symbol value, its is 2 for QPSK, 4 for 16-QAM and 6 bits
per symbol for 64-QAM. The&“'oding rate implicates the ratio of information bits in
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transmission block. Maximum coding rate is 1, meaning &l bre information bits and
no redundancy or error correction bits are used. Codingxatmeans that half of the data
bits are information bits and other half are redundant bis &re result of coding [33].

Using equation 4.2 with values corresponding for UE cateddr device, with 15
codes, 16-QAM modulation and coding rate 1, we can get thermanr throughput value
of 14.4 Mbps, that is used in for advertising maximum thrqughk by network operators
and mobile broadband modem vendors. In practice, howdwerdategory 10 device is
supporting maximum transport block size of 27952, allowmgximum throughput of
13.976 Mbps with 2 ms TTI, when considering maximum suppbcdeding rate of 0.97
[33]. Release 7 based MIMO capable UEs are in category 15 &\l category 16 UE,
the practical peak throughputis 27.952 Mbps. This can baiodd when using 2 transport
blocks with maximum size of 27952 bits per TTI, 16-QAM modida, 15 channelization
codes and maximum coding rate of 0.97 for each stream, wlitlrdnsmit data buffer and
100% scheduling for a single user in a cell.
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5. LTE

LTE is a term used for next generation wireless radio systesigtied to offer improve-
ments over 3G network performance. The main aims for LTE ismorove peak user
throughput, decrease latency and improve spectral eftigiemer HSPA. First LTE spec-
ification was finalized in 3GPP release 8 in 2008. The firstsst#fpcommercial LTE
network implementations have recently begun in severaitrims, and the number of net-
work providers testing and investing in LTE systems is grayvi

The term 4G is often used with LTE technology, although aurversion of LTE does
not yet fulfill the International Telecommunication UnioradRocommunication Sector
(ITU-R) 4G requirements for data rates with low mobility comnication. The biggest
difference in LTE compared to 3G is the new radio access tqakndynamic bandwidth
allocation and purely Internet Protocol (IP) based corevagk. The radio access scheme
used in LTE downlink is Orthogonal Frequency Division Mplé Access (OFDMA). LTE
uplink direction uses Single Carrier Frequency Divisionlfile Access (SC-FDMA).

5.1 LTE basics

OFDMA based radio access principle, used in LTE downlinkpisitilize multiple nar-
row and mutually orthogonal sub-carriers to transmit aebkidata. The main concept
of OFDMA transmission is to use Discrete Fourier Transfotmsmove modulated sig-
nals between time and frequency domain representationtéonodhigital data processing
capabilities and provide orthogonality. The orthogowatieans that the sub-carrier inter-
ference to other sub-carriers is zero and guard bands asentituequired. This allows
simpler design of transmitter and receiver. However, ateuirequency synchronization
between transmitter and receiver is required in order totaai orthogonality [1].

Cyclic prefix is added to each symbol in order to avoid intanibol interference. This
is achieved, when cyclic prefix length is longer than chamnellse response time, then
the effect of previous symbol can be removed by discardiagyklic prefix at the receiver.
Cyclic prefix, also called guard interval, eliminates theaé¢o use pulse-shaping filters
and reduces sensitivity to time synchronization issuedTH, the sub-carrier spacing is
fixed to 15 kHz, corresponding to symbol rateig)% =66.7us. The supported channel
bandwidths chosen for LTE are 1.4, 3, 5, 10, 15 and 20 MHzwallg more scalability
to choose desired bandwidth for LTE systems. Cyclic prefigle is set to bé.21 s for
first symbol in a time slot and.69.s for the following symbols. Alternatively, extended
cyclic prefix with duration ofl6.6us can be used, in cases of very long channel impulse
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response delays. Figure 5.1 shows basic concept of OFDMW&rirdter and receiver pair
[1, 34, 35].

T itted Serial to Cyclic
ra% Modulator > Parallel : IFFT Pﬁ/efix

Transmitter l/

Wireless Channel

Radio bandwidth 1.4 - 20 MHz

/

Remove Serial to )
. Equaliser
Cyclic prefix Parallel | ¢ FFT q Demodulator

Receiver RegietisvedZ

Figure5.1: OFDMA transmitter and receiver.

The uplink scheme in LTE uses SC-FDMA in both TDD and FDD opegamodes.
OFDMA access is not suitable for uplink direction becausknatations of power ampli-
fier performance in mobile devices. SC-FDMA scheme has hetiak-to-average power
ratio (PAPR) properties, allowing better uplink coveragd aimpler power amplifier de-
sign compared to OFDMA. Signal processing of SC-FDMA id stihilar to OFDMA, so
downlink and uplink parametrization can be harmonized.

LTE resource allocation is done at 1 ms resolution rate foin blownlink and uplink.
The amount of allocated radio resources per user is distthin a group of 12 sub-carriers
equaling 180 kHz resource block. This resource block is lestaladio resource unit and
number of possible resource blocks is dependent of availadhdwidth. Transmission
bandwidth in LTE is 90% of channel bandwidth. This equals@acéy of 100 resource
block for 20 MHz channel bandwidth, 50 resource blocks foMHz and so on, except
for 1.4 MHz bandwidth, that only supports 6 resource blodis [

One resource block corresponds to one 0.5 ms slot in time ion@ne time slot
contains 7 OFDM symbols with normal cyclic prefix. One of taaymbols is used for
reference signals. One subframe, used for resource atlacattime domain, contains
two time slots, thus having 14 OFDM symbols. Figure 5.2 tlates FDD type frame
setup for LTE with normal cyclic prefix.

Type 2 frame is used in TDD mode, and it consists of 10 ms radimé divided in
2 half-frames. Half-frames are further split into 1 ms londpsames. Subframe can be
standard subframe used in downlink or uplink, or it can besgigh subframe consisting of
three fields. These are downlink pilot time slot, followedduard period and then uplink
pilot time slot. The field durations can be configured, butlttgéngth of the three fields
must be 1 ms.
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€ 1 Radio Frame =10 ms >
1 subframe
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Figure5.2: Type 1 Frame for LTE resource allocation.

Special subframe is used when transitioning from downliniglink configuration in
LTE TDD mode. Both half-frames always begin with downlink deo Different configu-
ration parameters determine the amount of subframes usgdink mode after transition
from downlink mode. Each type 2 radio frame contains 1 or @ditéon from donwlink to
uplink.

5.2 LTE performance and capacity

The LTE performance is typically measured in cell throughpuwser point of view. The
cell capacity in LTE is dependent of used bandwidth. It datees the amount of resource
blocks that can be scheduled to the users. Figure 5.3 diestithe relationship of time
and frequency domain usage in physical downlink transfée dllocated units for LTE
users are resource blocks, that are built from resourcesgitsm

Subcarrier
Af=15kHz

One resourse element

QPSK, 2bits
16-QAM, 4 bits
\ l 64-QAM, 6 bits

One resource blo
12*7=84
resource elements

12 Subcarriers = 180 kHz
Figure 5.3: LTE downlink physical elements.

The theoretical data transfer throughput per second in Lakntink radio layer can
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be calculated as:

Throughput= Ngg - 84 RE - Bits per symbol-

- Codingrate (5.1)
0.5 ms

where Npp is the amount of usable resource block$,RE is number of resource ele-
ments in a resource block amgits per symbol is depending on the modulation used in
OFDMA symbols. One time slot time is 0.5 ms, 1 is divided byrtorder to get amount
of transferred resource blocks per second. Coding rateeisdtio between information
bits and redundant coding bits.

When physical channels causing overhead, such as dediefeehce signals, control
signals, broadcast and synchronization channels arekest tato account, and no coding
is used, the maximum throughput for 20 MHz LTE downlink usiri® resource blocks
with 64-QAM modulation, equals to100 - 84 - 6 bits - ;=— - 1 = 100.8Mb/s. This
theoretical maximum rate is not possible to achieve usialistec LTE specific parameters
and setup, however it gives an estimate how much capacitgeai radio conditions LTE
based system can handle.

Realistic performance of LTE system can be estimated, bingakto account sup-
ported coding rates, transport block sizes and overheadsedaby necessary signaling.
LTE UE periodically reports CQI values, based on channeldtamns estimated from
reference signals, to eNodeB. In LTE, the CQI report is betwe and 15, where 15 in-
dicates best channel quality and O report indicates out wirgerange. Based on CQI
report, BLER target and UE CQI compensation, the Modula@Goding Scheme (MCS),
affecting the coding rate and transport block size is detlmeeNodeB [36].

MCS parameter range is from 0 to 28, where 28 indicates thgebigransmit block
size and coding rate to be used. Based on MSC reported vaiientivs the used transmit
block size and coding rate in downlink. With 100 resourceck$oand 28 reported MCS,
transport block size is 75376. This equals to 75.376 Mbfssfe rates with a single data
stream. For 10 MHz bandwith with 50 resource blocks, the maxr transport block size
is 36696, equaling 36.696 Mb/s transfer rate for a single. U&th spatial multiplexing
MIMO, the amount of data streams, and thus transmit blockeancreased [36, 37].

Reference signals cause overhead based on how many patdli€l streams is used.
With 1 stream, the reference signal overhead is approxlyndt8%. With 2 MIMO
streams the overhead is 9.52%, and with 4 MIMO streams, teghead is 14.3%. Refer-
ence signal is sent in every resource block at each time Riefierence signals occupy 4
resource elements in each resource block for one streamylzgmusing multiple parallel
streams, the same resource elements can not be used at tharsanthus increasing the
overhead [36, 1].

In addition, the LTE control information signals, using Bloal Downlink Control
Channel (PDCCH), reserve from 1 to 3 OFDM symbols per suldratnen used, causing
control signal overhead of 4.8%, 11.9% or 19.0% of cell domkntapacity with normal
cyclic prefix. Extended cyclic prefix further increases th#dZH overhead. In case of
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1.4MHz bandwidth, amount of PDCCH symbols is from 2 to 4, asging maximum
overhead to 26.2%. The used amount of control signaling peuni@éent of eNodeB con-
figuration and should be based on the amount of users in aacellthe used bandwidth
[36].

The Broadcast channel has 72 subcarriers in OFDMA symbatdesl to it and uses
4 OFDMA symbols in time slot 1, causing overhead of 0.16% 2%6based on used
bandwidth. Synchronization channels use 2 OFDM symbols/eryeadio frame causing
overhead between 0.09% - 1.43%, also based on used bandBmith of these physical
channels use fixed amount of resource elements, regardlese® bandwidth. This is
why larger LTE bandwidths have slightly less total overhigath physical channels other
than Downlink Shared Channel (PDSCH), used for transmit dista [36, 1].

When taking into account all the mentioned overheads, Bigpand using coding
rate of 0.93, the practical peak throughput rates that casch&ved with optimal chan-
nel conditions, such as high received reference signal p@RP) and low interference
levels, are given in table 5.1. These values are calculadedparameters from LTE

Table 5.1: Practical LTE peak PDSCH throughput rates (Mbits/sec).
Channel Bandwidth

Antenna setup 1.4 MHz | 3 MHz | 5 MHz | 10 MHz | 15 MHz | 20 MHz
1x1 3.68 11.01 | 19.29 | 40.20 60.96 82.05
2X2 7.02 20.99 | 36.75| 76.61 | 116.17 | 156.35
4x4 13.33 | 39.87 | 69.83 | 145.54 | 220.67 | 297.02

specifications. The number of PDCCH symbols per subframe ingbese calculations is
2. As can been seen from table, the practical peak rates ginerhthan maximum trans-
port block size defined by 3GPP standard. Also different Uiggaries have limitations,

how many bits can be received within a TTI. Maximum transpdotk size is the main

limitation for achievable throughput rates for a singleruséen channel conditions are
optimal.

5.3 LTE with MIMO

The MIMO concept in LTE is similar to HSPA+ implementatior.utilizes spatial mul-
tiplexing, precoding and transmit diversity gain. SM g transmitting simultaneous
parallel data streams from multiple antennas. In case of éfBRdard, 2 x 2 and 4 x 4
MIMO is supported. And even higher level SM schemes, such ast&r 8 x 8, are
proposed in future releases. Precoding is used to weightlplasignal streams before
transmit antenna to maximize the SNR and minimize the caticel between streams.
OFDMA access mode used in LTE is well suited for MIMO schenegaduse OFDMA
can provide locally high SNR that is necessary for SM to wadperly [1].

LTE supports several different transmission modes depgruh BTS setup and num-
ber of Tx antennas. Simplest case is single antenna trasismjsvhere no MIMO or
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precoding is used. Transmit diversity can be used when usingple antennas, with-
out precoding or SM. When open-loop SM MIMO is used, no feeha required from
UE. Closed-loop SM requires the UE feedback, in order todiettie used precoding ma-
trix. Multi-user MIMO allows assigning more than one UE torsaresource block, but
is not using SM. Closed-loop precoding can also be used witBM transmission. Then
it utilizes UE feedbacks for weighting single data strearasedl on channel properties.
Beamforming mode allows to direct the radio wave beam froet#jc antenna towards
determined user location [38].

Parallel data streams in SM MIMO setup are separated interdift codewords. Sep-
arated codewords use separate scrambling and modulatigpimga When channel con-
ditions are good, both codewords are used for single MIMGabbguser, but in case of
poor channel quality, second codeword, and thus secondttatan can be dropped. Also
in case of multi-user MIMO, different codewords are sentiffecent users. 2 x 2 MIMO
can use 2 codewords and 4 x 4 MIMO setup can handle up to 4 segadewords.
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6. MEASUREMENT PLAN

The focus of the performed measurements is to get empimedysis of the performance
of MIMO implementation for HSPA+ and LTE in indoor environnite The fair compar-
ison of performance between HSPA+ and LTE can be achievednwbking same site,
antenna configuration and tools for different test case® mhin measurement focus is
to study air interface performance of different indoor MIN&tups by means of achieved
throughput for a single user. Throughput is used as perfoceaneasure because key pa-
rameters, depending on MIMO performance and indoor enment effects, are directly
affecting the achieved throughput.

6.1 Measurement tools and methods

The software for recording measurement data and perforposgmeasurement analysis
is Nemo Outdoor 5, version 5.81.8 by Anite Finland Ltd. Nemdddor allows to decode,
record and view all the parameters, signaling and datadfaéfiween UE and BTS. It also
allows easy presentation of the desired values and paresnetesal-time using different
types of charts and graphs. For advanced data analysis, éhsurement files can be
loaded to Microsoft Excel by using specific macros to read dléog files into Excel
sheets. Nemo scripts allow controlling and monitoring tHe léhavior and to perform
desired operations such as, voice calls, ftp file transiedsPDP initialization.

Flexi Base Station platform by NSN is used as NodeB (for HSR# eNodeB (for
LTE) to provide BTS functionality. The software versioned$n NSN Flexi Base Stations
in the measurements are at the time latest stable perforrelegses RU20 and RL20.
Both software releases are having support for featuresdatred in 3SGPP Release 7, and
Release 8 for HSPA+ and LTE.

Indoor antennas used in measurements are Kathrein Indotir-bbdnd Directional
Antennas, shown in figure 6.1. Antenna element comes with véttical / dual polariza-
tion antennas. (Type No. 80010677). Antenna frequencyerémgslanted polarization is
1710 - 2700 MHz and gainis 2 7 dBi. Impedance is 50 and VSWR < 2.0. Half-power
beam width is 90 isolation between ports > 25 dB, maximum power 50 W, andsotain
class s IP 30.
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Figure 6.1: Kathrein indoor directional antenna.

Novatel Ovation MC996D HSPA+ USB Modem is used in 3G HSPA+sneaments.
It is supporting 3GPP Release 99 for GSM/GPRS and ReleaseHSBA+. Supported
bands are 900 and 2100 MHz for UMTS and Quad-band for EDGESPSPA+ UE
category class is 18, supporting MIMO with 16-QAM modulatiand 0.97 coding rate.
Novatel MC996D uses Qualcom MDM 8200 chipset.

The UE used in LTE measurements is commercially availablawéu E398 LTE 4G
USB Modem, and it is based on LTE UE category class 3 spedditat Huawei E398
is, in addition to LTE, also supporting GSM-EDGE, 3G HSDPAI &tSPA+. Supported
LTE frequencies are 800 MHz, 1.8 GHz and 2.6 GHz. The NSN LTivok is set to
operate in 2.6 GHz frequency at the time of measurementsweiua398 uses Qualcom
MDM9200TM chipset, capable of providing triple-mode modeperating capabilities.
Novatel MC996D and Huawei E398 USB modems are shown in figizre 6

Figure 6.2: Wireless modems used in measurements. Novatel MC996D modemght and
Huawei E398 modems on the left.

Throughput performance measurements are conducted by wsén datagram proto-



6. Measurement plan 35

col (UDP) type of transmission. Using local server to combinsly feed buffered UPD
packets for a single user allows full congestion of netwatikzation and throughput.
This allows full utilization of wireless channel shown in MAhs traffic rates. Unlike
TCP, UDP does not utilize retransmissions, flow control oorecorrections. UDP keeps
sending packets at specified rate no matter if they are g@rnot. Other measurement
parameters for analyzing and discussion are performatetedgarameters like RSCP &
RSRP, UE reported CQI values, MIMO utilization percentagansmission block sizes
and used modulations and coding rates.

Using an empty cell and free frequency band ensures mininassilple interference
that can affect the measurements. However, the office araaurements can experience
small variations due motions and other phenomenons cayspddple inside the build-
ing. This effect is tried to be kept minimal by averaging theasurements over longer
time period, and performing every measurement multiplesinin order to get more re-
liable results. In LTE setup, 10 MHz bandwidth is used in theasurements because of
limitations of UE capabilities. 10 MHz bandwidth allows &terface to be fully utilized
for single user and peak rates can be expected with measotremuépment.

Different test cases are conducted using same measureouwes rlocations and de-
vice setups in order to ensure valid comparison of resulte.riieasurement routes are first
and second floor corridors and open areas in Karaportti 1dditian, stationary measure-
ments are taken in rooms with different distance from trahantenna. The second floor
measurements offer weaker signal strengths due incredgisgaiation, corresponding to
performance experienced at cell edge areas. Mobile maasute are done along the
routes by walking slowly, roughly 2 km/h, and pushing the sugament equipment cart
table shown in figure 6.3. Stationary measurements are ctedlby keeping the UE in a

Figure 6.3;: Mobile measurement equipment cart setup.
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fixed location and slowly rotating it around in order to measthe effect of UE receiver
orientation in terms of throughput.

6.2 Measurement environment

Indoor measurements were conducted in NSN office buildikpeaportti 1, Espoo, Fin-
land. The antennas were installed in first floor of the Katpbbuilding. At the measure-
ment location, all doors around routes and static loca@wakept closed during the mea-
surements. The detailed measurement routes and locat®psasented and discussed in
the next chapter with results.

The physical connection setup with all used componentsawsiin figure 6.4, where

/2" coax ~20m \\ Antenna 1} z
‘w-~1 &
Variable v\\\l 3

attenuator Antenna 2
30 dB oW Core
attenuators. N\N@& """ NetWOTk

\/WS\ """ Hlu-ps
BTS Tub RNC
(e)NodeB (for 3G)

Figure 6.4: Physical connections between radio access elements.

antennas and cables are same for both LTE and 3G systemgsCalbinecting the anten-
nas to BTS are 1/2" coaxial cables manufactured by Draka NK,aae connected with
N-type connectors. Cable losses are given as attenuatidB/f00m at 20 Celsius am-
bient temperature by the cable manufacturer. For 2100 MHzatimg frequency used in
3G system the given cable loss is 16.0 decibels per 100 matsidor LTE system with
2600 MHz operating frequency the cable loss is 18.0 decjie400 meters.

30dB attenuators are used on BTS end to provide sufficieahwadtion for desired
power levels, in order to limit the cell size close to the meament area. The BTS
that is used for HSPA+ measurements is called NodeB, andriérithe BTS unit is called
eNodeB. The RNC element functionality that is used for 3G By stem is implemented
into the eNodeB in LTE. Also core network elements after tAi&SBare different for 3G
and LTE.

The 3G NodeB transmission power is set for 20W per anteng Vulile LTE eN-
odeB transmission power is set to 40W for each antenna linBileVI.TE transmission
power is twice as much as the 3G, the higher frequency causesattenuation in cables,
connectors and air interface, making cell coverage areaea@ived power levels in used
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test setup very close between 3G and LTE. PDCCH symbols ve¢te 2 for LTE setup,
according to realistic implementation of 10 MHz LTE cell.

6.3 Test cases

The following test cases are studied in the indoor field messants with HSPA+ and
LTE setups.

¢ Indoor environment effect with MIMO setup.

e Gain of using MIMO compared to case of a single antenna.

e Effect of polarization diversity versus spatial diversitith MIMO.
e Effect of antenna feeder imbalances for different antenmes|

Multiple measurements, two to three times for each test, @aseperformed in order
to get more reliable and accurate results. Having more me@s&nt data for each case
allows possible distortions and anomalies to be discovanelddiscarded from presented
results.

6.3.1 Indoor environment effects with MIMO

The effects of different indoor locations and places ar@istliwith MIMO setup. In
this test, the measurement locations and routes are chogarovide different indoor
propagation paths for wireless signals. Both LOS and NL&®<€and effect of distances
and slow mobility measurements are studied with wireledsan channel point of view.
This gives analysis base for MIMO setup performance in déffiéindoor locations. This
test case is also used to set reference measurement regritistaother test cases. The
antenna setup is using cross-polarization diversity SM KIiér this case. The cross-
polarization antenna setup is chosen as reference, betteus® in these measurement
cases the simplest MIMO implementation by using only onemma element with two
antenna lines.

6.3.2 MIMO gain

Testing for performance gain provided by MIMO setup is dogarteasuring and com-
paring throughputs and other network parameters when MIMto is disabled. This
test case is performed by disabling MIMO from BTS, thus omhgke data stream block
is sent from Tx. When MIMO is not used, HSPA+ UE can support@¥ modulation,
allowing better throughputs, than 16-QAM, that is used il enabled case due to
limitations of UE support. For more thorough analysis, treasurements are done with
both 64-QAM option enabled and disabled for the cases ofMItMO with HSPA+. LTE
UE supports same 64-QAM modulation with and without MIMOgenission.
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Additional test case is measured when transmit diversitgésl, allowing transmitting
single data stream with two antennas, providing doubld tasmission power and di-
versity gain. It is expected that the diversity gain and c#pancrease from SM provided
with MIMO setup should increase both SNR and received poWsgse benefits are shown
with increased throughput and channel quality assessm#ith locations that are less
suitable for MIMO transmission, the 64-QAM modulation elealsingle stream transmis-
sion is expected to perform close to SM, or even better in stases with HSPA+. With
LTE setup, the SM MIMO case should always provide best perémce. When channel
condition is good for SM, the MIMO supported transmissioawdd provide notably bet-
ter performance against single transmission cases. AbsdjVErsity case is expected to
outperform single antenna line setup in all cases, by pnogithore diversity and twice
the transmit power.

6.3.3 Effect of polarization diversity versus spatial dive rsity
with MIMO

The diversity gain and SM can be achieved with both polaonaand spatial diversity.
In this test case, both antenna setups are measured andreonip@rder to evaluate if
there is differences between these two schemes. Spatmisdivcan be measured by
adding another antenna next to first antenna, and connextimfeeder to both antennas.
Also hybrid case measurement is possible, when anothenrsafeeder is connected to
different polarization than first one. In hybrid case, théWll setup provides both spatial
and polarization diversity.

The expectation is that spatial diversity case offers simmésults as polarization diver-
sity, because both setups are introducing different cHgmoperties for separate streams.
The hybrid case with both spatial and polarization divgrsitould offer best results, be-
cause channel correlation is expected to be least in thip setowever, the performance
differences between different antenna diversity setupsat expected to be significant.

6.3.4 Effect of antenna feeder imbalances

The effect of imbalance in signal levels on antenna feeddested by using attenuator for
other antenna cable causing more signal loss for otheraatement. Imbalanced signal
is expected to result degradation in performance of MIMO Sfidiency and utilization,
because the channel capacity for streams with differeahaétion is less. In addition,
a stronger stream can cause more interference to the weadé@ms when correlation is
experienced. The focus of this test case is to find what inmoaldevels start to have
notable affect on performance, and what levels make MIM@s@hunusable.



39

/. RESULTS & ANALYSIS

This chapter focuses on presenting results for each testindgure formats, allowing
visual presentation and easier comparison between diffsetups. For more thorough
analysis, all the throughput results in every test case asepted in Appendix A in a
table format. All the results presented in this chapter atbeyed averages from several
measurement for each case. All anomalies in results areefilteut by discarding those
measurements that experience unusual performance raigsoed to other measurement
runs. The averaging throughputs and other values are eotdiom one second time
intervals. This one second averaging interval hides theceff fast fading, and also the
absolute maximum and minimum throughput peaks, because tigpically happen only
during one or few TTI periods.

Throughput values in measurement results are given in &\@&lunegabits per sec-
ond (Mb/s or Mbps). These throughput values were obtainedbyeported downlink
medium access control (MAC) -layer transmission rateduding MAC-layer overheads.
MAC-layer throughput rate in wireless data transfer inthseamount of user data trans-
mitted in the air interface between BTS and UE. Throughpluespresented in results
are divided in specific sections along mobile measuremenéeso and specific stationary
measurement points for MIMO diversity cases.
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Figure 7.1: First floor measurement area.
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First floor measurement routes are divided into 7 differectisns and second floor
route has 4 sections. These sections are chosen to provideedi channel conditions
within measurement area, so comparison of different testscaan be analyzed more
efficiently. Figure 7.1 illustrates 1st floor routes andistateasurement spots. Mobile
measurement sectors are marked with colored lines wittwarroarking the direction
of movement. Static spots are marked with orange circleprésent area where static
measurements were performed. Antenna location and beattidin is also shown in
both figures.

First section begins behind the antenna element and ends fupnt of the antenna.
Second section goes from front of antenna in LOS to the endedfallway. Third section
goes along the corridor and is still barely LOS situationgvéhantenna is partly visible
along the section. From fourth section till end of fifth sentithe motion is perpendicular
to antenna directivity. End of fifth section is the weakeseion area in the first floor.
Section six and seven go through open space area, endinghglt®S spot after corner,
near the end of section 2.

Figure 7.2 covers the second floor measurement area roudestatit spots. Second
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Figure 7.2: Second floor measurement area.

floor measurements mainly correspond to case of cell edgedban signal strengths.
Section 8 starts in front of the antenna element, one floavbdt goes through corridor

and hall area, ending up in front double window doors withvgaaetal frames. Section

9 is short, it consist of opening a door, moving through ittleen side and waiting door to

close. Section 10 leads along a corridor, going away frorarard. End of section 10 has
very weak signal levels, and few cell drops were experieticece. Last section 11, goes
from hallway area to a corridor connecting to next building.
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While all other other route sections are accurately fixeavbenh test cases, the end of
the second floor last section measurement was marked wharcdahection was lost.
The spot where connection was lost varied between differesg#isurement runs and test
cases, with maximum variation of approximately 5 metersis Thakes last section of
second floor measurement route less comparable, becausectien length is not exact
and time measured at the end of section varies, making thieseesults less compatible
against each other. The static spots were chosen to repdifferent spots around mea-
surement area in terms of obstacles and signal attenu&iefs! The purpose of static
measurements is to show the range of throughput rate changestatic location by only
changing the orientation of UE.

7.1 Indoor MIMO performance results

This section focuses the performance of reference MIMO oreasents using cross-
polarization antenna setup with SM scheme. The best thputglare experienced in first
floor sections, near the antenna and on sections with LOSection. The throughput
performance seen in results also has a correspondenceaesqesl channel quality. The
big difference between maximum and minimum values inditdze SM MIMO scheme,
especially with HSPA+, is very sensitive to channel vaoiasi and receiver orientation.
Figure 7.3 shows the measured throughput rate and RSCR Iaviebt floor sections,
and figure 7.4 presents MIMO utilization percentage and Uioned CQI values along

HSPA+ Reference Throughput and RSCP, 1st floor route
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Figure 7.3: HSPA+ first floor reference throughput.

the same measurement. From figures 7.3 and 7.4 it can be baéewith HSPA+, the
throughput performance trend follows closely to UE repdi@QI values and measured
RSCP levels in the first floor sections. Also, notable casé WSPA+ is that second
stream CQI values are constantly lower than first streamnmgahat second transmission
block size is smaller. This explains why maximum throughgaiés are not achieved.
MIMO utilization percentage follows closely the CQI leveWith low CQI values, MIMO
utilization is also low, meaning that second data strearens gnly part of the time when
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Figure 7.4: HSPA+ first floor reference RSCP and CQI levels.
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utilization percentage drops. Only bad reception area & fioor is found in between

section 5 and section 6.

.....

mobile measurement, and figure 7.6 presents the MIMO uiitimgercentage and CQI

Section 8

HSPA+ Reference Throughput and RSCP, 2nd floor route
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Figure 7.5: HSPA+ second floor reference throughput.

levels from same measurements. In second floor resultd)ibieghput rate is still follow-

ing the RSCP levels, and CQI values share very similar beh#nénd as the throughput

rate. Also in second floor case, the CQI value difference betwstreams is similar to
the case of first floor and MIMO utilization is somewhat foliog the CQI levels. The
trends in second floor are similar to the first floor case, kivdriations are larger. MIMO
utilization drops to 0% in worst areas of second floor routBse performance levels in

the second floor are notably lower than in the first floor, ektdepfew peaks experienced

near the antenna location.
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HSPA+ Reference setup, 2nd floor MIMO utilization % and CQl levels
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Figure 7.6;: HSPA+ second floor reference RSCP and CQl levels.

Figure 7.7 shows throughput rates in first floor LTE referesetip measurements, and

LTE Reference Throughput, 1st floor route
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Figure 7.7: LTE first floor reference throughput.

figure 7.8 shows the measured RSRP level and reported MC8sviduboth codewords.
As seen in the figure 7.7, the throughput rate with LTE is highlmost whole first floor.
Only at the sections 5 and 6 the rate experiences consieatadp, because of bad channel
quality. From figure 7.8 it can be seen, that in case of LTE thiheughput rate does not
follow the RSRP levels, but it is following the trend of MC$.suggests, that in good
channel conditions, the signal levels do not affect thequarhnce. Also compared to
HSPA+ throughput rate, the LTE throughput performance aggpt be more stable on
good channel conditions. This suggest that OFDMA radio ssxoeode performs better
with MIMO reception than WCDMA.
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LTE Reference setup, 1st floor RSRP and MCS levels
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Figure 7.8: LTE first floor reference RSRP and MCS levels.

Second floor throughput rates for LTE reference setup aresiofigure 7.9, and figure

LTE Reference Throughput, 2nd floor route
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Figure 7.9: LTE second floor reference throughput.

7.10 shows measured RSRP levels and MCS values for both codewAt second floor,
where signal attenuation is much greater and amount ofgttiPC are less, the LTE rate
trend is very similar to HSPA+. Again the throughput ratesloet correspond to RSRP
levels, but it follows the MCS values. While throughput reestill considerably high at
good reception areas, the rate quickly drops when movirggdimcell edge area. On worst
channel conditions experienced in second floor, the LTEuidpnput rates drop to very low
values. On these areas, the LTE configuration does not affenatable improvement
compared to HSPA+. The used hardware and software configiiaiuld not display the
CQIl values, reported by LTE UE, or MIMO utilization perceg¢s. The SM MIMO setup
is lost on worse channel conditions, when the MCS for coddviodrops to 0. When
channel quality improves, the second data stream is seimt.aga
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LTE Reference setup, 2nd floor RSRP and MCS levels
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Figure 7.10: LTE second floor reference RSRP and MCS levels.

Figure 7.11 illustrates achieved throughput rates froraregfce static spot measurements
for both HSPA+ and LTE. The maximum rates in LTE are considlgraigher than in

HSPA+ and LTE reference static spot maximum and minimum throughput comparison
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Figure 7.11: Reference static measurement maximum and minimum ratekSfeA+ and
LTE.

HSPA+ case for most spots. Minimum throughput rates alséoparsimilarly. LTE
greatly outperforms HSPA+ minimum rates on good channelitg§uspots, but at worse
locations, the minimum rates are similar for both cases.

When comparing LTE and HSPA+ performance in terms of spleeffigiency, and
taking into account that LTE uses double bandwidth and sappagher modulation than
current HSPA+ MIMO, the difference becomes less. LTE app&abe slightly more ef-
ficient in terms of spectrum utilization on good channel gbods. While on locations
with worse channel quality, the spectral efficiency with LisEimilar, or even worse than
with HSPA+. The variance between maximum and minimum thinpug values varies be-
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tween static measurement spots, but the sensitivity of Mipdd@ormance and difference
between the peak rates and minimum rates are always larpetioHPSA+ and LTE.

7.2 MIMO gain over single antenna setups

MIMO performance is compared against non-SM setup, usihgsngle antenna line, or
using 2 antenna lines with transmit diversity MIMO schenredseg only one data stream.
For HSPA+ both 64-QAM and 16-QAM measurements were madengiesantenna line
and Tx diversity MIMO setups.

Figure 7.12 illustrates average throughput comparisowdst SM MIMO, transmit
diversity and single antenna line HSPA+ setups. Averagritfitput rate comparison give
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HSPA+ MIMO gain comparison, average results
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Figure 7.12: Average throughput comparison with HSPA+ setups.

best the comparison point for MIMO gain effect. With averagsults, the SM MIMO
outperforms 64-QAM setups in first three sections, that Hmest channel condition for
MIMO. Rest first floor sections the SM MIMO performance is @ogth 64-QAM setups,
and 16-QAM is limited to near maximum rates in whole first floBased on difference
between 16-QAM and 64-QAM results, it would implicate th&PA+ SM MIMO would
gain more throughput if 64-QAM modulation was supportedchwito transmit blocks.
In the second floor average results the 64-QAM transmit dityeputperforms the SM
MIMO. And all the rates are withing few megabytes per secatept the 64-QAM
single line setup.

The reason behind poor performance of the 64-QAM singledatap in second floor
appears to be increased interference from unknown soutee fréquency band used in
HSPA+ measurement was scanned to be unused, but measulegsesftow that 64-QAM
single line setup experienced on average 3dB lower Ec/Ngldeand reported lower CQI
values than other second floor measurement. No other HSPAsureEment experienced
this interference.
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Figure 7.13 presents maximum throughput comparison bet8& MIMO, transmit
diversity and single antenna line HSPA+ setups. As seen figune 7.13, the maximum

HSPA+ MIMO gain comparison, maximum results
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Figure 7.13: Maximum throughput comparison with HSPA+ setups

throughput rates are achieved with SM MIMO configuration iostof the sections. The
transmit diversity does not provide notable benefit in maximrates for 64-QAM or 16-
QAM setup in first floor sections, but in the second floor thegrait diversity gain is
more clearly seen. Noticeable anomaly is again the 64-QAilglsiline performance in
the second floor sections. The maximum rates are notably ioveections 9 and 10, than
any other setup.

Figure 7.14 presents minimum throughput comparison betvé&é MIMO, transmit
diversity and single antenna line HSPA+ setups. The minimates between different

HSPA+ MIMO gain comparison, minimum results
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Figure 7.14: Minimum throughput comparison with HSPA+ setups.

setups are all close to each other. This result is expectedhan worst channel quality is
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experienced in each section, all the setups use similaaliaiptation scheme, 16-QAM or
QPSK modulation and single data stream. The 64-QAM setugs b@st minimum rates
in some sections, implying that sensitivity of SM MIMO exj@grces high variations in
throughput, showing in high top peaks and low minimum ragéso with minimum rates,
the single line 64-QAM setup is performing poorly in secomflsections.

Figure 7.15 illustrates average throughput comparisowdst SM MIMO, transmit
diversity and single antenna line LTE setups. It can be seman figure 7.15, that the

LTE MIMO gain comparison, average results
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Figure 7.15: Average throughput comparison with LTE setups.

SM MIMO is performing noticeably better than other two, gxcen second floor worst
sections, where MIMO utilization is low. Single antennalitase outperforms transmit di-
versity MIMO in first four sections. Reason behind this isttinansmit diversity has more
overhead in terms double amount of reference signals whiag two transmit antennas,
increasing overhead by nearly 5%.

Figure 7.16 illustrates maximum throughput comparisowbeth SM MIMO, transmit

LTE MIMO gain comparison, maximum results
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Figure 7.16: Maximum throughput comparison with LTE setups

diversity and single antenna line LTE setups, and figure $hbws same comparison with
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minimum measured throughputs. With maximum results, tredpop SM MIMO setup

LTE MIMO gain comparison, minimum results
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Figure 7.17. Minimum throughput comparison with LTE setups.

clearly outperforms the single line and transmit diversigfups in every section. The
interesting notice is that on sections with good channetitam, the single line setup

constantly outperforms the transmit diversity setup. QGaysecond floor sections with
worse channel quality, the transmit diversity gain agasmsgjle line shows as increased
maximum throughput.

As in the case of maximum throughputs, also in minimum thihqpugs the SM MIMO
is performing best, except in section 6. Also case with gifigie and transmit diversity
setup is similar where single line is better in sections \eighiter channel quality, while
transmit diversity gain shows in sections that have worseohl quality.

Overall, the LTE results are clearly indicating that SM MIM@bde, in cases where
channel condition allows proper MIMO utilization, cleadyfers best throughput rates in
all terms from minimum to maximum rate. With the HSPA+ ca$e tesults and gain
of MIMO setup was not so clear. These results further impat iiIMO with OFDMA
seems to be more robust to sensitivity than WCDMA. Only daebLTE has is the
relatively poor performance at cell edge areas.

7.3 Antenna diversity setup comparison with SM MIMO

Performance of different MIMO antenna setups are companddaaalyzed. Polarization
diversity is the reference case when antenna unit has tvas-grolarized transmit anten-
nas. Spatial diversity is obtained by placing two of thegemma units apart and connect-
ing the antenna lines with same polarization. Hybrid dikgrsase is combining spatial
diversity and polarization by connecting separate antemita with separate polarization
lines.

Figure 7.18 presents the average mobile section throughipudifferent antenna di-
versity case. With average rate comparison, the diffeebhetveen diversity performance
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HSPA+ MIMO diversity comparison, average throughputs
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Figure 7.18: HSPA+ antenna diversity comparison, average results.

are generally small. No diversity scheme appears to be domhior provide notable gains
over other setups in average rates. Only in the second fletioeel0, the polarization
diversity notably performs the other two.

Figure 7.19 presents results of maximum achieved throughHpuHPSA+ with dif-
ferent diversity cases, and figure 7.20 shows the minimuwutiitput rates with same

HSPA+ MIMO diversity comparison, maximum throughputs
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Figure 7.19: HSPA+ antenna diversity comparison, maximum results.

measurement configurations. With maximum results, thetfirse sections in first floor
having mostly LOS connection, it appears that polarizasiod hybrid diversity cases of-
fer better maximum peaks than spatial diversity. Rest ofitisefloor sections are more
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Figure 7.20: HSPA+ antenna diversity comparison, minimum results.

even, except on section six, where polarization diversgikrate is notably less than oth-
ers. On second floor sections the polarization diversitynset® outperform other two in
maximum rates. Reason for this might be that the spatisdiigt between antennas ex-
perience different attenuation rate when penetrating #ileng between first and second
floor.

The minimum rates seen in figure 7.19 are similar to maximussraNo diversity
scheme appears to be notably better or worse than other. deagh has best and worst
rates depending on the section. For worst sections in fickssaoond floor, the SM MIMO
usage is close to 0% in case of these minimum results. Thigsmaknimum rate compar-
ison less valid than maximum or average throughput rategusscdiversity scheme gain
only affects the reception of single data stream.

Overall, these results suggest that HSPA+ SM MIMO schemésvior indoor envi-
ronment with any type of antenna diversity setup. The poddion diversity antenna setup
can be recommended, because it has easiest installatioorlt one antenna unit. Based
on all the results, the spatial diversity setup with HSPApesforming worse than other
two by a slight margin.

Figure 7.21 shows the HSPA+ maximum and minimum static tinput results with
different diversity setups.The static result comparisaii wifferent diversity scheme is
studying if any antenna diversity setup has clear advarfagdIMO reception in static
locations.
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.0 HSPA+ MIMO diversity comparison, maximum and minimum static throughputs
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Figure 7.21: HSPA+ antenna diversity comparison, static results.

From results presented in figure 7.21, it can be seen thatmmewipeak rates in every
static location, except in spot 5, are close to each othespdh 5 the polarization diversity
appears to achieve much greater peak rate than hybrid arizadlan diversity. This in-
dicates that other antenna unit placement can not providegsMPC propagation to that
location, but single antenna unit with polarization divigrsan.

With minimum rates for each static location, the resultsgasg that areas with better
channel quality perform alike but spots 5, 6 and 8 with wea&eeption are getting better
minimum rates with polarization diversity than hybrid orasipl diversity case. Like in
mobile section measurements, some of static locationswatise channel quality seem
to get better rates with polarization diversity setup. Rertanalysis of secondary antenna
placement would be required to find exact cause and effethir

Based on minimum and maximum results in both mobile andcstadiasurements ev-
ery setup has big variations between minimum and maximuougiput rate, implying
that MIMO reception is sensitive and greatly depending oéneer orientation. The con-
stant movement in mobile measurement allows to see simigatimmum and minimum
rates as static measurements, even though the UE receigatation is fixed in mobile
measurement cart.

Figure 7.22 shows LTE average throughput rates with eaagmaatdiversity setup.
With average results, the performance differences betweensity setups are small sim-
ilar to case with HSPA+. No setup appears to have notablyehighierage rates on any
mobile section. Only the section 9 in second floor indicates hybrid diversity achieves
notably better rates. The section 9 is short section witly tittle mobility, consisting of
opening and moving through doorway and waiting the doorasel This makes the sec-
tion 9 results overall little more unpredictable than othmabile sections. From sections
2 and 3 it can be determined that spatial diversity is periiogntittle bit worse on LOS
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LTE MIMO diversity comparison, average throughputs
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Figure 7.22: LTE antenna diversity comparison, average results.

connection than cases with hybrid and polarization ditgrsi
LTE antenna diversity comparison maximum results are shiowfigure 7.23, and
minimum results are presented in figure 7.24.

o LTE MIMO diversity comparison, maximum throughputs
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Figure 7.23: LTE antenna diversity comparison, maximum results.

Maximum results in first floor section show that maximum peaties for each diversity
case are close to each other. Only in section 6, the spatiatsiy scheme achieved
notably higher peak rate. Unlike the first floor case wheraltesvere even, the second
floor sections 9, 10 and 11 clearly indicate that hybrid diitgrsetup can achieve much
greater peak rates than other two cases. Based on residtslgar that on poor channel
condition, the hybrid diversity SM MIMO achieves best peates with LTE.
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LTE MIMO diversity comparison, minimum throughputs
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Figure 7.24: LTE antenna diversity comparison, minimum results.

The minimum rate results in figure 7.24 indicate that on LO&da section 2 and 3,
the spatial diversity is not performing as well as polai@aand hybrid cases. Unlike the
maximum throughput rates, the second floor minimum ratesotishiow dominance with
hybrid diversity anymore. In second floor sections, onlygbetion 8 has some difference
in minimum rates, favoring spatial diversity and having fesd rate with polarization di-
versity setup. Overall, the minimum throughput rate défezes are not constantly better
or worse for any setup.

Static measurement results for antenna diversity setugiisn in figure 7.25. Based

LTE diversity comparison, maximum and minimum static throughputs
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Figure 7.25: LTE antenna diversity comparison, static results.
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on static results, on the first two static locations both tiocabehind the antenna unit,
polarization diversity rates are considerably lower thaatisl or hybrid diversity results.
The interference levels and SNR in these static locatioms sienilar for all measurement
cases, but MCS values with spatial and hybrid diversity werestantly higher. This result
is not seen in HSPA+ case, which indicates that spatial sityebrings notable gain on
propagation of LTE signal behind the antenna unit. For odibeations, the differences in
static throughput rates are not so notable. The differeattgden maximum and minimum
rates are quite high, like in the case with HSPA+.

The LTE SM MIMO is also sensitive to small variations of chehand the orienta-
tion of UE receiver. No clear dominance or subpar perforraaeen in LTE setup when
comparing results between diversity setups. Based onalesults, the hybrid diversity
seems to have slight edge over other two. On average, thehdibersity setup is having
most maximum throughputs and has least amount of lowestnpesihces results.

7.4 Antenna line attenuation imbalance effects

This section studies the result of different attenuatimeleon MIMO antenna lines. The
setup uses reference MIMO configuration with variable ai#éor connected to other an-
tenna line. Variable attenuator accuracy was tested andetbsufficient by using single
antenna line setup and measuring RSCP and RSRP values iimreaivhen increasing
and decreasing the attenuation.

Results are divided between first floor and second floor measnts, because first
floor MIMO works with higher attenuation levels than secowdfl Both HSPA+ and LTE
setups work similarly with different attenuation levelsrsEfloor throughput rate begins
to drop after about 6dB line difference and MIMO second stredlization works in first
floor up to approximately 13 to 15dB attenuation, after that$M MIMO did not work.
For the second floor, noticeable effect begins already wit &tenuation difference, and
when attenuation goes over 6dB, dual stream MIMO schemetig/oking anymore in
second floor.

The increased attenuation for second antenna line had ableaffect on Ec/No and
RSRQ levels, but CQI values for second stream degradedesiation increased. This
caused smaller transmit blocks to be used for second da&anssrand lower utilization
percentage of SM MIMO second data stream. Also the block eate was higher, caus-
ing more re-transmissions in case of higher attenuatiob®aoations with better channel
quality, the effect of attenuation difference seen in tigtqaut is lesser, and on poor chan-
nel quality locations the effect on throughput rates is bigh

Figure 7.26 illustrates the throughput rates of HSPA+ fisbiflantenna attenuation
measurements. The throughput graph clearly shows thatraaelsurement case works
almost identically along the mobile sections. The throughptes drop gradually as the
attenuation increases. The reference levels is above tiveuation rates almost all the
time, and then the lines averages arrange based on the aofattenuation. The effect
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HSPA+ antenna line imbalance comparison, first floor throughput rates
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Figure 7.26: Antenna line attenuation first floor results with HSPA+.

of increasing attenuation appears to have almost lineactafff average throughput drop.

Calculated from first floor results, the 6dB attenuationett#hce had 0.83 Mb/s lower
average throughput compared to reference case. With 1GdBuation, the throughput
is on average 2.99 Mb/s lower than reference, and 13dB atiemuihad 3.67 Mb/s lower
throughput on average. Total impact in average throughgmet$%, 18.2% and 22.4%
drop from reference, based on attenuation level.

Figure 7.27 shows the throughput rates of HSPA+ second fle@naa attenuation
measurements. Second floor throughput behavior is sinalérst floor case, where in-

HSPA+ antenna line imbalance comparison, second floor throughput rates
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Figure 7.27: Antenna line attenuation second floor results with HSPA+.
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creased attenuation shows as decreased throughput. Csggtion 10, the 3dB line dif-
ference seems to outperform reference rate, but this sdwi®low MIMO usage percent-
age in all measurements, which accounts reference resyitomiding improvement over
small line attenuation case. At the end of section 11 in sgtfloor, it can be seen that with
increased attenuation, the cell drop is experienced so&eference measurement could
continue few seconds longer than measurements with attenwong the last route.

From second floor results, the differences in rates are simatlithe trend is clearly
visible. On average the 3dB attenuation throughput rate48 Mb/s lower than refer-
ence case, causing on average 5% loss in throughput. 6d&iatien is having 2.4 Mb/s
less average throughput compared to reference results)imge26.2% drop in average
throughput rate.

Figure 7.28 illustrates the throughput rates with LTE firebfl antenna attenuation
measurements. The results of antenna line imbalance wiEhrh€asurement are very

LTE Antenna line imbalance effect comparison, first floor throughput rates
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Figure 7.28. Antenna line attenuation first floor results with LTE.

much similar as HSPA+ results. The increased attenuatisrclear linear drop in the
measured throughput rate.

Calculated from first floor results, the 6dB line antennaedéhce is performing on
average 5.51 Mb/s lower than reference case. 10dB differkas on average 9.94 Mb/s
lower throughput rate in first floor than reference case. A3a@Blantenna line attenuation
performs at 14.33 Mb/s lower average rate. These accourtifes, 20% and 28.9%
decrease in average throughput rate.

Figure 7.29 presents the throughput rates with LTE secomd #otenna attenuation
measurements. Also the second floor throughput behavibrdifferent attenuation levels
is behaving as expected and seen in HSPA+ case. Only fewirgasisthroughput lines
happen, mostly during bad sections for MIMO utilizationsdlits noticeable that the cell
drop, experienced at the end of section 11, happens soothecages of more attenuation.
It is apparent that diversity gain from two antenna lines peovide small extend to the
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LTE antenna line imbalance comparison, second floor throughput rates
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Figure 7.29: Antenna line attenuation second floor results with LTE.

reception area at the edge of the cell.

Based on second floor results, 3dB attenuation differenseohaaverage 4.8 Mb/s
lower throughput rate, corresponding to 19.6% decreaseilifoppnance. With 6dB at-
tenuation difference the impact is 7.3 Mb/s lower averageubhput rate, having 30.2%
decrease in performance experienced in second floor.
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8. DISCUSSION AND CONCLUSIONS

From theoretical point of view, the spatial multiplexingheme in wireless mobile net-
works is performing best in good coverage areas with stragrgatlevels and good multi-
path propagation. The indoor environment in this sensdésing suitable basis for expe-
riencing best gains in performance and capacity utilizaWMdMO can offer. In concept,
the idea of using multiple antennas in wireless commuroodias been around for almost
two of decades, but actual implementations for SM relatgrhcidy gain has only been
implemented very recently in cellular networks. Only thie¢ evolution of 3G WCDMA
and the new next generation LTE network implement the SM MIf@ctionality for
capacity and performance gain.

The test measurements performed in a small indoor celljestutie performance of
MIMO scheme with various different setups. Based on regsitltsn be seen that MIMO
setup can provide notable gain over traditional singleramdesetups. It is also notable that
best performance improvement seen with SM happens in goaaheh conditions, with
LOS or close proximity with antenna On average the good oblazonditions give about
50% to 60% increase in throughput compared to single liné swigle data stream.

When the distance or amount of big obstacles, like walls orsidoetween transmitter
and receiver increases, the channel quality decreasegiaffessSM MIMO performance
more than single data stream transmission. On these woas@ehconditions, the utiliza-
tion percentage of dual stream is low, and average througigon spatial multiplexing
scheme can provide against single antenna setup is ranngmgbb6 to 30%.

When studying same test cases with both HSPA+ and LTE setwgas) also be con-
cluded that OFDMA digital modulation scheme used by the L3 Enbre suitable with
MIMO setup than WCDMA. The throughput variations with HSPAre faster and pro-
portionately larger than with LTE. Although it has to be take consideration that the
time of the measurements were performed, LTE only had fewnoercially available
USB modems and HSPA+ had only the single modem capable of té§ay 18 support,
and it had to be firmware updated to support MIMO. In the futthrere is likely going to
be more MIMO supporting HSPA+ modems and other UEs, that tiighe better recep-
tion and more stable performance. LTE is certainly going/tihe and have many various
types of terminals and UEs in near future. In this sense, tid®lperformance and gain
can most likely be increased over time with maturing tecbgyl

There were some notable observations during measuremehtesult analysis based
on MIMO performance. The HSPA+ setup throughput perforreaiatiows closely to
received pilot signal power behavior, suggesting that Wi#iPA+ the MIMO performance
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gradually drops as the distance to BTS transmit antennaases. The effect of multipath
propagation changes was not so obvious with HSPA+. With th& effect was different.
With good reference signal levels, the throughput kept t@orily high and did not follow
the RSRP rate. Instead, the propagation environment effastnotable, when moving
behind corners and more obstacles, the RSRP levels did aptadrmuch as the MIMO
throughput rate. The behavior of LTE MIMO performance ondjooverage areas is more
dependent on channel conditions for two data stream préipaga

The static measurements gave good insight of how sensikiv&8MO reception is.
The effect of receiver orientation has great impact on theutdphput rates experienced
in a fixed static spot. This implies that the small distancg some type of polarization
or antenna directivity pattern difference between regeardennas of USB modem are
highly sensitive to signal propagation direction in dowkli Even few degree rotation can
cause over 50% drop in experienced throughput. This effaobdi very visible in mobile
measurements, where constant movement helps to give awmaliion to channel and
prevent fast and big variances in throughputs. Altough it lsa seen from results, that
crossing between mobile measurement section show riseomghput rate. This is caused
by short stop in order to place a marker comment in measuretogn The increase
in throughput rates during stops suggest that the mobibty $mall negative effect on
maximum peak rates.

Comparison of different antenna diversity setups gave @epeesults. All the differ-
ent ways to provide diversity required to use SM MIMO proddamilar performance.
Throughput differences were small and varied between &ediosis and spots. Overall,
the hybrid diversity setup can be considered best on avéragmall difference, and spa-
tial diversity seem to perform worst on LOS sections. Theesagstallation comes with
polarization diversity, where one antenna unit is enouglcabse no spatial distance be-
tween antenna elements is needed. Results were similaofloHSPA+ and LTE except
a few minor differences in some cases.

Also, antenna feeder line imbalance measurement resuleseeasistent with expec-
tations. For both HSPA+ and LTE, antenna line imbalancepsparformed close to a
linear case, where increased attenuation to other antemditectly shows as decreased
throughput. Sections with better channel quality havedlesspact from attenuation, and
when channel quality degrades, the decrease in througlepanhtes larger.

On first floor measurements, the imbalance level started aw shifference around
5 to 6dB attenuation difference, and second data strearmatitin still worked properly
with up to 13 - 15dB attenuation difference. In second flo®wegamaller attenuation
difference already showed same linear effects as in first filéreater than 6dB attenuation
prevented SM MIMO from working in the second floor, resultpgrformance similar to
single antenna line case. It can be concluded from theségélsat MIMO performance
is affected by antenna line imbalance, but it is not serestiwery small imbalance levels.

Overall these results and studies appear to be consistdnMAMO theory and mea-
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sured throughput levels and parameters were, for the mots, @@ expected. Aim for
these results is to give better understanding of MIMO schgaie and performance in
indoor environment, and give estimates and informatiornualeapected gains network
operators can consider when planning indoor networks.

For further analysis points, there would ideally be tesesasith interference from
other networks and neighboring cells, and more users cgqusierference and load to the
cells and core network. Also studying the MIMO performanceilarger DAS indoor
network where multiple antennas are utilized to provide\ecage for MIMO cell. And a
study of MIMO gain in uplink direction obtained by receivaversity would be interesting
case. In addition, the required distance between anteenaeals for providing sufficient
spatial diversity for indoor SM MIMO could provide an additial measurement topic.
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APPENDIX A

Appendix A lists all throughput values gathered from measwent results in a table for-
mat. Each table contains field for maximum, minimum, average standard deviation
values for each section or static spot, given in megabytesgeond (Mb/s). Maximum
and minimum values represent maximum and minimum valuesuned on section or
static spot. Average value is averaged throughput rate @tiéos or a spot, and standard
deviation indicates how big variation the throughput valbhave over measurement area.
Small standard deviation means that throughput rate clsaaigesmall and big standard
deviation implies that variations in throughput rates argé. Standard deviation is de-
fined as square root of variance, while variance is defined@sge squared differences
of average data values in a set.

Reference SM MIMO results

Table 1 presents the mobile results of HSPA+ with referentdd ®setup.

Table 1. HSPA+ reference mobile throughput results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max |24.7]25.0/25.0(21.6|21.2|17.4|21.9|18.8|14.7| 14.1| 17.7
Min | 13.1|16.4|13.3|13.7| 84| 83 |11.7| 34 | 80| 3.3 | 0.9
Avg |19.6(20.1|16.9H17.0|12.8|12.6|158|10.7|11.2| 7.1 | 7.7

StDev | 24 | 22 | 27| 21| 26| 23| 26| 35| 20| 20| 44

Table 2 presents the static results of HSPA+ with referenifd®setup.

Table 2: HSPA+ reference static measurement throughput results.

Spot | 1 2 3 4 5 6 7 8

Max | 19.4| 21.9| 25.0| 22.0| 23.7| 12.9| 18.9| 10.7
Min | 64| 96 |11.2| 73| 72| 45| 79| 1.6
Avg | 11.5]16.0| 20.3| 15.4| 16.0| 9.2 | 13.6| 6.0
Sthev| 29 | 40| 31| 3.7 | 33| 22| 25| 2.2

Table 3 presents the mobile results of LTE with reference KIs&tup.

Table 3: LTE reference mobile throughput results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 64.2|64.8| 64.8| 62.6| 62.6| 51.0| 66.8| 62.7| 38.2| 30.7| 42.3
Min | 45.5|52.0|48.0|44.6| 15.3| 5.3 |39.5|/18.0|21.8| 1.5 | 0.8
Avg |55.4|58.4|56.2|554|359|345|51.9|37.6|28.8|11.7| 18.7
StDev | 54 | 3.3 | 41| 49 |12.4|128| 8.4 |115| 5.7 | 6.2 | 12.2
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Table 4 presents the static results of LTE with reference MIsé&tup.

Table 4: LTE reference static measurement throughput results.

Spot | 1 2 3 4 5 6 7 8

Max | 21.2| 39.0| 66.9| 62.6| 57.4| 29.4| 62.5| 20.7
Min | 3.8 | 10.2] 55.8| 35.0/ 29.5| 5.9 | 31.2| 1.0
Avg | 15.0| 26.3| 62.7| 51.6| 44.6| 19.0| 45.5| 10.7
StDev| 40| 88| 24| 75| 77| 50| 7.2 | 6.2

MIMO gain results

Table 5 presents the results for HSPA+ single antenna lite ¥6-QAM modulation
configuration.

Table 5: HSPA+ single antenna line with 16-QAM results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 13.5]13.5| 13.5(13.5| 13.3| 13.5| 13.5| 12.5| 12.0| 11.0| 12.1
Min | 124|125 110|114 6.6 | 7.1 |104| 58| 75| 44| 0.2
Avg |13.2|13.2|12.0/13.0|10.9|11.0|125| 98 | 9.9 | 6.8 | 6.7

Stbev| 0.3 1 02| 07|04 16|19 07| 21| 14| 15| 44

Table 6 presents the results for HSPA+ transmit diversitivlwith 16-QAM modula-
tion configuration.

Table 6: HSPA+ transmit diversity MIMO with 16-QAM results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 13.5]13.5| 13.5|13.5|13.5| 13.2| 13.5| 12.8| 13.4| 124|124
Min | 12.6|12.9|109(122| 7.7 | 7.8 |11.7| 6.2 | 9.1 | 51 | 0.7
Avg | 13.3|13.3|12.3|13.0|11.3|11.1|12.1|10.7|11.3| 9.1 | 6.9

Stbev| 02 01| 08| 03| 17|16 | 06| 18| 11| 16| 4.6

Table 7 presents the results for HSPA+ single antenna lirte 84-QAM modulation
configuration.

Table 7: HSPA single antenna line with 64-QAM results.

Section| 1 2 3 4 5 6 7 8 9 | 10| 11
Max | 19.5|19.7|18.9| 18.6|17.2|17.4| 19.3|15.8|8.7|8.1| 11.9
Min 159| 15.4|11.6| 145| 7.3 | 59 |12.4| 3.8 |5.7|1.3| 0.7
Avg |17.6|17.1|15.2|16.7|125|12.1| 15.3|10.0|6.6|5.2| 5.7
Stbev| 0.8 | 06 | 1.8 09| 28| 32| 18| 39 |12|1.2]| 3.6
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Table 8 presents results for HSPA+ transmit diversity MIM@w64-QAM modulation
configuration.

Table 8: HSPA transmit diversity MIMO with 64-QAM results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max |20.0|19.1|18.2|19.1|17.9(17.9|19.5| 16.3| 15.6| 13.3| 13.6
Min 16.2| 16.2| 12.9| 15.2| 69 | 7.6 |13.0] 7.1 |10.2| 3.2 | 04
Avg | 17.3|17.5|15.1|17.0|12.9|12.8|15.7|(12.0|13.1| 83 | 7.4
StDev| 11| 06| 15| 08| 30| 33| 18| 28| 15| 20| 5.0

Table 9 presents results for LTE single antenna line cordigam.

Table 9: LTE single antenna line results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 35.7| 35.7| 35.7| 35.8| 35.7| 34.8| 35.7| 35.5| 22.1| 20.6| 27.1
Min | 35.5|34.9|33.1/353| 45| 83 |26.4|15.0/14.0| 0.1 | 0.3
Avg | 35.7|35.6|35.2|35.6|24.3|25.0/33.1|24.2|17.8| 7.3 | 144

Stbev| 01 01| 06| 01|90 70| 29| 6.7| 24| 58| 83

Table 10 presents results for LTE transmit diversity MIMQfiguration.

Table 10: LTE transmit diversity MIMO results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 33.6| 33.6| 33.6( 33.6| 33.6| 32.9| 33.7| 33.6| 28.2| 28.0| 31.1
Min | 33.4| 33.3|33.0|33.1| 14.7| 15.9| 30.8| 12.4| 13.7| 0.7 | 0.1
Avg | 33.6|33.5|33.4|33.5|27.9|28.2|32.7|29.4| 21.6| 11.8| 23.0

Stbev| 01| 01| 02| 01| 57|58 09| 48| 43| 63| 8.2

SM MIMO Antennadiversity setup comparison

Table 11 presents mobile results for HSPA+ spatial divesstup.

Table 11: HSPA+ spatial diversity mobile results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max |23.5]22.1|22.0|22.3|19.9|21.9|25.1|18.3|11.7|10.9| 154
Min |16.6|11.5|12.2|146| 84| 75 (127 50| 70| 20| 04
Avg |194|17.2|16.3|17.7|13.7|13.8|17.0| 11.7| 10.1| 43 | 8.2

Stbev | 19| 27| 26 | 15| 28| 34| 30| 3.7 | 1.3 | 1.7 | 47
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Table 12 presents static results for HSPA+ spatial diwesstup.

Table 12: HSPA spatial diversity static results.

Spot | 1 2 3 4 5 6 7 8
Max |21.7| 22.4| 26.3| 25.4| 15.2| 13.3|21.2|7.9
Min | 76 | 9.5 |104|10.7| 3.3 | 20| 84 | 0.3
Avg | 14.4|15.6|19.6|17.6| 9.4 | 8.8 | 15.0| 3.7
StDev| 35| 35| 35| 36| 29| 22| 36|20

Table 13 presents mobile results for HSPA+ hybrid diversaiup.

Table 13: HSPA+ hybrid diversity mobile results.

Section| 1 2 3 4 5 6 7 8 9 |10 11

Max |24.9|26.1|25.5|21.4|21.7| 21.9| 23.6| 18.9| 12.9| 8.7| 15.2

Min | 15.4|14.1|13.4|155| 90| 48 | 13.2| 6.1 | 8.0 | 2.0| 1.7

Avg |19.6/18.8|17.5|18.6|14.0| 13.9| 17.8| 12.6| 9.8 | 45| 8.1

Sthev | 22 | 24 | 28| 16| 30| 3.2 | 28| 38| 1.3 |16 4.4

Table 14 presents static results for HSPA+ hybrid diversatyp.

Table 14: HSPA+ hybrid diversity static results.

Spot | 1 2 3 4 5 6 7 8
Max | 21.7|22.9| 26.1| 23.9| 15.3| 15.4| 21.7| 9.7
Min | 97| 76 |119|114| 15| 14 |10.1|0.1
Avg |13.5/15.8|21.1179| 83| 9.8 | 15.3| 4.9
StDev| 3.1 | 36| 29| 33| 27| 33| 29|22

Table 15 presents mobile results for HSPA+ spatial divesstup.

Table 15: LTE spatial diversity mobile results.

Section| 1 2 3 4 5 6 7 8 9 10 | 11

Max | 66.7| 66.7| 60.1| 62.6| 62.5| 62.4| 62.4| 62.0| 39.0| 33.1| 40.1

Min | 48.0| 36.8| 36.8| 51.9| 13.5| 12.5| 38.2| 27.4| 21.5| 24 | 0.1

Avg | 57.3|53.6|52.5|58.0|35.6|36.4|50.9|39.6|285|11.5| 20.1

StDev | 45| 74 | 53| 29 139|141| 75| 99| 56 | 7.0 | 114

Table 16 presents static results for HSPA+ spatial diwesstup.

Table 16: LTE spatial diversity static results.

Spot | 1 2 3 4 5 6 7 8
Max | 41.3| 62.6| 66.7| 62.7| 61.0| 31.6| 61.2| 22.5
Min | 2.7 | 50.3| 42.7| 33.8| 28.4| 5.8 | 20.6| 0.7
Avg | 24.5|58.7| 60.1| 53.6| 44.5| 15.7| 41.9| 12.9
StDev| 7.7 | 34 | 51| 66| 80| 65| 87| 5.6
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Table 17 presents mobile results for HSPA+ hybrid diversaiup.
Table 17: LTE hybrid diversity mobile results.
Section| 1 2 3 4 5 6 7 8 9 10 | 11
Max | 63.3| 63.8| 63.8| 62.9| 61.5| 52.4| 62.8| 59.3| 62.4| 42.3| 50.2
Min | 40.0| 49.3| 47.5|49.4| 14.8| 19.0| 40.4| 22.9| 20.7| 2.2 | 0.7
Avg |53.2(58.0|55.2|57.4|37.2|38.7|51.9| 38.9| 39.5| 12.4| 22.0
StDev | 6.8 | 39| 50| 3.2 |12.2,10.3| 6.1 | 9.8 | 11.2| 83 | 14.0
Table 18 presents static results for HSPA+ hybrid diversatyp.
Table 18: LTE hybrid diversity static results.
Spot | 1 2 3 4 5 6 7 8
Max | 47.3| 62.7| 67.0| 62.7| 61.9| 25.3| 54.4| 23.7
Min | 13.2| 48.0| 54.0| 40.6| 30.3| 4.8 | 22.4| 1.2
Avg | 30.8|59.5|61.6|51.4|44.7|16.1| 41.4| 15.8
StDev| 73| 36| 31| 70| 74| 56| 75| 5.0

Antennaline attenuation imbalance effects

Table 19 presents first floor 3dB antenna line attenuatidaréifice results for HSPA+.

Table 19: HSPA+ first floor 3dB attenuation difference.

Section

1

2

3

4

5

6

7

Max

21.2

21.9

22.0

22.8

17.5

17.3

22.3

Min

17.1

14.9

11.4

14.0

8.4

6.7

13.6

Avg

18.9

18.7

15.7

17.5

12.7

12.6

16.7

StDev

1.3

2.1

3.4

2.7

2.7

3.1

2.7

Table 20 presents first floor 6dB antenna line attenuatidaréifice results for HSPA+.

Table 20: HSPA+ first floor 6dB attenuation difference.

Section

1

2

3

4

5

Max

22.6

23.4

21.3

20.9

19.2

16.3

21.6

Min

13.9

14.5

10.6

14.0

7.3

6.4

11.6

Avg

19.1

18.3

14.9

17.7

11.8

11.7

15.5

StDev

2.2

2.4

2.5

2.0

2.8

2.8

2.5
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Table 21 presents first floor 10dB antenna line attenuatitberence results for HSPA+.

Table 21: HSPA+ first floor 10dB attenuation difference.

Section| 1 2 3 4 5 6 7
Max |21.2]21.9|21.4|19.3|17.1|12.6| 225
Min 10.5| 115 9.0 | 12.2| 59 | 5.6 | 9.8
Avg 149| 16.1| 13.0| 15.4| 11.1| 10.0| 13.4
StDev | 27| 29| 25| 18| 22| 20| 2.7

Table 22 presents first floor 13dB antenna line attenuatibereince results for HSPA+.

Table 22: HSPA+ first floor 13dB attenuation difference.

Section| 1 2 3 4 5 6 7
Max | 19.6| 22.4| 22.3| 20.6| 17.1| 13.5| 17.3
Min 9.1 |10.2|105|12.2| 80 | 6.1 | 8.4
Avg | 13.5|14.9|12.7|14.9|10.7| 10.2| 12.2
StDev | 23| 30| 26| 20| 18| 20| 1.6

Table 23 presents second floor 3dB antenna line attenuafferetice results for HSPA+.

Table 23: HSPA+ second floor 3dB attenuation difference.

Section| 8 9 10 | 11
Max |17.6|11.9|11.6| 14.1
Min 49| 69| 50 0.3
Avg |122| 97| 76| 7.2
Stbev | 3.3 | 1.3 | 1.2 | 5.0

Table 24 presents second floor 6dB antenna line attenuafferetice results for HSPA+.

Table 24: HSPA+ second floor 6dB attenuation difference.

Section| 8 9 10 | 11
Max | 15.6| 10.7| 10.7| 11.2
Min 49| 32| 1.2 | 0.3
Avg 99| 78| 3.8 | 5.6
StDhev | 3.6 | 1.9 | 1.9 | 4.0
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Table 25 presents first floor 6dB antenna line attenuatidaréifice results for LTE.

Table 25: LTE first floor 6dB attenuation difference.

Section| 1 2 3 4 5 6 7
Max | 62.6| 63.7| 62.6| 60.7| 47.7| 55.6| 61.2
Min | 39.4|42.2|37.0|41.4| 9.2 | 9.5 | 28.0
Avg |52.7|55.1|50.9|51.1| 27.3| 28.3| 43.7
StDev | 59 | 53| 6.7 | 53| 95 |11.1| 10.2

Table 26 presents first floor 10dB antenna line attenuatitbereince results for LTE.

Table 26: LTE first floor 10dB attenuation difference.

Section| 1 2 3 4 5 6 7
Max | 62.6| 66.5|63.9|55.4| 41.4| 36.6| 56.5
Min | 38.8|36.9|32.7|33.4| 74 | 24 | 25.0
Avg |49.7|51.6|45.0|45.8|24.7|23.9| 37.4
StDev | 6.3 | 73| 87| 55| 83| 89| 94

Table 27 presents first floor 13dB antenna line attenuatitbereince results for LTE.

Table 27: LTE first floor 13dB attenuation difference.

Section| 1 2 3 4 5 6 7
Max | 61.2|62.5|62.5|47.6|39.4| 31.6|53.5
Min | 31.3| 33.0| 14.3| 13.6| 11.9| 13.6| 11.9
Avg |42.0|43.9|38.9|39.3| 24.8| 24.7| 33.8
Sthev | 7.8 | 74| 79| 39| 6.2 | 5.6 | 9.0

Table 28 presents second floor 3dB antenna line attenuafferetice results for LTE.

Table 28: LTE second floor 3dB attenuation difference.

Section| 8 9 10 | 11
Max | 57.0] 29.9| 24.8| 34.4
Min 13.5(14.3] 0.2 | 0.1
Avg |30.3|22.6| 9.4 | 155
StDev | 11.5| 4.8 | 4.7 | 11.0

Table 29 presents second floor 6dB antenna line attenuafferedice results for LTE.

Table 29: LTE second floor 6dB attenuation difference.

Section| 8 9 10 | 11
Max | 50.4| 23.1| 19.7| 29.3
Min 76 |10.6| 0.1 | 1.0
Avg |27.1117.2] 7.9 | 154
StDev | 10.3| 3.7 | 53 | 7.6




