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Whichever way you comb a tennis-ball, there will always be a swirl.
{Interpretation of the hedgehog theorem by Henri Poincaré}





Populärvetenskaplig
Sammanfattning

Utvecklingen som skett inom tr̊adlös kommunikation de senaste åren saknar
motstycke. Den har lett till användningen av överlastade frekvensband och en
enorm energiförbrukning. För att bygga system där m̊angfalt fler användare
eller uppkopplade enheter, som kan utgöra allt fr̊an ett fordon till en termome-
ter, kan f̊a tillg̊ang till internetanslutning med kapacitet upp mot 10 Gb/s eller
mer krävs det ändringar b̊ade p̊a nätverkssidan och i terminalerna. Den femte
generationens (5G) kommunikationssystem har som m̊alsättning att n̊a dessa
m̊al. En av m̊anga tekniker som studeras inom 5G är s.k. massiv MIMO
(MaMi). Idén bakom MaMi bygger p̊a att man ökar antalet antenner i en
basstation tills det man n̊ar en gräns efter vilken ytterligare antenner inte
förbättrar prestandan nämnvärt. Generellt, ger en ökning av antalet antenner
en bättre upplösning och möjliggör för en basstation att fokusera energin bättre.
P̊a s̊a vis kan den betjäna flera terminaler samtidigt p̊a samma frekvens. Det
har visat sig att i storleksordningen 100 antenner i en basstation är tillräckligt
för att n̊a konvergens och att man d̊a uppn̊ar ett 10 g̊anger bättre frekvensut-
nyttjande samt en 100 g̊anger bättre energieffektivitet.

De flesta publikationer inom MaMi-omr̊adet har fokuserat p̊a basstationssi-
dan eller radiokanalen där man gjort naiva antaganden kring antennlösningen
i terminalerna. Min forskning visar tydligt vikten av att använda integrerade
antenner när man gör utvärderingar av MaMi system. Vidare visar resultaten
att där är mycket prestanda att hämta genom att öka antalet antenner även i
terminalerna.

För att utnyttja alla antennerna optimalt behöver basstationen veta hur
transmissionskanalen ser ut. Varje terminalantenn m̊aste därför skicka en känd
signal (s.k. pilot). Piloten, tas emot med alla antennerna p̊a basstationen och är
det som möjliggör för basstationen att simultant fokusera olika signaler till varje
individuell terminalantenn i systemet. En etablerad kommunikationskanal är
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giltig s̊a länge kanalen inte ändrar sig. Eftersom det handlar om mobila enheter
behöver man därför skicka nya pilotsignaler ungefär lika ofta som i dagens
avancerade 4G-system system (d.v.s. med millisekundintensitet).

Det faktum att varje terminalantenn i systemet behöver skicka pilotsignal
är specifikt för MaMi system och p̊averkar hur terminalerna m̊aste konstrueras.
Till skillnad fr̊an dagens terminaler, anpassade för 4G, m̊aste varje antenn i en
terminal nu ha tillg̊ang till b̊ade sändare och mottagare för att kunna delta i
kommunikationen p̊a ett effektivt sätt. Fler antenner i terminalen kommer att
öka storleken och antalet sändare/mottagare kommer att öka priset. Det vill
man s̊a klart undvika och olika alternativ har därför undersökts i mitt arbete.
Eftersom det är terminalen som skickar pilotsignaler f̊ar den en viss frihet att
bestämma vilken kommunikationskanal basstationen kommer att se. Denna
frihetsgrad utgör en stor del av min forskning. Olika algoritmer är undersökta
och hur väl de presterar jämfört med optimala lösningar.

För att genomföra undersökningarna har ett simuleringsramverk utvecklats.
Ramverket bygger p̊a att uppmätta antenndiagram importeras till simulatorn,
vari de belyses med simulerade elektromagnetiska fält som anpassats för att
efterlikna det fält en terminal typiskt upplever i ett MaMi system. I kort-
het kan en ideal MaMi basstation, när den känner kommunikationskanalen,
skicka energi utefter alla utbredningsvägar p̊a ett sätt s̊a att alla signalerna
vid terminalantennen sammanfaller konstruktivt. Detta innebär att varje ut-
bredningsväg bidrar med en elektromagnetiska v̊ag som ligger i fas med övriga
elektromagnetiska v̊agor samt att varje v̊ag är polarisationsanpassad till termi-
nalantennen i respektive riktning. I simuleringsramverket väljer man: (1) antal
utbredningsvägar (s.k. kluster), (2) öppningsvinkel för klustren (hur mycket av
terminalen som belyses i respektive riktning) och (3) en klusterstyrkefördelning.
Simulatorn slumpar sedan ut belysningsvinkel och klusterstyrka p̊a klustren för
att generera olika kanalrealiseringar. Genom att generera ett stort antal kanal-
realiseringar kan man f̊a statistiska m̊att p̊a förväntad prestanda i olika miljöer
som bestäms av parameterinställningarna.

Simuleringsramverket kan användas till att optimera prestandan p̊a en ter-
minalantenn avsedd för ett MaMi system genom att välja lämplig algoritm
och tillhörande radiolösning. Man kan även jämföra olika antennimplemen-
tationer eller studera kanalbeteenden. Dessutom har de olika algoritmerna
implementerats i en realtids test basstation, Lund University Massive MIMO
(LuMaMi), tillsammans med terminalprototyper med multipla integrerade an-
tenner. Ändam̊alet med realtidsmätsystemet är för att validera simuleringarna
och kalibrera parameterinställningarna för olika miljöer.

Min forskning visar att alla antenner m̊aste vara kapabla att skicka en pi-
lotsignal i ett MaMi system. Detta p̊averkar s̊aväl systemarkitekturen, där
resurser m̊aste finnas för detta, som h̊ardvarulösningarna i terminalerna. Vi-
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dare visar den att klassiska isotropiska antennprestandaparametrar inte ger en
rättvis bild p̊a den prestanda man kan vänta sig i ett MaMi system.

För att tillgodose kommande behov för tr̊adlös kommunikation har det visat
sig att man m̊aste använda även högre frekvenser. Speciellt millimeterv̊ag band
är av intresse p̊a grund av tillgängligheten av stora lediga frekvensomr̊aden.
För att konstruera kommunikationssystem vid dessa frekvenser, med samma
tillförlitlighet och servicekvalitet som dagens system, behövs kunskap om den
elektromagnetiska utbredningskanalen. För att mäta dessa egenskaper har en
28 GHz kanalmätutrustning tagits fram. Kanalmätutrustningen kan mäta sig-
naler med extremt hög tids och vinkel noggrannhet. P̊a 326 ms kan 256×128
antennelement mätas, vilket är tio g̊anger fortare än gängse system.

Tanken är att 28 GHz-kanalmätsystemet ska användas för att göra hög-
upplösta mätningar av utbredningskanaler för millimeterv̊ag frekvenser. Re-
sultaten fr̊an mätningarna ska sedan användas som grund för att ta fram
kanalmodeller som möjliggör simulering av positionering och mobila situationer
som ännu inte är inkluderade eller är baserade p̊a antaganden i de modeller som
används i standardiseringsarbete.





Popular Scientific Summary

The immense growth in wireless communications has led both to the over-
loaded spectrum and growing energy consumption. Predictions suggest that
the traffic will continue to increase while, at the same time, the number of
connected devices is envisioned to increase. To this end, a paradigm change
is necessary, both at the network and at the terminal side, to build systems
where each device, which may be anything from a car to a thermometer, attain
internet access, potentially with rates of 10 Gb/s or more. Fifth-generation
communication systems (a.k.a. 5G) targets those challenges. One of the many
techniques that are being investigated to meet the challenges is the so-called
massive MIMO (MaMi). The idea behind MaMi is to increase the number of
base station (BS) antennas until the system throughput reaches a state where
it does not improve even tough more antennas are introduced. More antennas
improve the spatial resolution and enable the BS to focus the energy in different
directions and serve more terminals at the same time, using the same carrier
frequency. Recent literature has shown that in contrast to today’s systems,
approximately 100 antennas at the BS has the potential to provide an order of
magnitude improvement in system capacity and energy consumption.

Almost all of the work on MaMi has been done on the BS side, and naive
assumptions are made on the terminal structure, failing to rigorously evaluate
the true potential of MaMi. It is important to know that the measured per-
formance gains of MaMi hinge on the optimality of the terminal design at the
physical layer. This thesis aims to identify the cautionary tales into the impact
of such simple assumptions on the overall MaMi system performance.

To utilize each of its antennas optimally, the BS needs complete knowl-
edge of the electromagnetic propagation conditions. Each terminal needs to
transmit a predefined waveform, a.k.a. pilot. The pilot is received by the BS
antennas, enabling it to simultaneously focus the desired signals to each termi-
nal. The established communication channels are only valid for as long as the
electromagnetic propagation conditions stay constant. To enable mobility, pi-
lot signals, therefore, need to be re-transmitted in a MiMo with approximately
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with the same rate as used in today’s long term evolution-advance (LTE-A)
4G systems, i.e. millisecond rate.

The above-mentioned aspects naturally impact the way mobile terminals
are designed for MaMi systems. Contrary to terminals of today, designed for
LTE-A system, each antenna of the terminal needs to be able to both transmit
and receive signals modulated at the desired carrier frequency, to utilize the
available capacity. Increasing the antenna count in a terminal will naturally
impact its size and, increasing the number of transceivers result in higher op-
erational cost. The two conflicting requirements are investigated in the thesis
and different solutions have been proposed to identify and achieve the opti-
mal trade-off design for MaMi terminals. As it is the terminal that transmits
the pilot signals, it has some degree of freedom to decide what transmission
channel the BS sees. This degree of freedom is a large part of my research. Dif-
ferent algorithms have been investigated and how well they perform compared
to optimal solutions.

To perform the investigations, a simulation-framework has been developed.
The framework uses measured terminal antenna gain-patterns, which, are il-
luminated by simulated electromagnetic (EM) fields, designed to emulate the
fields expected from a real MaMi system. In principle, a MaMi system with
full channel knowledge is capable of simultaneously transmitting signals along
multiple paths, so that the received signals at the terminal adds up coherently.
This means that the signal contributions from different propagation directions
are in phase and aligned with the polarization of the terminal antenna, for the
respective direction. The advantage of the developed simulation framework is
its simplicity while being able to retain a high level of accuracy. To this end,
only three parameters are needed: (1) the number of propagation directions
(clusters); (2) the angular spread of the clusters (how much of the antenna is
illuminated by a cluster); and (3) a cluster strength distribution. Illumination
angles and cluster strengths are then randomly set to generate realizations.
By generating a large number of such realizations, average performance can
be computed for typical settings of the three parameters, that mimic different
environments.

The simulation-framework is a tool that can be used for performance opti-
mization of terminals intended for MaMi systems. By selection of appropriate
algorithms, the performance of the terminals (antennas and transceivers) can
be evaluated. An important conclusion from this study is that classical antenna
performance parameters do not give a fair view of how an antenna configuration
performs in a MaMi system.

Besides, the various algorithms have been implemented in the real-time
Lund Massive MIMO testbed (LuMaMi) together with prototypes with multi-
ple integrated antennas. The main purpose of the real-time test capability is to
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validate the simulation tool and calibrate the parameter settings for different
environments.

My research shows that a significant part of the achievable performance
depends on the terminal antennas and that increasing the antenna count also
at the terminal side will improve the figures. My results also show the impor-
tance of using realistic, integrated antenna-implementations at the terminal
side during the design of MaMi systems.

To meet the future demands in wireless communications also higher fre-
quencies need to be deployed. In particular millimeter-wave (mmWave) bands
are proposed due to large chunks of available bandwidths. Nonetheless, to
successfully realize cellular systems at such high frequencies with reliability
and quality-of-service comparable to today’s networks, knowledge of the in-
volved propagation mechanisms is mandatory. To this end, a 28 GHz channel
measurement system (a.k.a. channel sounder) is developed to characterize the
channel properties. The sounder facilitates temporal and spatial tracking of
parameters with extraordinary angular and delay resolutions. Using 256×128
antenna elements a total measurement time of 326 ms is achieved, providing
an order of magnitude reduction in the run time.

The idea is that the 28 GHz channel sounder shall be able to perform
measurements of dynamic propagation channels at mm-wave frequencies. The
results can then be used as a base for the derivation of improved propaga-
tion channel models. Mainly for accurate positioning and mobility predictions,
which, are areas not covered or are based on assumptions in present simulation
models used in the standard.





Abstract

This thesis focuses on the terminal aspects of massive MIMO systems (MaMi).
Based on the degree of freedom a terminal has in a MaMi system, differ-
ent antenna configurations, transceiver topologies with associated transmission
schemes, and algorithms are investigated.

The first studied topic concerns multiple-antenna terminals in a MaMi sys-
tem for sub-6 GHz operated at the center frequency of 3.7 GHz. Terminals
designed for today’s LTE-A systems can be used in massive MIMO systems.
They will, however, not be able to utilize the full potential of the system. The
main limitation is that it is not mandatory to have transmitting capability at
all antennas in an LTE-A terminal. For a MaMi system, this is a necessity for
any diversity or multiplexing scheme. From a terminal-antenna perspective,
there is no major difference, while it is of importance to use real integrated
antennas in the evaluation of different transmission schemes in a MaMi sys-
tem. Therefore, multi-antenna terminal prototypes with integrated antennas,
based on real Sony Xperia smartphone chassis where designed. The three-
dimensional antenna gain-patterns were characterized in an anechoic chamber
to ensure that simulations and real-time measurements can be based on the
very same antenna properties.

With a zero-forcing precoder at the BS side, classical diversity schemes (i.e.,
switched diversity, dominant eigenmode transmission, and passive diversity),
as well as multiplexed operation (with and without diagonalization precoder at
the BS), were investigated.

Simulation environments based on fully-stochastic, as well as geometric-
stochastic propagation models, have been developed. The simulated results
have been compared to measured results using the Lund University Massive
MIMO (LuMaMi) testbed. To enable evaluation of multi-antenna terminals
and different transmission schemes, modifications to the LuMaMi framework
were necessary. In particular, real-time diversity schemes for dual antenna
terminals, as well as a channel capturing feature have been implemented. The
latter enables the analysis and post-processing of measured channels from the
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multi-antenna terminals.
The second topic in this thesis relates to mm-wave MaMi systems. As a first

step toward evaluation of handsets, a 28 GHz channel sounder has been de-
veloped for high-resolution measurements of dynamic propagation channels, in
both temporal and spatial domains. To facilitate the measurements, a 256×128
antenna-element system was designed together with a control program to han-
dle the switching and the enormous amount of data.
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Chapter 1

An Overview of Massive
MIMO

The purpose of this chapter is to relate our research to a larger context, to
make the publications more attainable.

The electromagnetic spectrum is a limited natural resource. It is therefore
of interest utilizing it as efficiently as possible. Different approaches to improve
spectral efficiency have different pros and cons. Increasing the constellation size
of the modulation is an approach that benefits terminals close to a BS as it
requires strong signal levels. Densification, where the BS density is increased,
can then be used, but it increases the cost of the system and is in many cases
not possible from aesthetic or for practical reasons. A different approach is to
increase the number of antennas at each base station (BS). The work in this
thesis relates to systems targeting large numbers of antennas at the BS with a
focus on investigating how this influences the terminal design.

While any system with a large number of antennas at the BS side can
be identified as a massive multiple-input-multiple-output (MIMO) system, in
the main part of this chapter, we revert to the original definition. massive
MIMO (MaMi) was first proposed in 2010 [1], and have ever since been the
topic of intensive research, e.g. [2–6], and recently books on the topic have
been published, e.g. [7, 8]. More than 50,000 hits, from a search on the term
”massive MIMO” on Google scholar, indicates its popularity.

The design and implementation of MaMi precoding at the BS side is a large
and well-researched area and not the main topic of this dissertation. We give

3



4 Overview of Research Field

an introduction to a MaMi system, the consequences it has on the effective1

propagation channel, and how the terminal can influence the situation. In this
chapter, we start our discussions from a generic MIMO perspective before we
detail how a sub-6 GHz MaMi system works. We continue with an analysis
of the terminal aspects before we motivate why there is a need to also study
higher frequencies.

1.1 Acquiring Channel State Information in
MIMO Systems

For efficient wireless communication, a system needs to have some knowledge
about the wireless propagation channel. Here, we introduce some generic as-
pects of how this is done in classical MIMO systems before we scale up the
number of BS antennas and investigate the consequences it has.

In general, for a communication system with M transmit antennas and N
receive antennas the capacity of a wireless channel is in terms of maximum
number of spatial streams, limited by min(M,N). The achievable rate is, in
turn, determined by the amount of channel state information (CSI) that can
be acquired by either side. CSI, in the context of a narrowband2 channel, is
simply the magnitude and phase of the transfer function, between a transmit
and receive antenna pair.

The CSI can be acquired from a pilot signal3 transmitted from an antenna.
The pilot signal is an apriori known signal that without loss of generality can be
assumed to be unity. By transmitting independent pilots (in different resource
elements in a time-frequency grid) from each of the antennas, at one side of the
communication link, and receiving each of them with all antennas at the other
side, full CSI can be acquired at the receive side. If full CSI is needed at both
sides, pilots may have to be transmitted in both directions4. From this, one
can understand that for systems with large numbers of antennas, potentially
at both sides, it may result in a large number of pilot transmissions.

Most systems of today operate in wide frequency bandwidths and use or-
thogonal frequency division multiplex (OFDM). OFDM allows the desired fre-
quency band to be divided into independent sub-carriers (SC), where the re-

1 The effective propagation channel is the part of the available physical propagation channel
that is indeed used for transmissions and is a result of the precoding/receive-combining. 2 A
narrow-band signal is a reasonable assumption as we assume orthogonal frequency-division
multiplexing (OFDM), which is the dominating technique among modern systems. 3 The
pilot signal is often implemented using a Zadoff-Chu waveform [9, 10], based on its autocor-
relation, flat frequency, and time signature properties. 4 To approach the capacity of a link
the eigenmodes of the channel needs to be addressed, this requires CSI at both ends. Note
that CSI may also be shared through a control channel.
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ceived signal within each SC can be treated as a narrow-band channel. Nat-
urally, the validity of a particular instance of CSI is constrained to a limited
bandwidth, i.e., the so-called coherence bandwidth. The total BW is often
divided into so-called frequency resource blocks, where each resource block has
associated resource-elements for pilot signals. The coherence bandwidth, BWc,
is approximately given by the length of the impulse response, Tm, of the prop-
agation channel, or more precisely the delay spread [11],

BWc ≈
1

Tm
. (1.1)

Equivalent constraints on CSI validity apply in the temporal domain, where
the coherence time governs the duration after which pilot signals need to be
re-transmitted. Similarly, the coherence time, Tc , is approximately given by
the Doppler spread Bd [11],

Tc ≈
1

Bd
, (1.2)

which, depends on the relative velocity, v, and the frequency of operation, f0
between the transmit and receive side antennas [11],

Bd =
3

2π
√

1− v2

v2
max

for |v| < vmax, (1.3)

where vmax is the maximum velocity present in the scenario. In the time-
frequency domain, the coherence time and coherence BW define a coherence
block. Based on assumptions around channels, an upper frequency, and a
maximum velocity a maximum size of a coherence block can be defined. In
most deployed systems the coherence blocks are statically defined and e.g. in
the case of long-term evolution (LTE), a so-called resource block, limited in
both time and frequency domains consists of 84 resource-elements, which sets
a practical limit on how many pilots that can be transmitted. Assuming that
we intend to transmit some payload data, we cannot use all resources for pilot
transmissions. To give an example, a typical 2 × 2 MIMO system with two
antennas at each side needs5 four pilots, two in each direction, to be transmitted
to get access to full CSI at both sides. Fig. 1.1 shows a resource-grid where
each resource-block have four associated pilot resources. With this in mind,
we need a different strategy for CSI acquisition in systems with hundreds of
antennas or more.

5 If reciprocity is assumed the CSI can also be shared over a control channel.
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Figure 1.1: Symbolic example of a resource grid with pilot allocation
in a resource block.

1.2 Operational Aspects of Large-Scale An-
tenna Systems

To obtain a consistent definition of our MaMi system, we will first make a
few distinctions between alternative technologies. In this section we start with
a definition of beam-forming (BF), before we disclose the pilot transmission
strategy used by massive MIMO systems. We detail the consequences the
pilot transmission strategy has on the effective propagation channel, and how
this influences a terminal. We introduce a signaling-model for multi-antenna
terminals, in a MaMi context, which lays the ground for the further discussions
and relates to our implementations, both for a real-time testbed and in various
simulations environments.

1.2.1 Beam-Forming

Beam-forming (BF) relates to the capability multiple antennas have to shape
a combined effective gain-pattern. This is achieved by the manipulation of
the phase and the amplitude of the signals fed to each antenna. In its most
simple form, a.k.a. a phased array, multiple antenna elements with the same
antenna gain patterns are fed with signals having constant phase-shifts which
are proportional to the distance between the elements. The effective gain-
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pattern then takes the shape of a beam with a gain and a width that depend
on the number of antenna elements. To this end, with an increasing number of
antennas, one can obtain higher gain and consequently a narrower beam-width.
Furthermore, a larger phase-shift increases the directive angle from the array.

In the more general case, the effective gain-pattern can take various shapes,
limited by the gain patterns of the antenna elements and the shape of the
antenna structure. Increasing the number of antenna elements enables a larger
degree of freedom to shape the effective-gain-pattern.

Rather interestingly, BF can be implemented in various domains of a cellular
communication system. Analog and digital BF are the two variants we discuss
here6. Operations for transmitting and receiving are the same but to keep it
simple, we describe the transmit side only. Analog BF can be achieved through
phase shifters and variable gain amplifiers, as shown on the left-hand side in
Fig 1.2. The term DAC in the figure denotes digital to analog converter and
FEM denotes front-end module, where the latter includes power amplifiers and
frequency converters. The limitation with analog BF is that the phase shifters
and variable gain amplifiers only can have a single value at the time. This
means that only a single beam, corresponding to a single stream of data can
be generated for transmission, heavily limiting the system performance and
limiting the gains offered by space-division multiple access (SDMA). Besides,
the operational bandwidth of the array becomes limited to that of the analog
components. The main advantage with the analog BF, compared to the digital
case, is the simplicity and the lower cost.

On the other hand, digital BF means that there are a FEM and a DAC
associated with each of the antenna elements. This enables each antenna ele-
ment to transmit independently. It can be shown by the superposition of the
wave-fronts principle(e.g. [13]), that a digital BF network can transmit multiple
independent signals in different beams, simultaneously. The architecture for a
digital transmit BF is shown on the right-hand side in Fig 1.2.

A receiver with digital BF can obtain spatial directive gain by post-
processing received signals. This enables the receiver to acquire full CSI from a
single received pilot signal transmitted from an antenna, which is not possible
with an analog BF.

1.2.2 Massive MIMO

In this subsection, we discuss the strategies related to pilot transmission in a
MaMi system for acquiring CSI and specify the requirements that are necessary
for a MaMi system to operate.

6 There is also hybrid BF [12] but in this section, we intend to highlight some fundamental
aspects of BF and therefore we leave it out.
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Figure 1.2: Different BF architectures, analog BF to the left and digital
BF to the right.

To enable BF in either the analog or digital domains, we need to estimate
the CSI, and for this, we need methods to acquire the channel between all
receive and transmit antenna-pair combinations. If the CSI between a BS
antenna and a terminal antenna is the same at both sides, the channel is said
to be reciprocal. With uplink (UL) being signals transmitted by the terminal
and received by the BS and downlink (DL) the opposite, reciprocity implies
that the CSI attained from UL pilot signals is also valid for DL signaling. This
enables a BS, with digital BF, to gain access to full CSI for all of its antennas
for both UL and DL transmissions based on a single UL pilot transmission per
terminal antenna. As the coherence bandwidth is limited, systems that rely on
reciprocity require the UL and DL to share the same frequency band. This is
the case in time-division duplex (TDD) and full-duplex systems7.

From the discussions above, the system that we refer to as a MaMi system
can be summarized as:

A TDD system for aggressive spatial multiplexing, where the BS uses fully

7 Large research efforts has been put on MaMi for frequency-division duplex (FDD) systems,
e.g. [14–16], where the UL frequency band is separated from the DL band (a.k.a. paired
frequency bands). The approach for acquiring CSI is then different as pilots need to be
transmitted in both directions. This is, however, not a topic for this thesis. The achievable
performance is worse compared to that of TDD MaMi systems, and the effective channel,
seen by the terminals is similar to one obtained from e.g. classical MIMO systems. From our
research perspective, it is, therefore, less interesting as it has little impact on the terminal
design. The motivations behind FDD based MaMi systems are mainly that they are backward
compatible with the conventional FDD MIMO (4G) systems deployed globally where large
parts of the spectrum are paired.
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digital BF, with at least 100 antennas at the BS side. The BS uses channel
reciprocity-based precoding based on UL pilot symbols.

If the terminal antennas can be assumed to radiate isotropically, it will
enable the BS to see all available radio frequency channels based on a single
pilot transmission. No matter how the terminal is oriented or its mobility, as
long as there is a pilot signal transmitted within each coherence block, the BS
can acquire full CSI and transmissions of user data can take place.

The assumption of having isotropic radiation patterns at the terminal an-
tennas sets a practical upper limit in frequency to about 6-15 GHz and, often,
a distinction between sub-6 GHz systems and mm-wave systems is made (e.g.
FR1 and FR2 in [17]). The smaller antenna aperture at higher frequencies in-
creases the path loss and therefore, the total number of antennas in the system
needs to be scaled up. To keep the antenna count, complexity, and power con-
sumption reasonable at the BS side, array antennas are introduced also at the
terminal side to achieve a strong channel (i.e. reasonable SNR at the receive
side and a realistic power level at the transmit side). This causes the antenna
gain-patterns at the terminal side to be beam shaped and transmission strate-
gies where combinations of predefined beams from each side, that together give
a strong channel, are identified (a.k.a. beam pairs). This is a large part of
the new radio (NR) standard defined in [17] but does not apply to the MaMi
systems we are discussing in this part of the thesis.

1.2.3 The MaMi Influence on the Effective Channel

We need to understand some important physical mechanisms of a propagation
channel to understand the influence the massive number of antennas at the BS
side have in combination with the UL pilot based precoding, on the effective
channel, as seen by a terminal.

Fading relates to the variation in signal strength and phase a terminal may
experience. Fading can be characterized as either small-scale or large-scale,
respectively [18]. The small-scale fading originates from signals that arrive
and are combined at the antenna with random phases, corresponding to the
different multipath detours they take, shown in Fig 1.3. This gives a signal
strength variation that depends on whether the signals add constructively or
destructively. The small-scale fading depends heavily on the geometry and by
changing the position of either side of the link, or a scatterer, by just a fraction
of a wavelength, the conditions will change. In contrast, large-scale fading is a
much slower process that relates to shadowing and attenuation caused, e.g., by
large objects in the environment and user interactions with terminal antennas.
The large-scale fading typically behaves the same over a wide frequency range.

With a large number of antennas in a MaMi BS, the spatial resolution en-
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Figure 1.3: Terminal exposed to signals along multiple propagation paths.

ables separation of signals propagating along different propagation paths. The
digital BF at the BS will then be able to make sure that signals combine co-
herently (i.e., constructively). In UL, signals along different propagation paths
are coherently combined in the BS. While, in DL, signals along different prop-
agation paths are transmitted with appropriate delays to reach the terminal
antennas coherently.

The coherent combination of signals from all antennas results in the follow-
ing key properties of a MaMi system:

• The small-scale fading, ideally, vanish. Its absence, as the number of
antennas at the BS grows larger stabilizes the effective channel. This is
known as the hardening effect [3] and gives the effective channel deter-
ministic properties rather than the highly random properties typically
present in the conventional MIMO systems.

• Full array gain can be obtained also in scattered scenarios which is not
the case in systems with codebook based precoder e.g. if analog BF is
used.

• The isolation between channels carrying different streams, that are using
the same time/frequency resources, increases and we can exploit spatial
multiplexing of terminals/antennas to increase the spectral efficiency.
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It can be noted that for multiplexed operation in a MaMi system, the BS needs
to schedule dedicated pilot resources associated with each data stream. The
information carrying resources can then be used by all the multiplexed entities
simultaneously.

1.2.4 BS Precoding

Classical MIMO precoding and decoding is a complex matter, where the com-
putational complexity at the baseband grows prohibitively with the number
of antennas/multiplexed channels. Non-linear approaches such as dirty paper
coding are to be optimal. However, due to the stringent constraints on CSI
accuracy, as well as their implementation complexity, such techniques have
not been able to be effectively implemented. In stark contrast to this, with
the increase in the number of BS antennas, MaMi systems can approach ca-
pacity with ”linear” precoding after estimating the channel in low mobility
scenarios [19]. With linear processing, the complexity scales linearly with the
number of antennas and multiplexed channels at the BS.

To exploit all MaMi properties listed in Section 1.2.3 with linear processing,
it has empirically been shown that there is a need for five to ten times more
antennas at the BS side than the total number of streams that are sharing
the same resources [4,19,20]. The number of BS antennas needed to approach
optimal performance with linear processing is further discussed in e.g. [4, 21],
but this is not in the exact scope of this thesis. The BS may use different
linear precoders/combiners when it processes the signal, e.g. zero-forcing (ZF),
minimum mean squared error (MMSE), maximum ratio combining(MR). One
of the more popular techniques is ZF, which have shown promising performance
in practical implementations [4, 19, 22, 23]. At high to moderate SNRs, ZF
improves the isolation between the terminal antennas and keeps the signal
level constant at each of them, also from a large-scale fading perspective. ZF is
a linear operation but requires the BS to compute a pseudo-inverse8 of the full
channel matrix. MR is the most straight forward technique and facilitates per-
antenna processing and does not require full CSI information from all channels
to be co-processed.

The work in this thesis includes both MR and ZF precoder/combiner. The
reason is that they give the same effective channel for the single-stream scenario
[24] and since the MR technique offers lower complexity in the mathematical
derivations, we have used it when possible.

8 The computation of the pseudo-inverse scales somewhat faster than linear. This, however,
has negligible impact for the scales that are relevant for a MaMi system [4].
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1.2.5 Terminal Aspects

With all the nice properties offered by the MaMi system it may not be obvious
what the terminal can do, or perhaps, needs to do to fully take advantage of
them. Despite large research efforts in the MaMi area, only a handful of pub-
lications that relate to the terminals in a massive MIMO system are available,
e.g. [25, 26]. The main reason for this is that a terminal in a MaMi system is
mostly assumed to have a single antenna with omnidirectional (i.e. isotropic)
radiation properties. A single pilot transmission will then always enable the
BS to acquire full CSI. Full CSI is not needed at the terminal side, and all the
MaMi specific properties can be related to the BS side.

Besides the small-scale fading, which ideally vanish in a MaMi system, a
wireless communication channel also experiences large-scale fading. Large-scale
fading is often compensated for by increasing the power or by transmission re-
dundancy, which are expensive ways of dealing with the problem in particular
for battery-powered terminals. Besides, handset antennas are typically inte-
grated into the device which makes it difficult to avoid user interaction. This
causes loading, which constitutes a significant part of the large-scale fading.

A more efficient approach to mitigating large-scale fading is to use multi-
ple terminal-antennas. To exploit terminal antenna diversity in conventional
MIMO systems a terminal can directly acquire CSI from DL pilot signals9, and
select a diversity scheme based on that. As the small-scale fading is present in
conventional MIMO systems the CSI needs to be averaged over time to address
the large-scale fading. Consequently, the fundamental performance of termi-
nal antennas at the physical layer is typically specified with the statistical and
isotropic figure of merits (e.g. antenna envelope correlation, antenna efficiency,
etc.). While this is sufficient for evaluation of conventional MIMO systems
where transmission schemes based on statistical approaches are optimal due to
the presence of the highly random small-scale fading, they cannot accurately
predict the performance of a MaMi. The main reason is the capability of a
MaMi BS to manipulate the effective propagation channel in a way so that
it behaves deterministically. The statistical assumptions become obsolete and
the actual directional properties need to be taken into account.

In a MaMi system, similar diversity schemes as for conventional MIMO sys-
tems can be implemented, with the difference that the effective communication
channel is defined by the UL pilots. The best diversity scheme for transmis-
sions of data is, therefore, always the same as the one that was used during the
pilot transmission. To decide on the best diversity scheme and use it for both
the pilot and the further transmissions, a terminal needs a different strategy

9 DL pilot signals cannot be made available in a MaMi system as it would require far too
many resources to send them from all of the BS antennas, as we discussed in Section 1.1.
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to acquire relevant CSI.

1.3 Multi-Antenna Terminals in a Massive MIMO
system

In this section, we present the necessary system model to understand how
the terminal can acquire relevant CSI without requiring the BS to transmit
individual pilot signals from all of its antennas. In a real implementation
relevant CSI information can be shared by the BS over a control channel. In
our work, this would in some cases be inconvenient and by using a unit-power
(UP) MR precoder at the BS, the terminal easily get access to the relevant
CSI. In the single stream case, UP-MR precoding results in the very same
effective channel as if ZF was used10 [24]. The idea is that the terminal based
on DL signals that are associated with UL pilot transmissions, can compute
relevant information about the channel. We also introduce different terminal
transmission schemes and relate them to different terminal-antenna properties
and terminal-hardware architectures.

1.3.1 System Model and Aquisition of Relevant CSI at
the Terminal Side

The received signal within a given OFDM SC at a given time can be rep-
resented with a narrowband signal model for multiple-antenna, single stream
communication [24,27,28]. That is,

yRx = HxTx + nRx, (1.4)

where
yRx = [yRx0 yRx1 · · · yRxK−1]

T
, (1.5)

is the vector of signals at the feed of K receive antennas, and

xTx = [xTx0 xTx1 · · ·xTxJ−1]
T
, (1.6)

represents the signals fed to J transmit antennas. Note thatH is aK×J matrix
representing the radio channel and nRx the noise vector at the receiver. In (1.4),

10 The difference between UP-MR and ZF, for this case, is a constant equal to the normalized
magnitude of the channel. Hence, if we use ZF the terminal does not see the variations caused
by the large-scale fading. By using a UP-MR precoder the terminal directly get access to
the effective channel and therefore we use it here. In the case ZF is used with multiple
terminal-antennas the channel may be extracted from the potentially very small signal at the
antennas that did not transmit any pilot signal, this is further discussed in Appendix A.
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Figure 1.4: Communication model.

each entry hkj in H represents the transfer function from a transmit antenna
j to a receive antenna k. These entries include gain and phase properties
from the transmit-antenna, the receive-antenna, and the propagation channel,
considering all contributions along the different propagation paths. Each entry
is represented by a complex number that describes the combined channel gain
and phase-delay.

A basic MaMi communication model based on UP-MR processing is shown
in Fig. 1.4. The model relates the received DL signals at a multi-antenna
terminal to how the pilot signal, p, was transmitted. Throughout the thesis, the
model has been used mainly in simulations, where the performance of different
terminal transmission strategies are evaluated but also in the processing of
measured channels.

In the communication model, in Fig. 1.4, the pilot signal p is a weight
vector, where the dimensions reflect the number of terminal antennas, K, and
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each element defines the complex weight assigned to each of them. As the BS
sees the combined pilot signals from all terminal-antennas on each of its receive
antennas, transmitted over the channel it can only estimate a one-dimensional
sub-space of H, which is given by ĥp = Hp of size 1×J , that depends on the
pilot signal.

The optimal way to maximize the received signal at the terminal is to use
maximum-ratio-combining (MRC) [27] (a.k.a. matched filtering or conjugate
BF). The post-processed received signal at the terminal with a dependency on
the UL pilot signal, the BS noise, and the terminal noise is then given by

y =
ĥpH

HHĥH
p

‖ĥp‖2
x+ nt, (1.7)

where nt is the processed noise at the terminal side and the BS noise is included
as an estimation error in ĥp. If we assume perfect channel estimate at the BS

side, ĥp = hp, we can express the signal-to-noise-ratio (SNR) at the terminal
as

SNR =
hpH

HHhH
p

‖hp‖2
1

σ2
t

, (1.8)

where σ2
t is the variance of the processed noise at the terminal side.

The terminal has a certain freedom to determine which channel the BS sees
based on how it transmits the pilots. More importantly, if the precoder at the
BS side is known by the terminal, it can, based on the DL signals associated
with pilot transmissions from the individual antennas, estimate the channel
inner product, a.k.a. the Gramian. For the two antenna case, the Gramian is
given by

G = HHH =

[
h0h

H
0 h0h

H
1

h1h
H
0 h1h

H
1

]
, (1.9)

where hk is the 1 × J channel vector from terminal antenna k to the J BS
antennas. Below, we show how this can be done for an UP-MR precoder at the
BS. It is possible to do this for other BS precoders, which we show in Appendix
A. The Gramian of a transmission channel carries enough information for the
terminal to compute an optimal pilot vector.

For notational simplicity, we limit the number of terminal antennas to two
in the following derivation. The principles are the same also for a larger num-
ber of antennas. By transmitting pilots p0 = [1 0] and p1 = [0 1] in different
time/frequency resources, the associated received signals are given by the ex-
pression

y =
HĥH

p

‖ĥp‖
x, (1.10)
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i.e. ”Received precoded signals” at terminal side in Fig. 1.4. This leads to
p0 = [1 0]⇒ y0 =

HĥH
0

‖ĥ0‖
x =

1

‖ĥ0‖
[h0ĥ

H
0 h1ĥ

H
0 ]Tx

p1 = [0 1]⇒ y1 =
HĥH

1

‖ĥ1‖
x =

1

‖ĥ1‖
[h0ĥ

H
1 h1ĥ

H
1 ]Tx

, (1.11)

and if x is known (e.g. being a DL pilot signal or estimated from DL data
signals), the terms in the Gramian of the channel matrix can be identified.
Further details are given in Appendix A.

1.3.2 Terminal Transmissions Schemes

Different transceiver architectures will also in some cases limit the terminals’
ability to freely select a pilot vector. Furthermore, there is a relation between
the terminal transceiver architectures, the envelope correlation between its an-
tennas, and the effective channel.

To obtain gain from multiple-antennas at the terminal side the Gramian
needs to be known. Large correlation between the signals at different termi-
nal antennas means that they see the same transmission channel. Hence, it is
enough to sound the channel from one of the terminal antennas in this case.
Uncorrelated signals at the antennas, on the other hand, means that the anten-
nas see different transmission channels and individual pilot transmissions from
the antennas are necessary. The relation between the gain-pattern correlation
between terminal antennas, the effective channel, and the gain potential in a
MaMi system was studied in Paper I. It was shown that for a poorly scat-
tered channel (i.e. few alternative propagation paths) the average envelope
correlation is large and as the channel is getting richer it converges toward the
envelope correlation coefficient [29].

The influence form terminal transceiver architecture is studied in all of pa-
pers II-V. Five transceiver architectures, associated with different transmission
schemes, their SNR expressions, and by architecture restricted complex-valued
pilot-vectors are shown in Fig. 1.5, where the blue triangles indicate receive
capability and the red triangles transmit capability.
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Figure 1.5: Transceiver architectures and their associated SNR expres-
sions. In (b), ϕ ∈ [−π, π]. In (e), index SA0 and SA1 refer to the SNR
expression in (d) for the antennas 0 and 1 respective.

The dual transceiver, in Fig. 1.5(a), offers the most flexibility as it has un-
restricted access to both antennas. It is the only topology that enables dual
streams (i.e. multiplexed operation) in both UL and DL. From a gain perspec-
tive, it can choose any pilot vector and therefore achieve the strongest effective
channel, which is when the pilot is aligned with the dominant eigenvector of
the Gramian, G. The dominant eigenvector is the eigenvector associated with
the largest eigenvalue of G. It can be obtained from an eigenvalue-value-
decomposition, G = QΛQH , where Λ is a diagonal matrix with the sorted
eigenvalues along the diagonal and Q is a unitary matrix defining the eigen-
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vectors. By using the first row of Q, q1 where the index refer to the row, as
pilot vector the power of the pilot signal reaching the BS is maximized.

For multiplexed operation, the terminal needs to transmit independent pi-
lots for each stream. Maximized rate is achieved by precoding the pilots from
the terminal antennas along different eigenvectors, as they, per definition, are
orthogonal11. So far, we have used MRT as the precoder at the BS. We moti-
vated it with that it simplifies the expressions, and that it addresses the same
effective channel as the ZF precoder for the single-stream case. However, for
the multiplexed operation we have more than one stream and therefore, we as-
sume ZF12 at the BS. Based on the Moore-Penrose pseudoinverse of the channel
estimate Ĥ, the BS computes a precoder

WZF = ĤH(ĤĤH)−1. (1.12)

Depending on the correlation between the signals at the terminal-antennas, the
effective channel, based on ZF, cannot be assumed equal to that of MRT but,
converges to it if the correlation between the channels seen by the different
terminal antennas is small. The SNR, however, for each antenna converges
to that of a single antenna (Fig. 1.5(d)) as the number of BS antennas grows
large. This is due to a property of ZF, where the power level at each terminal-
antenna is kept constant at the cost of required power at the BS side. It has the
drawback that if the correlation between the signals at the terminal-antennas is
large, the power level at the BS may become very large, at some point limited
by the transceiver implementation at the BS. For the terminal, the drawback
with the dual transceiver architecture is that it is also the most expensive and
power-consuming, as it requires two front-ends and up/down conversion chains
to be simultaneously active. This motivates the alternative solutions.

The architecture in Fig. 1.5(b), is known as a phased array. Under the
assumption that all antennas have the same gain pattern it can be seen as an
analog implementation of a dominant eigenmode architecture. The weakness
of this architecture is that it is limited to single-stream operation but, under
the assumption that all antennas have the same gain patterns it, per definition,
addresses the dominant eigenmode and therefore is optimal. The performance
will in the end be limited by the antenna gain patterns.

Passive receive diversity, in Fig. 1.5(c), operates only in the DL and is
an opportunistic approach where the diversity antenna cannot transmit any
pilot. The received signal at the diversity antenna depend strongly on the
correlation between the channels from the terminal antennas to the BS. The
SNR expression is the same as that of the dual transceiver and the phased
array. The limitation comes from the restriction on the pilot vector p.

11 All eigenvectors in Q associated with eigenvalues 6= 0 from an eigenvalue-decomposition
of a Hermitian matrix are by definition orthogonal [30]. 12 Other precoders are possible.
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Finally, switched diversity, in Fig. 1.5(e), is a low-cost solution where a
single transceiver has access to all antennas via a switch. This solution can
only obtain gain if the correlation between the signals at the antennas is low
because only one antenna can be active at the time. A drawback with switched
solutions is the insertion loss from the switch, which scales with the number of
terminal antennas and more switch states need to be introduced.

In papers II-V we investigate various aspects of all the presented trans-
missions schemes and variants of them13, based on simulated and measured
channels with up to four antennas.

The selection of antenna and transceiver architecture in terminals is not
only determined by cost and flexibility, but it also depends on the frequency of
operation. In general, it is good to have terminal antennas with low envelope
correlation. This both increases the potential diversity gain, and/or the mul-
tiplexing efficiency. Fortunately, the physical size of the antennas compared
to the size of a typical handset in the 2-6 GHz frequency band makes it easy
to obtain antennas with on the average low envelope correlation. The level of
envelope correlation for antennas in this frequency domain14, in the end de-
pend on the wireless transmission channel, which was studied in Paper I. The,
on the average, low envelope correlation between the terminal antennas in the
frequency span 2-6 GHz limits the potential benefit of passive diversity and
phased array. For the same reason, the switched diversity scheme reach close
to optimal (i.e., the performance of the dominant eigenmode scheme) under
the same conditions, which was concluded in Paper V.

Multiplexed operation in LTE-A is only supported in the DL, motivated by
the in general higher traffic-load in that direction. Based on the availability of
DL pilot signals in LTE-A the terminal can detect and separate the streams
and the transceiver architecture Fig. 1.5(c) is therefore sufficient. For a MaMi
system, the channel to each antenna is determined by the UL pilot signals and
to enable DL multiplexed operation, UL pilots associated with each stream
needs to be transmitted. Therefore UL transmit-capability on all antennas
is a prerequisite for multiplexed operation in MaMi systems. The transceiver
architecture Fig. 1.5(a) is, therefore, the only transceiver that supports DL
multiplexed operation in Fig. 1.5. A hybrid solution between the transceiver
architectures Fig. 1.5(c) and Fig. 1.5(d), transmit switch diversity, is shown
in Fig. 1.6. With transmit switch diversity, transmit capability is enabled to
both antennas by a switch, while there are individual receivers to each antenna.

13 Various combinations can be obtained e.g. two transmission chains switched to four anten-
nas or implementations with an asymmetric number of UL/DL chains. 14 For frequencies
below 1 GHz the envelope correlation tend to increase in handset sized terminals, and low
envelope correlation is typically achieved in the polarization domain and, therefore, limited
to two streams. This has with the radiating modes in the handset chassis to do but, is not
the topic of this work.
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Figure 1.6: Teansmit Switch Diversity Architecture.

The transmit switch diversity architecture would enable DL MIMO in a MaMi
system, avoiding the need for two transmitters, with the restriction that the
pilot signals can not be transmitted simultaneously.

Multiplexed operation is related to having multiple user (MU) in a MaMi
system. There are some fundamental differences between the two scenarios.
One is that in the MU case, the signals at different terminals cannot be co-
processed. All optimization, therefore, relates to the BS implementation. An-
other difference is that the antennas in different terminals move relative to
each other which gives different channel distributions compared to those when
the antennas are fixed relative to each other in a terminal. In Paper VI we
investigate the channel properties for a terminal under the influence of other
terminals.

1.4 mm-wave channels

The major part of wireless communication systems of today operates at fre-
quencies below 6 GHz. To meet the traffic demands predicted by the industry,
it will not be enough to increase the spectral efficiency to the realms of what is
possible. This has motivated both the industry and academia to look at higher
frequencies. Some 5G systems at 28 GHz have are already been deployed,
e.g. by Verizon in the USA [31]. BF at the terminal side, discussed in 1.3.2,
is utilized to reach a reasonable compromise between performance, cost, and
complexity for both the BS and the terminals.

The mm-wave frequency band 24-52.6 GHz is a significant part of the 5G
NR, by [32]. This frequency range needs further attention as today’s mod-
els, used by the third generation partnership project (3GPP), are based on
a limited set of channel measurements and, therefore, cover a limited set of
mainly static scenarios. Extensions to the present models require further mea-
surements of propagation channels with higher resolution, in particular where



Chapter 1. An Overview of Massive MIMO 21

dynamic aspects are considered. New use cases, e.g., accurate indoor position-
ing, or vehicular communications, are currently not supported by the 3GPP
channel models and there is, therefore, room for improvement. The improve-
ments need to be based on measured propagation channel statistics commonly
generated by channel sounders capable of addressing such scenarios.

In this thesis, we present a mm-wave channel sounder, which can be seen
as the first step toward the evaluation of terminals at mm-wave frequencies.
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Chapter 2

Channel Models

This Chapter discusses different channel modeling approaches, their advantages
and disadvantages, and how they can be used to evaluate multiple-antenna
terminals in a MaMi system.

2.1 Abstractions

As we discussed in Chapter 1, a MaMi BS acquires the full CSI for both UL
and DL transmissions based on the UL pilots. Giving the terminal access to
full CSI (i.e., H a J×K matrix, where J is in the order 100 and K 2-8.), would
require far too much overhead. Since the terminal only has few antennas,
limited spatial degrees of freedom are present when it selects the pilot signal.
Hence, there is no need to share the full CSI. The K×K channel inner product
matrix, a.k.a. the Gramian, given by

G = HHH, (2.1)

carries all necessary channel properties for a realization [24,33] of H, and being
a Hermitian matrix, the Gramian can be represented by only K(K + 1)/2
complex terms1. From the Gramian, the terminal can compute the singular

1 It is to be noted that under certain conditions the Gramian matrix collapses to a so-called
”Wishardt” matrix. That is, each entry of HHH then follows a Wishart distribution. The
underlying theory of Wishart matrices have been substantially developed over the last decades
by multivariate statistical techniques (see e.g. [34]), and applied to MIMO systems (see
e.g. [35–37]). The specific conditions for the translation of a more general Gramian matrix
into a Wishart matrix can be found in [36–40]. We omit detailed discussion on Wishart
theory, as it is not within the scope of the thesis. Interested readers are referred to the
above-mentioned works.

23
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values of the channel2 and further derive an optimal pilot vector as we showed
in 1.3.2.

There are different methods for a terminal to acquire the Gramian from the
received signals and they depend on the precoding used at the BS. In Appendix
A we show how this can be implemented for three different precoders. Besides,
the Gramian can be shared by the BS over a control channel.

Terminal diversity schemes, in general, are often addressing only large-scale
fading, which is a slow process with a weak frequency dependency. In con-
ventional MIMO systems, a terminal can use the average of the Gramian to
address the large-scale fading, a.k.a. the covariance matrix, V = E{G}, where
the expectation is performed over the ensemble of all values in H, i.e., indi-
vidual element to element correlations. In Paper IV we showed that when the
number of BS antennas grow large in a MaMi system, the Gramian converges
towards the covariance matrix, as a result of the hardening. This means that a
terminal can get instant access to an estimate of the covariance matrix based on
a precoded DL signal. Practically speaking, the coherence time for the limited
CSI needed by the terminal (i.e., the covariance matrix) in a MaMi system is
in the order of 2-3 magnitudes longer than the full CSI needed by the BS (i.e.,
the required UL pilot rate). Therefore, the overhead needed by the terminal
to gain access to the covariance matrix is negligible in a MaMi system. To this
end, in simulations we can be assume that the terminal has access to CSI.

In our measurements, the normalized covariance matrix is used, since it
represents the effective channel without the absolute power, which we are not
interested in3. Similarly, in the simulations, the normalized Gramian for each
realization is derived. From the Gramian (or covariance matrix), it is straight
forward to derive the SNR-gain or rate improvement that can be expected from
different transmission schemes. The detailed derivations are presented in the
papers III and V. Furthermore, the use of the normalized Gramians allows
us to compare and match the statistical distributions of the effective channels
derived from simulations to those measured.

To sum up, for simulations we can assume that a terminal can get access
to CSI, that the needed CSI is limited in size, and that it has a long coherence
time. When we evaluate a terminal in a MaMi system we do not need to
include the small-scale fading due to the hardening effect, nor the frequent
pilot transmissions to the BS. Just as long as we capture the large-scale fading

2 This is based on that all eigenvalues 6= 0 are the same for the inner and outer product,
eig(HHH)=eig(HHH) and HHH is a J ×J matrix while HHH is K×K matrix. 3 The
absolute power relates to the distance between the BS and the terminal and to the attenuation
in the total channel. For a given system, the only ways to compensate for a weak channel
is to increase the transmit power or to increase the transmission redundancy, which does
not add to the scientific value. The normalized channel, on the other hand, still contain all
channel properties that can be exploited by both the terminal and the BS.
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variations of the effective channel.
Different channel models focus on different properties of a channel and can

be divided into fully-stochastic, stochastic-geometric, and deterministic models
[41]. The latter, which includes ray-tracing and Maxwell equation-based, are
not treated in this thesis. The fully stochastic models are more general and
do not consider spatial properties, while, the stochastic-geometric models (e.g.
[42]), are derived from a geometric description or a spatial behavior. There
are also various hybrid models where some of the geometric properties are
modeled by stochastic properties e.g. [17]. In the next sections, we present the
two models that have been used in our research.

2.2 The Kronecker-Model

The Kronecker-model is a fully-stochastic channel model and is based on the
assumption that the correlation matrixR is separable, i.e. R = Rb⊗Rt, where
Rt and Rb are the correlations at the terminal and BS side, respectively. The
separability implies that the antennas at the terminal are uncorrelated to the
antennas at the BS side [27], which allows the channel matrixH to be generated
as a product

H = R
1/2
b HWR

1/2
t , (2.2)

(i.e., is separable) where the Rb and Rt covariance matrices define large-scale
fading properties and HW, is a white, independent and identically distributed
(i.i.d.), complex Gaussian matrix, representing small-scale fading. In our simu-
lations only terminal antenna properties are investigated under the assumption
that the BS antennas are uncorrelated4, hence E{Rb} = I. The channel is then
given by

H = HWR
1/2
t . (2.3)

Based on this model, terminal antenna properties can be introduced based on
their statistical measures (e.g. radiation efficiency and correlation coefficient).
This inherently assumes isotropic behavior with limited5 possibilities to include
directional properties. The model, however, is easy to use and makes it possible
to evaluate different terminal transmission strategies as a function of gain im-
balance or correlation between the signals at the terminal antennas. This is not
possible in simulators where the gain imbalance and correlation are determin-
istically defined by measured antenna-patterns e.g. the simulator we present

4 the assumption means that the channel is rich enough, and the BS antennas separated
enough to see independent channels. 5 With detailed modeling of the antenna spacing,
angular spread, and number of contributing MPCs geometrical properties can to some extent
be included.
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in Section 2.3. The model is suitable for evaluations of intrinsic behaviors, like
different levels of noise or number of antennas at either side.

Simulations are performed based on the Monte-Carlo method where a large
number of realizations of HW are randomly generated. The resulting channel
H from each realization can be used to compute distributions of the received
signals in (1.4). Also the various transmission schemes presented in Section
1.3, Fig. 1.5 can be studied.

The Kronecker approach enables a convenient way to arbitrarily control
imbalance and correlation between the signals from the terminal antennas. It
can show that a channel realization will have a great impact on performance but
not how realistic or likely it is across various changes in the system parameters.
The Kronecker approach cannot include directional properties. Neither from
the antennas or the channel.

Nevertheless, based on the following facts:

1. When increasing the number of BS antennas, the spatial resolution in-
creases and the spatial properties become more prominent [19,20,43,44].
MaMi has the capability to control phase, amplitude, and polarization of
multiple signal contributions that illuminate the terminal antennas and
thus enable a coherent combination of them.

2. Gain, polarization and correlation between handset antenna gain patterns
vary dependent on how they are illuminated, as shown in Paper I.

3. Handset antennas are influenced by the user in many scenarios, this in-
fluences the directive properties of the antennas, as shown in Paper II.

4. Terminal transmission strategies often utilize the directional properties..
This is even more important at higher frequencies, anticipated in [32,45,
46], when the smaller apertures motivate multiple antenna elements with
the same gain pattern.

The lack of directional properties in combination with the properties listed
above are the reasons why simulations based on the Kronecker model fails to
accurately predict the performance of a MaMi system. This is the motivation
behind the development of the simulation framework presented in Paper III
and introduced in the next section.

2.3 Stochastic-Geometric Models

Different stochastic-geometric models are available, e.g. [42], [47], most of them
include both the BS, multiple terminals, and an environment to model the be-
havior of propagation channels. The propagation models are either defined as
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propagation paths in the angular-delay domain or as three-dimensional (3D)
structures with positions and absolute distances between nodes and relative
to scattering objects (e.g. ray tracing). The statistical behavior is introduced
either by assigning the angles and delays to distribution functions or in the lat-
ter case by randomly dropping the terminals at different positions. Due to the
ability to model a more insightful propagation channel with amplitudes, delays,
and polarizations, such approach would be preferred in 3GPP standardization
for both sub-6 GHz and above (TS 38.901 in [17]). It is noteworthy that the
models in [42, 48] take the more geometric approach of defining the relevant
area around the BS and terminal, and model the visibility regions across which
the terminal moves for characterizing the propagation channel.

In our research, the focus is on terminal-antenna configurations and trans-
mission schemes with limited focus on the BS implementation. To isolate the
influence of the terminal antenna pattern on each entry, hkj , in the channel
matrix H, modeling the channel as propagation paths in the angular-delay do-
main is most suitable. With this approach the relative distance or position of
the BS becomes irrelevant and it can be substituted with a behavioral model
of the effective channel.

However, to assign relevant properties to the parameters that define the ef-
fective channel in the angular-delay domain, we need to understand the mech-
anisms that control them. In Section 1.2.3, we listed inherent properties of
the effective MaMi channel, namely: hardening, full array gain in scattered
scenarios, and improved isolation between terminal antennas.

To convert these properties, of the effective MaMi channel to properties
in the angular delay domain we start from a geometric channel description.
Fig. 1.3 shows a scenario where we have a BS, a propagation channel and a
terminal. Seen from the terminal, we have signal contributions from various
angles. Based on observations, e.g. [49–51], contributions of signals propa-
gating along various paths, a.k.a. multipath components (MPCs), tend to be
clustered. This can be explained by the reflections caused by various objects in
the environment. The surface of a reflection point dictates the properties of a
cluster, in terms of physical size (i.e., angular spread (AS)) and signal strength.
The environment will also determine the number of clusters, a.k.a. scattering
richness.

Due to limited operational bandwidth, in particulare in the sub-6 GHz
frequency band, even an ideal MaMi BS, with infinitely many antennas, will
not be able to resolve individual MPCs from each other. This has the effect
that also in the MaMi case we can generalize a cluster to have a power density,
polarization and phase delay, which are all constant over the angles defined
by the cluster. This is in line with how clusters are typically defined, also for
conventional MIMO models [41,47,52,53].



28 Overview of Research Field

The precoding, causes the phase from different clusters to be coherent.
The power seen from each cluster is optimized by the BS to maximize the
SNR under a power constraint. This means that the MaMi BS allocates power
to the different clusters according to a maximum-ratio-transmission (MRT)
algorithm67. With MRT distributed power among the clusters, we achieve the
property of full array gain also in the angular domain, i.e. the same gain as
with a single beam in line of sight conditions. Furthermore, as the MaMi BS
addresses both polarizations, based on the MRT the polarization of a cluster,
therefore, aligns to that of the terminal antenna in the angular delay domain.

The cluster-based simulation framework that we developed, is based on
the above-mentioned assumptions around the MaMi BSs capability to achieve
coherent combination, individual gain-control, and polarization alignment, of
signals from multiple clusters. The simulation framework is in its entirety is
presented in Paper III, where motivate all our assumptions around the channel
and the MaMi BS capability to control it. The simulation framework also lays
the foundation to the results in papers I and V. An overview of the framework
and its capabilities is further described in Section 3.2.

6 We discussed in 1.3.1, that for a single terminal antenna also ZF allocates power according
to the MRT precoder and, that the difference relates to the normalization. 7 In Paper III
we show that when power is MR distributed at the BS antennas, it results in MR distribution
also at the clusters.
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Technical Tools and
Systems

This chapter presents the tools and the systems we have developed for evalu-
ation of multi-antenna terminals. Terminal prototypes, simulation tools, func-
tionalities for the Lund University MaMi real-time testbed (LuMaMi), and a
mm-wave channel sounder. In general, this chapter gives an overview of the
different tools with the intention to fill out the gaps of what did not fit in the
papers. We have therefore tried to not duplicate what is already present in
the papers. Table 3.1 lists the different tools that have been developed for
the research and how they are related to the different publications included
in this thesis. Besides, several MATLAB scripts for data processing and plot
generation have been developed.

Table 3.1: Tools developed and their relation to the publications

Tool: Paper I Paper II Paper III Paper IV Paper V Paper VI Paper VII

Terminal prototype X X X X X

Cluster based simulation
X X Xframework

Kronecker-model based
X Xsimulation framework

Real time diversity
X Ximplementation for LuMaMi

Real time channel
X X Xcapturing for LuMaMi

Multi terminal simulation
Xframework

28 GHz channel sounder
Ximplementation

29
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3.1 3.7 GHz Terminal Prototypes

In this section, we motivate why it is important to use prototypes with realistic
shape, with integrated antennas, and present the 3.7 GHz prototypes that were
used throughout the research.

3.1.1 The Importance of Realistic Prototypes

Most of the published measured channels from MaMi systems, so far, are per-
formed using dipole antennas or similar at the terminal side [19,20,26,43,54–57].
The performance of any wireless communication system depends heavily on the
terminal-antenna properties and dipole antennas are close to ideal in their radi-
ation properties. A dipole antenna is based on a straight metal structure with
a length of a wavelength of the frequency of operation. The far-field antenna
gain-pattern of a dipole-antenna is donut-shaped [58] and linearly polarized
along the antenna axis. The polarization does therefore not change if the an-
tenna is rotated along that axis. Also, the gain and phase variation of the
dipole-antenna gain-pattern shows small variation except for at the angles to-
ward the edges. This is far from what can be expected in any realistic hand-held
product, such as a smart-phone with integrated antennas. Besides, a transmis-
sion channel behaves differently when two or more antennas are physically fixed
relative to each other, as the orientation of the terminal is changed, as com-
pared to random placement of antennas in a limited volume. Furthermore, user
interaction is hard to mimic realistically with a dipole antenna.

The reason why integrated antennas behave differently compared to dipole
antennas relates to the physical properties of the device. The shape and size
of an integrated antenna depend on the industrial product-design and thus
the available volume. Integrated antennas for frequencies below 6 GHz are
therefore typically 3D structures rather than the single-dimensional structure
of dipole antennas. Antennas are resonant structures; the orientation of the
current flow determines the properties of the electrical field [58]. When a
current flows in a multi-dimensional structure, the far-field properties is given
by the sum of the contributions (i.e., the superposition of wave-fronts principle
e.g., [13]) from currents that flow in different parts of the structure. This
gives an angular dependency and both the complex gain and the polarization
will, therefore, depend on the angle from which it is observed. The principle
is shown in Fig. 3.1 where the red arrows illustrate the current-flows in two
structures. The left figure shows a current flow in a one-dimensional antenna
structure and the associated electric field. In the right figure, we show a 3D
antenna structure, the resulting polarization of the electric field is derived by
superposition from three contributions.



Chapter 3. Technical Tools and Systems 31

Figure 3.1: Antenna far-field relation to current distributions. The left
figure illustrates a dipole antenna where the current is limited to flow
along a single dimension and the right figure shows a three-dimensional
structure where the current can be allowed to flow in all three dimensions.

When an object is introduced in the near-field of an antenna, the current
distribution will be affected. For a one-dimensional structure this mainly causes
a reduction in signal strength, while, in a 3D structure, also, the relative con-
tribution from the different currents may change. This may, therefore, cause a
change in both the complex gain and polarization distributions.
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Figure 3.2: Phantom head with hand left (BHHL) and phantom hand
left (LH) fixtures.

To capture large-scale effects realistically, from a user-antenna interaction
perspective, a realistic prototype with well defined, repeatable load scenarios
is of importance. There are standardized load cases in the industry, used
for the type approval and generally during the product development. Besides
free-space (FS) characterization, tests that involve loading scenarios where a
phantom head and phantom hands are used, e.g. beside-head-with-hand-left-
side (BHHL) load case and left-hand (LH) load case, which are both shown in
Fig. 3.2. It is clear that BHHL is not a typical 5G use case, but its use in our
research is motivated by being well-defined, repeatable, and that it represents
a moderate loading scenario.

Multiple antennas in a terminal can be characterized in a common coordi-
nate system with the same center of origin. This is crucial for the stochastic-
geometric simulation models and allows measurements and simulations to be
based on the very same terminal-antenna gain-patterns and relative antenna
positions, which is essential for matching simulations to measurements.
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Figure 3.3: Five prototypes based on Sony Xperia-ZL and -SP chassis.
The top picture shows the fronts and the bottom picture the rear of the
same prototypes. The two prototypes to the left are the based on the
Xperia ZL and have four antennas integrated. The three prototypes to
the right are based on Xperia SP and have two antennas each.

3.1.2 Integration and Evaluation of Terminal Antennas
for 3.7 GHz

For the research, two sets of prototypes have been designed. Fig. 3.3 shows all
prototypes. The Prototypes are based on two different Sony Xperia models.
They are equipped with integrated antennas tuned to the 3.7 GHz used by
the LuMaMi testbed. Two of the prototypes, based on the Sony Xperia ZL
smart-phone, have four antennas integrated and switch circuitry to enable any
two antennas to be connected to the coaxial feeds. The other three prototypes
are based on Sony Xperia SP smart-phones and have two antennas integrated.
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Figure 3.4: Integrated antennas in the Sony Xperia-ZL prototype and
switch circuitry.

Fig. 3.4 shows the integrated antennas in one of the ZL prototypes. The
top two antennas and the side antenna are planar inverted F-antennas (PIFA)
while the bottom antenna is an off-ground branched monopole antenna. The
bottom antenna is designed to have additional resonances at both 900 MHz
and 2 GHz in order to increase the realism of the implementation. Both the
antenna and switch circuitry were designed for this project. The SP prototypes
have a similar approach with a multi resonant antenna in the bottom and a
PIFA in the top.

All antennas have been characterized in an anechoic measurement-chamber
(Satimo stargate 64) and the far-field antenna gain patterns have been com-
puted. The antenna gain patterns for the different antennas in each prototype
are measured with the same geometrical center and coordinate system.

There is no specific requirement on antenna gain patterns or directional
properties for LTE. It is assumed to be in the interest of a phone manufacturer
to achieve a good performance. An antenna gain pattern depends heavily on
how it is loaded and this is complicated to consider during the design. There-
fore, the total radiated power (TRP) for free-space condition is specified [59],
which is the integrated power over all angles and reflect the equivalent power
from an isotropic radiator. Often operators put additional requirements on
loaded scenarios, e.g. how much the TRP is allowed to drop under a condition
such as BHHL.

In Section 2.3 we discussed the importance of including the directional prop-
erties of the propagation-channels and antenna gain patterns in simulation
models of MaMi systems. Therefore, we present a selection of antenna gain
patterns. We also present the total isotropic radiation efficiency, which relates
to the TRP, but is the isolated antenna performance metric, without the radio
front-end. The patterns in the figures 3.5-3.8 are plotted in polar coordinates.
The ellipses in the figures indicate the polarization properties, different color
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for different rotational direction. The polarization shows large variations as a
function of the direction. Note that the polarization is plotted along the Θ
(elevation) and Φ (azimuth) coordinates why they tend to rotate as a function
of the azimuth angle.

Fig. 3.5 shows the FS patterns for one of the ZL prototype antennas. In
general, the gain is omnidirectional, except for the bottom antenna, which
show some directivity downwards. The total isotropic radiation efficiency of all
antennas in the ZL prototypes is about -5 dB for all antennas. This includes
insertion loss from the switch circuitry, which is about 2 dB. In general, the
polarization depends heavily on the direction. The four patterns were used for
the generation of Fig 3.9.

Fig. 3.6 shows antenna-gain-patterns based on the BHHL scenario. The
directive gains are larger for all antennas and the average absolute gain is,
as expected, lower. Cumulative distributions functions (CDF) for mixed load
cases are presented in Paper V. Similar behavior can be observed for the SP-
prototypes antennas. They are all similar and the patterns from one of them
are shown in the figures Fig. 3.7 and Fig. 3.8. The SP prototypes show a
gain imbalance of about 1.5 dB between the antennas. This is implementation
loss related to the industrial design, where a transparent gap was present.
It can be mentioned that there is some effect from the cabling in the plots.
Although the cables are also present in the real-time measurements performed
together with the LuMaMi test-bed, they will likely have some influence on the
repeatability. This aspect has not been investigated. Note also that the FS and
HHHL patterns cannot be directly compared to each other as the prototypes,
for practical reasons were not oriented the same way in the chamber during the
characterization.
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Figure 3.5: Antenna Gain patterns and total isotropic radiation effi-
ciency for the Xperia ZL prototype Free-space. In order top-left antenna
(-5.4 dB), top-right antenna (-5.0 dB), side antenna (-5.4 dB) and bot-
tom antenna (-5.2 dB).
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Figure 3.6: Antenna Gain patterns and total isotropic radiation ef-
ficiency for the Xperia ZL prototype Loaded beside phantom head
with hand left. In order top-left antenna (-8.7 dB), top-right antenna
(-10.0 dB), side antenna (-13.0 dB) and bottom antenna (-7.9 dB).
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Figure 3.7: Antenna Gain patterns and total isotropic radiation effi-
ciency for the Xperia SP prototype Free-space. In order, top-antenna
(-4.6 dB) and bottom antenna (-3.0 dB).
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Figure 3.8: Antenna Gain patterns and total isotropic radiation effi-
ciency for the Xperia SP prototype Loaded beside phantom head with
hand left. In order, top-antenna (-7.5 dB) and bottom antenna (-5.1 dB).
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Cluster

Antenna Gain
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Figure 3.9: Terminal with four antennas exposed to signals from mul-
tiple clusters.

3.2 Cluster-based simulator

The stochastic-geometric modeling approach that we discussed in Section 2.3
enables major simplifications when evaluating terminal properties in a MaMi
system. The model avoids the complexity of a BS with all its antennas and re-
lated signal processing and can be used for performance evaluation of terminal-
antenna implementations, terminal transmission schemes, and terminal hard-
ware implementations.

Fig. 3.9 illustrates a setup. In the center, there is a terminal with four an-
tennas. The measured1 antenna gain patterns, Ψ(Ω), are shown colored cyan,
blue, green, and red. In Fig. 3.9, the terminal is illuminated by N clusters
of MPCs, each with a power strength Λn, that together defines the effective
transmission channel. All clusters have the same angular spread, AS, defined in
both azimuth and elevation that defines the physical size of the clusters as seen
from the terminal. The simulator uses the MaMi communication protocol we
presented in Fig 1.4. The BS precoder assumption, however, is MR normalized
to the channel power. If the terminal sends individual pilots from its anten-
nas the MR precoder yields received signals at the terminal side that directly
reflects the entries of the Gramian. This is in detail described in Appendix A.

It is assumed that a pilot vector is transmitted from the terminals one or
more antennas and that the BS from it acquire perfect (i.e., noise-free) CSI.
Based on the MR precoder, the massive number of BS antennas, and perfect

1 Also simulated antenna gain patterns can be used.
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channel knowledge it is further assumed that the BS is capable of addressing
each cluster individually. The precoder distributes the power to the different
clusters in an MR sense, make sure that the signals from each cluster arrive
coherently to that of the pilot vector, and also have a polarization aligned
according to that of the pilot vector.

The simulator generates random illumination angles (AoA) in azimuth and
elevation, uniformly distributed over the sphere, for the N clusters. To this
end, only three parameters are used to define the clusters, and thus the effec-
tive channel: the cluster count, N ; the cluster angular spread, AS; and the
standard deviation of the cluster strength, Λn. By selecting the parameters
and generating a large number of cluster realizations, the distribution of the
received signals can be matched to distributions obtained from measurements
in various environments. All details of the derivations, as well as motivations
to all our assumptions, are presented in Paper III.

During development, mapping simulations to measured channels showed to
be a challenging task and additional settings that relate to physical properties
a real propagation channel may have were implemented. Additional control
features to the simulator are:

• The alignment of the polarization of the cluster to that of the terminal
antenna can be randomized, to investigate cross-polarization distortion.

• Arbitrarily fixed clusters can be used to evaluate the contribution from
changes caused only by altering terminal orientation.

• Arbitrarily fixed clusters in combination with limited terminal orienta-
tions, i.e. rotation along one, two, or three axes to enable mapping to
measurement conditions.

• Clusters restricted in elevation, for evaluation of horizontally distributed
clusters.

• Clusters restricted in azimuth and elevation, for evaluation of dense clus-
ters.

• An arbitrary level of randomness can be added to the clusters power,
phase and polarization to emulate reduced channel knowledge at the BS
side.

• A secondary set of clusters with smaller AS and lower power can be
activated to emulate an environment with diffuse multipath components.

The output from the simulator can be set to be in the form of distributions
of the complex Gramian for an arbitrary count of randomly generated channel
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realizations. A separate script is used to post-process the results, e.g. to derive
statistics of e.g. different transmission schemes as we described in 1.3.2.

The simulator can generate generic channel distributions for typical envi-
ronments. It is possible to match those distributions to measured distributions,
but this has turned out to require extensive measurement campaigns, with ran-
dom locations and orientations of the terminal. Matching the simulation set-up
to the measurement approach showed to be necessary. A good matching was
obtained by limiting the simulator to rotate the terminal along a single axis
with a fixed set of clusters.

An early version of the simulation framework was used in the study pre-
sented in Paper I. Furthermore, the cluster noise parameter was used to em-
ulate a system with only two, orthogonally polarized, BS antennas. Results
from simulations based on this have been used in a project investigating the
directional properties of a non-MaMi channel [60].

3.3 Simulator Based on the Kronecker-Model

A simulator based on the Kronecker-model was developed for evaluation of ter-
minal transmission strategies applied on an independent identically distributed
(i.i.d.) complex Gaussian channel. The simulator was used to derive perfor-
mance for different transmission schemes and to study the covariance matrix
and how it depends on noise at both the BS and the terminal side. The Kro-
necker simulation framework was used for the evaluations presented in Paper
II and Paper IV.

3.4 Post-Processing of Channel Distributions

Various evaluation scripts have been developed to derive performance metrics
and to generate figures. Different versions of the same basic script were used
to derive figures from measured Gramians, measured channel matrices as well
as from simulated Gramians. Furthermore, the results in Paper VI are based
on a simulation framework, where we compute eigenvalues based on measured
channel vectors from terminals located in a limited space and relate them to
the clusters in the cluster-based based model.
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Figure 3.10: The Lund University Massive MIMO testbed.

3.5 Lund University Massive MIMO Testbed

The LuMaMi testbed [61,62] is a MaMi system designed for real-time measure-
ments at 3.7 GHz. The testbed was designed as a large collaboration between
Lund University and National Instruments Inc. later University of Bristol also
joined the team.

The LuMaMi system, shown in Fig. 3.10, is the first of its kind and is mainly
based on hardware from National Instruments. It uses 50 dual transceivers,
a.k.a. universal software radio peripheral (USRPs), to feed 100 antennas. Be-
sides, five dedicated FPGA units are used to perform real-time signal pro-
cessing. The system is programmed in the graphical programming language
LabVIEW and is controlled by an integrated computer, the host computer.
The terminals comprise USRPs similar to those at the BS and are also con-
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Figure 3.11: Numerology of the LuMaMi communication framework.

trolled by software programmed in LabVIEW. Each USRP can control two
terminal-antennas.

The transmission protocol is based on OFDM with a similar numerology as
in LTE, shown in Fig. 3.11. With a total bandwidth of 20 MHz, the system
processes 1200 sub-carriers (SC) divided into resource blocks (RB) of 12 SC.
Each RB consists of 12 × 7 resource-units (shown in Fig. 1.1) and carries a
dedicated pilot resource for each data stream. The system per default uses
the first symbol in each RB for pilot transmission, which allows for up to 12
simultaneous transmission streams, and the remaining part of the RB is used
as a data carrier, configurable for either uplink or downlink transmissions. The
first sub-slot in each frame is dedicated for DL broadcast of synchronization
signals.

As we discussed in Section1.3.1, a MaMi system relies on reciprocity, i.e.
the UL pilots define the precoding for the DL signals. Therefore, compensation
for differences in the phase delay between the transmit and receive paths in
the USRPs, at the BS side, is needed and so-called reciprocity calibration is
implemented [62].

3.5.1 Modifications to Enable Multi-Antenna Terminals

The LuMaMi testbed is designed as a real-time MU-MaMi system with up to
12 multiplexed streams of data. The initial goal with LuMaMi was to show
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that all the advantageous properties associated with the MaMi concept could
also be harvested in reality with real hardware. Besides, the system is designed
to be flexible enough for further development, optimization, and evaluation of
ideas related to the MaMi concept.

In the default implementation of the LuMaMi framework, each terminal
is limited to have a single antenna. Consequently, each USRP acts as two
independent terminals. In this version of the LuMaMi system, power control
loop was not integrated. Aligning the power levels from the terminals, that
reach the BS, at the same frequency band, is critical for the overall system
throughput and requires terminal power control.

For the evaluation of multi-antenna terminals, there are two approaches.
The first approach is to simply capture the complex UL pilot signals received
at the BS side (i.e., full CSI) and further post-process them in a different envi-
ronment. This, however, does not enable real-time demonstration capability of
different transmission schemes. The second approach is to implement a control
channel2 between the BS and the terminals, and functions in the terminals to
co-process the signals from multiple antennas. This would enable the BS to
feedback the CSI needed by the terminal. As we discussed in Section 2.1, the
terminal can from the Gramian compute a pilot vector according to any of the
transmission schemes and communicate accordingly.

Initially, we selected the second approach but limited it to dual-antenna
terminals, as this could be integrated into a single USRP. A downlink con-
trol channel over which CSI can be shared by the BS was implemented. The
CSI is represented only by the power of the received UL pilot signals for each
stream, averaged over all SCs and over an adjustable amount of time. The
averaging was implemented to limit the overhead and to reduce fluctuations3

in the signal. At the terminal side, all transmission schemes presented in Sec-
tion 1.3.2 were implemented as real-time algorithms. Performance, in terms of
power gain obtained by the different transmission schemes, was captured for
each measurement scenario. Results from measurement campaigns and further
details based on this implementation are included in Paper II and Paper III.

At some point, the LuMaMi system framework was migrated to a new ver-

2 Based on that the BS uses a ZF precoder it is hard to acquire CSI based on the received
signals. This is further discussed in Appendix A. 3 Note that the small-scale fading is
still present in the pilot signals received by the BS. The BS uses the pilots to derive the
precoder which is responsible for the hardening of the associated communication channel.
We are only interested in the covariance matrix (i.e. large-scale fading), which is addressed
by the diversity schemes at the terminal side, and gain access to it by the averaging. The
underlying assumption is that each measurement is performed on a channel which is static
from a large-scale fading perspective. The lack of phase information in the fed back CSI
is motivated by the fact that we use only two terminal antennas. The eigenvalues of the
Gramian do then not depend on the phase and the terminal can compute the optimal pilot
vector without this information.
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Figure 3.12: Control-interface for channel capturing in LuMaMi.

sion that involved major SW as well as hardware (HW) modifications, and
all implemented features became obsolete. The general need, also from other
researchers, motivated an implementation of channel capturing at the BS side.
From our perspective, this corresponds to approach 1 and has the further ad-
vantage that we can evaluate terminals with more than two antennas. Besides,
access to the full channel-matrix enables investigations related to e.g. differ-
ent BS precoders, hardening effects, and positioning. The real-time channel
capturing is implemented at the FPGA and enables up to 13 000 symbols to
be streamed into a local DRAM (i.e. fast memory) and, with some delay,
be passed on to the local hard drive for further post-processing. The control
interface is shown in Fig. 3.12.

The channel-capturing feature is dynamic, and it is possible to select which
symbols in each frame to capture. Up to 20 arbitrary defined symbol-positions
per frame enable filtering of e.g. pilots. It is possible to select which SCs to
save, e.g. if CSI of only selected terminals is of interest. Each resource element
generates 40 kB of data. This can be derived from the ADC resolution of
the complex CSI, multiplied by the 100 BS-antennas, and again multiplied by
the 100 of RBs. With a total DRAM size of 2 GB, about 10 s of data can be
captured if all pilots and all SCs are selected. On the other end, with a single SC
and a single pilot per frame, several minutes of channel data can be captured.
The channel-capturing feature was used to generate the measurement results
presented in the papers IV-VI.
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3.6 28 GHz Channel Sounder System

To evaluate terminal antennas at mm-wave frequencies a prerequisite is to know
the channel properties. As of now, there is limited knowledge about chan-
nel behavior in dynamic environments at mm-wave frequencies. The dynamic
properties may originate either from that the terminal that is moving or from
moving scatterers in the environment. Low dispersion and high reflection loss
will have a large influence on the mm-wave channels and will likely make them
very different from the micro-wave channels that we have studied so far in this
thesis. As we discussed in Section 1.4, also the terminal antennas are different.
Improved channel knowledge and new models can then be used to migrate the
cluster-based simulation framework to the mm-wave case and enable further
studies of different terminal strategies also at these frequencies. In this thesis,
we present a mm-wave channel sounder, which can be seen as the first step
toward the evaluation of terminals at mm-wave frequencies. The antennas of
the sounder are shown in Fig.3.13. In the following sections, we first give some
background to our approach and describes prior achievements that have made
it possible, and then continue with further details on our implementation. In
Paper VII we present the channel sounder. The paper is under preparation as
the results from a measurement campaign is still pending. Before high resolu-
tion processing can be made, there is a need for third party 3D characterization
of the antennas as well as calibration of the power level at the transmit side.

Antenna characterization needs to be performed in an anechoic chamber.
It is a tedious process where a mechanical positioner rotates the antenna in
small steps, and for each position, the gain pattern for a particular direction
is measured. The process typically takes a few hours for an antenna, mainly
limited by the mechanical positioner and the angular resolution. In our case,
with 256 + 128 gain patterns to be measured, we cannot use a standard chamber
SW implementation. Instead, all antenna elements, on one of the antennas,
need to be measured for each position. This sounds like a minor modification
to a chamber but has shown to be a large challenge. The needed control signals
to switch the antennas, the association of the measured patterns to the different
elements, etc. all needs to be taken care of.

To reach a reasonable coverage with the sounder system, external amplifiers
are necessary to boost the signal levels. In particular, at the transmit side a PA
is needed. To protect the sensitive switches at the antennas the power needs to
be accurately calibrated to not exceed what they can handle. This calibration
is complicated as we are using a modulated wave form and it is the peak power
of the signal that needs to be characterized, which requires a synchronized and
ultra-fast power-meter to be integrated to the sounder system. A part of this
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Figure 3.13: Antennas for the 28 GHz channel-sounder. Left, cylin-
drical array with 8 antenna panels, 265 dual-polarized patch antenna
elements. Right, the flat antenna array with 4 panels and 128 dual-
polarized patch antenna elements.

calibration includes verification of the phase stability of the external PA, a.k.a.
load pull, from possible impedance variations over the antenna switch states.
Both the antenna characterization and the power calibration was still pending
during the printing of this thesis and our target is to have measured results
during the fall of 2019. The rest of this section focus on the implementation
part of the channel sounder and some of the challenges we faced when designing
it.

3.6.1 Motivation and Enables Behind the Lund Univer-
sity 28 GHz Channel Sounder

Most reported mm-wave channel sounders published [63–71] are limited in at
least one of the following aspects: the omnidirectional coverage, the spatial
resolution, the temporal resolution, and single polarized antennas. In particu-
lar, there are no publications of mm-wave sounders capable of characterization
of the dynamic properties of the transmission channel and at the same time
offer a high spatial resolution and coverage. The limitations in the prior art
originate from compromises. There is a strong connection between the number
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of antennas to the angular resolution, the spherical coverage, the sensitivity,
and the measurement duration of a channel sounder. Recent advances in semi-
conductor technology have enabled fast switching with lower insertion-loss at
mm-wave frequencies than was possible before. This enables a far larger num-
ber of antenna elements. Furthermore, for any channel sounder, a snapshot4

needs to be performed within the coherence time of the channel. With a switch-
ing time of less than 100 ns the duration of each switch state is mainly defined
by the duration of the impulse response of the channel. This poses a com-
promise between the number of antenna pairs and the velocities that can be
captured, which is entirely defined by the physical properties of the channel
rather than the sounder implementation. Furthermore, randomized switching
order removes the ambiguity in the simultaneous estimation of Doppler and
spatial angles otherwise present [72]. The randomization of the switch order
suppress the aliasing distortion caused by systematic switching order, however,
conditioned to that the dynamic properties of the channel do not change, i.e.,
no acceleration present during the snapshots.

It should be noted that different sounder implementations are designed to
investigate different aspects of the channel properties. In our case, the cell edge
coverage is not the main interest and we can therefore compromise some of the
sensitivity to the advantage of higher spatial resolution and coverage at both
ends of the link.

3.6.2 mm-wave Channel Sounder System Aspects

The capability of a channel sounder is to a large extent defined by its antennas.
We have designed a state of the art channel sounder with 256×128 antenna-
elements, shown in Fig. 3.13. It has the following characteristics:

• High resolution in the spatial domain at both sides.

• Close to full azimuthal coverage at the receive side.

• Close to half-azimuthal coverage at the transmit side.

• Wide bandwidth enables a temporal resolution of < 1 ns.

• Dual polarization at both the transmit and the receive sides.

• Fast randomized switching, enabling estimation of dynamic channel prop-
erties.

4 A snapshot comprises all the channels between the different antenna pairs.
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Figure 3.14: Sounder measurement system with sub-units indicated.

The channel sounder involves antenna arrangements where dual-polarized patch
antennas are used to sound the channels. The sounding process is as follows:
A pilot signal is transmitted between each transmit to receive antenna-pair
where after the received signal at the receive side is correlated with the original
waveform, and the channel impulse response (CIR) is estimates. The CIR for
an antenna-pair shows the delay profile for all resolvable propagation paths
between the two antennas, where the temporal resolution relates to the band-
width of the pilot. In the post-processing stages, by combining the signals
from all antenna pairs, high resolution directional and delay properties of the
channel can be estimated. Larger antenna counts results in a better spatial
resolution, and the directivity of different elements relates to the spherical cov-
erage. Multiple consecutive snapshots are then used to capture the dynamics
of the channel. The gain pattern of the individual antenna elements will have
a large influence on the measured signals. Therefore, in the post-processing
this influence needs to be calibrated and accurate characterization of the pat-
tern from each patch antenna is a prerequisite. The entire sounder is shown in
Fig. 3.14, where the different subunits are marked out. The controller program,
as well as the FPGA programs, are all developed in LabVIEW environment.
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3.6.3 Waveform Design and Data Processing

Based on the basic sounding procedure described above, here we share details
of the waveform design (i.e., the pilot), the consequences it has on the data
quantities, and the related HW implementation. The pilot waveform is based
on a Zadoff-Chu (ZC) [9, 10] sequence motivated by that it has a close to flat
profile in both time and frequency domains, as well as good auto-correlation
properties. Our ZC sequence has a duration of 2.6 us and this sets the max-
imum delay spread that can be characterized. The waveform is quantified by
2048 samples in the time domain, resolved by a 12-bits. For all the 32,768
antenna-pairs this generates about 1 GB of data for every snapshot. To im-
prove the sensitivity, the system further supports retransmissions of the pilots
that then are averaged. A snapshot can be measured in 326 ms but this time
extends with the level of averaging. In the end, the snapshot duration needs
to be shorter than one second, as this is the trigger rate from the rubidium
clocks. At the receive side, averaging and correlation are both performed in
real-time in an FPGA. The CIRs are then streamed to an array of hard-discs
that manage the massive data quantities in real-time. After that a measure-
ment campaign is completed, the CIRs from all snapshots are calibrated with
delay and gain profiles relevant for that measurement set-up (e.g. based on
the distance between the antennas and system losses). Further post-processing
of the measured CIRs is performed in MATLAB environment, where angular
properties, delay profiles, dynamic properties, and clustering can be estimated.
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Figure 3.15: The cascaded switch topology divided into a switchboard
feeding up to 8 antenna panels with 16 dual-polarized antennas each.

3.6.4 The mm-wave Sounder Antenna Integration

The switch circuitry needed to support all our antennas is based on single-
pole-four-throw (SP4T) switches developed by Sony, arranged as a four-level
cascade. The structure enables up to 256 antennas. Half of the switching
circuitry is located on a dedicated switchboard and the other half at the antenna
panels, this is shown in Fig. 3.15. The switchboard has 16 ports that can feed
up to 8 antenna panels, each with two ports.
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Figure 3.16: To the left, antenna panels before assembly. To the right,
antenna panels assembled into the octagonal shape.

All boards are designed in a six-layer printed-circuit-board (PCB) technol-
ogy based on Rogers material (Ro4450B). The process support stacked vias5

through all layers. This enables a more compact layout with low insertion loss
and made it possible to put half of the switch circuitry at the back of the pan-
els next to the feed of the patch antennas. Each antenna is assembled from
the antenna panels, shown in Fig. 3.16, each with 4×4 dual-polarized patch
antennas. A corrugation structure (i.e., the horizontal stripes on the panels in
Fig. 3.16) was introduced to prevent surface currents from distorting the an-
tenna gain patterns. Due to processing limitations, the required grounding of
the corrugation structure could not be supported, and a layer of an absorbing
material was later added instead. The panels are further assembled into an
eight faced cylinder shown to the right in Fig. 3.16 and to the left in Fig. 3.13,
and the flat array shown to the right in Fig. 3.13.

5 Stacked vias enable signal-paths to go through arbitrary layers of a PCB without intro-
ducing sidewise offsets.
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Figure 3.17: To the left, simulated gain patterns for vertical and hori-
zontal polarization. To the right, the structure of a dual-polarized patch
antenna element.

The antenna elements, shown to the right in Fig. 3.17, are capacitively
coupled patch elements designed in a three-layered structure. The lowest layer
in the patch design is the ground plane; the second layer elevated 100 µm,
is a dual feed coupling element; and the top layer elevated 300 µm, is the
radiating patch. The coupling element in combination with the patch generate
two closely spaced resonances that are tuned to achieve a bandwidth that covers
the desired frequencies. The simulated radiation patterns for both the vertical
and horizontal modes from a patch element is shown in Fig. 3.17, with a peak
gain of about 6 dB. The -3 dB beamwidth is about 85◦ in azimuth and 50◦

in elevation for both modes. The simulated total -10 dB return-loss BW is
about 4 GHz, and this matches the measured radiation BW. The simulated
isolation between antenna elements is about 20 dB, but does not include the
switch circuitry. The peak radiated power from the antenna panel including
the switch circuitry was measured and compared to that of a reference patch
antenna. The insertion loss (IL) from the switch circuitry was then estimated
to about 5 dB, which is close to the expectation. The total IL from cabling
and switch circuitry, including the switchboard, is about 15 dB for the fully
assembled antenna.
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Figure 3.18: The switchboard with two layers of cascaded SP4T
switches, coaxial connectors for input and 16 outputs and a control in-
terface.

Each switchboard include the first two layers of the switch cascade and is
equipped with a coaxial connector for the feeding and 16 coaxial connectors
that distribute the signal to the panels. The switchboard is shown in Fig 3.18.
Amplifiers are attached to the feeds at both the receive and transmit antennas.
This ensures that we can maximize the link budget by having an as high power
as the switches can tolerate at the transmit side, despite a long feed cable.
Similar at the receive side, a low-noise amplifier (LNA) is used to minimize
degradation of the SNR from cable-related loss.

3.6.5 Sounder features

The sounder design is flexible from the aspect that the number of antenna
pairs can easily be changed by downloading a different codebook. This en-
ables a shorter snapshot duration, which in turn enables estimation of higher
Doppler, i.e., higher velocity of antennas or scatterers. For example, if the
snapshot duration needs to be shortened a codebook limited in: polarization,
bi-directionality, omnidirectional coverage, or spatial resolution can be used.
With all antennas included in a snapshot, the snapshot rate is limited to a sin-
gle snapshot per second due to the large quantity of data. By reducing the set
of antennas, the snapshot rate can be increased. This will increase the ability
to estimate the second order statistics of the dynamic channel properties.
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Chapter 4

Contributions

The thesis is built on seven manuscripts of which four are peer-reviewed, one
is accepted for publication with minor revision, one is submitted, and one is
still being drafted and is pending measured results. All seven manuscripts are
included in the second part of this dissertation. In general, the planning of
each investigation and the strategies for evaluating results have been discussed
with the relevant co-authors. I am lead author on all papers included in the
thesis and have also contributed a majority of the text in them. Based on all
papers I have created presentation material and in some cases posters, which
have been presented at various conferences.

Furthermore, I have written all simulation code and performed the sim-
ulation studies on which the publications are based. I have also performed
essentially all sub-6 GHz measurements, designed and built hardware proto-
types specific to the terminal measurements. In this process, I have used the
available experimental equipment in the department lab, such as the LuMaMi
massive MIMO testbed and channel sounders. Below follow the contributions
from each paper where I have defined my part beyond what was specified above:

Paper I
E. L. Bengtsson, F. Tufvesson, O. Edfors, ”UE Antenna Properties and Their
Influence on Massive MIMO System Performance” in Proc. of the 9:th Euro-
pean Conference on Antennas and Propagation (EuCAP), Lisbon, Portugal,
Apr. 2015.
Contributions: This publication introduces simulation results from an early
implementation of a stochastic-geometric simulation framework. The results
reveal the advantage of using a more realistic stochastic-geometric approach
rather than a Kronecker based. We investigate the correlation and gain prop-
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erties of a dual-antenna terminal under different conditions related to a MaMi
channel. Channel properties, in terms of number clusters of coherent signals
from different illumination angles and the angular spread, are investigated.
The coherently received signals are compared to non-coherently received to
give an idea of the array gain and its dependency on the environment. Mul-
tiplexed performance and how it relates to channel richness are presented, in
this publication, using multiplexing-gains. This measure has the advantage
that it does not depend on absolute SNR. The results presented in the paper
contribute to the understanding of how the terminal is influenced by the effec-
tive channel in a MaMi system. In particular, how the number of clusters in a
channel influence the correlation and gain properties at the terminal antennas.
My part: This is mainly a self-contained investigation with contributions
as above. In addition, I gave the presentation at the conference in Lisbon,
Portugal.

Paper II:
E. L. Bengtsson, P. C. Karlsson, F. Tufvesson, J. Vieira, S. Malkowsky, L. Liu,
F. Rusek, O. Edfors, ”Transmission Schemes for Multiple-Antenna Terminals
in Massive MIMO system” in Proc. of GLOBECOM 2016, Washington DC,
USA, Dec. 2016. Paper II:

Contributions: Here we introduce the multiple-antenna communication
protocol and derive SNR-gains, which we use in our comparisons. Different
transmission schemes for two-antenna terminals are introduced. Likely, based
on the first-ever measured channels with two-antenna terminals with integrated
antennas in a MaMi system, we derive performance for switched-diversity,
dominant-eigenmode, passive-receive-diversity, and multiplexed-operation. For
the latter, we compare capacities at a selected SNR level. The main conclusion
is that we show the importance of having pilot transmit capability on all
antennas in the terminal.
My part: This investigation needed some input about, and assistance on,
the LuMaMi testbed. This was contributed by co-authors. The remaining
work was all performed by me. I gave the presentation at the conference in
Washington DC, USA.

Paper III:
E. L. Bengtsson, F. Rusek, S. Malkowsky, F. Tufvesson, P. C. Karlsson, O.
Edfors, ”A simulation Framework for Multiple-Antenna Terminals in Massive
MIMO Systems” IEEE Access, Vol. 5, pp 26819-26831, 2017.
Contributions: In this publication, the complete stochastic-geometric sim-
ulation framework is presented. From a list of assumptions, we derive a
simplified channel model where only three parameters are needed to define the
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environment. We use the method of maximum likely-hood to match the distri-
bution of the Gramian generated by the framework to that of measurements.
Measured and simulated SNR-gains are compared for the different diversity
schemes. The main contributions is that we show that the simulator can
generate realistic channel distributions, we confirm the importance of having
pilot transmit capability at all terminal antennas.
My part: This publication contains one of the mathematical frameworks
for the simulations, which was discussed with co-authors. The main work in
developing the simulation framework was done by me.

Paper IV:
E. L. Bengtsson, F. Rusek, F. Tufvesson, P. C. Karlsson, O. Edfors, ”Analysis
of Transmission Schemes for Dual-Antenna Terminals in Massive MIMO Sys-
tems” in Proc. of the 25:th International Conference on Telecommunications
(ICT2018), Saint Malo, France, Jun. 2018.
Contributions: In this publication, we use a fully-stochastic simulation
approach. Based on the Kronecker assumption we study different diversity
schemes under different noise conditions. We conclude that the UL pilot is
crucial and defines the performance. Via closed-form expressions we analyze
the behavior of what we call dominant-eigenmode and passive-receive-diversity
schemes. The areas in which the different transmission schemes are most effec-
tive is compared to scatter plots from measured channels, and the associated
distributions are presented. The main contribution of this paper is that we
show that the Gramian converge toward the covariance matrix as the number
of MS antennas grow large. Thus, the terminal can get instant access to an
estimate of the covariance matrix.
My part: This publication contains another (simplified) mathematical frame-
work of the simulations, which was also discussed with co-authors. The main
work in developing the simulation framework was done by me. I gave the
presentation at the conference in Saint-Malo, France.

Paper V:
E. L. Bengtsson, F. Rusek, P. C. Karlsson, F. Tufvesson, O. Edfors, ”Simu-
lation of Multiple-Antenna Terminal Performance in Massive MIMO Systems
based on Indoor Measurements” Accepted for publication with minor revision,
in IEEE Transactions on Vehicular Technology (TVT), 2019.
Contributions: This work is a continuation of Paper III, where we use the
stochastic-geometric simulation framework to evaluate different transmission
schemes based on a four-antenna terminal. We show that the simulation
framework is capable of generating a distribution that matches a specific mea-
surement scenario. We conclude that the distribution changes dramatically for
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a generic cluster distribution. From simulations of a four-antenna terminal, we
conclude that switched solutions reach the rank-conditioned capacity. Thus,
terminal-antenna count is more important than the number of transceivers.
My part: A paper in which the framework derived in Paper III is further
investigated and tuned to/compared with measurements. The investigation
was discussed with co-authors. I performed all measurements and evaluations.

Paper VI:
E. L. Bengtsson, J. Flordelis, F. Rusek, P. C. Karlsson, F. Tufvesson, O.
Edfors, ”A Case Study on the Influence of Multiple Users on the Effective
Channel in a Massive MIMO System” submitted to Wireless Communications
Letters (WCL), 2019.
Contributions: We make a deeper investigation in how the effective channel
behave from a terminal perspective, with a zero-forcing (ZF) precoder at the
BS, under the influence of multiple terminals. We explain the low cluster-count
seen by a terminal. Supported by the measurement results, we confirm that
with > 40 BS antennas, MaMi properties apply and that it is possible to
resolve 20 streams with a reduction only in channel strength. We demonstrate
that two terminals with a distance of only 5 m, share essentially no clusters.
We study empirically the advantage BDZF have over classical ZF in MaMi
systems and relate it to the terminal antenna correlation.
My part: A comparative measurement study, based on a large set of mea-
surements all performed by me. Evaluations and comparisons discussed with
co-authors.

Paper VII:
E. L. Bengtsson, H. Tataria, P. C. Karlsson, O. Edfors, F. Tufvesson, ”A 28
GHz Channel Sounder for Dynamic Propagation Measurements” to be submit-
ted to IEEE Transactions on Wireless Communications, 2019.
Contributions: This paper presents the design and implementation of a
massive-antenna based channel sounder. The sounder is capable of mea-
suring dynamic propagation-channels at 28 GHz with dual-polarization, bi-
directionality, highly resolved in spatial as well as in temporal domains. We
present the implementation of the 256×128 dual-polarized antenna arrays and
the associated switch circuitry. We detail both the hardware and software
implementation of the entire sounder system as well as the waveform design.
Furthermore, the result of a measurement campaign will be included in the
paper.
My part: For this paper there was a broader collaboration between co-
authors. I am still the lead author, but there have been more contributions
from co-authors here than in the other publications. I have been heavily
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involved in both the antenna design, re-programming, and evaluation of the
designed channel sounder.

In addition, I have contributed to two additional publications where I am
not the main author:

Paper VIII: K. Zhao and E. Bengtsson and Z. Ying and S. He, ”Multiplexing
efficiency of high order MIMO in mobile terminal in different propagation
scenarios”, Proceedings of the 10th European Conference on Antennas and
Propagation (EUCAP), Apr. 2016.
My Contribuions: The study is partly based on my simulation framework,
from which parts where shared, i.e., for illumination of antenna gain patterns.

Paper IX: P. Harris, S. Malkowsky, J. Vieira, E. L. Bengtsson, F. Tufves-
son, W. B. Hasan, L, Liu, M. Beach, S. Armour, O. Edfors, ”Performance
Characterization of a Real-Time Massive MIMO System with LOS Mobile
Channels”, IEEE Journal on Selected Areas in Communications, pp.1244-
1253, Apr. 2017.
My Contributions: My contribution to this paper is limited to support
during measurements and review of the paper.
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Chapter 5

General Conclusions and
Future Work

The vision of this research was based on the capability of a MaMi system: to
investigate the propagation channel behavior at the terminal side; to develop
simulation tools that reflect these properties; and to derive terminal algorithms
that utilize the properties of the effective channel. The target was to start at
sub-6 GHz and then extend it to mm-wave frequencies.

The work in the MaMi sub-6 GHz area most importantly has brought up
the importance for each terminal-antenna to have pilot transmission capabil-
ity. All results show that today’s opportunistic diversity and multiplexing ap-
proaches do not work well in a MaMi system and that different algorithms are
needed. Like in conventional MIMO systems, the asymmetric traffic-load, with
less uplink-traffic than downlink-traffic makes it attractive for cost reasons to
have fewer transmit chains than receive chains. We have shown that switched
architectures reach close to the rank-conditioned capacity. This suggests that,
from a power/cost optimization perspective, it is advantageous to increase the
terminal-antenna count but not necessary to have a transceiver associated with
each antenna. uplink switched diversity is an option that enables all antennas
to transmit pilots, and at the same time allows for downlink multiplexed op-
eration. Additionally, switched antennas need to be considered also at the
system side as uplink pilots, in this case, cannot be transmitted simultaneously
from the multiple terminal antennas. An interesting observation is that the
terminal in a massive MIMO system, based on the channel hardening, can get
instantaneous access to an estimate of the covariance matrix. This enables the
terminal to compute optimal pilot vectors with a minimal effort. The results
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further confirm the importance of taking spatial properties into account both
in channel modeling and for the evaluation of MaMi systems. They suggest
that typical isotropic antenna characterization parameters, (e.g. total radiated
power, envelope correlation coefficient, mean effective gain, etc.) will not give
accurate predictions of what performance to expect in a MaMi system. To this
end, the importance of using integrated antennas with spatial properties that
can be expected from real products with multiple antennas has also been shown.
One of the largest challenges was to match simulated channel distributions to
those measured. During this process the importance of accurately reflecting
the measurement conditions in the simulation environment become clear. This
also showed that in order to obtain simulation parameters that reflect an envi-
ronment, massive measurement campaigns are needed. Furthermore, we found
that the effective channel depend only dominant clusters. This has the effect
that the number of active terminals in the system will influence the effective
channel and to enable an accurate channel model the raw propagation channel
data shall be used, this is possible with the LuMaMi channel capturing feature.
Further research on sub-6 GHz MaMi systems should address the relation be-
tween eigenmodes and clusters. Such investigation would be greatly simplified
with a calibrated BS antenna, as it would allow for a geometrical interpretation
of the clusters which is essential for the simulation framework.

When it comes to mm-wave systems, our vision was also here to study termi-
nal aspects. How different antenna configurations best can utilize an available
channel. The vision was to adapt the cluster-based simulation framework to
the mm-wave case and further study different terminal strategies. However,
time runs fast, and my work as a Ph.D. student in the mm-wave area focused
on the design and implementation of a state of the art 28 GHz channel sounder.
The sounder is presented in Paper VII and can be considered the first step to-
wards the vision. In short, technology advancements relating to insertion loss
in semi-conductor switches, and switching strategies, enable a massive num-
ber of fast switched antenna elements. This, in turn, enables measurement of
dynamic properties of the propagation channel with a never before published
resolution and coverage. The sounder is presented in Paper VII.

Further measurements with the mm-wave sounder will be performed. A
potential influence on channel models for mobile scenarios and accurate posi-
tioning for mm-wave frequencies are among the target areas. Related to this, a
frequency up-conversion of the LuMaMi testbed to 28 GHz, for real-time eval-
uation of precoded massive MIMO channels, is implemented. With realistic
handset implementations measured in the same environment as was measured
with the sounder, further steps towards our vision can be made.
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I. Wong, V. Öwall, O. Edfors, and F. Tufvesson, “A Flexible 100-Antenna



References 69

Testbed for Massive MIMO,” in Globecom Workshops (GC Wkshps), 2014,
pp. 287–293.

[62] S. Malkowsky, J. Vieira, L. Liu, K. Nieman, N. Kundargi, I. Wong,
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Appendix A

In this appendix, we have collected derivations of formulas used for extraction
of the Gramian based on received signal properties for different BS precoders.

Throughout the work, different precoders have been used at the BS side.
Common for them all is that they, for the single terminal case, all obtain the
same effective channel to the UE. The normalization of the transmitted signal
at the BS heavily depends on the precoder. Here we use the term precoding,
both for the multiplexing related operations and the normalization that defines
the power allocation. For the communication scheme shown in Fig. 1.4 we
used UP-MR precoding, motivated by the fact that the equations become less
involved compared to e.g. ZF. When there is only a single stream in the
system, the effective channel becomes the same as that of ZF. This means
that the relative power allocation and phase offset between the BS antennas
is the same. Therefore, also relative power, phase, and polarization between
the signals along different propagation paths is the same. The difference is the
normalization factor. The ZF strives to keep the power level at the terminal
constant while the UP-MR feeds a constant power of one to the channel. For
the Kronecker based simulations and in some cases where we post process
measured channels, UP-MR is used while the LuMaMi testbed uses ZF. In the
cluster-based simulator, we use a third approach, namely, MR precoder without
any power normalization at the BS. This approach has the advantage, in a
simulation context, that the magnitude of the received signal at the terminal
antennas directly reflects the Gramian.

To derive the correlation, α, and imbalance, β, used for comparison of
the effective channels based on received signals from measurements or various
simulations, we need to take different approaches depending on the precoder.
In Table 1 our precoders and the influence they have on the signal received
by a terminal are listed. In the derivations below, the terminal noise is set to
zero. The equations reflect a two antenna terminal to keep it simple. Similar
derivations can be made for a higher number of terminal antennas.
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Table 1: BS precoder impact

Method Precoder Influence on the signal at the terminal

ZF W =
hp
‖hp‖2 PUE ∼ C (where C is a constant)

UP-MR W =
hp
‖hp‖ PUE ∼ ‖h‖−1

MRchannel norm W = hp PUE ∼ ‖h‖−2 ⇒ YUE ∼ HHH

Method 1, UP-MR
Equation (1.8) defines the downlink SNR given UP-MR precoding. The

UP-MR precoder is used in the Kronecker based simulations and for the post
processing of measured channel data from LuMaMi and is used in papers II-VI.
The approach for deriving the correlation, α, and imbalance, β, is as follows.
The precoding matrix is given by

W =
hp

‖hp‖
. (1)

The denominator normalizes the transmitted power to unity. From this, the
terminal DL SNR directly reflects the channel gain, ‖hp‖. The effective precod-
ing vectors at the BS given a pilot is transmitted from each terminal antenna
independently are given by:

p0 = [1 0]→ precoding w0 =
ĥ0

‖ĥ0‖

p1 = [0 1]→ precoding w1 =
ĥ1

‖ĥ1‖

, (2)

where ĥk is the estimated channel at the BS side. For the respective pilot
vector, there is an associated receive vector at the terminal side. In matrix
form this becomes

Y =

[
yp0

yp1

]
=


ĥ0h

H
0

‖ĥ0‖
≈ ‖h0‖

ĥ0h
H
1

‖ĥ0‖
ĥ1h

H
0

‖ĥ1‖
ĥ1h

H
1

‖ĥ1‖
≈ ‖h1‖

 . (3)

By multiplying (3) with its diagonal, we arrive at the channel inner product,
(i.e the Gramian), which is given by

G = HHH =

[
‖h0‖2 h0h

H
1

h1h
H
0 ‖h1‖2

]
, (4)
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as the noise at the BS gets small. From the normalized Gramian

GN =
2

tr(G)
G =

[
1 + β α
α∗ 1− β

]
, (5)

we can identify {
α = GN(1, 2)
β = GN(1, 1)− 1

. (6)

Method 2, ZF
In the LuMaMi testbed, we used a ZF precoder for the measurements. The

main reason was to keep the SNR at the terminal reasonably the same for
the different scenarios. Therefore, we need to take the following approach to
extract the correlation, α, and imbalance, β. The precoder is given by

W =
hp

‖hp‖2
. (7)

In the BS there is an additional (unknown) normalization factor. The trans-
mitted power from the BS is multiplied with the gain factor, Ck, related to the
hardware implementation. The effective precoding vectors at the BS given a
pilot is transmitted from each terminal antenna independently are given by

p0 = [1 0]→ ĥ0 → precoding w = C0
ĥ0

‖ĥ0‖2

p1 = [0 1]→ ĥ1 → precoding w = C1
ĥ1

‖ĥ1‖2
, (8)

from which the received signal at the terminal-antennas becomes

Y =


C0
ĥ0h

H
0

‖ĥ0‖2
≈ C0 C0

ĥ0h
H
1

‖ĥ0‖2

C1
ĥ1h

H
0

‖ĥ1‖2
C1
ĥ1h

H
1

‖ĥ1‖2
≈ C1

 . (9)

With the diagonal elements representing the power constants Ck we can sim-
plify,

Y2 =


1

ĥ0h
H
1

‖ĥ0‖2
ĥ1h

H
0

‖ĥ1‖2
1

 , (10)

which is normalized, i.e. 2/tr(Y2)=1.
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From equations (4) and (5) we can identify

Y2 =

 1
α

1 + β
α∗

1− β
1

 . (11)

This gives 
α =

2Y2(1, 2)Y (2, 1)

Y2(1, 2) + Y (2, 1)

β =
Y2(1, 2)− Y (2, 1)

Y2(1, 2) + Y (2, 1)
.

(12)

Note that due to the Ck we can not simply multiply with the square of the
diagonal similar to what we did in the UP-MR case. Also, note that with the
off-diagonal elements typically being very small the SNR needs to be large.
This makes this approach hard to use in real implementations where the need
for a good estimate of the inner product is increasingly important as the SNR
decrease.
Method 3, Channel Normalized MR

For the case of the cluster-based simulator, we use an MR precoder that
does normalize its transmitted power to that of the channel norm, the BS
simply perform a MR (i.e., conjugate beam-forming or matched filtering). The
precoder then equals

W = hp. (13)

With cluster n illuminating the angles An, the gain of antenna k is given by

Ψk,n =

∫
An

Ψk(Ω)dΩ. (14)

When a pilot is transmitted from terminal antenna k, the contribution from

a cluster n, with gain λn, show up at the BS as λnΨ
H

k,n. Based on MR pre-
coding, the BS transmits the Hermitian transpose of the received signal. As
the signal goes through the same cluster, the electrical field at the terminal
become λ2nΨk,n, where a square influence from the cluster gain is obtained.
The received signal contribution, from the cluster n, at the terminal antenna

l, become yl = λ2nΨ
H

l,nΨk,n.
When the contribution from all N clusters are summed, the terminal can

get direct access to the channel inner products, by transmitting a pilot from
each antenna and receiving the associated downlink signals at all antennas. For
the two antenna case, we get

G =

N−1∑
n=0

λ2n

[
Ψ

H

0,n

Ψ
H

1,n

] [
Ψ0,n Ψ1,n

]
. (15)
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Normalization by the average of the diagonal elements, gives

GN =
2

N−1∑
n=0

λ2n

(∥∥Ψ0,n

∥∥2 +
∥∥Ψ1,n

∥∥2)
N−1∑
n=0

λ2n


∥∥Ψ0,n

∥∥2 Ψ
H

0,nΨ1,n

Ψ
H

1,nΨ0,n

∥∥Ψ1,n

∥∥2
 , (16)

were we directly can identify

GN =

[
1 + β α
α∗ 1− β

]
. (17)

In Paper V this method is presented for the case of more than 2 terminal
antennas.





Appendix B

This appendix present formulas used for conversion from two dimensional (2D)
spherical coordinates to three dimensional (3D) Cartesian coordinate system
and back. The conversion simplifies the generation of 3D uniformly distributed
center AoA distributions and aid the derivation of the integration area, An,
for circular clusters defined in 3D to the spherical coordinate system. The
equations are used to compute antenna gain in different illumination scenarios
in the cluster based simulation framework.

The measured antenna gain patterns are represented by 2D matrices in
spherical coordinates. Spherical coordinates describes the directional angle in
three dimensions by Ω = [Θ Φ]T, where Θ,∈ [0 π], defines the elevation angle
and Φ,∈ [0 2π], the azimuth angle. Generation of uniform random angles is
easiest done in Cartesian coordinate system where each element in [x y z]T is
drawn from a uniform distribution, U[-1,1]. The relations between the spherical
coordinates and the Cartesian are given by x = r sin(Θ) cos(Φ)

y = r sin(Θ) sin(Φ)
z = r cos(Θ)

⇔


r = 1√

x2+y2+z2

Θ = arccos

(
z√

x2+y2+z2

)
Φ = arctan

(
y
x

) , (18)

where r is the length of the 3D vector and can be used for normalization of the
length.

The measured antenna gain patterns are given as 90 × 180 large complex
valued matrices in spherical coordinates. Each entry do therefore not define an
equal angular area and before the integration we need to convert the antenna
gains to gain densities. The average complex gain for an illuminated area is then
given by the integral of the gain-densities, multiplied by the total illuminated
area. In the simulations we compute the sum of the illuminated matrix entries,
where each entry is scaled as a function of the elevation. Furthermore, we
needed to determine the area to integrate over, i.e. which matrix entries to sum.
The shapes a circular cluster takes when represented in spherical coordinates,
for various elevation angles, are shown in Fig. 1.
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Figure 1: Different elevation angles of a circular cluster and the corre-
sponding areas in spherical coordinates.
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UE Antenna Properties and Their

Influence on Massive MIMO System

Performance

The use of large-scale antenna arrays can bring substantial improve-

ments both in energy and spectral efficiencies. This paper presents an

initial study of user equipment (UE) antenna performance based on pro-

totypes for a massive MIMO test bed. Most publications in the massive

MIMO area have assumed isotropic or dipole antenna characteristics at

the UE side. It is, however, of greatest interest to evaluate the impact of

realistic antenna implementations and user loading on such systems. In

this study antennas are integrated into realistic UE form factors. Sim-

ulations are carried out to evaluate system performance using the UE

antenna characteristics measured in a Satimo StarGate 64. Comparisons

are made with ideal isotropic un-correlated antennas. The presented UEs

are designed for the 3.7 GHz band used by the LuMaMi massive MIMO

test bed at Lund University.

c©2015 IEEE. Reprinted, with permission, from
Erik L. Bengtsson, Fredrik Tufvesson, and Ove Edfors,
“UE Antenna Properties and Their Influence on Massive MIMO System Perfor-
mance,”
in Proc. of the 9:th European Conference on Antennas and Propagation (EuCAP),
Lisbon, Portugal, Apr. 2015.
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1 Introduction

Massive MIMO (MaMi) technology [1] is emerging as one of the major candidates
for increasing capacity and efficiency of future wireless communications systems [2].
Recent predictions show that energy efficiency can be increased by several orders of
magnitude and spectral efficiency by at least one order of magnitude, under reason-
able assumptions on channel behavior and system configurations [3]. Predictions like
these have opened up a frenetic research activity in the field. Despite great efforts
spent on investigating how efficient MaMi systems should be designed, the terminal
perspective has been almost entirely neglected. One reason for this is that most of the
new concepts relate directly to the base station and only indirectly to the terminal
devices. The terminal designs will, however, to a large extent influence the overall
performance of MaMi systems, including how well different MaMi transmission tech-
niques perform under real conditions and how transmission protocols are designed.
A notable exception to the base station (BS) focus is [4] where the impact of non-
linearities in the UE implementation are studied. The study concludes that HW
impairments of the UE limit the achievable capacity as the number of BS antennas
grows large.

In contrast to most published studies in the MaMi area, where ideal or omni-
directional UE antenna behavior is assumed, we address real UE antenna designs,
integrated into commercially available smart phone chassis. The antennas are tuned
for operation in the 3.7 GHz band used by the Lund University MaMi (LuMaMi)
testbed [5]. The unavoidable user interaction with the integrated antennas in the
current and future consumer devices influences performance of the antenna systems
as well as of the overall communication system. User loading of the antennas cannot
be avoided and it is a challenge to minimize its negative effects on the performance.
When channel variations that originate from user-loading of the antenna occur, they
are commonly compensated for by means of higher power, which is an inefficient
method. From the UE perspective, introducing diversity antennas in the terminals
was initially a way to combat performance degradation caused by fading. Higher
diversity gains, however, often originate from overlooked loading generated antenna
losses. Due to the channel hardening effect antenna diversity should not be necessary
in MaMi terminals, but we expect that it can not be avoided in devices where the
antennas may be exposed to loading.

2 Approach

While the impact of UE antennas in MaMi systems is a large and complex topic,
we start our investigations by performing simulation studies along the lines of multi-
plexing efficiency as defined in [6]. Multiplexing efficiency is a figure of merit for the
combined UE antennas in a MIMO system, under the assumption of isotropic propa-
gation conditions. In [7] the authors developed the concept further to take arbitrary
distributions of incoming power into account. In this paper we use this concept and
extend it to a full MaMi system with multiple UEs, each having an arbitrary number
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of antennas. Following [7], and for reasons of tractability, we adopt the Kronecker
channel model

H = R1/2HW , (1)
where R denotes the UE antenna correlation matrix and HW is a white, independent
and identically distributed (i.i.d.), complex Gaussian channel. It is also, in this first
study, assumed that the large BS array has zero antenna correlation. If we in the
MaMi context incorporate all UE antennas from different terminals intoR and assume
zero correlation between antennas on different terminals we get an N ×N correlation
matrix

R =


R1 0 · · · 0
0 R2 · · · 0
...

...
. . .

...
0 0 · · · RK

, (2)

where Rk is the Nk ×Nk correlation matrix for the Nk antennas on UE k and

N =

K∑
k=1

Nk. (3)

Here we limit ourselves to one or two antennas per UE, i.e. Nk = 1 or 2. For an M
antenna BS, HW is an N ×M matrix. The eigenvalue distribution of HHH gives
an indication of the system performance and we are able to analyze how the system
capacity is affected by the individual UE antenna performances. The correlation ma-
tricesRk are calculated by combining measured antenna characteristics with different
angular distributions on incoming clusters of multipath components (MPCs). For the
ideal case, where there is no correlation between any of the UE antennas, R becomes
a diagonal matrix. As an illustration of what happens for other correlation values,
we present expected values of the sorted eigenvalues of HHH , for a set-up with a 50-
antenna BS and four two-antenna UEs (see Fig. 1). For low antenna correlation, the
eigenvalue spread is small and we can expect high system capacity, and the opposite
as the antenna correlation grows. Antenna correlation is, as we will show, affected by
angular spread (AS), distribution of clusters and channel richness.

The exact relation between eigenvalues of HHH and system performance is non-
trivial and can be measured in several ways, which is beyond the scope of this paper.
In short, the proposed approach is simplifying the analysis to:

1. concentrating information about UE antenna properties (patterns) and angular
distribution of incoming clusters to a single antenna correlation matrix Rk per
UE, and

2. that Rk be used in the model (1) to evaluate performance of an entire MaMi
system with realistic UE properties. The assumptions enable us to quickly
analyze how degraded antenna performance of a single UE, or a number of
UEs, influence the entire system. We can also compare different operational
modes (diversity vs. spatial multiplexing) for individual UEs.
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Figure 1: Impact of pairwise increase of correlation between UE anten-
nas on eigen values.

In the paper we focus on the analysis of UE antenna pairs and spatial multiplex-
ing properties. We concentrate on the limitations seen for the individual antenna
configurations, hence Rk, and how the antenna performance may impact the perfor-
mance in a MaMi context. The underlying mechanisms approximated by the model
(1) include directional properties of both environment and antennas. In order to more
clearly separate antenna and environment influences we use directional descriptions
below. To illustrate the difference between MaMi and conventional systems we need
to introduce some new measures. To make the investigation manageable we also make
some simplifying assumptions that may upper bound the results.

The first assumption is that the MaMi BS is capable of providing phase coherent
signals from different clusters of MPCs with individually controlled amplitude to each
antenna, here set to unity. The effective gain (EG) and mean effective gain (MEG)
of an antenna, for a specific scenario, are both normalized to the performance of an
isotropic ideal radiator, for the same scenario. This, however, hides the additional
gain available in a MaMi system. Traditionally, diversity or multiplexing gain offered
by a channel is obtained in the receiver, as seen in e.g. RAKE and MIMO, and there
is no need to include this in the antenna characteristics. In our investigation, however,
it is of interest to visualize the additional gain obtained within the channel in order
to be able to compare the performance improvements offered by different diversity
schemes and antenna configurations. Therefore, we introduce two new measures,
the combined coherent gain (CCG) and combined non-coherent gain (CNG). If we
assume a cluster of MPCs with an angular spread (AS) illuminating the antenna from
an arbitrary angle of arrival (AoA), we can describe the MEG for such a cluster as

ρ(Θ,Φ, η(Θ,Φ),A) =

∫
A

(η(Θ,Φ))dA

A
(4)
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Figure 2: Orientation of Φ and Θ.

where Θ and Φ are elevation and azimuth AoA, respectively, η(Θ,Φ) is antenna gain
at this AoA, and A is an integration area around Θ and Φ defined by the AS. We
assume uniform distribution of incoming power over this area. The polar coordinates
are defined for Φ ∈ (−π, π) and Θ ∈ (0, π) with orientation according to Fig. 2.
Polarization direction is also defined accordingly, with components along Θ and Φ.

We define CCG as an expectation

CCG(n,A) = EΘ,Φ

{
n∑
i=1

ρi(Θi, Φi, η(Θi, Φi),A)

}
(5)

for n clusters with randomly distributed AoAs, all with the same AS. Expectation is
overΘ,Φ, which are vectors collecting the n random AoAs and ρi(Θi, Φi, η(Θi, Φi),A)
is defined in (4). If the AoAs are uniformly distributed over the sphere this equals

CCG(n) =

n∑
i=1

ρiso = nρiso, (6)

where ρiso is the total isotropic efficiency (TEiso) of the antenna. The contribution
from each cluster is added in amplitude as we assume coherent contributions from all
clusters after massive MIMO pre-coding. For the non coherent case we correspond-
ingly define

CNG(n,A) = EΘ,Φ


√√√√ n∑

i=1

ρ2i (Θi, Φi, η(Θi, Φi),A)

 (7)

which, for uniformly distributed AoAs becomes

CNG(n) =

√√√√ n∑
i=1

ρ2iso =
√
nρiso, (8)
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where we add the power contribution from each cluster, assuming the phase of each
contribution to be independent and uniformly distributed over the sphere. The last
simplification in both (6) and (8) are possible as the expectation on ρiso is independent
on n. From a simulation perspective we can calculate the expected CCG by means
Monte Carlo (MC) simulation and

CCG(n,A) ≈
∑K
k=1

∑n
i=1 ρi(Θi, Φi, η(Θi, Φi),A)

K
, (9)

where n is the number of clusters, K is the number of random realizations of the AoA,
and for each k new Θ,Φ are generated. As we know that ρiso has no dependency on
n we can make the same simplification as in (6) and (8) also in our simulation, and

CCG(n,A) ≈

∑K
k=1

(
n

∫
Atot

η(Θ,Φ)dA

Atot

)
K

(10)

yield the same result as (9) for large K. In (10) we integrate over the combined
area, Atot = ∪nm=1Am, of all clusters instead of each individual area, Am, as in
(9). Equations (9) and (10) approach (5) for large K. In our MC simulations we
found K = 2000 to be sufficient. Expression (10) is useful later in the calculation of
multiplexed CCG and multiplexed CNG. The CNG can be estimated as

CNG(n,A) ≈
∑K
k=1

√∑
n ρ

2
i (Θi, Φi, η(Θi, Φi),A)

K
, (11)

and similarly

CNG(n,A) ≈

∑K
k=1

(
√
n

∫
Atot

η(Θ,Φ)dA

Atot

)
K

. (12)

As cluster powers are added in (11), the MEG for the combined area in (12) needs to
be multiplied by

√
n. Again (11) and (12) approach (7) as K grows large.

Fig. 3 shows CCG and CNG for an ideal isotropic radiator. For CCG the slope
is 3 dB each time the clusters are doubled and for the CNG case it is 1.5 dB. It is
noted that CCG and CNG for a single cluster are the same and equals the isotropic
total efficiency (TEiso) of the radiator. Looking into combined antenna performance
metrics, we assume that the transmission channel determines the AoA and that the
small spacing between the UE antennas cause the AoA for each cluster to be the same
for all the antennas in a UE. Here we introduce an error in directions where antenna
pattern correlation is large and gain imbalance is moderate. The results can therefore
be seen as upper bounds on what to expect from a real system. A deeper analysis
of the magnitude of the deviation is not included as we assume it to be small. For a
real system the problem can be solved with zero forcing or other methods to ensure
orthogonality. For the squared correlation,

ECCAtot =

∣∣∣∣∣∣
∫
Atot

(E1 ·E′
2)dA√∫

Atot
‖E1‖dA

∫
Atot
‖E2‖dA

∣∣∣∣∣∣
2

, (13)



90 PAPER I

1 2 3 4 5 6 7 8
0

1.5

3

4.5

6

7.5

9

Clusters

G
a

in
 [

d
B

]

 

 

CCG

CNG

Figure 3: CCG and CNG for ideal isotropic radiator vs. number of clusters.

where the vector Ea = [EΘa , EΦa ]T contains the complex E-fields for each polariza-
tion for antenna a. Integration is performed for the combined area of the multiple
clusters, Atot as defined in (10). The ECCAtot can be interpreted as the squared local
correlation and we can use it to calculate

CCGMPE ≈

∑K
k=1 n

√ ∫
Atot

(η1)dA

Atot

∫
Atot

(η2)dA

Atot
(1− ECCAtot)

K
(14)

for high SNRs [6]. This approximation becomes more accurate as K grows. We need
to integrate over Atot as the effect of reduced gain imbalance otherwise will be lost
when the number of clusters grows larger. Like in (10) we need to multiply each
antenna MEG by n, in order to include the effect of coherent amplitude addition of
the multiple clusters. For the CNGMPE the corresponding expression becomes

CNGMPE ≈

∑K
k=1

√
n

∫
Atot

(η1)dA

Atot

∫
Atot

(η2)dA

Atot
(1− ECCAtot)

K
, (15)

and, like in (12), we multiply each antenna MEG by
√
n, since the power from each

cluster is added. All expressions are defined for linear units while the results are
primarily presented in dB. The expected performance of CCGMPE and CNGMPE for
two uncorrelated ideal isotropic antennas would equal CCG and CNG shown in Fig. 3.

3 Antenna evaluation results

For the investigation, five Sony Xperia ZL and Xperia SP chassis have been modified
with different antenna configurations. Either with four antennas and circuitry for
switching between any antenna pair combination or with two antennas, located at
the top and bottom. For the four-antenna prototypes two antennas are located at
the top corners, one at the side and one at the bottom. The TEiso for free space
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Figure 4: FS performance for four antenna prototype, upper right,
upper left, bottom and side antennas in order. Blue ellipses indicate left
hand polarization and black right hand polarization.

(FS) is similar, about -5 dBi for all 4 antennas, including the loss from the switch
circuitry. All antenna configurations have been characterized in a Satimo StarGate
64 measurement facility. 3D patterns for FS, left and right hand (LH/RH), beside
head with hand left and right (BHHL/R) have also been measured. The TEiso range
over levels from -5 dB down to -14 dB dependent on load scenario. Fig. 4 shows the
measured FS antenna E-field patterns for the four-antenna prototype, with ellipses
indicating polarization. It can be noted that the patterns for the two top and the side
antennas are rather omni-directional, while the bottom antenna shows a directivity
downwards. For the two-antenna prototype, the patterns for both antennas in FS
show directivity in different directions and their efficiencies are also quite different.
The bottom antenna has a TEiso of -3 dB and the top antenna -4.6 dB.
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Figure 5: CDFs of antenna E-field patterns for two of the antennas

Fig. 5 shows cumulative distribution functions (CDFs) for E-field patterns for two
of the antennas, with different colors for different load scenarios. For each scenario
the impact of AS, ranging from 4◦to 90◦is included as curves with the same color.
The load not only decreases the average power by moving the curve to the left but
usually also decreases the slope, i.e. directivity which translates to larger variation
for different AoA. AS tend to have larger impact when the antennas are loaded and
increases the variation even more, i.e. higher probability of low efficiency that may
lead to drop outs. The directivity increase is caused by a combination of the hand
and head absorption and impact on the current distributions on the radiators. It can
also be noted that the slope of the bottom antenna CDF (right) for FS (blue) is less
steep compared to the top L antenna (left) already for FS condition.
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Figure 6: CCG and CNG vs. number of clusters with AS=4◦, for the
four antenna prototype in FS.

In Fig. 6 we see CCG and CNG vs. number of clusters, which is the same as
Fig. 3 but based on the measured FS patterns from the four-antenna prototype. Per-
formance is plotted with different colors for different antennas. CCG grows almost
ideally with about 3 dB per doubling of clusters and CNG with about 1.5 dB. The
MaMi gain is obvious but may also translate to faster roll-off when the channel be-
comes poor. Despite the faster roll-off, the CCG never gets worse than the CNG.
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Figure 7: FS performance for the combination of the top antennas,
in terms of ECCAtot

(n=1) and CCGMPE(n=1) patterns for an AS=4◦.
Below the corresponding CDFs for a wider range of ASs. The ECCiso=0
and the CCGMPEiso

=-5.2 dB.

The local antenna correlation pattern for a single cluster (n=1), ECCAtot , and
multiplexed efficiency pattern, CCGMPE, for an AS=4◦for the two top antennas on
one of the prototypes are shown in the upper part of Fig. 7. Below, the corresponding
CDFs for a wider range of AS are shown. Even if the antenna correlation is low in an
isotropic environment, the dependency on AS of incoming clusters is substantial and
the correlation degrades for a more narrow AS (lower left). The AS also influences
the CCGMPE, which is seen as less steep slopes when the AS decreases (lower right).
This translates to larger variations and a worse minimum.
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Figure 8: Average ECCMPE and average CCGMPE for FS and BHHL
vs. AS for single cluster.

Fig. 8 shows average ECCAtot and average CCGMPE, as defined in (13) and (9),
vs. the AS for a single cluster. The figures for FS and BHHL conditions are included
for all 6 antenna combinations for the four-antenna prototype. We see low load
dependency on ECCAtot , except for the combination of top-right and side antenna
(indexed TR/S) where the hand probably was close to touching the radiator and
obviously affected the current distribution. Larger load dependency on ECCAtot is
expected for lower frequencies as the wavelength approaches the size of the prototype
and the hand to a larger extent interacts with the current distributions as they to a
larger extent are located in the actual grounding structure. For the CCGMPE, there
is an offset based on the efficiency drop. For FS (upper curves), combinations with
the bottom antenna (indexed B) have steeper slope due to the higher directivity and
this yields larger probability for AoA dependent gain imbalance as the AS gets small.
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Figure 9: ECCAtot for one antenna combination of the 4 antennas in
the four antenna prototype, vs. clusters, colored vs. load and AS.
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Figure 10: Typical CCGMPE for an antenna pair vs. number of clusters,
coloured vs. AS and vs. load.

In order to evaluate what happens to the average ECCAtot and average CCGMPE

in the different load scenarios, MC simulations of (14) and (15) have been performed
where the number of clusters increases from one to eight, with random AoA and all
with same AS. Fig. 9 shows the average ECCAtot vs. number of clusters for an antenna
pair in the four-antenna prototype. The curves are colored according to load in the
left sub-figure and according to AS in the right sub-figure. While for a single antenna
combination, the presented ECCAtot are quite representative for any of the antenna
combinations and point towards a low load dependency and a strong AS dependency.
It can be noted that the ECCAtot converges towards isotropic performance as the
number of clusters grows large.

The corresponding CCGMPE curves are shown in Fig. 10, colored according to
loading in the left sub-figure and according to AS in the right sub-figure. The coloring
shows that the dependency on loading is strong, while the dependency on AS is much
weaker. The AS dependency is the strongest the fewer the clusters are, seen as a
larger spread for few clusters. As CCGMPE is dependent on AS, number of clusters,
and antenna directivity, the slope reaches up to 6 dB going from 1 to 2 clusters for
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some loading conditions and antenna combinations. This is to be compared with the
expected 3 dB discussed earlier and depicted in Fig. 3. The result may be interpreted
as 3 dB comes from doubling the energy and 3 dB from the fact that two clusters are
needed1 for multiplexed operation (rank 2).

1 This statement is not fully correct as there are two polarizations available in each cluster.
The 3 dB do originate from decreased correlation as the number of clusters increase but rank
2 is still possible with a single cluster. The correlation for the single narrow cluster is defined
by the antennas polarization property in the direction of that cluster.
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4 Summary and Conclusions

Simulations show that the channel in combination with the antenna directional prop-
erties have a substantial impact on the performance of a MaMi pre-coded system.
Going from a single cluster to two clusters improves CCGMPE significantly more than
increasing AS area by a factor of 2 (3 dB vs. 0.1 dB) due to the impact of the
gain imbalance and the fact that the two clusters come in from different AoAs. This
tells us that even if the BS may be able to improve phase coherence within a narrow
cluster of MPCs the impact of gain imbalance at UE side can not be compensated
for. The results indicate between 2 and 5 dB of additional drop for single cluster as
compared to the isotropic multiplexed efficiency. However, CCGMPE is a rank-two
performance indicator and the results simply indicate that we need to switch to rank
one, i.e., diversity mode. It can also be mentioned that a design with cross polarized
UE antennas would be less sensitive to the channel richness.

For the ECCAtot there is no or very little dependency on load for most antenna
combinations while smaller AS and fewer clusters degrade it significantly from the
isotropic value (which is zero for all our antenna combinations). What happens with
the local correlation, ECCAtot , when we go down in frequency is an interesting topic.
In this situation the ECCiso is known to vary as current distributions are more affected
by user interaction, but the average local correlation may behave differently.
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Transmission Schemes for Multiple

Antenna Terminals in real Massive

MIMO systems

In massive MIMO performance evaluations it is often assumed that the
terminal has a single antenna. The combination of multiple antennas in a
terminal and massive MIMO precoding at the base station side can further
improve overall system performance. We present measurement results for
multi antenna terminals operating in different transmission schemes and
how they perform under varying loading conditions. Gain expressions are
derived that enable easy comparison between the transmission schemes.
The evaluation is performed on realistic antennas integrated into Sony
Xperia handsets tuned to 3.7 GHz and operated together with the Lund
University massive MIMO (LuMaMi) test bed. It is concluded that the
approach used in today’s mobile systems, where up link and down link
are addressed independently, will not provide the best performance. The
performance can be improved by the selection of transmission schemes
optimized for massive MIMO.
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1 Introduction

Massive MIMO technology is emerging as one of the major candidates for increasing
capacity, coverage and efficiency of future wireless communications systems [1]. Mas-
sive MIMO differs from traditional multi-user (MU) MIMO approaches by employing
a large number of BS antennas - typically in the order of hundreds - to serve a rel-
atively small number of user equipments (UE) [2]. It has been shown that energy
efficiency can be increased by several orders of magnitude in Massive MIMO systems
and spectral efficiency by at least an order of magnitude compared to single-antenna
systems [3]. Promising results from initial studies have spurred a frenetic research
activity in the field and also made massive MIMO a topic in the ”new radio access
technology for 5G” item in the 3GPP standardization forum.

Despite great efforts in massive MIMO systems design, the UE side of the link
has not been in the main focus of attention. The design of UEs and their operating
modes, will however influence overall performance of realistic massive MIMO systems
and should be designed accordingly. Antenna-user interaction is often an unwanted
practical effect that is hard to avoid in realistic handset form factor UEs, and challeng-
ing to overcome [4]. It is often compensated by means of increased transmit power,
which is a straightforward but inefficient approach. UEs having multiple antennas
can be an option to mitigate such problems, where different transmission/receiving
processing schemes can be used not only to inhibit the user influence, but also to har-
vest further channel gains, e.g. diversity or spatial multiplexing. Understanding the
possibilities of such a multitude of schemes, and their interplay with the UE antenna
design, is thus important for the overall system design.

We provide a few examples on the literature regarding the impact of UE designs
and their operating schemes in a massive MIMO set-up follows. In [5] the impact of
UE hardware (HW) non-linearities was studied. It was verified that HW impairments
of the UE limit the achievable capacity as the number of BS antennas grows large. In
[6] the performance of the multiplexed operation of a handset UE with dual antennas
in a massive MIMO setting was investigated, by means of numerical simulations. The
focus of that paper was the property of phase coherent cluster combination and the
impact of local correlation between handset antennas. It also provided initial insights
into the range of the gains that can be obtained with multi-antenna handsets, for
different receiver schemes. Thus, it is of interest to quantify the performance that
can be achieved when a multi-antenna UE operates with different processing schemes
in a realistic Massive MIMO set-up.

In this paper we study the influence of real handset antenna designs on the system
performance of a massive MIMO system. We use a commercially available smart
phone chassis tuned for operation in a 3.7 GHz band at the UE side, and a massive
MIMO software-defined radio test-bed to emulate a massive MIMO BS [7].We have
investigated how the quality of the down-link communication is influenced by different
pilot transmission strategies from the UE for different channel realizations. A brief
overview of massive MIMO follows here.

Massive MIMO in short: The Massive MIMO precoding we are using sort under
MU-MIMO where we use orthogonal up-link (UL) pilots to determine the precod-
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ing matrix for down-link (DL) payload. Hence, we utilize time division duplex and
rely on channel reciprocity for the DL and spatially multiplex the UEs. Reciprocity
calibration is implemented to compensate for non ideal hardware. This also means
that the pilots contained in the header of each frame become a scarce resource. In
the LuMaMi testbed there are 100 RF chains feeding 100 antennas at the base sta-
tion side and it is capable of serving up to 12 different UEs simultaneously. Zero
forcing (ZF) precoding is used in order to separate the different UEs and also, in
some cases, streams to multiple antennas in the same handset. The Massive MIMO
precoding impacts on how we may utilize different transmission schemes for opera-
tion of multiple antennas within a single UE. As the channels are estimated from
the UL pilots, we need to transmit a pilot signal from all of the UE antennas in
order for the BS to be aware of them. Consequently the difference between the re-
ceived signals at an antenna that has transmitted a pilot and an antenna that has
not becomes substantial and we talk about Massive MIMO antenna isolation. The
channel hardening, where small scale fading is eliminated, is only valid for the an-
tennas that transmitted the pilot signal. With two UE antennas, the BS can serve
the UE with spatial multiplexing. However, in a crowded system with many users, it
may not be possible to accommodate for this (due to the limitation of time-frequency
resources allocated to pilot transmission). It is therefore of operational interest to
research transceiver strategies for a multi antenna UE, served via a single stream from
the BS. The performance of such strategies should then be evaluated and compared
with the performance reached by single-antenna operation and spatial multiplexing
performance using multiple antennas.

2 System description

The system setup is that we have a UE with two antennas and a BS with M antennas.
What we want to study is how the quality of the DL communication is influenced by
different pilot transmission strategies from the UE. For this purpose we model the
UL transmission of pilots and the DL transmission of data to the UE, as shown in
Fig. 1.
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Figure 1: Up-link transmission of pilots for channel estimation and
down-link data transmission on reciprocal channel.

The received signal at the BS for a pilot transmission p = [p0 p1]T becomes

zp = [zp,1 . . . zp,M ]T = HTp+ nb. (1)

DL transmission of (pre-coded) data z = [z1 . . . zM ]T

y = [y0 y1]T = Hz + nt, (2)

where the DL reciprocal radio channel is

H =

[
h0,1 h0,2 . . . h0,M

h1,1 h1,2 . . . h1,M

]
, (3)
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base-station side noise nb ∈ C N (0, σ2
bIM×M ) and UE side noise nt ∈ C N (0, σ2

t I2×2).
With two antennas, the UE may be seen as one single antenna UE or two single-

antenna UEs, depending on the particular pilot configuration used. To be able to
handle spatial multiplexing of two streams with linear processing and closely spaced
UE antennas, ZF precoding is assumed in the down-link data transmission. For the
single antenna case, this is equivalent to maximum-ratio transmission (MRT), since
we assume that no other UEs are present.

2.1 UE acting as a single antenna UE

When the BS assumes a single antenna UE, its model of the pilot transmission is

zp = [zp,1 . . . zp,M ]T = hTp+ nb, (4)

where p is a known pilot, which without loss of generality is a positive real number, and
the channel h = [h1 . . . hM ] a row vector. Assuming independent and identically
distributed (i.i.d.) DL channel coefficients, the channel is estimated accordingly as

ĥp =
1

p
zT
p . (5)

Considering that the UE has two antennas and can transmit pilots from both, the
equivalent single antenna channel hp = pTH depends on the transmitted pilots in
p, making it possible to change what channel the BS sees in the up-link and thereby
influence how it transmits data in the down link. Substituting (1) in (5) we obtain

ĥp =
1

p

(
pTH + nT

b

)
. (6)

For a fair comparison, we restrict the combined pilot to have the same energy as the
single pilot p assumed by the BS, i.e., ||p||2 = p2. In general, all pilots fulfilling the
requirement can be expressed as p = pu, where ||u|| = 1. Based on this, down-link
precoding is done as

z = wsx =
1

||ĥp||
ĥH

p x (7)

where ws = ĥH
p /||ĥp|| is the ZF/MRT precoding vector and x is data in the form of a

complex-valued signal constellation point. Without loss of generality, we assume that
E{|x|2} = 1 below. The resulting received data signals, on the two UE antennas,

y = H
1

||ĥp||
ĥH

p x+ nt, (8)

are given by (2), with z from (7). Optimal reception for the sampling is achieved by
maximum ratio combining (MRC) of the signals in y, hence,

r =
ĥpH

H

||ĥp||
y, (9)
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where r is the scalar output of the MRC and, the SNR becomes

SNR =
ĥpH

HHĥH
p

||ĥp||2
1

σ2
t

. (10)

It should be noted that this SNR depends on the transmitted pilot p, making it
generic and useful in several of the schemes detailed below. The UE can control how
the BS transmits data in the DL by selecting the transmitted pilots in p.

In order to simplify our notation we define p0 = p[1 0]T and p1 = p[0 1]T for the
special cases when the pilot has been transmitted from antenna 0 and 1, respectively.

We investigate the use of four different strategies in the UE for transmitting pilots
in the UL and using signals received on the antennas in the DL:

A single antenna UE (SA)

This is a benchmark case, used only for reference purposes. In this strategy, the
UE has a single antenna only. Depending on the antenna used both for UL pilot
transmission and DL reception, the pilot vector is either p0 or p1, as defined above and
the received signal from the same antenna is obtained by selecting the corresponding
(first or second) element of y in (8), which gives

y = hp
1

||ĥp||
ĥH

p x+ nt, (11)

and from (10), the SNR becomes

SNRSA,k =
||hpĥp||2

||ĥp||2
1

σ2
t

. (12)

Here, the same antenna is used, independent of channel realization and , we indicate
if it is antenna 0 or antenna 1 with the k.

Switched diversity (SWD)

In SWD the UE has two antennas but only a single transceiver chain, thus, it can
only transmit and receive from a single antenna. In view of (1), the pilot vector is
either p0 or p1, depending on which channel is strongest. The expression for the SNR
becomes the same as for SNRSA in (12), but with the fundamental difference that the
best antenna of the two is selected for each channel realization.

Passive diversity (PD)

In PD the UE has two antennas and two receive chains, but only a single transmit
chain. The second antenna is used only for receive diversity. In view of (1), the pilot
vector is either p0 or p1, depending on which antenna is the transmitting one. With
this transmission scheme the UE utilizes the MRC (9) and its associated SNR is given
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by (10). The difference in signal power level at the antennas, what we call massive
MIMO antenna isolation, can be derived as the ratio

∆SNR0 =
||hp0 ĥp0 ||2

||hp1 ĥp0 ||2
(13)

of SNRs at the two antennas, for the case the pilot was transmitted on antenna 0. By
exchanging p0 and p1, ∆SNR1 is obtained for the case when the pilot transmission
is done from antenna 1 instead.

Dominant Eigenmode Scheme (DEM)

For DEM the UE has two antennas and two transceiver chains simultaneously active.
The pilot vector2 is chosen as p = pu0, where u0 is the eigenvector corresponding to
the largest eigenvalue ofH∗HT. This to is to maximize the received pilot signal power
||zp||2 at the BS and allow the BS to see and estimate the strongest one-dimensional
subspace of the two-dimensional channel H. As for PD, in this transmission scheme
the UE utilizes MRC from (9) and its associated SNR is also given by (10).

2.2 UE acting as two single antenna UEs

Multiplexed operation (MUX) is when the UE is acting as two single-antenna UEs,
an UL pilot p is transmitted from each antenna in an orthogonal fashion (e.g. in one
time or frequency slot each). This allows the BS to estimate the full channel as

Ĥ = H +
1

p
Nb, (14)

where the noise matrix Nb is of size 2×M with i.i.d. rows originating from the noise
term in (6). The corresponding down-link precoding is done as

z = WZFx =
1√

Tr
(

(ĤĤH)−1
)ĤH

(
ĤĤH

)−1

x, (15)

where Tr(·) is the trace operator, WZF the pseudo-inverse of the estimated channel,
normalized to unit energy, and x = [x0 x1]T data in the form of complex-valued
signal constellation points.

The resulting received data signals, on the two UE antennas,

y =
1√

Tr
(

(ĤĤH)−1
)HĤH

(
ĤĤH

)−1

x+ nt, (16)

are given by (2), with (15) substituted. For large M on the BS side the SNR for
the individual antennas will converge to (12), assuming the same pilot power used at
each antenna.

2 In practice the UE does not have access to the full channel. The result can, however, be
seen as an indication of what is possible in an ideal situation.
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Figure 2: Sony Xperia ZL handset with antennas and investigated
antenna combinations marked.

Table 1: Isotropic efficiency figures

Mode Top-R Top-L Bottom
free space -5.0 -5.4 -5.4
BHHR -9.1 -12.0 -9.7

3 Prototypes and test setup

For our measurements, a prototype based on a Sony Xperia ZL handset, shown in
Fig. 2, has been designed and characterized. Two different antenna combinations as
indicated in the figure are investigated. Fig. 3 shows the 3D antenna patterns in
spherical coordinates for the three antennas used in this campaign under free space
condition and, when loaded beside head with hand right side (BHHR). BHHR is
shown in the left of Fig. 4 where the UE is positioned in right side talk position
beside a phantom head held by a phantom hand. The ellipses in Fig. 3 show the
polarization and blue and black colors indicate right and left hand circular polariza-
tion, respectively. Fig. 3 shows that in free space the upper antenna pair has a close
to omni-directional radiation pattern while the directivity is larger on the bottom
antenna or when loaded. Hence, the power is concentrated to a limited area. The
total isotropic efficiency is indicated in Table 1 for all the patterns. The reason for
evaluating BHHR is not that we believe that this is a typical use case for a high rate
data connection but, as it is a bad loading condition that is well defined and that we
are able repeat both in the anechoic chamber and in our live measurements.

This initial evaluation is based on measurements inside a lab. Two different
scenarios were considered, one with a direct path between the antenna array and
the UE and one where we tried to avoid the line of sight component by measuring
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Figure 3: Prototype antenna far-field patterns for free space and
BHHR. From the top, the TL, TR and the B antennas in order

slightly behind and beside the BS antenna array. For the first case the handset was
simply placed some 3 m right in front of the BS antenna array and for the second
case slightly behind, 3 m to the side of the array antenna.
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Figure 4: Set up for the direct path BHHR measurements to the left
and free space non direct path to the right.

The set ups are shown in Fig. 4. The main reason for our scenario selection was
to generate as realistic channel variations as possible, given the limitations associated
with our lab environment.

Measurements were performed for eight scenarios generated by the permutations
of UE antenna loading, position relative to the BS and antenna combination. For the
latter, Bottom/Top-Left antennas (BTL) vs. Top-Right-Top-Left (TRTL) antenna
combinations. For each scenario four measurements were performed where the phone
setup was rotated by about 90◦in the horizontal plane between each measurement.

4 Results

The gain figures in the plots are derived as the ratio of the measured SNR for the
different transmission schemes and the SNRSA,k of the selected reference antenna, as
defined in (10) and (12). For the different transmission schemes this becomes

• GainDEM,k = SNRDEM/SNRSA,k,

• GainPD,k = SNRPD/SNRSA,k, and

• GainSWD,k = SNRSWD/SNRSA,k.

Were the k, indicate what antenna was used as reference for the gain figures. The
measured gains both for k = 0 and k = 1 are plotted in the same figures, against
relative single-antenna performance for the two antennas. For the case k = 0
the gains are plotted against Offset0=SNRSA,1/ SNRSA,0 and when k = 1 against
Offset1=SNRSA,0/ SNRSA,1. With this set up we can compare the different trans-
mission schemes and how they depend on the relative antenna performance.
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Figure 5: TRTL antenna combination scatter plot of the diversity gain
for the different transmission schemes and channel realizations.

In Fig. 5 we present the results for the TRTL antenna combination. We separate
the figures for the transmission schemes as we use different reference antennas and
can see that the distributions are similar.

When the relative performance of the added diversity antenna is negative (neg-
ative numbers on the x-axis), it should be interpreted as adding an inferior antenna
to using a particular scheme, while positive numbers means that we add a better
antenna. When adding a lower performing antenna, there are no gains from SWD,
while both DEM and PD generate some improvements. An upper bound for the DEM
performance is obtained when ideal constructive addition of the antenna signals takes
place. This idealized DEM asymptotically converges to the SWD performance, when
the relative performance of the added antenna Offset0/1 grows large. This is shown
as dashed lines in the graph.

For PD, as we add a better performing antenna we still transmit the UL pilot
signal from the bad antenna and the scheme does therefor not have the capability to
improve a badly loaded antenna with increased outage as a risk. The PD performance
may also be understood as a consequence of the of Massive MIMO isolation, (13) that
reduce the signal to the non pilot transmitting antenna. The median of the Massive
MIMO isolation for the channel realizations in this measurement campaign was 12 dB.
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Figure 6: TRTL antenna combination CDF of the gain distributions
for the different transmission schemes and channel realizations.

Fig. 6 shows the CDFs of the diversity gain shown in Fig. 5. Based on the gains
shown in Fig. 6 the medians can be determined for all transmission schemes with
respect to the reference antenna, those medians are shown in Table 2 for both the
TRTL and the BTL antenna combinations. The median for SWD is low for any
antenna combination and any reference and the strength from this scheme lays rather
in its ability to reduce outage indicated by the tail in Fig. 6.

Table 2: Median performance for the transmission schemes

Antenna pair/ref PD DEM SWD
TRTL/TR 0.3 dB 3.0 dB 0.9 dB
TRTL/TL 0.2 dB 2.7 dB 0 dB
BTL/TL 0.4 dB 2.7 dB 0 dB
BTL/B 0.5 dB 3.3 dB 0.5 dB
Median all 0.3 dB 3 dB 0 dB
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Figure 7: Scatter plots for all measurements combined in a single plot.

From the results, even tough the statistical base is small, we do see clear trends of
what to expect from the different transmission schemes. In Fig. 7 all measurements
from the TRTL and BTL antenna combinations with the different references are
combined into a single plot. Only the different schemes are separated and the reason
for combining the results is to increase the measurement base.
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Figure 8: CDF of the gains for all measurements combined.

In Fig. 8 we show the CDFs for the gains presented in Fig. 7, the medians are
also included in Table 2. The results show that the medians are about the same for
the different antenna combinations, for the different references, and not far from the
common median.

The variations in the measurement results are dominated by the fact that the
channel was not static over the time of the measurement for each realization.

In order to compare MUX to the diversity schemes we convert the diversity gain
into capacity by the expression R = log2(1 + SNR). Also here we use one of our
antennas as the reference and plot against the Offset1/0, which is the same as for the
gain plots. As the performance is dependent on the absolute SNR, here we extracted
results where the SNR of the reference antenna was set to 1. This is a low value but
enable us to differentiate between the different schemes.
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Figure 9: Comparison of relative rate compared to CSA relative perfor-
mance of the second antenna for MUX, coherent combined and DEM/PD
measurements.

Fig. 9 shows the relative rates for DEM, SWD and PD transmission schemes
plotted together with the relative rate potential from the MUX mode. The DEM
bound and the expectations for the schemes are also included as dashed lines. The
MUX performance seems better in the comparison but as discussed earlier to the
average cost of twice the power in both UL and DL and twice the pilot resources. The
MUX performance has the same slope as SWD and DEM as the relative performance
increases but with an offset. The result indicate very small difference between DEM
and SWD from a rate perspective and only PD stand out as a bad option with
insignificant potential.
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5 Summary and conclusion

From a diversity perspective, the DEM scheme gives the largest gains. The phase
offset and amplitude balance of the signals to the antennas needs to be optimized for
each individual scenario, both for UL pilots as well as for combination of DL signal
streams. The measurement based results show that it is possible to reach close to
the theoretical 3 dB gain for antennas with equal channel gain. When the difference
in channel gain is large, all power is directed to the better antenna and performance
converges to that of SWD, where only the antenna with the strongest channel is used.

It has also been shown that the massive MIMO antenna isolation degrades what
can be achieved with the PD scheme. Measurements show only a 0.3 dB median
gain. The massive MIMO antenna isolation was measured at about 12 dB and PD is
perhaps only interesting for its backwards compatibility with today’s LTE UEs.

The less compex SWD scheme shows low median gains, but a significant outage
reduction potential. For cases when the difference in channel gain between the anten-
nas is large, in the order of 10 dB, SWD performs as well as the DEM. Hence, from
the perspective of mitigating outage, SWD could be as good as DEM.

The measurements did not indicate any degradation in channel gain to the an-
tennas when operating the handset in MUX mode, in any of the scenarios. This, in
combination with the large massive MIMO induced antenna isolation, indicate that
MUX operation with two spatial channels to a single UE can be fully utilized, at the
cost of an additional UL pilot resource and twice the power.

It can be noted that the approach in 4G LTE systems, as specified until Rel-13,
where UL and DL is addressed independently, will not provide the best performance
and, that performance can be improved by the selection of transmission schemes
optimized for massive MIMO.

Finally, it is worth highlighting that for the small amount of data, 32 scenarios,
about 25% of the measurements had antenna channel gain imbalance of 10 dB or more,
evenly distributed over the different scenarios. This is significant and again stresses
the need for UE diversity schemes also in a Massive MIMO systems. However, more
measurements in realistic environments may be needed before any final conclusions
can be drawn. It shall also be noted that the presented gain figures are valid for
situations where the SNR is large enough to obtain good channel estimates.

6 Acknowledgment

The authors would like to thank Ying Zhinong at Sony Mobile in Lund for help
during the review process of this document. We also like to thank SSF and Sony
mobile Communications for funding the work.



120 PAPER II



References

[1] E. G. Larsson, F. Tufvesson, O. Edfors, and T. L. Marzetta, “Massive
MIMO for Next Generation Wireless Systems,” IEEE Communications Mag-
azine, vol. 52, no. 2, pp. 186–195, Feb. 2014, doi: http://dx.doi.org/10.1109/
MCOM.2014.6736761.

[2] T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Num-
bers of Base Station Antennas OFDM,” IEEE Trans. Wireless Commun.,
vol. 9, no. 11, pp. 3590–3600, Nov. 2010, doi: http://dx.doi.org/10.1109/
TWC.2010.092810.091092.

[3] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and Spectral Efficiency
of Very Large Multiuser MIMO Systems,” IEEE Transactions on Communica-
tions, vol. 61, no. 4, pp. 1436–1449, Apr. 2013, doi: http://dx.doi.org/10.1109/
TCOMM.2013.020413.110848.

[4] H. Li and B. K. Lau, “MIMO systems and antennas for terminals,” 2015, doi:
http://dx.doi.org/10.1007/978-981-4560-75-7.

[5] E. Björnson, J. Hoydis, M. Kountouris, and M. Debbah, “Massive MIMO Systems
with Non-Ideal Hardware: Energy Efficiency, Estimation, and Capacity Limits,”
IEEE Transactions on Information Theory, vol. 60, no. 11, pp. 7112–7139, Nov.
2014, doi: http://dx.doi.org/10.1109/TIT.2014.2354403.

[6] E. L. Bengtsson, F. Tufvesson, and O. Edfors, “UE Antenna Properties and
Their Influence on Massive MIMO Performance,” in Proceedings of the 9th Eu-
ropean Conference on Antennas and Propagation, (EUCAP), Lisbon, Portugal,
Apr. 2015.

[7] J. Vieira, S. Malkowsky, K. Nieman, Z. Miers, N. Kundargi, L. Liu, I. Wong,
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A Simulation Framework for

Multiple-Antenna Terminals in 5G

Massive MIMO Systems

The recent interest in massive MIMO has spurred intensive work on mas-
sive MIMO channel modeling in contemporary literature. However, cur-
rent models fail to take the characteristics of terminal antennas into ac-
count. There is no massive MIMO channel model available that can be
used for evaluation of the influence of different antenna characteristics at
the terminal side. In this paper, we provide a simulation framework that
fills this gap. We evaluate the framework with antennas integrated into
Sony Xperia handsets operating at 3.7 GHz as this spectrum is identified
for the 5G new radio standard by 3GPP. The simulation results are com-
pared with measured terminal performance when communicating with the
Lund University’s massive MIMO testbed under the same loading condi-
tions. Expressions are derived for comparison of the gain obtained from
different diversity schemes computed from measured far-field antenna pat-
terns. We conclude that the simulation framework yields results close to
the measured ones and that the framework can be used for antenna eval-
uation for terminals in a practical precoded massive MIMO system.
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1 Introduction

Massive MIMO (MaMi) technology [1] is emerging as one of the major candidates
for increasing capacity and efficiency of future wireless communications systems [2].
Recent predictions show that MaMi can increase energy efficiency by several orders of
magnitude and spectral efficiency by at least one order of magnitude, under reason-
able assumptions on channel and system configurations [3]. Lately, world records in
measured spectral efficiency have been reported [4]. The current one (145.6 bits/s/Hz)
is more than 20 times what can be achieved with LTE Rel-10. The large gains have
spurred various companies to promote MaMi as a component in the 3GPP new radio
(NR) standard for the fifth generation wireless communication [5], [6]. Despite a fre-
netic research activity on MaMi, terminal antenna and RF configuration perspectives
have been almost entirely neglected. One reason for the base station (BS) focus is
that most new concepts relate to it and only indirectly to terminal devices. Terminal
modems with baseband algorithms and antenna designs, however, influence overall
performance to a large extent.

Notable exceptions to the BS focus are [7–9]. In [7] the impact of terminal hard-
ware impairments on the achievable capacity, as the number of BS antennas grows
large, is studied. [8] deals with simulation of measured terminal far-field antenna pat-
terns in MaMi multi-stream operation, and can be seen as a starting point of our work
in this area. In [9] we conducted an initial measurement campaign and formulated a
number of transceiver strategies for MaMi systems with multi-antenna terminals.

In this paper, we propose a simulation framework based on [8], including the
transceiver strategies from [9], designed for evaluation of multi-antenna terminals.
The framework avoids the complexity of a MaMi BS with its hundreds of antennas
and a full geometric channel description, but still takes effects of terminal antenna
patterns and BS precoding into account. We demonstrate the simulation framework
performance under different terminal antenna loading conditions in combination with
different transceiver strategies. Ideally MaMi can coherently combine signals associ-
ated with different propagation paths, thereby remove the small-scale fading. There-
fore, the diversity schemes studied here target large-scale fading caused by shadowing
and antenna loading at the terminal side. Antennas have been integrated into com-
mercially available smartphone chassis and tuned for operation in the 3.7 GHz band
used by the Lund University MaMi (LuMaMi) testbed [10], [11]. Results provided
by the simulation framework are compared to measurements obtained by using the
same terminal in the LuMaMi testbed.
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Figure 1: Approach for the derivation of environmental properties.
The environmental parameters and antenna patterns are inputs to the
simulation framework, and the same antennas are measured in a real
massive MIMO channel. The environmental parameters are changed so
that the distribution of the compact channel representation match the
measured ones.

1.1 Paper Contributions

The main contributions of this paper are that we

• derive a simulation framework for the evaluation of measured far-field antenna
patterns from multi-antenna terminals, in a precoded MaMi system.

• match simulated and measured MaMi channel matrices by tuning only three
environmental parameters.

• show that for a multi-antenna terminal, the chosen uplink pilot transmission
strategy can give substantial SNR gains in the precoded downlink.

• evaluate the generality of the environmental parameters by the testing of a sec-
ond terminal with a different antenna implementation. Antenna patterns from
the second terminal are used in the simulation framework, with environmental
settings derived for the first prototype. Finally, the simulated SNR gains and
powers are compared to measured values.

Fig. 1 outlines our simulation approach and its inputs: a few environmental parame-
ters and measured antenna patterns.
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1.2 Paper organization

In Section 2 we briefly discuss channel models and motivate a cluster-based approach
for the simulation framework. Section 3 presents the main contribution of this work,
the simulation framework. In Section 4 we tune environmental properties so that
statistical properties of simulations match those of measured channels. In Section 5 we
incorporate the different transceiver schemes from [9] to illustrate how the framework
can be used. We derive expressions for received signal power where the transceiver
schemes are reflected. Section 6 presents the simulated power gains and compares to
testbed measurements. A summary is provided in Section 7.

2 Channel Models

The most common narrowband signal model for wireless transmission in general, and
for MaMi in particular, is

y = Hx+ n, (1)

where y = [y0 y1 · · · yK−1]T is the vector of signals at the feed of K terminal receive
antennas, and x = [x0 x1 · · ·x2J−1]T represents the signals fed to J dual orthogonal
polarized antenna elements (henceforth referred to as antenna elements) with 2 ports
each, giving 2J antenna ports at the BS. H is a K×2J matrix representing the radio
channel and n the noise vector. In (1), each entry hkj in H represents the transfer
function from a BS transmit antenna port j to a terminal receive antenna k. These
entries include antenna gains from the transmit and receive antennas, as well as the
propagation channel gain considering all contributions along the different propagation
paths, respectively. To evaluate the impact of different antenna configurations, we
need to isolate the influence of the terminal antenna pattern on hkj .

In [8], we used a Kronecker assumption [12] for evaluating different transceiver
schemes. A shortcoming of the Kronecker model is the limited possibility to include
directional properties of the antennas; handset antennas are influenced by the user in
many scenarios, which changes directive properties of the antennas. The directional
gain will also increase as multi-antenna terminals become more important to compen-
sate for smaller apertures at higher frequencies, anticipated in [5], [6]. Similarly, clas-
sic models assuming independent identically distributed (i.i.d.) signal contributions
at the terminal side do not model the MaMi channel in a realistic manner and ignores
directional properties [13–16]. Equivalently, the mean effective gain (MEG) [17] [18],
a commonly used figure of merit for antennas, does not apply for MaMi. As the
name implies, a mean of independent contributions is then considered. MaMi, on
the other hand, has the capability to control phase, amplitude, and polarization of
multiple signal contributions, that illuminate the terminal antennas and thus enable
a coherent combination of them. This, in combination with channel hardening [19],
makes the effective channel more deterministic. This points towards a need for new
performance evaluation strategies.

To evaluate the impact of different antenna configurations and their directional
properties, we must know the directional properties of the propagation channel. We
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Figure 2: Transmission from J BS transmit antennas to K closely
spaced terminal receive antennas over N spatially separated clusters.
Note that the variables in the figure are defined later in the text.

use a cluster-based channel model in our simulation framework, thereby including
directional properties naturally. Each entry hkj in H is a sum of contributions from
N clusters, as described in the channel model in Fig. 2. This enables us to include
real measured antenna patterns and characterize the effective precoded MaMi channel
with a few environment dependent cluster parameters.

3 Derivation of the simulation framework

3.1 A Cluster Based Propagation Model

A typical MaMi BS uses received uplink pilot signals (SRS in [6]) to obtain channel
estimates, from which it determines terminal specific precoding vectors. For a de-
tailed analysis of a given deterministic channel, one may evaluate different antenna
configurations with full wave analysis. However, defining the complex E-field at the
terminal side by linear combinations of transmitted signals from the BS side may
limit the intuitiveness, and some simplifications can hence be convenient. Here we,
with the help of well-motivated assumptions, model the propagation channel with
only a few input parameters, still capturing the dominant propagation effects. The
assumptions we make are the following:

1. All clusters are in the far field as seen from the antennas. By defining the
antennas at the receiver side to have the same center points and similar for the
transmit antennas, equations are greatly simplified as all antennas at each side
will be exposed to the same electrical field. (Note that as a consequence, near
field effects are not captured).
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2. A cluster is defined by a center angle and an angular spread. The cluster gain
function, and thus also the signal strength, of a cluster is constant within angles
defined by the cluster.

3. The BS can individually control power level, phase, and polarization of the
signal to each cluster seen by the BS.

4. The cluster gain does not depend on polarization as it does not favor any
polarization direction.

5. The center angles of clusters are uniformly distributed, as seen by the terminal
antennas.

We discuss the assumptions in greater detail and their consequences as we derive
our framework next. We also refer back to these assumptions when we derive our
expressions.

The angular resolution of an antenna array depends on the number of antennas.
However, even with hundreds of antennas, we cannot assume that it is possible for
a MaMi BS to resolve every individual multipath component (MPC) in the channel.
Motivated by [20, 21], we use N clusters to represent signals from multiple propa-
gation paths with similar illumination angles and propagation delays. Directional
angles are represented by Ω = [Θ Φ]T where Θ and Φ are elevation and azimuth
angles, respectively, see Fig. 2. We use subscript R in ΩR to define the AOA of the
received signals at the terminal side and subscript T in ΩT to define the AOD of the
transmitted signals from the BS side.

The E-field ER(ΩR), illuminating the terminal antennas, is a sum of N contribu-
tions from the clusters, ER(ΩR) =

∑N−1
n=0 ERn(ΩR). The E-field generated by each

cluster ERn(ΩR) = 0 for ΩR /∈ An, where An is the set of AOAs illuminated by
cluster n. Based on Assumption 1), all terminal antennas see the same E-field, and
for terminal antenna k this gives an output signal

yk =

N−1∑
n=0

∫
4π

ΨH
k (ΩR)ERn(ΩR)dΩR, (2)

where Ψk(ΩR) is the gain function of terminal antenna k. BothERn(ΩR) and Ψk(ΩR)
are 2 × 1 vectors of functions where the entries represent the different polarizations
along the respective angles, i.e., Ψk(ΩR) = [ΨΘk (ΩR) ΨΦk (ΩR)]T.

To model the properties of cluster n we use a cluster transfer function Tn(ΩR,ΩT),
a 2 × 2 matrix, with entries for each polarization on the diagonal and cross polar-
ization terms at the off-diagonals. The cluster transfer function couples the AOD at
the BS transmit antennas to AOA at the terminal receive antennas and defines the
cluster gain and phase properties.

Each BS antenna element has two orthogonal linearly polarized ports. The an-
tenna patterns for both ports of the jth antenna element are assembled into the 2× 2
diagonal matrix,

Υj(ΩT) =

[
ΥΘj (ΩT) 0

0 ΥΦj (ΩT)

]
. (3)
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As we assume far field conditions also at the BS side, all BS antennas see the same
clusters. Like the terminal antennas, the BS antenna patterns are defined with a
common center point. Hence, assuming that all elements have equal gain patterns,
the physical distance between the antennas yields an AOD dependent phase offset in
the signal.

We can express each element in the channel matrix H in (1) as a sum of contri-
butions from the different clusters,

hkj=

N−1∑
n=0

∫
4π

∫
4π

ΨH
k (ΩR)Tn(ΩR,ΩT)Υj(ΩT)dΩRdΩT. (4)

Cluster gains are often defined with a profile (the so-called transition region) where
power diminishes at the cluster edges. According to Assumption 2), however, we
simplify and assume phase, amplitude gain, and polarization rotation over the opening
angles of a cluster to be constant. The error is assumed negligible for small angular
spreads (ASs). Thus, Tn(ΩR,ΩT) is constant within the transmit AS,

Tn(ΩR,ΩT) =

{
Fn(ΩR) ΩT ∈ Dn

0 ΩT /∈ Dn,
(5)

where Dn defines the AODs of cluster n. Inserting (5) into (4) we get

hkj=

N−1∑
n=0

∫
4π

ΨH
k (ΩR)Fn(ΩR)

(∫
Dn

Υj(ΩT)dΩT

)
dΩR. (6)

Defining Υ
′
nj as the contribution from BS antenna element j to cluster n, we have

Υ
′
nj =

∫
Dn

Υj(ΩT)dΩT

=

[
Υ
Θ
nje

jϕnj 0

0 Υ
Φ
nje

jϕnj

]
, (7)

where ϕnj is the phase offset determined by the antenna geometry in relation to
cluster n. In (5) we have

Fn(ΩR) =

[
FΘΘn (ΩR) FΘΦn (ΩR)
FΦΘn (ΩR) FΦΦn (ΩR)

]
, (8)

which defines the gain, phase, polarization, and the AOAs seen from the terminal
receive antennas for cluster n. Simplifying the notation, we collect Fn(ΩR), ∀n, in
a 2 × 2N matrix, F (ΩR) = [F0(ΩR) F1(ΩR) · · ·FN−1(ΩR)]. We also define Υ , a

2N × 2J matrix constructed from matrices Υ
′
nj , as

Υ =


Υ
′
00 · · · Υ

′
0(J−1)

...
. . .

...

Υ
′
(N−1)0 · · · Υ

′
(N−1)(J−1)

 . (9)
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In matrix notation we now express (6) as,

hkj =
(∫
4π

ΨH
k (ΩR)F (ΩR)dΩR

)
Υ j , (10)

where Υ j denotes one of the 2J columns in Υ .
According to Assumption 3) we consider orthogonal clusters as seen from the

BS, i.e., the signal transmitted towards cluster i does not leak to the terminal via
any other cluster j 6= i. By assuming that clusters, and therefore also E-fields, are
non-overlapping as seen from the BS side, EH

T,i(ΩT)ET,j(ΩT)=0, i 6=j holds and or-
thogonality is trivially satisfied. Consequences of this assumption are that we neglect
energy leakage between clusters and dispersion induced weak signal contributions
outside the defined clusters. As the number of BS transmit antenna elements J in-
creases, the angular resolution increases, and the AOD dependency on the phases in
the entries of Υ makes the different rows asymptotically orthogonal, i.e.

lim
J→∞

ΥΥ
H

= I. (11)

Further simplifying notation, we collect our K terminal antennas in a K × 2 matrix,
Ψ(Ω) = [Ψ0(Ω) Ψ1(Ω) · · ·ΨK−1(Ω)]T where all Ψk(Ω) are defined with a common
center point. Finally, we express the K × 2J channel transfer function matrix in (1)
as

H =
(∫
4π

ΨH(Ω)F (Ω)dΩ
)
Υ , (12)

where we have removed the subscript R from Ω, as we now only need to consider
angles at the terminal side. Note that (12) is valid for any K, as long as all antennas
are exposed to the same electrical field.

3.2 Further Simplification of the Channel Transfer Func-
tion and derivation of an expression for the Gramian

The Gramian, G = HHH, of a channel transfer function H defines the inner product
space for a channel realization. It is well known that system performance depends
only on G and not on H itself. Since the Gramian is Hermitian it can be represented
by K(K+1)/2 numbers. This is much less compared to the full channel matrix which
requires K × 2J numbers. For the special case K = 2, a normalized version of the
Gramian is reflecting the correlation, α, and the power imbalance, β, between the
two terminal receive antennas for a given realization [22],

GN =

[
1 + β α
α∗ 1− β

]
. (13)

Invoking our assumptions on the channel properties, we can express α and β entirely
based on terminal antenna patterns Ψ(Ω) and a limited set of cluster properties.
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Inserting (12) in (1) we have

y =
(∫
4π

ΨH(Ω)F (Ω)dΩ
)
Υx+ n. (14)

Provided that J ≥ N , where each antenna element is represented by two orthogonal
polarized antenna ports, we may control phase, amplitude and polarization of the
E-field ERn(Ω) in the direction of each cluster individually (11). By a few manip-
ulations, we can substitute the 2J transmit signals with 2N signals addressing the
respective polarization of the different clusters. To do so, we perform the singular
value decomposition (SVD) Υ = USV H. Multiplying Υ with a truncated version of
V corresponds to addressing the dominant eigenmodes; the signals x also need to be
transformed accordingly. We assign s = V H

eigx and Q = ΥVeig where Veig is the first
2N columns of V . This gives Υx = USV Hx = USV HVeigV

H
eigx = Qs. The input

signal s is a 2N × 1 vector and Veig the precoding matrix generating corresponding
signals (i.e. x) for the 2J antennas, shown to the left in Fig. 2. The matrix Q has a
block diagonal structure where each block of size 2 × 2 is associated with a cluster.
Equation (14) now becomes

y =
(∫
4π

ΨH(Ω)F (Ω)dΩ
)
Qs+ n, (15)

and the Gramian can be expressed as

G =

∫
4π

∫
4π

ΨH(Ω1)F (Ω1)QQHFH(Ω2)Ψ(Ω2)dΩ1dΩ2. (16)

Orthogonality among rows in Υ is maintained also in Q, i.e.,

lim
J→∞

QQH = I. (17)

With a few more assumptions we are able to simplify (16). Following [20], [23],
and Assumption 4), cluster functions Fn(Ω) are represented by a scalar gain factor
multiplied with a unitary matrix, Fn(Ω) = λnUn(Ω). We assume the error caused
by this assumption to be small and that it can be assigned to λn, the cluster gain.
Here we are interested in how environmental variations impact the number of clusters,
their relative power distribution, and the AS (defined as 2 times the angle from the
center AOA to the periphery of a circular cluster). We constrain the total power of
all clusters for a realization to N , hence

∑N−1
n=0 λ

2
n = N . The Gramian can now be

expressed

G =

N−1∑
n=0

λ2
n

∫
4π

∫
4π

ΨH(Ω1)Un(Ω1)UH
n (Ω2)Ψ(Ω2)dΩ1dΩ2. (18)

According to Assumption 2) the BS can only resolve a scalar property for each cluster
and polarization, Un(Ω1)UH

n (Ω2) = I, for the AOA illuminated by each cluster
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(Ω1,Ω2 ∈ An), and 0 otherwise. Thus, each cluster only impacts the amplitude and
angular properties at the terminal receive side and the Gramian becomes

G =

N−1∑
n=0

λ2
n

∫
An

(∫
An

ΨH(Ω1)dΩ1

)
Ψ(Ω2)dΩ2. (19)

Simplifying notation further, we define

Ψk,n =

∫
An

Ψk(Ω)dΩ. (20)

and arrive at

G =

N−1∑
n=0

λ2
n

[
Ψ

H
0,n

Ψ
H
1,n

] [
Ψ0,n Ψ1,n

]
, (21)

which, with normalization by the average of diagonal elements, is cast in the form of
(13) as

GN =
1

B


N−1∑
n=0

λ2
n

∥∥Ψ0,n

∥∥2 N−1∑
n=0

λ2
nΨ

H
0,nΨ1,n

N−1∑
n=0

λ2
nΨ

H
1,nΨ0,n

N−1∑
n=0

λ2
n

∥∥Ψ1,n

∥∥2
 , (22)

where

B =
1

2

N−1∑
n=0

λ2
n

(∥∥Ψ0,n

∥∥2 +
∥∥Ψ1,n

∥∥2) . (23)

We have now reached a point where our communication link is characterized by only
a few environment parameters, namely the number of clusters N , the cluster gains
λn and their ASs as defined by An. Beside those, the simulation framework also uses
terminal antenna gain patterns Ψk(Ω), see Fig. 1.

3.3 Assigning Model Parameters

In our simulations, we assume circular clusters uniformly distributed over angle (As-
sumption 5) with a fixed AS. This assumption is motivated by matching our channel
to indoor measurements similar to observations from [24].

However, the measurements in [24] were performed for a limited set of environ-
ments, therefore there are no statistical distributions for the propagation delay for the
different clusters, and the proposed cluster gain standard deviation, therefore, include
effects of both delay and cluster gain. In our simulations, we use the approach in [23],
where

λ2
n = N

10−Dn/10

N−1∑
i=0

10−Di/10
, (24)
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Figure 3: Phantom head with hand left.

and Dn ∼ N (0, C2) has a Gaussian distribution with mean 0 and standard deviation
C.

Monte Carlo (MC) simulations are used to calculate empirical distributions of
correlation α and power imbalance β for the Gramian (22), for various N , AS and C.

4 Comparison between simulated and mea-
sured performance

We compare free-space (FS) performance with that of beside-head-with-hand-left side
(BHHL) in order to analyze in different channel conditions the same environment.
The terminal antenna gain patterns are measured patterns of the two top antennas of
the Xperia ZL prototype that was used in [9]. The antenna patterns were measured
and characterized in an anechoic chamber where a phantom head and a phantom
hand were used for the BHHL case, see Fig. 3. Although antenna gain patterns are
continuous 2D functions, the measured patterns have 2◦ resolution in both azimuth
and elevation dimensions. We are aware that BHHL is not a typical 5G use case,
but its use here is motivated by being well-defined, repeatable, and representing a
moderate loading scenario with increased antenna directivity.
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Figure 4: CDFs of the magnitude of the estimated correlation α (left
column) and power imbalance β (right column). Upper row, as a func-
tion of the number of clusters, in the center as a function of cluster
gain standard deviation, and bottom as a function of AS. The shaded
areas highlight the region over which the curves span as a parameter is
changed and the highlighted curves are the same in all figures, used as
the reference.
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4.1 Analysis of parameter impact on the Gramian

There are three input parameters that reflect the channel behavior used by the sim-
ulation framework, the number of clusters N , the cluster gain standard deviation, C,
and the AS. The impact of the parameters is analyzed through cumulative distribu-
tion functions (CDFs) of the Gramian entries, i.e., β and the magnitude of α in (13)3.
In Fig. 4, |α| and β are shown as functions of the number of clusters, cluster gain
standard deviation and AS.

The leftmost plots of Fig. 4 show CDFs of |α| and β as the number of clusters
N is changed. Changing N impacts as much on FS as it does on BHHL, as long
as N > 2, and the CDFs can cover a wide range by adjusting N . For the case of
a single cluster, the correlation in FS is increased dramatically. In this scenario the
correlation is defined by the antenna cross-polarization ratio. The variation of the
power imbalance decreases as N grows, while the relative difference between FS and
BHHL stays about the same.

The center plots of Fig. 4 show CDFs of |α| and β as the cluster gain standard
deviation C is altered in the range from 0 to 5 dB. When the cluster gain standard
deviation is increased the effective number of clusters is reduced, thus the correlation
goes up.

The right upper and lower plots of Fig. 4 show CDFs of |α| and β, respectively,
as the AS is increased from 2◦to 48◦. For |α| the impact of changing AS is small
and affects FS as much as BHHL. This may seem contradictory to the expectation
that correlation between antennas decreases as the illuminated angles increases. This,
however, is a result of the modeling approach, as we define a single polarization, phase,
and amplitude for each cluster in (20), motivated by the fact that the BS is unable
to control the signal to each individual MPC. For the power imbalance β the AS has
an impact on the slope in the BHHL case while the FS curves are shifted in parallel,
hence the average power imbalance is reduced. This is due to the constant value
of polarization, phase, and amplitude per cluster, which impacts balanced antennas
differently.

4.2 Measurement setup

Measurements have been performed in an auditorium, as shown in Fig. 5 and Fig. 6.
The auditorium was chosen since earlier channel sounding campaigns have been per-
formed in the same place, providing prior knowledge of the channel properties [24].
During all measurements, the MaMi BS was placed in the front center and the ter-
minal in the center of the room. Both the number of clusters and the cluster-power
distribution are therefore assumed constant. Additionally, we used an absorbent to
block the LOS between the BS and the terminal, mainly due to limitations in the
dynamic range of the BHHL measurements. Both FS and BHHL were measured us-
ing the same prototype and phantom as during antenna characterization. By only
moderately altering the position and rotating the terminal while monitoring channel

3 As we consider only two-antenna terminals, K = 2, the corresponding eigenvalues deter-
mining performance depend only on the magnitude of off-diagonal elements, |α|.
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Base station

Terminal

Figure 5: Overview of the measurement setup in the auditorium.

Figure 6: A photo showing the measurement setup.

properties, the variation can be assumed to be determined by the terminal antenna
properties in a static propagation channel.

For both FS and BHHL, the terminal was rotated in steps of about 10◦ for 3
orientations, with a difference in elevation and/or azimuth by 90◦. For each load case,
180 channels were measured.

4.3 Matching the channels

To compare simulation and measurement results, |α| and β have been computed
from the measured Gramian. Then, the Gramians from the measurements and sim-
ulations have been matched according to the maximum likelihood (ML) principle,
under the assumption that |α| and β are independent. Using empirical distributions
Prscenario(αs) and Prscenario(βs) derived from 5000 sample simulations, as described
above, we proceed with the parameter estimation. For each set of environmental
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Table 1: Statistics

Median |α| STD |α| Median β STD β
Sim FS 0.11 0.13 -0.02 0.21
Meas FS 0.20 0.09 -0.02 0.32
Sim BHHL 0.20 0.17 0.31 0.37
Meas BHHL 0.16 0.22 0.21 0.43

parameters the product of all probabilities,

Prtot =
∏S
s=1

(
PrFS(αs)PrFS(βs)

)∏V
v=1

(
PrBHHL(αv)PrBHHL(βv)

)
,

(25)
is calculated, where the number of FS measurements, S, is 87 and the number of
BHHL measurements, V , is 99.

The environmental parameters providing the largest probability were selected
and found to be N = 6 clusters, AS = 36◦ and C = 1 dB. The cluster gain standard
deviation in [24] was between 5 and 6 dB and was estimated based on a set of 14
clusters. In our measurements, we blocked the LOS component which may explain
why the cluster gain standard deviation is smaller than that in [24]. It can also be
noted that the most influential effect of cluster gain standard deviation is to reduce
the effective number of clusters. Hence, increased number of clusters in combination
with cluster gain standard deviation yield similar Prtot. Fig. 7 shows the CDFs for
both measurements and simulations for the selected load cases for |α| and β in the
upper and lower plots, respectively.

The median and standard deviations of the correlation and power imbalance are
shown in Table 1. We note that the medians of the correlation for FS differ by almost
a factor of 2, while both correlation and power imbalance for the loaded cases are
better captured by the simulation framework.
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Figure 7: Estimated magnitude of the correlation |α| (upper) and power
imbalance β (lower) for measurements and simulations.

5 Derivation of Received signal Properties at
the Terminal

While the correlation and power imbalance describe the channel properties, it remains
to study their impact on different transmission strategies. Therefore, received signal
powers for multi-antenna terminals using the simulation framework are derived next.
The three diversity schemes from [9] are implemented and the impact that differ-
ent pilot transmission strategies have on the received signal will be analyzed. Also,
the performance of the different schemes is related to the Gramian (21). Finally,
we also introduce a second prototype with a different antenna implementation. We
compare the performance of the first and second prototype, using both simulations



142 PAPER III

and measurements.
In all expressions from now on, we assume that the SNR is large so that the noise

can be neglected. In section 3.2 we derived an expression for the received signal at
the terminal (14) where we included the cluster based channel model from Fig. 2,
still with a dependency on the BS transmit antenna elements. In equation (15) we
determined the precoding needed to address each cluster individually with a feed
vector with 2N terms. As we are only interested in the resulting E-field generated by
the clusters, we simplify the notation by defining

γ = Qs (26)

from (15) with 2N entries γ = [γΘ0 γΦ0 γΘ1 γΦ1 · · · γΦN−1]T. Expressing the received
signal in terms of γ-entries we get

y =

N−1∑
n=0

λn
(∫
4π

ΨH(Ω)Un(Ω)dΩ
)
γn, (27)

where γn = [γΘn γΦn ]T.
So far, we have assumed full knowledge of the channel at the BS side. In a real

TDD MaMi system, the channel is estimated from uplink pilot signals transmitted
from the terminal antennas, and the BS use the estimates to optimize γ. The pilot
signal from the terminal determines how the channel is seen by the BS. We assume
that the BS blindly performs the same operations based on the received pilot and is
not aware of what or which antenna(s) it has been transmitted from. In fact, the
BS does not need to know how many antennas the terminal is equipped with. This
means that the received signal during the downlink phase at the terminal, in turn,
depends on the pilot transmission strategy and that the terminal has some freedom
to select this. We define κ as the weight vector defining the distribution of the pilot
signal to our antennas. For K antennas at the terminal the pilot vector is given by
κ = [κ0 κ1 · · ·κk−1]T, with power which, without loss of generality, is set to ‖κ‖2 = 1.

Since the assumption is single-antenna terminals, the equivalent effective antenna
pattern created by pilots κ becomes Ψκ(Ω) = κTΨ(Ω). Further, with this effective
antenna pattern, the exploitation of reciprocity leads to an assumed downlink

yassumed =

N−1∑
n=0

λn
(∫
4π

ΨH
κ (Ω)Un(Ω)dΩ

)
γn, (28)

and the BS optimizes received downlink power as

γopt = arg max
γ:‖γ‖2=1

|yassumed|2 . (29)

This optimization results in γopt in the form of a spatially matched filter, and thus
for cluster n it becomes

γopt
n =

λn
q

∫
4π

UH
n (Ω)Ψκ(Ω)dΩ, (30)
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where

q =

√√√√√N−1∑
n=0

λ2
n

∥∥∥∥∥∥
∫
4π

ΨH
κ (Ω)Un(Ω)dΩ

∥∥∥∥∥∥
2

(31)

normalizes total cluster power to unity.
Inserting γopt

n from (30) into (27) and squaring, we express received downlink
power on antenna k as

Pk|κ =
1

q2Z0

∣∣∣∣∣
N−1∑
n=0

λ2
n

∫
4π

∫
4π

ΨH
k (Ω1)Un(Ω1) × UH

n (Ω2)Ψκ(Ω2)dΩ1dΩ2

∣∣∣∣∣
2

, (32)

where Z0 is the intrinsic impedance of vacuum (377Ω). Using Assumption 4) and
notation from (20), we further simplify to

Pk|κ =
1

q2Z0

∣∣∣∣∣
N−1∑
n=0

λ2
n

∫
An

∫
An

ΨH
k (Ω1)Ψκ(Ω2)dΩ1dΩ2

∣∣∣∣∣
2

(33)

=
1

Z0

∣∣∣∣∣
N−1∑
n=0

λ2
nΨ

H
k,nΨκ,n

∣∣∣∣∣
2

N−1∑
n=0

λ2
n

∥∥Ψκ,n∥∥2 . (34)

Like in Section 3.2 the results from now on are restricted to terminals with two
antennas, antenna 0 and antenna 1.

5.1 Single antenna transmissions

Assuming that the pilot signal is transmitted from terminal antenna 0 only, using a
pilot vector κ0 = [1 0]T, the received downlink signal on the same antenna is given
by (34) as

P0|κ0
=

1

Z0

N−1∑
n=0

λ2
n

∥∥Ψ0,n

∥∥2 . (35)

This corresponds to a Z0-scaled version of the first diagonal entry of the Gramian
(22), before normalization.

5.2 Passive Diversity

Passive diversity (PD) is the case when the terminal has two active receivers, while
only a single transmit chain is connected to one of the antennas. This scheme achieves
diversity only in the downlink where the received signals from the antennas are com-
bined according to the maximum ratio (MRC) principle. We combine the received
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signals from both antenna 0, that transmitted the pilot, given by (35), and the leaked
signal to antenna 1 given by (34) to get

PPD|κ0
= P0|κ0

+ P1|κ0
, (36)

where

P1|κ0
=

1

Z0

∣∣∣∣∣
N−1∑
n=0

λ2
nΨ

H
1,nΨ0,n

∣∣∣∣∣
2

N−1∑
n=0

λ2
n

∥∥Ψ0,n

∥∥2 . (37)

As the expression indicates, the leaked signal to antenna 1 depends mainly on the
off-diagonal entries of the Gramian (34).

By transmitting a pilot signal from each antenna, on different time-frequency
resources, the terminal can compute the magnitude of the different entries in the
Gramian from the received signals.

5.3 Switched Diversity

In switched diversity (SWD), the terminal antenna giving the highest received down-
link power is always selected for all transmissions. For each cluster scenario, we need
to optimize γ for both antennas and select the γ and the associated antenna that
yields the highest power. This means

PSWD = max
(
P0|κ0

, P1|κ1

)
, (38)

where κ1 = [0 1], and from (35) we get

P0|κ0
=

1

Z0

N−1∑
n=0

λ2
n

∥∥Ψ0,n

∥∥2 , (39)

and

P1|κ1
=

1

Z0

N−1∑
n=0

λ2
n

∥∥Ψ1,n

∥∥2 . (40)

Again we see that the Gramian (21) reveals the achieved performance. This time
through its largest diagonal entry.

5.4 Dominant Eigenmode

Dominant eigenmode (DEM) is when both terminal antennas are used simultaneously
for all transmissions in an SNR-optimal way. Based on our framework the BS needs
to determine the γ that maximizes received power, i.e.

γopt = arg max
γ:‖γ‖2=1

(
|y0|2 + |y1|2

)
. (41)
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In an idealized noise-free case, the channel H based on (27) is given by,

H =

N−1∑
n=0

λn

∫
4π

ΨH(Ω)Un(Ω)dΩ. (42)

With y = Hγ, the constrained maximization in (41) becomes,

γopt = argmax
γ

(
γHHHγ

γHγ

)
. (43)

To maximize (43), γ is selected as the eigenvector associated with the largest eigen-
value of HHH. This requires that the BS knows H. But, the BS automatically
finds γopt if the terminal weight the pilot signals with the eigenvector associated
with the strongest eigenvalue of the Gramian, defined as κopt = v1(G). This fol-
lows from the fact that the inner and outer product have the same eigenvalues,
eig(HHH) =eig(HHH), where the latter is eig(G).

We use the same weight vector for the received signals at the terminal by multi-
plying (27) with κopt and

yDEM = (κopt)Ty|κopt .

Following (32)-(34), the received power becomes

PDEM =
1

Z0

N−1∑
n=0

λ2
n

∥∥Ψκ,n(Ω)
∥∥2 . (44)

If we select the weight vector κ0 in (44) we get P0|κ0
from (35) and similarly the

selection of κ1 yields P1|κ1
.

Deriving the DEM performance from the Gramian (21) is a bit more involved
than for the other schemes. The DEM performance is given by

PDEM =
1

Z0
(v1|G|)T|G|[1 1]T, (45)

where | · | denotes the magnitude of the matrix entries. Given the diversity schemes
above, we can evaluate their performance for different terminal antenna configurations
and pilot transmission strategies in the context of a MaMi by MC simulations. For
this we need to select appropriate values on the AS, the number of clusters N and the
cluster gain standard deviation C, matching the targeted propagation environment.

Table 2 presents a summary of pilot vectors, γopt, received powers, and how they
relate to the Gramian, for the different schemes. It can be argued that a pilot needs
to be transmitted from each terminal antenna in order to determine the Gramian,
i.e. κ0 and κ1, before the weight vector for SWD or DEM can be computed. For
this evaluation, however, we assume that they are available. This corresponds to
slow-enough changes in the channel for them to be appropriately estimated.
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Table 2: Terminal pilot strategies, Power and Gramian relation for a 2 antenna
terminal.

Mode Pilot vector Received power Gramian relation

Single κ0 P0|κ0
κT
0Gκ0

Leaked κ0 P1|κ0
κT
0Gκ1

PD κ0 P0|κ0
+ P1|κ0

κT
0 |G|[1 1]T

SWD κ0 or κ1 max(P0|κ0
, P1|κ1

) max(κT
0Gκ0,κ

T
1Gκ1)

DEM κopt Pκopt|κopt (κopt)T|G|[1 1]T

6 Prototype Terminal Simulation Results

In this section, we present results based on MC simulations where the different trans-
mission strategies are examined. In order to evaluate the framework, we compare the
SNR gains for the different transmission schemes from simulations and measurements.
In the simulations, we have applied the settings described in Section 4.3. Finally, to
evaluate the validity of the environmental parameters, we introduce a second proto-
type, simulate it with the same settings, and compare the SNR gains to measured
values.

Fig. 8 shows sample means for received powers P0|κ0
, P1|κ1

, PSWD, PDEM, P0|κ1
,

and P0|κ1
, as functions of the number of clusters at the terminal side. Power on the

vertical axis is normalized to that of an isotropic radiator with gain 0 dB, PISO in
Fig. 8, when a single cluster is present. For single antenna transmission (35), the
expected power at n = 1 equals the total radiated power in an isotropic environment.
In this case, the received power grows with the number of clusters n, and the slope is
limited by the directive gain of the antenna and the cluster gain standard deviation.

The powers in the figure are computed for a cluster AS of 36◦ and a cluster-gain
standard deviation C of 1 dB as we derived in Section 4.3.

The upper curves are for FS condition and the lower curves are for BHHL con-
dition. We can clearly see that the power received by the non-pilot transmitting
antennas, e.g. P0|κ1

and P1|κ0
, do not benefit from increased number of clusters.

The offset between the FS curves and the BHHL curves shows the drop in efficiency
caused by loading the antennas, BHHL load degrades power by 7 dB for antenna 0
and 5 dB for antenna 1.

With DEM we observe a significant increase in the received power, about 1 dB
higher average power than the average power received by the better antenna can be
expected. For SWD the average received power is slightly higher than the average
power of the best performing antenna. PD powers are not included in Fig. 8 for clarity.
It can, however, be mentioned that the power for PD is close to the performance for
the respective antenna, especially when the number of clusters increases and the ratio
P0|κ0

/P1|κ0
or P1|κ1

/P0|κ1
becomes large. The different diversity schemes have been
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Figure 8: Simulated sample means for received powers P0|κ0
, P1|κ1

,
PSWD, PDEM, P0|κ1

, and P0|κ1
for FS and BHHL, as functions of the

number of clusters, N , at the terminal side. Received power PISO for an
isotropic radiator (top curve) is shown as reference.

implemented in the LuMaMi [10,11] testbed and measurements have been performed
with the same setup as described in section 4.2. As it is not possible to sweep the
number of clusters in measurements, we examine the distribution, i.e. the CDF, for
N = 6 clusters as described in Section 4.3. By looking at the relative SNR gain
obtained for the different transmission schemes compared to that of a single antenna
the result become independent on the absolute power level. This enables a direct
comparison to measurements.
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Figure 9: CDFs of SNR gains for the Xperia ZL prototype for the
different diversity schemes. Simulation results above and measurement
results below.

Fig. 9 shows the CDFs of simulated (top) and measured (bottom) SNR gains [9],
i.e. the CDFs of the relative improvements in SNR achieved by a diversity scheme
compared to that of a single antenna. Both antennas have been used as the reference
in the plots and this explains why the SWD curves start at 0.5.

The plots indicate the improvement that can be expected if a second antenna is
added to a MaMi terminal. SNR gain CDFs are shown for DEM, SWD, and PD,
for both FS and BHHL. Channel dependent parameters in the simulations are set
according to section 4.3.

We conclude that the behavior of the simulated SNR gains is similar to the mea-
sured ones, with larger values in the BHHL case for all schemes. The SNR gain is
slightly underestimated in the simulations in the FS case and overestimated in the
BHHL case. A possible explanation for this discrepancy is related to the fact that the
BHHL loading is hard to repeat with full accuracy. A slight change in the terminal
position in the hand may cause a large difference in the loading profile.
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Figure 10: CDFs of the SNR gains for a second prototype, Xperia
SP, for the different diversity schemes. Simulation results above and
measurement results below.

To further evaluate our approach the second prototype, with a different antenna
configuration based on an Xperia SP smartphone, is examined. The results are pre-
sented in Fig. 10.

Environmental settings for the simulations and the measurement environment are
the same as those used with the Xperia ZL prototype. The antennas in the Xperia
SP prototype are mounted in the top and bottom of the chassis. In FS condition the
antennas are unbalanced by about 3 dB and the gain patterns show a directive gain
in opposite directions, which is reflected in the results by larger SNR gains for the
SWD and DEM schemes when compared to the results for the Xperia ZL prototype.
A low correlation between antennas is indicated by the sharp slope in the beginning
of the DEM curves and this is captured well both by simulations and measurements.
For this reason, the DEM scheme often directs all power to only one of the antennas
and DEM performance tend to be similar to that of SWD.

We conclude that the influence of different antenna properties and loading effects
are well captured by the simulation framework. The behavior of the different diver-
sity schemes and pilot transmission strategies are also nicely captured. We further
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conclude that the limited number of parameters we use to model the channel yields
good predictions of the antenna performance for the tested environment.

7 Summary

We have presented a simulation framework for the evaluation of the behavior of
terminal antennas in a precoded MaMi system. The simulation framework randomly
generates clusters with properties relevant for such MaMi channels. By ML estimation
of the number of clusters, the cluster gain, and the angular spread we have shown
that the proposed simulation framework can predict the behavior of different terminal
antenna designs and loading effects in an indoor environment. The channel dependent
parameters have been determined based on mapping of the CDFs for the antenna
correlation and power imbalance to a real measured channel.

With the presented simulation framework, it is possible to evaluate terminal an-
tenna designs, directional properties, loading effects and diversity schemes that take
the pilot transmission strategies into account in a MaMi context, without perform-
ing extensive and time-consuming simulations of complicated base station processing
and detailed channel models. This study is performed at 3.7 GHz. We believe that
the simulation framework can be used also in a wider frequency range and in other
environments, with appropriate selection of the parameters. We have, however, no
results to back this up and consider it as an area for further study. At higher fre-
quencies, above 6 GHz, some of the assumptions may need to be changed and also
the transmission strategies may need to be changed accordingly.
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Analysis of Transmission Schemes for

Dual-Antenna Terminals in Massive

MIMO Systems

The overall system performance of massive MIMO is improved by
equipping user terminals with multiple antennas. In this paper, we in-
vestigate transceiver designs for the case of a single downlink stream and
in particular, we study the uplink pilot design. Moreover, we study the
consequences of channel estimation errors at the base-station, and to what
extent a dual-antenna terminal can get access to relevant channel statis-
tics for optimization of the pilot signal. Gain expressions for comparison
of different designs are derived. We verify the analytic results based on
antennas integrated into Sony-Xperia handsets measured with the Lund
University massive MIMO testbed. The measurements are performed at
frequencies ¡6GHz since this part of the spectrum is a candidate for NR
standard according to 3GPP.

c©2017 IEEE. Reprinted, with permission, from
Erik L. Bengtsson, Fredrik Rusek, Peter C Karlsson, Fredrik Tufvesson, Ove Edfors,
“Analysis of Transmission Schemes for Dual-Antenna Terminals in Massive MIMO
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in Proc. of the 25:th International Conference on Telecommunications (ICT2018),
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1 Introduction

Massive MIMO (MaMi) [1] is emerging as one of the most promising components
for increasing capacity and efficiency [2]. It is an essential part of the emerging
new radio (NR) standard for the fifth generation wireless communication [3]. With
MaMi, both energy- and spectral-efficiency are predicted to increase by at least one
order of magnitude, under reasonable assumptions on channel properties and system
configurations [2]. A measured spectral efficiency of 145.6 bits/s/Hz has been reported
[4], more than 20 times what can be achieved with LTE Rel-10.

The terminal perspective [5–9] has received little attention, despite a frenetic
research activity in the MaMi field. One reason for this is that most new concepts
only indirectly relate to terminal devices.

In practice, with integrated antennas in most hand-held terminals, users cannot
avoid loading antennas with hands and other body parts. Antenna loading typically
degrades the channel from a capacity perspective and is a challenge to overcome in
most systems. Most of the MaMi related research assumes single-antenna termi-
nals, where loading requires compensation by means of increased transmission power
and/or modulation and coding schemes with lower throughput. Those are all spec-
trum inefficient methods and motivate the study of multiple-antenna terminals.

In [7] we proposed a number of transmission strategies for multi-antenna terminals
in MaMi. The transmission schemes are implemented in the Lund University Massive
MIMO (LuMaMi) testbed [10], [11], and a set of tests performed in a lab environment
is presented.

In [7] perfect channel knowledge was assumed at both base-station (BS) and the
terminal. Here we extend the work [7] to also include effects of channel estima-
tion errors. We investigate to what extent the terminal can gain access to relevant
channel statistics, needed for optimization of the different schemes and further, we
analyze behavior of the different schemes. This investigation is limited to the case of
two antennas as the first increment in antenna count is the one yielding the largest
gain. Both single-antenna terminal performance in MaMi systems and the schemes
in combination with non-MaMi systems have been widely studied. Here, we study
the combination and show that the schemes behave differently in MaMi systems.

Finally, we present performance gains based on measured channels from an in-
door auditorium deployment, with the ambition to conclude whether MaMi puts new
requirements on the terminals compared to systems of today or not.

Main contributions of this paper are

• we show that the uplink pilot transmission strategy by means of two terminal
antennas can give substantial gain on the received downlink signals, conditioned
the terminal knows the receive covariance matrix.

• simulation results suggest that the hardening effect in combination with pre-
coding enables the terminal to gain access to sufficient information to instantly
estimate the the optimal pilot vector.

• we show which transmission strategies are most relevant for a precoded MaMi,
by analyzing of how realistic measured channels are distributed for two different



160 PAPER IV

terminals with integrated antennas.

Section 2 is divided into 3 subsections. In subection 2.1, we derive expressions re-
vealing how uplink pilot-SNR impacts on downlink signal quality. In subsection 2.2,
different transmission strategies are defined and in Section 2.3 we derive closed form
expressions for further analysis of the behavior. In 3 we use simulations to investi-
gate how different transmission schemes perform and how they relate to the channel
inner product. In Section 4, we look at measured channels for two terminals and
relate them to the performance of the different transmission schemes. Conclusions
are provided in Section 5.

2 Method and Analysis

2.1 Expressing the SNR of the Downlink Signal with up-
link Pilot Dependency

A narrow-band wireless transmission channel can be modeled by,

y = Hx+ n, (1)

where the vector y represents the received signals at the feed of K terminal receive
antennas, the vector x the signals fed to J BS transmit antennas, H is the downlink
propagation channel and n the additive noise vector. An entry hkj in H includes,
in addition to the propagation channel, antenna gain functions at both transmit and
receive side.

Following [7], we adopt the Kronecker channel model [12] and assume that the
channel H can be factored as the product of the square root of a receive covariance
matrix, R, and a zero-mean complex Gaussian distributed matrix, HW , with unit
variance, independent elements, i.e.,

H =
√
RHW . (2)

As the pilot transmission strategy determines how the channel is seen by the BS,
it impacts overall performance. The pilot received by the BS is used to determine the
precoding for the downlink traffic and the detection of uplink traffic. In this study we
focus on the downlink traffic. First, we provide expressions describing the expected
uplink pilot-SNR. After that, we study impact of different uplink pilot transmission
strategies on the downlink precoded MaMi signal, received by the terminal.

Since efficient means to perform reciprocity calibration [13] extist, the radio chan-
nel is assumed reciprocal and the uplink channel given by HT, where (·)T denotes
matrix transpose. The received uplink pilot signal at a BS, when a two antenna ter-
minal transmits a pilot vector p = [p0 p1]T, where p0 and p1 are the complex-valued
pilot signals simultaneously transmitted from the two antennas, becomes

xp = [xp,1 . . . xp,J ]T = HTp+ nb. (3)
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where nb ∈ C N (0, σ2
bIJ×J) is the noise at the BS side, and the index p indicate the

pilot vector. The expected total received pilot power at the BS antennas is given by

E{‖xp‖2} = E{pHH∗HTp}, (4)

where E denotes expectation and (·)H Hermitian transpose. For J BS antennas the
total noise power is given by Jσ2

b , and the average uplink pilot-SNR over the BS
antenna elements becomes

SNRBS =
E{pHH∗HTp}

Jσ2
b

. (5)

With downlink transmission of precoded MaMi signals xDL = [xDL,1 . . . xDL,J ]T,
the received downlink signal at the terminal side can be expressed

y = [y0 y1]T = HxDL + nt, (6)

where nt ∈ C N (0, σ2
t I2×2) is noise at the terminal side.

We assume that the BS uses least-square channel estimation. Minimum mean
square error (MMSE), as an alternative, relies on correlation between multiple pilot
signals over time, frequency or antennas, which tend to be low in MaMi systems.
Furthermore, for single user (SU) MaMi systems, maximum ratio transmission (MRT)
and zero forcing (ZF) are equivalent. For realistic multi user (MU) MaMi systems we
expect that terminals with significant interference [8] will be scheduled to orthogonal
time or frequency resources by the BS. Motivated by the results from various field
trials on full dimensional MIMO (FD-MIMO) [14], where this approach was used, we
therefore assume that the performance of each terminal can be expected to be close
to that of a SU-MaMi system also for MU-MaMi systems.

Without loss of generality we assume that ‖p‖ = 1, the least-squares estimate of
the one-dimensional channel is then directly given by the received uplink pilot signal,
i.e., ĥp = xp. BS side MRT is then given by

xDL =
ĥH
p

‖ĥp‖
s, (7)

where s is the transmitted signal which we, without loss of generality, normalize as
E{|s|2} = 1.

With the above, the received downlink signal at the terminal becomes

y = H
ĥH
p

‖ĥp‖
s+ nt. (8)

Applying maximum ratio combining (MRC) on the received antenna signals at the
terminal (8), the resulting SNR becomes

SNRĥp
=
ĥpH

HHĥH
p

‖ĥp‖2
1

σ2
t

, (9)
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where we, for simplicity, assume perfect knowledge of the quantity ĥpH
H/‖ĥp‖ at

the terminal side. This assumption, gives us an upper bound of the performance and
is motivated by the fact that the downlink signals experience array gain not present
at the uplink pilot signals.

For reference, we derive the expected SNR for the case of single antenna operation.
The use of a single terminal antenna, for both uplink and downlink transmissions,
reduces the channel to a 1× J matrix. Using pilot vector p0 = [1 0]T, we get

SNRp0 =
‖HĥH

p0‖
2

‖ĥp0‖2
1

σ2
t

, (10)

where the channel matrix, H, can be replaced by hp0 .

2.2 Definition of Terminal Pilot Transmission Strategies

We now define three different diversity schemes and the associated pilot transmission
strategies for terminals.

Switched diversity

Switched diversity (SWD) is defined so that the terminal antenna with the largest
downlink SNR is selected for both up- and downlink transmissions. By using either
p0 or p1 = [0 1]T as pilot vector, the received downlink signal yielding the largest
SNR is selected for each channel realization. This gives

SNRSWD = max
p∈{p0,p1}

(
‖hpĥH

p ‖2

‖ĥp‖2
1

σ2
t

)
. (11)

Passive diversity

Passive diversity (PD) is when the terminal has two active receivers and only a single
transmitter, connected to one of the antennas. This scheme achieves diversity only
in the downlink where MRC is applied to the received signals from the antennas.
The motivation of this scheme is backward compatibility with current LTE handsets.
From a MaMi context, PD is interesting as the precoding at the BS is based on the
uplink pilot and do then not take the diversity antenna into account. The SNR is
given by (9), where either p0 or p1 is are used as pilot.

Dominant Eigenmode Transmission

Dominant eigenmode transmission (DEM) is maximizing SNR. The DEM pilot vector
is based on the Gramian G = HHH, which defines the inner product space for a
channel realization H. It is well known that system performance is determined by
G [15].

Choosing pilot vector along the dominant eigenvector of the Gramian, allows the
BS to see and estimate the strongest one-dimensional subspace of the two-dimensional
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Table 1: Investigated diversity schemes

Acronym Scheme Scheme Pilot vector
SA Single antenna Antenna 0 p0
PD Passive diversity Antenna 0 p0
SWD Switched Based on the p0 or p1

Diversity Gramian, G
SWD-R Switched Based on the p0 or p1

Diversity covariance matrix, R
DEM Dominant Based on the p = v1(G)

Eigenmode Gramian, G
DEM-R Dominant Based on the p = v1(R)

Eigenmode covariance matrix, R

channel. This maximizes the received pilot signal power ‖xp‖2 at the BS. The ter-
minal uses MRC in the downlink and SNR is therefore given by (9) in this case too.
For DEM, MRC is obtained by also weighting the received signals with the dominant
eigenvector of the Gramian. In practice the terminal will not have perfect knowledge
of the instantaneous Gramian and will need to compute pilots and receive weights
by other means. The results for DEM should therefore be seen an upper bound on
achievable SNR for any method.

Given that we do not know the instantaneous Gramian at the terminal, an alter-
native approach is to use an average, or expectation. This constitutes the receive-side
covariance matrix R = E(HHH)/J , from (2), and pilots can be chosen as p = v1(R).
This strategy can be applied to both SWD and DEM, in which case we denote them
SWD-R and DEM-R, respectively.

The different schemes are presented in Table 1 for easy reference. Some schemes
can be combined, e.g uplink switched diversity and downlink passive diversity, but
this is outside the scope of this paper.

In order to have a performance metric, which is independent of the actual
level we derive an expression for the downlink SNR-gain. We define it as the
ratio between the SNR of the scheme to that of single antenna operation, e.g.
SNRGain SWD =SNRSWD/SNRSA. We will later plot the SNR-gains as functions of
the uplink pilot-SNR (5).

2.3 Derivation of closed form expressions

It is possible to derive a closed form approximation of (9), and thus for the SNR-ratio.
From the closed form, we are able to examine the behavior of the DEM scheme more
in detail. As the number of BS antennas, J , grow large we can make the following
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approximation of the expectation of (9),

E{SNR|ĥp
} ≈

E
[
ĥpH

HHĥHp

]
E
[
ĥpĥHp

] . (12)

From Slutsky’s Theorem, (12) gets tight as J →∞.
To keep it general we define an ideal antenna with gain ρ as our reference, and

we can later define any of our antennas to be the reference by setting ρ = 1 − β or
ρ = 1 + β. In section 2.2, the gain was defined as the ratio between the SNR for a
scheme to the SNR of a single antenna. Based on the channel hardening, the SNR for
a channel realization become the same as its expected level with increasing number
of antennas.

lim
J→∞

E{SNRGain DEM} = E{SNRDEM}/E{SNRρ}, (13)

holds. This enable us to treat the SNRs individually. After some simplifications, and
from (12) and (13), the DEM scheme SNR-gain can be expressed

SNRGain DEM =
(J + 1)

(
1 +
√
A
)2

+ 1 + 2σ2
b −A

1 +
√
A+ σ2

b

× ρ+ σ2
b

ρ2(J + 1) + σ2
bρ
. (14)

where the first ratio is E{SNRDEM}, the second ratio the inverse of E{SNRρ}, and
A = α2 + β2 − α2β2. For many BS antennas and poor BS-side SNR, we get

lim
J→∞,σ2

b
→∞

E{SNRGain DEM} =
2

ρ
, (15)

and, again for many BS antennas, but high BS-side SNR,

lim
J→∞,σ2

b
→0

E{SNRGain DEM} =
1 +

√
α2 + β2 − α2β2

ρ
. (16)

Expression (14) is a bit involved and, for simplicity, we study the special case for
balanced antenna signals, β = 0. This implies that both antennas have unit gain and
we set ρ = 1. Limits (15) and (16) now become 2 and 1 + α, respectively. For the
same special case, (14) simplifies to

SNRGain DEM =

(
J(1 + α)2

1 + α+ σ2
b

+ 2

)
1 + σ2

b

1 + σ2
b + J

, (17)

whose maximum is attained at α = 1 and a BS-side noise level depending on the
number of antennas as

σ2
b =

√
2J(J − 1) + 2

J − 2
. (18)

The obtained DEM SNR-gain grows with the number of BS antennas and its asymp-
totic value is

lim
J→∞

max
σ2
b

(SNRGain DEM) = 4, (19)
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which means that the largest gain we can expect from the DEM scheme is 6 dB. It
can also be shown that if α >

√
2− 1, SNRGain DEM > 2 in some range of σ2

b, and the
corresponding maximum gain is (1 + α)2.

We proceed to derive a closed form expression for the PD scheme SNR gains. Also
here we use ρ as the gain from an ideal antenna to be our reference. As the number
of BS antennas J → ∞, from (12) and (13), after some simplification, this gives us
an expression for the expectation of the SNRGain PD,

SNRGain PD =

(
J(1 + β)(β − α2β + α2 + 1)

1 + β + σ2
b

+ 2

)
× ρ+ σ2

b

ρ2(J + 1) + σ2
bρ
, (20)

where the first factor is E{SNRPD} and the second ratio is the inverse of E{SNRρ}.
For many BS antennas and low uplink pilot-SNR (20) becomes

lim
J→∞,σ2

b
→∞

SNRGain PD =
2

ρ
, (21)

which equals the DEM SNR-gain in (15). Introducing imbalance, β 6= 0, and using
the better antenna as reference, ρ = max(1 + β, 1 − β) = 1 + |β|, the PD SNR-gain
becomes less than 2 and (20) monotonically decreases with the imbalance.

For many BS antennas and high uplink pilot-SNR we get

lim
J→∞,σ2

b
→0

SNRGain PD =
β − α2β + α2 + 1

1 + |β| . (22)

For balanced antennas, β = 0, the limit in (22) becomes 1 +α2 and SNRGain PD ≤ 2,
with a square dependency on the correlation, in contrast to the DEM case where (16)
converted to 1 + α. This implies that the DEM scheme outperforms the PD scheme
for all correlations 0 < α < 1.

3 Performance Analysis of the different diver-
sity schemes

We now analyze achievable downlink SNR-gains for the different diversity schemes.
For the special case of two terminal receive antennas, a normalized version of the
Gramian matrix yields the correlation-related value α and the imbalance β between
the two receive antennas for a given channel realization [16],

GN =

[
1 + β α
α∗ 1− β

]
, (23)

where GN = 2(tr{G})−1G and tr{·} is the trace operator. The Gramian is, in
general, a complex valued matrix. Based on the fact that eigenvalues for a complex
Hermitian 2×2 matrix are the same as for the absolute of the matrix we can, without
loss of generality, neglect the phase relation between the entries. As the correlation
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Figure 1: Downlink SNR-gain for different correlation coefficients and
imbalance levels for the different diversity schemes as a function of uplink
pilot-SNR. The figures includes results form MC simulations as well as
analytic results.

α is limited in magnitude as |α| ≤
√

1− β2, we use the correlation coefficient α′ =

|α|/
√

1− β2 in the figures in order to have a range α′ ≤ 1 that is independent of β.
For easy comparison, both the results from Monte-Carlo (MC) simulatins where

we have generated sample means for the different schemes, and results given by the
closed form expressions are plotted in Fig. 1. The latter with solid lines, SNRGain DEM

from (14) is denoted DEM-A and SNRGain PD from (20), denoted PD-A.
The figure shows downlink SNR-gain. They are plotted as functions of the uplink

pilot-SNR (5), for two different correlation coefficients, α′ ∈ (0.4, 0.75) and two dif-
ferent imbalance levels, β ∈ (0, 0.4). With zero imbalance, the reference antenna does
not matter in the upper plots, while in the lower plots we have used the weaker an-
tenna as reference, which allows for gain beyond 6 dB. The SNR-gains are computed
for a BS with 100 antennas.

Based on these SNR-gains, it is straightforward to convert to capacity gains, i.e.
log(1+SNR), once a reference SNR-level is set. It shall be noted that the SNR-gains,
being ratios, do not reflect the absolute received powers, which become a lot stronger
as the uplink pilot-SNR increases.

At the far left in all plots, where up-link pilot-SNR is in the range of -20 dB, the
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channel can be assumed too weak for communication. It is, however, still interesting
to analyze the SNR-gain behavior.

At low uplink pilot-SNR, the BS has poor channel knowledge and transmitted
signals on BS antennas become more random. As a result, the SNR-gain at the
terminal side becomes less dependent on the pilot transmission strategy. The latter
explains why DEM, DEM-R and PD converge to the same value for low uplink pilot-
SNR, i.e. the difference between the schemes is in the pilot transmission strategy while
all of them apply MRC on the received signals independent of the pilot signal. This
is different for the SWD schemes where the same antenna as was used for the pilot
transmission also is used for the reception and explains why SWD outperforms SWD-
R. The effect is more pronounced when the average imbalance, caused for instance
by a user loading one of the antennas, is low in comparison to the instant imbalance
caused by a channel realization.

The channel estimation error is depending inversely on the uplink pilot-SNR,
and as the uplink pilot-SNR increases, MaMi precoding based on channel estimates
becomes more accurate. This has the effect that the received signal at the terminal
side stabilizes.

It can be noted that the PD scheme shows low SNR-gain for high uplink pilot-
SNR, when the the imbalance increases and the correlation is low. The BS is not aware
of the diversity antenna as no pilot has been transmitted from it, and the precoding
therefore do not take it into account. This means that, a receive-only antenna is of
limited use in a MaMi system, which is different to the deployed systems of today.

The gain difference between DEM and DEM-R is almost negligible. As discussed
in Section 2.2, the DEM schemes transmit the uplink pilot along the dominant eigen-
mode of the instantaneous channel. At low uplink pilot-SNR the pilot strategy be-
comes less important as the BS receives mostly noise. At higher uplink pilot-SNR the
received downlink signal from which the terminal derive the pilot signal stabilizes.
Thus, the variation between different channel realizations become small, and DEM
and DEM-R perform the same.

Furthermore, the downlink SNR-gain using DEM shows an uplink noise depen-
dency with a peak in some of the plots. This originates from improved channel
estimation, as we are mapping the uplink pilot to the dominant eigenmode of the
transmission channel. The SNR-gain, therefore, becomes significant only at noise
levels where the channel estimation error is sufficiently small. Similarly there is a
peak also in the SWD case when β = 0.4. This is when the uplink pilot-SNR is
improved by a proper antenna selection and the peak therefore depend on the imbal-
ance. To verify the above findings, we have performed further MC simulations for
J = 100 BS antennas, imbalance β = 0, and uplink pilot-SNRs from -20 dB to +40 dB
where the antenna correlations has been sweep in the interval α ∈ [0, 1]. The results
are shown in Fig. 2 and Fig. 3 where the simulated SNRGain DEM and SNRGain PD,
respectively are plotted. The figures are color-maps where the SNRGain is plotted as
a function of uplink pilot-SNR on the horizontal axis and correlation coefficient on
the vertical axis. The results confirm the theoretical results, SNRGain DEM ≤ 4 and
SNRGain PD ≤ 2 for all combinations of α′ and uplink pilot-SNRs.
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Figure 2: Mean downlink SNR-gain for the DEM scheme as a function
of the uplink pilot-SNR on the horizontal axis and the correlation coef-
ficient on the vertical axis. Simulated with 100 antennas at the BS side,
β = 0.

Comparing Fig. 2 and Fig. 3 for high uplink pilot-SNR, i.e. at the right vertical
edge of the plots, the linear dependency on α′ in the DEM case vs. the square
dependency in the PD case can be noticed, and that they yield the same gains for
α′ = 0 and α′ = 1. Note, that α′ = |α| when β = 0.

As we introduce imbalance, β > 0, in (22) the gain decreases. In the case when one
antenna is completely “deaf”, β = 1, we get SNRGain PD = 1/ρ and with ρ = 1 + |β|,
we use the the stronger antenna as reference, the PD gain trivially becomes 1, or 0
dB. Finally, it can be shown that the PD scheme show gains ≤ 2 and monotonically
decreases as the BS noise decrease for β ≥ 0.

In Fig. 4, downlink SNR-gains for SWD, PD and DEM, from MC simulations, are
shown as color-maps. The SNR-gains are plotted as functions of the imbalance on the
horizontal axis, and the correlation coefficient on the vertical axis. Simulations are
performed with perfect channel estimates, i.e. nb = 0, and for the case of J = 100 BS
antennas. For low correlation coefficients, DEM and SWD show higher gains than PD
for scenarios when the imbalance is large. As the correlation coefficient increases, the
schemes that combine the signals from both antennas improve (i.e. DEM and PD),
and for β = 0 reach a maximum gain of 3 dB at α′ = 1. For this case, it does not
matter from which antenna the pilot is transmitted and PD performance, therefore,
equals the DEM performance.

In Fig. 4 the upper edge of the PD and DEM plots show that the schemes perform
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Figure 3: Mean downlink SNR-gain for the PD scheme as a function
of uplink pilot-SNR on the horizontal axis and correlation coefficient on
the vertical axis. Simulated with 100 antennas at the BS side, β = 0.

equally well, without β dependency.
Similarly, for low correlation SWD and DEM perform equally well and show that

there is no advantage to combine the signals for fully uncorrelated antennas, this is
a property which can be assigned to the MaMi precoding, as for a single BS-antenna
system we would expect diversity gain in this case.

We conclude that DEM performs better than PD for any α′ < 1 and better than
SWD for any α′ > 0.

It should be noted that the plots are for a downlink precoded MaMi channel. The
situation is equivalent for the uplink channel, except for PD where there is only a
single transmit path and thus the gain=1.

The results suggests that the expected downlink SNR-gain is the same if we
compensate for the instantaneous channel realization or use the covariance matrix.
This means that a terminal can get access to channel information to compute a
sufficient pilot vector, which is close to what would be the case if it had instant access
to the covariance matrix.

This, in turn, opens up for open loop implementations of the different diversity
schemes. The terminal can estimate the Gramian from the received signals, and
assuming that the channel is stable for a relatively long time such signals do not need
to be transmitted very frequently. Thus, the overhead become negligible.
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Figure 4: Mean downlink SNR-gain for the different transmission
schemes as a function of the correlation coefficient and imbalance β.
Simulated with 100 antennas at the BS side, nb = 0. Note that the
plots have been limited to show a maximum of 6 dB gain.
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Figure 5: Above, 3D scatter plots of the imbalance on the horizontal
axis and the correlation coefficient on the vertical axis, for the Xperia
ZL terminal to the left and SP terminal to the right. Below, CDFs of
the measured SNR gain for the different schemes and prototypes.

4 Comparison to Measured Channels

In this section, we present the correlation coefficient and imbalance for measured
channels based on terminals with integrated antennas, tuned to the 3.7 GHz frequency
band used by the Lund University’s massive MIMO test bench LuMaMi. We examine
two terminals based on Sony Xperia ZL and SP smartphones. The channels are
measured in the same environment under free-space (FS), and loaded by a phantom
head with the left hand (BHHL) conditions. The measurements where performed
in the center of an auditorium where the terminal orientation was changed in small
steps. In the Xperia ZL, both antennas are integrated at the top and the measured
channels indicate that the correlation is higher compared to that of the Xperia SP,
where the antennas are integrated at the top and bottom.

The upper plots in Fig. 5 shows the measured correlation coefficients α′ and
imbalances β as scatter plots, for both terminals. These scatter plots can be
directly linked to the plots in Fig. 4, which provides understanding of how the different
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schemes perform for the different antenna configurations in this environment. For
both terminals, the imbalance is distributed over the full range and both SWD and
DEM will therefore be effective. For the correlation coefficient, the Xperia ZL shows
higher values than the Xperia SP, and the DEM scheme is, therefore, more beneficial
than the SWD scheme in this case. As the correlation for both terminals, in general,
is low the PD scheme provides poor performance. It can be noted that antennas
by purpose are designed for low correlation as this is advantageous for multiplexed
operation. This suggests that all terminal antennas needs pilot transmission capability
in order to be useful in a MaMi system. The lower plots in Fig. 4 show cumulative
distribution functions (CDFs) of the SNR-gains for the different schemes based on
the measured channels.

This study can be extended to terminals with larger number of antennas. This
will complicate the measurements as for the two antenna case only the power at the
terminal side needs to be measured. Larger number of antennas require also the
relative phase between the antennas to be measured.

5 Conclusions

The impact of uplink pilot-SNR on different transmission schemes has been analyzed
using a Kronecker model. It is concluded that the pilot transmission strategy is an
important factor in a precoded massive MIMO system.

The simulation results suggest that the hardening effect in combination with pre-
coding gives the terminal sufficient information to instantly estimate relevant channel
characteristics and to compute a close to optimal pilot vector.

Expressions have been derived that show the potential SNR-gains for different
transmission schemes and how they relate to the correlation coefficient and imbalance
at the terminal.

The measured correlation coefficients and imbalances, for two different antenna
implementations integrated into real smart phone chassis, have been examined and
clearly show that all terminal antennas needs transmit capability in order to be useful
in a MaMi system.
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Simulation of Multiple-Antenna

Terminal Performance in Massive

MIMO Systems based on Indoor

Measurements

In massive MIMO systems the uplink pilot signals transmitted by a ter-
minal define the channel seen by the base station. This gives the terminal
some degree of freedom selecting the uplink pilot transmission strategy. In
this paper, we investigate the benefit of different pilot transmission strate-
gies when increasing the number of antennas in the terminal. Building on
previous work on a simulation framework for Multiple-antenna terminals
in 5G massive MIMO systems, this paper presents simulated performance
results for various transmission schemes. The results are calibrated to
reflect a communication situation in a large auditorium. Emulating the
measurement set-up, we show that the framework can be tuned to gener-
ate channel distributions that matches measured data. Under generalized
conditions, we perform simulations for different terminal transmission-
strategies, both related to single stream and multiple streams. All evalua-
tions are based on terminals with four antennas integrated into real Sony
Xperia smartphone-chassis, tuned to 3.7 GHz. The measurements are con-
ducted by using the Lund Massive MIMO testbed with its 100 antennas.
The results clearly show the advantage of increasing the antenna-count
also at the terminal side in massive MIMO systems.
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1 Introduction

The immense growth in wireless communications and applications has led both to
traffic congestion in the mobile frequency bands and an increased use of energy in the
networks. Thus, the costs are escalating for operators as they try to meet the ever-
increasing demands of the market. This, in turn, has spurred the research community
to look for solutions to improve both the spectral and energy efficiencies of the com-
munication systems. The most propitious technology, massive MIMO (MaMi) [1],
promises improvements by several orders of magnitude for power efficiency and at
least an order of magnitude for spectral efficiency, compared to single antenna sys-
tems [2]. Thanks to extensive research with promising results, most of the initial
skepticism has settled [3] and MaMi is now emerging as one of the most promising
components in the 5G new radio (NR).

The main part of the MaMi research to date has focused on the base station (BS)
with its, up to, hundreds of antennas. Noticeably, there are only a few publications
that focus on the terminal perspective, and they show that terminals with multiple
antennas can to a large extent influence the system performance [4–8]. In [6] we
showed that besides antenna design, pilot transmission strategies will be crucial in
MaMi systems.

The fundamental differences in terminal behavior are the motivation behind [8],
a dedicated simulation framework with a reasonable complexity. The framework is
designed for performance evaluation of multi-antenna terminals operated in a MaMi
system. While it emulates the properties of a MaMi channel, as seen by a terminal,
it avoids the complexity of a BS with its multitude of antennas. In the simulation
framework, the environment is represented by only a few parameter settings. Random
channels, distributed according to those expected form the environment of interest,
are then obtained.

The channel properties within an environment not only depend on the position
and orientation of a terminal but to a large portion on properties of the terminal
antennas. Real integrated antennas with characteristics similar to those that can be
expected in real products are therefore of essential importance in system evaluations.
Multiple measurements with the same prototypes as used in [8] have shown that the
distributions of the channel properties vary more than expected in seemingly similar
environments. In fact, the locations of the clusters have a significant influence on the
channel distribution for measurements limited to a few terminal orientations.

In this paper we conclude that, in order to achieve a good match between measured
and simulated channel distributions the measurement scenario needs to be considered
also in the simulation environment when estimating environmental parameters set-
tings for the simulator.

It shall be noted that in this paper we investigate the advantage of having multiple
antennas in a terminal. This is related to multiple-users (MU) sharing the same
channel. The main differences are that in the MU case the signals at the different
terminals can not be co-processed and that the antennas in different terminals can
not be assumed to be physically static with respect to each-other. The consequences
are that for the MU case the performance optimization relates to the BS side, and
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that the effective channel distributions become different. The influence MU has on
the channel seen by a terminal will be addressed in our further work.

In this work, we use the simulation framework from [8] to evaluate the advantage of
increasing the antenna count at the terminal side, based on estimated environmental
parameters. We examine received power and rate figures for different transceiver
architectures and their associated pilot transmission strategies, for a quad-antenna
terminal. As we consider handset terminals with the form factor of a spartphone, we
do not consider it interesting with more than four antennas for the frequency band
that we are investigating. This is also the number of antennas used in numerous
products that can be found on the market, covering this frequency range.

The investigations are based on downlink received signals but the results are valid
also for the uplink due to the reciprocity. Based on the large influence the terminal-
antenna gain-patterns have on the link performance, we have used measured antenna
gain-patterns from antennas integrated into a Sony Xperia ZL handset, tuned to 3.7
GHz, in all our evaluations4. We compare how the different antenna configurations
perform in a MaMi system and investigate the advantage of having four antennas
over one or two. The main contributions of this work are:

• The improved channel robustness obtained from scaling up the number of an-
tennas at the BS side in a massive MIMO mainly relates to small scale fading.
Our results clearly show an additional advantage of increasing the number of
antennas also at the terminal side to address also large scale fading.

• Similar to conventional systems, asymmetric traffic, with higher downlink traffic
than uplink traffic, makes it attractive to have a single transmit chain and
multiple receive chains in the terminals. Our results suggest that this is feasible
also for massive MIMO systems. For the single stream case, there is no need
to have as many RF-chains as antennas, and switched solutions harvest most
of the available capacity, also for this case.

• Contrary to conventional systems, the results confirm that opportunistic diver-
sity approaches do not improve performance in a MaMi system.

In Section II we present the essential outcome from [8] and propose a method to derive
typical channel parameter settings. We introduce the prototype based on which the
simulations are performed and define different transmission schemes. In Section III
we present simulation results where we compare SNR-gains for different diversity
schemes and normalized-rate-gains for multiplexed schemes. Finally, in Section IV
we conclude on the results.

4 The reasons to use the 3.7 GHz band are that we have a license for this band, that this
part of the spectrum is identified for the 5G new radio standard by 3GPP (i.e., the 3.5 GHz
band), and is also used by the Lund University MaMi testbed, LuMaMi [9, 10].
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2 Method

2.1 Framework for simulations

In this sub-section, we summarize the essential outcome of [8], a simulation frame-
work used in this paper. The framework emulates the channel condition seen by the
antennas of a terminal so that the received-signals, in a maximum-ratio-transmission
(MRT) precoded MaMi system, can be computed. In the framework, it is assumed
that the BS estimates channel state information based on uplink pilot-symbols trans-
mitted from the terminal-antennas. This enables the BS to optimize the electrical
field illuminating the terminal antennas in the downlink, as determined by channel
properties and attributes of the pilot.

In [8] we made the following assumptions on which the framework is based:

• The multi-path-components (MPCs) are clustered.

• The BS do not have the resolution to control individual MPCs within a cluster.

• A cluster is defined by a center angle (CA), in azimuth and elevation, and an
angular spread, also in azimuth and elevation, as seen from the terminal.

• The cluster gain function, and thus also the signal strength, of a cluster is
constant within angles defined by the cluster.

• The center angles of clusters are uniformly distributed over the sphere, as seen
by the terminal antennas.

• The cluster gain does not depend on polarization and does not favour any
polarization direction.

• The BS can individually control power level, phase, and polarization of the
signal to each cluster seen by the terminal.

• All clusters are in the far field as seen from the terminal antennas and they are
therefore exposed to the same electrical field.

Based on above assumptions and that the framework only considers the conditions at
the terminal side, the propagation-channel can be defined by only four parameters:
the number of clusters, N ; the angular spread, AS, of the illuminating field; and the
standard deviation, C, of the cluster gain, λ. As we are not interested in the absolute
channel strength we normalize the total power. Due to the normalization, the value
of λ becomes indirectly defined by C, and is therefore not treated as a parameter in
this work.

Fig. 1 shows the measured antenna-pattern of one antenna exposed to the elec-
trical field built up of N clusters of multipath components. The electrical field only
illuminates the terminal from the CA, indicated by red circles in the figure.

The relationship between a transmitted pilot signal and the associated received
signal can be used by the terminal to gain access to the channel properties. With
the antenna gain patterns defined by Ψ(Ω), noise free conditions and the pilot set
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Figure 1: N clusters with normalized cluster power λn and angular
spread, AS, illuminating terminal antennas, with a measured gain pat-
tern Ψ(Ω).

to unity5 the received signal at terminal antenna k when a pilot signal has been
transmitted from antenna l can be expressed as

yk|l =

N−1∑
n=0

λ2
n

∫
An

∫
An

ΨH
k (Ω1)Ψl(Ω2)dΩ1dΩ2, (1)

where Ω is the directive angles and An the directive angles illuminated by cluster n.
Ψl(Ω) can be understood as being the illuminating E-field precoded by the BS, based
on a pilot from antenna l. By complex weighing of the received signals from different
antennas, exposed to the same electrical field, the received signal from the combined
pattern from multiple antennas can be computed. The relative magnitudes at each of
the terminal antennas, therefore, will reflect those of the channel inner products (the
Gramian G = HHH) which carries essential behavior of a channel [11], and from

5 Assuming MRT precoding at the BS side, the gain λn from a cluster n will influence the
received signal twice. First, when the pilot is transmitted to the BS, and second, when the
signal is propagated back to the terminal, through the same cluster, using MRT. Here we
retain the square dependency to be able to observe the channel inner product directly. With
the pilot signal set to unity, the relative magnitudes at each of the terminal antennas will,
therefore, reflect those of the channel inner products, which carries essential behavior of a
channel [11].
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which the performance can be derived. The Gramian is given by

G =


y0|0 y0|1 · · · y0|K−1

y1|0 y1|1 · · · y1|K−1

...
...

. . .
...

yK−1|0 yK−1|1 · · · yK−1|K−1

 . (2)

Again, for a more thorough motivation we refer to our original work [8].
A large number of simulated channel realizations have been used to determine the

distributions of the entries of G. The simulations are defined by the following steps:

1. Measure the terminal antenna gain patterns, i.e. Ψ(Ω), defined with a common
center point.

2. Select the environmental parameters to reflect the environment of choice, i.e.
N , C and AS.

3. Generate the vector λ = [λ1 λ2 · · ·λN ]T, where C is used as the standard
deviation for the generation according to the approach in [12].

4. For each of the N clusters, define the integration area, An, based on a random
CA and the AS.

5. Compute the instantaneous Gramian (2).

6. Repeat steps 3) to 5) for the values defined in steps 1) and 2), to generate
statistics of the Gramian.

Next we describe how to select pre-defined sets of parameters, for step two, that
define a propagation environment.

2.2 Environmental settings

In this sub-section, we compare simulated channels to measured channels and moti-
vate our choice of environmental parameters. Both simulated and measured results
are generated using the same dual-antenna terminal.

The measurements were performed in an auditorium, as shown in Fig. 2. The
location was chosen since earlier measurement campaigns have been performed in the
same environment [13], providing prior knowledge of the channel properties. The
environment is considered indoor based on the scattering properties, e.g., from walls,
roof, and furnitures. While the terminal was measured in different locations in the
room the MaMi BS was fixed to the front center. We used an absorbent to block the
line-of-sight component between the BS and the terminal, mainly due to limitations
in the dynamic range of the measurements. By only rotating the terminal, keeping it
at the same location while monitoring channel properties, all channel variations can
be assumed to be determined by the terminal antenna properties, as the propagation
channel in that case can be assumed to be static. For the measurements, the terminal
was rotated in steps of about 10◦and the full channel, H, captured at the BS side.
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Figure 2: Drawing of the auditorium where the measurements was
performed. The terminal in the center of the room and the BS at the
front.

For the comparison between measured and simulated channel distributions we
limit the study to the two-antenna case, while the simulation study to follow handles
up to four antennas.

For the comparison, we present a channel measured in the back of the room
and represent it by the power imbalance β and correlation α. From a fundamental
perspective, the imbalance β is a relative measure of a channel realization that tells
how strong channel the different antenna sees, while α indicates how much cross-talk
there are. α and β represent a normalized channel realization and their distributions
is, therefore, a measure on the channel behaviour for an environment.

For each simulated channel realization, we compute the normalized Gramian,
Gnorm = 2

tr{G}G (where tr{·} is the trace operator). From Gnorm we get access to
the relevant channel properties, which do not depend on the precoding, and for the
special case of two antennas, the power imbalance β and correlation α [14] can be
identified from

Gnorm =

[
1 + β α
α∗ 1− β

]
. (3)

In measurements, the pilots transmitted by the terminal antennas, give direct
access to the experienced channel, H, from which, we can straightforwardly compute
the Gramian and further identify α and β after normalization.

It can be understood from Fig. 1, that the antenna gain for integrated terminal
antennas will change dramatically as a function of the illumination angle. As much
as this is one of the most important motivations for doing investigations with realistic
integrated antennas, it also poses challenges. As mentioned, large variations in the
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Figure 3: CDFs of correlation coefficient |α| and imbalance β for mea-
surements and simulations with different settings.

received signal power as the terminal is illuminated from different angles can be
expected. This will then also show up in the channel distributions, i.e. distributions
of α and β, making it hard to isolate environment specific properties. Measurements
performed at different locations and environments confirm this. The distributions of
α and β depend as much on the environment as on the orientation of the terminal.
Even if possible, extracting typical parameters for an environment is a very tedious
task that involves tremendous measurement efforts for each environment.

To verify the validity of the simulation framework and keep the measurement effort
reasonable, simulated α and β distributions have been matched to those measured
at a single location where a terminal was rotated only around the vertical axis. We
have matched the simulated results to those measured according to the maximum
likelihood (ML) principle, under the assumption that the correlation coefficient, α′ =
|α|/(

√
1− β2) and β are independent.

By restricting the simulator to rotation around the same axis as for the mea-
surements and, with a careful selection of azimuth and elevation angles for a set of
two clusters, the distributions of α and β could be significantly better matched to
the measured distributions. Fig. 3 shows the distributions of α and β coloured black
and blue. The distributions demonstrate that the simulation framework is capable of
generating realistic distributions that reflect a specific scenario. However, they also
indicate that the distributions are very sensitive to how the terminal is oriented with
respect to the clusters. Indeed, by keeping the clusters’ relative angles fixed in
the simulator, while randomly changing the orientation of the terminal, not limited
to rotation along any axis, the distributions change dramatically. This is shown as
the red curves in Fig. 3. While not unexpected, an important observation is that by
setting the cluster angles randomly the distribution matches the one with the fixed
clusters and random orientations. This is shown as the green curves in Fig. 3. All
in all, those results suggest that random selection of the illumination angles yields
representative channels in most cases and therefore makes the simulated distributions
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of antenna gain and correlation more generic. Hence, illumination angles will be dif-
ferent for different positions and the results show that random illumination angles
give the same result as fixed clusters and random orientation of the terminal.

Being confident that the simulation framework generates sufficiently realistic
channel realizations we continue our analysis. Initially, we set the number of clusters
to N = 2, the AS to 12◦ and the cluster gain standard deviation C=0 dB, motivated
by that this is what multiple measurements in different locations of the room sug-
gested. It may be argued that expected number of clusters in this environment is
larger than the two we observed [13]. A plausible explanation to the low number is
that the channel behaviour is mainly determined by a few dominant clusters and the
influence from weaker clusters in this setting is negligible. The effect of introducing
variation to the normalized cluster power is, therefore, mainly the same as reducing
the number of clusters for the single user case, and will not be further treated in
this paper. In fact, we are not attempting to estimate the number of clusters but
rather to find the settings that generate realistic channel distributions that match
those measured. This is possible as we are limiting the investigation to the dynamic
properties of the channel and do not consider the absolute level, which, is expected
to vary significantly. The effect of the number of clusters on the received signals will
be examined below while the physical size of the clusters has a negligible influence,
for an AS within the range 6◦ to 18◦. The influence of the AS relates to the angular
variations in the antenna gain patterns, which in our case can be considered small.

2.3 Terminal antenna configurations and performance
metrics

For the simulation study, we investigate an Xperia ZL smartphone with four inte-
grated antennas, as shown in Fig. 4. This set-up enables us to evaluate six combi-
nations of antenna pairs as well as the case of all four antennas used simultaneously.
Two of the antennas in the Xperia ZL prototype are placed in the upper end, right (R)
and left (L), one in the bottom (B) and one at the side (S). The prototype is equipped
with switches to pair-wise select any two of the antenna pair combinations. All an-
tenna gain-patterns have been measured in a Satimo StarGate 64 anechoic chamber
for both free-space (FS) and loaded conditions. The loaded case, is a combination of;
left-hand; right-hand; beside-head-with-left-hand; and beside-head-with-right-hand.
The results are generated by combining the distributions generated by the different
load-cases. The load-cases are selected from the perspective that they offer repeata-
bility rather than being typical 5G use cases.

To compare the different antenna configurations on an equal basis, without the
insertion loss from the switch circuitry, the received power for each antenna configu-
ration has been normalized with the average of the median power of all four antennas
under FS conditions, i.e.

Pref =
1

4

∑
k∈{L,R,S,B}

m̃
(
y2FS-k—FS-k

)
, (4)
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Figure 4: Xperia ZL with antenna positions indicated.

where m̃(·) denotes the median operator and with y from (1). To simplify the notation,
we relate k to the antennas rather than using an integer. The normalized power for
e.g. the loaded top-right antenna is given by

PLoad-R =
y2load-R—load-R

Pref
. (5)

The simulator directly yields the Gramian (2). From the Gramian, the perfor-
mance of different transmission schemes can be computed and below we put forth
our selection of schemes. For the comparison of different diversity schemes, we use
SNR-gain [6]. The SNR-gain shows how much the signal-to-noise-ratio (SNR) is im-
proved by a certain scheme and is defined as the ratio between the received power
achieved by a diversity scheme to that of a single antenna, for the same channel
realization. Each channel realization will therefore generate as many SNR-gains as
there are antennas. In the result section below we combine all those SNR-gains from
a large number of realizations into a single distribution. In general, the transmission
schemes below define the performance for both uplink and downlink. Passive receive
diversity as described below, however, only operates in the downlink.
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2.4 Single stream schemes

Passive receive diversity (PD)

The PD scheme is limited to single stream transmissions. The terminal has a single
transmit antenna and multiple receive antennas. As the terminal only transmits
pilots from one antenna, the BS does not get access to the full channel, and can only
optimize transmissions to the same antenna. We define one transmit/receive antenna,
i, and three receive-only antennas. The quality of the received signal after maximum
ratio combination, without any noise enhancement is given by

yPD(i) = ‖tiG‖, (6)

where the vector ti, a vector of zeros with a one at the column i, reflects which
antenna transmitted the pilot signal and thus defines the channel the BS sees.

Switched diversity (SWD)

In SWD we use a switch to select one antenna among the available ones for each
channel realization. The SWD scheme is limited to transmit and receive a single
stream. We use only one of the antennas at the time, but we have all four antennas
to switch among. The received signal is given by

ySWD = max(y0|0, y1|1, y2|2, y3|3), (7)

where the antenna with the strongest signal is selected.
Dominant Eigenmode (DEM) schemes, like the PD and SWD schemes, are also

limited to a single stream. The DEM schemes involve all available antennas for both
uplink and downlink and require as many transceiver chains as there are available
antennas. We study two variants, limited by different transceiver architectures.

Dual antenna, dominant Eigenmode (DEM2)

DEM2 transmission involves two antennas (i and j). The received signal is given by

yDEM2(ij) = max(eig{Gi,j}), (8)

where eig{·} is the operator that computes the eigenvalues of a matrix and Gi,j is a
2× 2 sub-matrix of (2), given by

Gi,j =

[
yi|i yi|j
yj|i yj|j

]
, (9)

where yi|j are the elements of the Gramian, G at row i and column j.
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Quad-antenna dominant Eigenmode (DEM4)

This scheme involves all four antennas simultaneously. The received signal using the
single most dominant eigenmode is given by

yDEM = max(eig{G}). (10)

The DEM4 scheme is the optimal scheme from a power transfer perspective and will
be used as reference in comparisons later on. Note, contrary to the two antenna
case, we need the complex received signals in the Gramian (2) when deriving the
eigenvalues.

2.5 Multiplexed transmission (MUX)

Multiplexed transmission involves having multiple, simultaneous, and independent
streams. In order to compare MUX schemes with diversity schemes on an equal
basis, the received signal for each independent stream needs to be related to a rate.
The reason for this is that we can sum the rates and compare to the rate of the
diversity schemes. This is not possible with SNR-gains.

The capacity of a stream m is given by Cm = log2(1 + SNRm), where SNRm is
the ratio between a normalized received power, with the same normalization as in
(5), Pm and an absolute noise power, N0. We define our reference SNR to be the
ratio between the average of all antenna’s median power in FS, defined in (4), to the
absolute noise power.

The sum rate offered by M streams with transmit-power constrained to unity is
given by

CM = max∑M
m=1 am=1

M∑
m=1

log2

(
1 +

amPm
N0

)
, (11)

where am ≥ 0 and Pm are the power scaling factor and the normalized power level
for stream m. The water pouring algorithm [15] is used to compute (11). We will
now define three MUX schemes.

Dual antenna multiplexed transmission (MUX2)

This scheme is similar to the DEM2 scheme but uses two simultaneous independent
streams by addressing both eigenmodes of the channel. The received signals for the
streams, based on antennas i and j, are given by

yMUX2(1,ij) = max(eig{Gi,j}), (12)

and
yMUX2(2,ij) = min(eig{Gi,j}). (13)

The rate, CMUX2(ij), is then given by (11), where the signals are converted to powers.



190 PAPER V

Switched, dual antenna multiplexed transmission (MUX2SW)

Like the MUX2 scheme, this scheme involves two antennas simultaneously. For each
realization the achieved rates for all six combinations of antenna pairs are computed
and the best pair is selected. We define

CMUX2SW = max(CMUX2(01),CMUX2(02), · · · ,CMUX2(23)). (14)

Dual-stream, eigenmode based multiplexed transmission (MUX2DEM)

This scheme is similar to the MUX2 scheme but uses all four antennas. The received
signal from each of the received streams is given by

yMUX(m) = Fmeig{G}, (15)

where Fm addresses stream m ∈ {1, 2}, being a row vector of zeros with a one at
column m and eig{G} is a vector of eigenvalues derived from the complex received
signals. This scheme is optimal from a dual stream conditioned rate perspective. To
compute the rate we use (11).

Quad-stream multiplexed transmission (MUX4)

The MUX4 scheme is a four stream scheme, similar to the MUX2DEM scheme but
uses all four eigenmodes. The received signal from each of the received streams is
given by (15) where m ∈ {1, 2, 3, 4}. This scheme is optimal from a rate perspective
for each channel realization and reach capacity. To compute the rate we use (11).
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Table 1: List of transmission schemes.

Acronym Scheme Number of Streams

rx-/tx-chains (Rank)

PD 4 antenna passive receive diversity 4 / 1 1

SWD 4 antenna switced diversity 1 / 1 1

DEM2 2 antenna dominant eigenmode diversity 2 / 2 1

DEM4 4 antenna dominant eigenmode diversity 4 / 4 1

MUX2 2 antenna multiplexing 2 / 2 2

MUX2SW 4 antenna SWD / 2 antenna MUX 2 / 2 2

MUX2DEM 4 antenna dual stream 4 / 4 2

MUX4 4 antenna quad stream 4 / 4 4

The different transmission schemes presented above are summarized in Table 1
for easy reference. The number of receive (Rx) and transmit (Tx) chains in the third
column is of interest as they relate to power consumption and hardware complexity.
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Figure 5: Simulated CDFs of the normalized received power for each
of the 4 antennas, FS and loaded conditions.

3 Simulation Results

Based on the measured loaded antenna patterns and the presented simulation-
framework, SNR-gains and normalized-rate-gains have been simulated. The perfor-
mance of the different diversity schemes can be visualized by plotting cumulative
distribution functions (CDFs) of the received power.

Fig. 5 shows the CDFs of the received power at the four antennas, both under FS
and loaded condition after the power normalization. The CDFs are generated from
5000 channel realizations for each load case, with the environmental parameters set
to 2 clusters, an AS of 12◦and a cluster gain standard deviation of 0 dB.
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Table 2: Simulated median and standard deviation of received power for the
four antennas in FS and loaded.

Antenna Median Standard deviation

FS-L 1.5 dBm 2.8 dB

FS-R 0.6 dBm 3.0 dB

FS-B 0.1 dBm 6.7 dB

FS-S 0.4 dBm 3.0 dB

Load-L -4.4 dBm 6.3 dB

Load-R -5.2 dBm 7.4 dB

Load-B -8.2 dBm 8.2 dB

Load-S -11.1 dBm 7.1 dB

The median and standard deviations are listed in Table 2. Antenna B shows
larger standard deviation than the other antennas in FS condition. This is a result of
the antenna design resulting in a higher directive gain. Under the loaded condition,
the standard deviation of the received powers for all antennas increase, again due to
an increased directive gain. The median of the received power becomes lower in the
loaded cases. The 7 dB drop is mainly caused by absorption as the matching is good
for all our cases.
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Figure 6: Simulated CDFs of the received power for the different di-
versity schemes under loaded conditions.

Fig. 6 shows CDFs for a selection of diversity schemes as well as CDFs of the
received power at each of the antennas when no diversity is applied. The latter
curves almost fully overlap the PD curves. The figure shows the performance for
loaded conditions only, as we consider FS being less realistic. For the PD scheme, the
performance improvement is negligible despite all four antennas being used. More
interesting is that the SWD schemes perform about the same as the DEM4 scheme,
the latter being optimal from a power transfer perspective. This suggests that in a
majority of realizations the DEM4 scheme directs almost all power to a single antenna.
This can be explained by low correlation between the antennas, as will be confirmed
with the MUX schemes below.
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Figure 7: CDFs showing the SNR-gains for the different diversity schemes.

3.1 SNR-Gain

The SNR-gains are defined as a ratio between the received power achieved by a scheme
to that with a single antenna, PSA. With four antennas available, each realization
therefore generates four results where each of the antennas is used as reference. Fig. 7
shows CDFs where the four distributions are combined. Consequently, as at least one
antenna will always be the best and when it used as reference the gain becomes lower.
This explains why the SNR-gain CDF for the SWD scheme shows 0 dB gain in 25%
of the realizations.

The low correlation between the antennas in combination with the MaMi pre-
coding has a large impact on the performance. This is the reason to the negligible
SNR-gain from the PD scheme (shown as a combined CDF for all cases), which is
less than 0.25 dB in the 90 percentile, and also the reason to why the SWD scheme
performs close to the DEM4 scheme.

For the DEM2 schemes, we show the CDFs for all 6 antenna combinations as well
as the combined CDF. When we limit the transmissions to any of the antenna pairs,
the loss is significant. This, clearly show that there is an advantage to have access to
all four antennas.
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Figure 8: CDFs showing the SNR-gain ratio.

To get a more quantitative comparison between the different schemes, SNR-gain
ratios have been derived. Fig. 8 shows the SNR-gain ratios between a selection of
schemes to that of the DEM4 scheme (optimal). We can conclude that the SWD
scheme is less than 1.5 dB from being optimal at the 90 percentile. For the DEM2
scheme, however, in 20% of the cases, it is more than 6 dB below the optimal.
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Figure 9: CDFs showing the rates at an SNR of 10 dB.

3.2 Sum rate comparison

To include the MUX schemes in this comparison, we will now plot rate CDFs. Fig. 9
shows rate CDFs for a selection of schemes, at a reference SNR of 10 dB with unity
power transmitted.

In general, increasing the number of streams yields a higher rate. Interestingly,
the MUX2 scheme (all 6 combinations presented in a combined CDF), where we limit
the transmissions to any two of the antennas, often show lower rates than the SWD
scheme. This, highlights the importance of having access to more antennas and again,
is a result of the low correlation between the antennas.
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Figure 10: CDFs showing the rate, normalized to that of single antenna
operation, at an SNR of 10 dB.

Similar to the SNR-gain, we express the performance as a normalized rate, where
we use the capacity given by each antenna as the reference and then combine the
CDFs. Fig. 10 shows CDFs of the normalized rate for a selection of schemes. The
results show the same trend as for the diversity schemes, namely, increasing the
antenna count is more important than having a transceiver for each antenna. The
difference between the DEM4 and the MUX2DEM schemes comes from the fact that
the MUX2DEM scheme addresses both eigenmodes while the DEM4 scheme selects
the strongest one.
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The clusters are in the range 2 to 6 and a larger number yield a higher
ratio.

The results, however, depend heavily on the SNR and, intrinsically when the
SNR increases, the ratio between the rates for different schemes converges. The ratio
of the rates from any of the dual-stream schemes (i.e. MUX2SW and MUX2DEM)
converges to two and from the quad-stream scheme (i.e. MUX4) to four as they are
divided by the rate of any of the single stream schemes.

The results, however, depend heavily on the SNR and, intrinsically when the
SNR increases, the ratio between the rates for different schemes converges. The ratio
of the rates from any of the dual-stream schemes (i.e. MUX2SW and MUX2DEM)
converges to two and from the quad-stream scheme (i.e. MUX4) to four as they are
divided by the rate of any of the single stream schemes.

To find the operational range where the different MUX schemes are most effec-
tive, for each channel realization, the ratio between each of the MUX schemes and
the DEM4 scheme was computed and the median of the resulting ratio-distribution
derived. Fig. 11 shows the median of the normalized rate-ratios for CMUX4/CDEM4,
CMUX2SW/CDEM4, CMUX2DEM/CDEM4 and CSWD/CDEM4 as functions of the SNR. The
dashed line at an SNR of 10 dB indicates the level at which the previous plots where
generated.

It should be noted that the channel properties used in the simulations are derived
from measurements based on a dual-antenna terminal and, therefore, may not be
entirely representative for simulation of four multiplexed streams. Depending on
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the precoder at the BS side, also weaker clusters may be heavily illuminated and
the channel at the terminal side may therefore be perceived as richer. The Fig. 11
includes the impact of channel richness, in terms of number of clusters ranging from
2 to 6, where the normalized-rate-ratio increases with the number of clusters. For
the sake of simplicity, we have used equally strong clusters in our simulations, which
may not be entirely realistic but serves as an (upper) reference level. As the MUX4
scheme is optimal and reaches capacity, it may seem that this is the obvious choice
in all cases. In a real scenario, however, a detector has an SNR limit, below which
it can not operate. For the MUX schemes all streams need to have an SNR above
this minimum level (which can be implemented in the water pouring algorithm). The
plots in Fig. 11 are generated with the detection limit set to −∞ dB, the schemes
therefore show normalized rate-ratios larger than 1 also at unrealistically low SNRs.

For SNRs around 10 dB, the dual-stream schemes and the MUX4 schemes show
only a small difference at lower number of clusters. In general, the MUX4 scheme
shows a larger dependency on the number of clusters and has a significant advantage
at SNRs beyond 10 dB. The SWD and MUX2SW schemes both are on par with their
optimal counterpart the DEM4 and MUX2DEM schemes respectively. This shows the
importance of having access to all antennas and that it is enough to reach close the
rank conditioned capacity. A general conclusion is that, to reach a rate improvement
of a factor of four, for the MUX4 scheme, the minimum SNR is about 20 dB higher
than that of rate one. For the two stream schemes it is about 15 dB higher.

It can be generally stated that the switched schemes perform close to the rank
conditioned capacity and this is the case also when the channel richness increases.
It is naturally possible to find environments with other properties. However, we
think that the environment that we selected can be considered representative for
indoor propagation channels. By normalizing the propagation channels, and study
dynamic properties rather than absolute levels our results show that it is mainly the
number of clusters that determine the performance. As we see similar behaviour
for various number of clusters we therefore assume that our conclusions are general.
Furthermore, the results relies also on the antenna implementations. We believe that
antennas integrated into the form-factor of a smartphone will be similar. Finally, the
results are also based on how well a channel can be accurately modelled with clusters,
which was evaluated in [13].

4 Discussion and Conclusion

The correlation between integrated handset-antennas tuned to the frequency range
2-6 GHz, is typically low. This, has a large influence on the rate and the SNR-gain
different pilot transmission strategies return in a massive MIMO system. Our results
show that switched architectures reach close to the rank-conditioned capacity of a
channel and that having access to more antennas is essential.

Based on the asymmetric traffic in today’s networks, a switch will not only be
needed to enable uplink pilot transmission from all antennas, which is mandatory
for massive MIMO systems but, the solution will be close to optimal from an uplink
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power transfer perspective.
The simulations also clearly show that the passive diversity- or MIMO-receivers,

mandatory for LTE, will not provide optimal performance in a massive MIMO system,
e.g. emerging 5G NR radio access, due to lack of pilot transmission capability from
all antennas.

The simulation results further show that, at lower SNRs the benefit of multiplexed
operation is limited and similar rates can be achieved with less complex switched
diversity. Even if a terminal is equipped with receive and /or transmit chains to
support both the dominant eigenmode and the multiplexed schemes with two or
more streams there is a lot of power that can be saved by turning the transceiver
chains off and use switched diversity instead, both from a computational complexity
and power consumption perspective.

We show that there is a large difference between channel distributions generated
by random terminal-orientations and those limited by few spherical cuts for a terminal
with integrated antennas. It is important to pay attention to this difference when
estimating channel properties from measured data.
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A Case Study on the Influence of

Multiple Users on the Effective Channel

in a Massive MIMO System

We investigate the importance of weak clusters when modeling a wire-
less massive MIMO channel. We do this by studying the influence of
densely spaced terminals and the number of base-station antennas for
a zero-forcing precoded massive MIMO system. In particular, we focus
on the influence on the correlation and imbalance between the signals at
the terminal antennas, the effective channel-gain, the eigenvalue distribu-
tions and the number of clusters. The study is based on measured radio-
channels from terminal prototypes with integrated antennas, connected
to a massive MIMO testbed. We further evaluate the advantage of using
block-diagonalized zero-forcing compared to conventional zero-forcing in a
massive MIMO system. Unexpectedly, terminals with low antenna enve-
lope correlation coefficient may benefit significantly from block-diagonal
zero-forcing in a massive MIMO system. The main conclusion is that
weaker clusters are important when modeling multi-user scenarios.
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1 Introduction

Massive MIMO (MaMi) [1] is an essential part of the emerging new radio (NR)
standard for the fifth-generation (5G) wireless communication [2]. MaMi has received
a lot of attention in the wireless communication community [3–8] and suggests that
capacity can be increased by an order of magnitude and energy-efficiency by two
orders of magnitude. Except for of a few papers [9–13], the terminal side of the
MaMi system has not received much attention in the literature and relates mostly to
idealized isotropically radiating single antenna terminals.

In [13] we proposed a cluster6 based, link-level, MaMi simulation model that uses
measured terminal-antenna characteristics. However, the scope of [13] was limited to
a single terminal, although with multiple antennas, at a static physical location in
space. It is, therefore, our ambition to extend the simulator, and this paper presents
investigations of underlying channel properties that need to be accounted for. More
specifically, in [20] the number of clusters is estimated using a channel sounder, but
simplifications are made in [13] to include only clusters of significant power. This
builds on the understanding that in the single-user (SU) case a zero-forcing (ZF)
precoder allocates power according to the maximum ratio principle. This means that
mainly dominant clusters are illuminated while weaker clusters become insignificant.
If the number of terminals in a limited area increase, and thus a higher rank needs
to be utilized, the importance of the weaker clusters seen by each terminal grows.
To separate terminals, also weaker clusters become significant in the effective channel
and therefore needs to be present in a model. From a mathematical perspective this is
a plausible mechanism behind a better conditioned channel matrix, but with weaker
eigenvalues. Furthermore, it is often unclear how many clusters that are exclusive to a
single terminal, and how many that are common. Ultimately, our goal is to establish a
multi-terminal simulator that assigns non-shared clusters to each terminal, seen only
by that terminal and shared clusters to a group of terminals, seen by all terminals in
the group. Furthermore, we aim to include dependencies on: the distance between
terminals, the distance to the basestation (BS), and the environment type. This is
an important aspect in the multilink case of the COST 2100 channel model [18], and
we apply it in a MaMi context.

We identify properties that must be accounted for in simulations when multi-users
(MU) are present, and analyze those in detail. We investigate two channel-properties.
Firstly, we investigate how other users influence the effective channel of an individual
terminal. Secondly, we perform an investigation of the relation between inter-terminal
distance and the number of shared clusters.

Concerning the impact of other users on a single terminal, we aim to verify a
working hypothesis, based on the following facts and assumptions: For a SU MaMi
case, the strongest effective channels for a dual-antenna terminal are given by the
dominant eigenmodes of the channel. In a cluster/geometry-based channel model,

6 Based on observations of wireless channels, e.g. [14–16], contributions of signals propagating
along various paths, a.k.a. multipath components (MPCs), tend to be clustered. This can
be explained by the reflections caused by various objects in the environment. Numerous
cluster-based simulation models for MIMO systems exist, e.g. [17–19].
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Figure 1: Geometry-based cluster-model, where a few dominant clus-
ters determine the effective channel at the terminal side (left), and an
MU scenario where more clusters are used to separate the terminals
(right).

this can be modeled as transmissions via a few dominant clusters (left of Fig. 1).
In an MU MaMi system using zero-forcing (ZF) precoder, the eigenmodes of the
effective channel between the terminal and the BS change. The channel typically
becomes weaker when the rank is increased by the introduction of more terminals.
The change of the eigenmodes is consistent with that when also weaker clusters are
illuminated in the cluster-based model (right of Fig. 1).

We aim to validate the following hypothesis: When multiple terminals are intro-
duced in a limited space, a ZF precoder causes a larger set of clusters to be illuminated.
We aim to verify this by studying the effective correlation between the signals at the
antennas of a terminal, which can then be expected to decrease and approach the
envelope correlation coefficient [21] of the antennas.

The main contributions of this paper are:

• The measured radio channels do not show any sign of being limited to a few
clusters, and the channel matrix, H, seen from the BS side can be expected to
have a high rank.

• We demonstrate that, in our measured scenario, two terminals at a distance of
only 5 m share essentially no clusters, which means that the channel matrix,
H, seen from the BS side is well conditioned.

• We study empirically the advantage block-diagonal ZF (BDZF) [22] has over
classical ZF (CZF) in MaMi systems and relate it to the terminal antenna
correlation.
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Figure 2: Drawing of the auditorium where the measurements was
performed.

2 Set-Up and Evaluation Model

Since we deal with multiple terminals, we need some form of BS precoding. BDZF
separate terminals, without separating antennas within a terminal. BDZF, therefore,
allows for evaluation of the influence terminals sharing the same channel have on
the correlation and power imbalance between the antennas of a terminal. Loosely
speaking, the performance of CZF is often assumed to approach the channel capacity
as the number of BS antennas grows large [6] and, BDZF may therefore not be
significantly better in MaMi systems.

2.1 Measurement Set-up

All measurements were conducted in an auditorium as shown in Fig. 2. Four
measurement conditions were defined based on two terminals, each measured both
stand-alone and loaded by a phantom head with a left hand (HHL). The terminal
prototypes are based on Sony Xperia handsets with integrated antennas, tuned to the
3.7 GHz band used by the Lund massive MIMO testbed [23]. It can be noted that the
envelope correlation coefficients between the antennas in both prototypes are close to
zero. The terminals were transmitting pilot signals from both antennas to the testbed,
and estimated transfer functions between all antennas, representing snapshots of the
channel, were stored. Each snapshot corresponds to a unique terminal orientation,
rotation angle, and location in the room. For the stand-alone captures, two different
orientations were used, each measured at about 30 different rotation angles, giving
Cs ≈ 60 channel snapshots. For the HHL captures three different orientations were
used, resulting in Cs ≈ 90 channel snapshots. In all, about 300 different channel snap-
shots, each with two terminal-antennas, were logged for the four terminal-conditions.
A snapshot contains 20 sampled sub-carriers, each sub-carrier with a bandwidth of
15 kHz, equally spaced over 20 MHz.
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2.2 Experimental Evaluation

In the evaluations, one of the four measured terminal-conditions is considered being
the reference. As the SNR of the measured channels was about 20 dB or more in all
cases we ignore measurement noise and assume the measured channels to be the true
ones. In each evaluation, the number of terminals, K, is increased from 1 to 10. With
each terminal sharing the channel having two antennas, the total number of streams,
therefore, increases from 2 to 20. For each realization, a randomly selected snapshot
from the reference condition is combined with those of the K − 1 terminals. For each
of the terminals, a random snapshot is selected, and all of the added terminals are
different from the reference terminal. For each set of K terminals, 1000 realizations
are generated and we record the medians of the correlation, power imbalance, and
channel-gain (i.e., the trace of the inner product of the channel) between the antennas
of the reference terminal.

The channels from terminal k are represented by an M × 2 matrix, Hk, where M
is the number of BS antennas. For SU-MaMi, the channel properties are given by the
inner product, Gk = HH

kHk, which is a 2× 2 matrix. Using the normalized version
of the inner product, the terminal antenna correlation, α, and power imbalance, β
can be identified [24]

Gnorm =
2

tr(Gk)
Gk =

[
1 + β α
α∗ 1− β

]
, (1)

where tr(·) is the trace operator.
For the MU-MaMi case, we adjoin the channel matrices from all terminals, each

with two antennas, into a full channel matrix H = [H1H2 · · ·HK ]. To find the space
where the BS can perform transmissions to terminal k without causing interference
to the other K − 1 terminals, we define HI|k = [H1 · · ·Hk−1 Hk+1 · · ·HK ], and
compute its null-space, N space|k. Assuming that HI|k has full rank, N space|k can be
represented by an M × (M − 2(K− 1)) matrix Nspace|k with orthogonal columns. By
multiplying the channel of terminal k, Hk, with the null-space of the other terminals,
Nspace |k, we obtain the effective channel matrix for terminal k, HBDk = HH

k Nspace|k,
which is a 2 × (M − 2(K − 1)) matrix. We can now compute the BD-based inner
product GBDk = HBDkH

H
BDk, which is a 2×2 matrix that represents the interference

free subspace for terminal k, for the BD precoder case. Normalizing GBDk, the same
way as in (1), the effective correlation, αBDk, and power imbalance, βBDk can be
identified analogously to the SU-MaMi case. The term tr(GBDk) reflects the effective
channel-gain seen by the terminal antennas, which we refer to as γ.

Similarly, to compute the effective channel in the CZF case, for a given terminal
antenna l, 1 ≤ l ≤ 2K, we define the matrix, HI|l = [H1 · · ·Hl−1 Hl+1 · · ·H2K ].
We follow the same steps as above but use the null-space of HI|l as our precoder. For
terminal antenna l, HZFl = HH

l Nspace|l, and we arrive at GZFl = HZFlH
H
ZFl, a scalar

that defines the effective channel-gain for antenna l. For terminal k, we can compare
the sum effective channel-gain from both of its antennas to γ from the BDZF case.

Furthermore, the eigenvalues of the measured channels’ outer product can be
used for dimensionality evaluations. Based on the channel matrix H (HZFl in the
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CZF case), the outer product for a single antenna l, seeing the channel hl is given
by Ol = hlh

H
l , an M × M matrix. The outer product for a single snapshot has

a unit rank. A matrix with the size of the outer product can have a rank of at
most M . By averaging the outer products over the Cs orientations and rotation
angles for a measured condition, Õl = 1

C

∑C
c=1 hl(c)hl(c)

H, all available dimensions

become included. The energy distribution of the eigenvalues of Õl indicates how many
dimensions are needed to represent all the channels included in Cs. The approach
is similar to a sample covariance matrix. If we normalize the trace of Õl to unity,
Õ′l = 1

tr(Õl)
Õl, the magnitude of each eigenvalue will directly reflect the fraction of

energy said eigenmode carries.
The number of dimensions carrying the essential part of the energy relates to the

number of clusters and indicates the richness of the environment. With Õ′l being
Hermitian, an eigen-decomposition (ED) yields both the eigenvalues and the eigen-

vectors, ED(Õ′l) = UlΛlU
H
l , where Ul is a unitary matrix containing the eigenvectors

and Λl is a diagonal matrix with the eigenvalues along the diagonal. The energy pro-
jected from the ith eigenvector of antenna l, (i.e., Ul,col:i) on the normalized matrix

Õ′j of antenna j is

Pl→j,i = UH
l,col:iÕ

′
jUl,col:i. (2)

We are aware that the estimation of dimensions from sampled measured data is a
complex matter [14]. We assume that there is a direct relation between eigenmodes
and clusters and that the SNRs are large enough to make relevant conclusions. The
results are then used for relative comparisons rather than manifesting any absolute
numbers.



214 PAPER VI

Number of terminals

2 4 6 8 10

m
e
d
ia

n
(α

)

0.35

0.4

0.45

0.5

0.55

0.6
20 BS ant 25 BS ant 30 BS ant 35 BS ant 40 BS ant 50 BS ant 100 BS ant

Number of terminals

2 4 6 8 10

m
e
d
ia

n
(β

)

-0.18

-0.175

-0.17

-0.165

-0.16

-0.155

-0.15

-0.145

-0.14

Number of terminals

2 4 6 8 10

m
e
d
ia

n
(n

o
rm

a
liz

e
d
 p

o
w

e
r)

 [
d
B

m
]

-20

-15

-10

-5

0

5

Figure 3: From the left, median of the correlation α, the power im-
balance β and the normalized channel-gain, as functions of the number
of terminals (with BDZF) for a various number of BS antennas. The
figures correspond to condition 2. The antenna selection is randomized
from the array when M < 100.

3 Evaluation Results

3.1 The Influence of Multiple Users to the Channel

In Fig. 3, we show the medians of the terminal antenna correlation α, power imbalance
β, and the normalized effective channel gain. The plots are drawn as functions of the
total number of terminals, K, using BDZF for a various number of BS antennas, M .

When the number of BS antennas is at least twice that of the streams present,
a decrease in correlation as a function of the number of terminals can be observed.
A lower number of antennas at the BS can not easily resolve the streams, and the
correlation increases, as more streams, are introduced. For M > 40, the plots seem
to converge to one curve, and therefore adding more antennas at the BS side will not
significantly change the terminal antenna correlation α.

The power imbalance of the terminal antennas is not significantly influenced by
the number of terminals or BS antennas. On the other hand, the gain drops as more
terminals are introduced. Its dependence on the number of BS antennas for M > 40
relates to array gain and the more BS antennas the stronger the gain. It is also
possible to determine when MaMi properties apply from the gain plots. When the
curvature (2nd order derivative) increases so-called favorable propagation cannot be
assumed, which also here suggests M > 40.

The results are consistent with our hypothesis, that the BDZF and plausibly also
for CZF algorithms allocate power to weaker clusters when the number of streams
is increased, in a limited environment. For different terminal antenna designs or
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Figure 4: The median of the correlation α to the left and the median of
the power imbalance β to the right, both as functions of terminals intro-
duced in the same location, for 100 BS antennas, and the 4 alternative
conditions. Note that the curves corresponding to condition 2 are the
same as those in Figure 2 for M=100.

loading scenarios, however, the correlation may behave differently. From our results
shown in Fig. 4, where each of the four conditions is used as reference terminal, the
correlation is either unaffected by the number of terminals or drops, while the power
imbalance only shows a minor dependency. It shall be noted, that even if the decrease
in correlation improves the capacity of the effective channel, the reduction in channel
strength reduces it by a much larger extent and the net capacity typically decreases.
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Figure 5: CDFs of the normalized effective channel-gain for the CZF
(dashed) and the BDZF (solid) case. To the left for condition 2, high
correlation, and at the center condition 3, low correlation. To the right,
the ratio of the median rates for the BDZF/CZF as a function of the
SNR.

The channel strength for CZF without the BD is also interesting as it relaxes the
processing burden on the terminal. The terminal will then receive an independent
stream at each antenna. If there is BD the UE need to co-process the signals fed to
its antennas but can address the eigenmodes of the effective channel and with optimal
power-allocation can reach the capacity of the effective channel. The two plots to the
left in Fig. 5 shows CDFs of the normalized effective channel-gain, for both the CZF
case (dashed lines) and the BDZF case (solid lines), for K ∈ 1, 2, 3, 10 terminals.
The left plot represents condition 2, for which the terminal antenna correlation is
in the range 0.35 to 0.45 and the center plot represents condition 3, for which the
correlation is about 0.1.

As the correlation decreases from 0.45 to 0.35 in the left figure, corresponding to
the SU case and the 10-terminal case, the difference in the effective channel-gain for
the CZF and BDZF cases also decreases. The difference in the median for the SU case
is about 2 dB, while, in the 10 terminal case only about 1 dB. The figures indicate
that when the correlation is larger it is advantageous to address the eigenmodes rather
than using CZF. Indeed, for terminal condition-2 the rate can be improved by more
than a factor of three, depending on the signal-to-noise-ratio (SNR). This is shown in
the right plot of Fig. 5, where the ratio between the median of the rates of the BDZF
and CZF cases is plotted for condition-2 and condition-3, as a function of the SNR.



A Case Study on the Influence of Multiple Users on the Effective Channel in a
Massive MIMO System 217

Number of reference-antennas Eigenvectors

10 20 30 40 50 60 70 80 90 100

R
e
p
re

s
e
n
te

d
 E

n
e
rg

y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Reference antenna

2nd Antenna (same terminal)

Nearby terminal

Distant terminal

Number of Eigenvectors

10 20 30 40 50 60 70 80 90 100

R
e
p
re

s
e
n
te

d
 E

n
e
rg

y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SU

MU 2 to 20

Figure 6: The number of eigenvectors from an antenna condition that
are needed to represent the energy in other antennas (left). The energy
become distributed among the eigenvectors as the number of terminals
increase (right). With CZF precoder at the BS side for both cases.

3.2 Common Clusters as a Function of Inter-Terminal
Distance

The dimensionality of the signal subspace, in terms of the number of effective clusters
or eigenvectors (assumed strongly related), is hard to estimate from inner product-
based measures, since it influences the distributions of α, β, and γ through second-
order phenomena, e.g. slope or curvature. Therefore, we look directly at the energy
represented by the eigenvectors of the averaged outer products, based on (2). The plot
to the left in Fig. 6 shows how many eigenvectors, sorted according to the strength
of the eigenvalues computed from one of the terminal antennas, that are needed to
represent the energy seen by any other antenna. It can be noted that in this case
there is no precoder involved and hence we are studying the physical channels. There
are four populations of curves in the plot together with the average for the respective
population.

The first category, the blue curves, shows the accumulated energy for a selection
of antennas as the sorted eigenvectors derived from their channels increases. The 10
strongest eigenvectors represent in average 87% of the energy. The small variation
among the curves suggests that the number of dominating/effective clusters present
is similar in all cases.

The green curves represent how well the sorted eigenvectors of one antenna can
represent the energy of a second antenna, measured at the same time and located in
the same terminal. In average 57% of the energy is represented by the 10 strongest
eigenvectors. Also, in this case, we see a small variation, suggesting that the number
of dominant physical clusters, seen by all antenna pairs, is about the same.
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The red curves represent how well the sorted eigenvectors of one antenna can
represent the energy of a second antenna, which is located in a different terminal,
measured at the same location (and therefore not measured simultaneously). In
average 43% of the energy is represented by the 10 strongest eigenvectors. Again, the
slope is steep at the beginning for all curves, suggesting that there are a few dominant
common physical clusters. The fact that the antennas are not in the same terminal
and that the measurements not made simultaneously are likely contributions to the
larger variation among the curves. In average, the correlation between the antennas
of different users at the same location is also expected to be smaller than when in the
same terminal, which, will lower the number of shared physical clusters. For both the
green and red curves, the initial steep slope suggests that channels share the most
dominant clusters.

The cyan curves, represent how well the sorted eigenvectors of one antenna can
represent the energy of a second antenna at a different location, measured in the
same room about 5 meters apart. In this case, the curves become straight lines,
which, suggests that different clusters are dominant, or at least independent, in the
different positions and no correlation between the channels can be observed. Thus,
our results indicate that in a large auditorium, terminals spaced 5 meters apart may
very well not share any clusters. There is a clear trend that co-located terminals
seems to share more clusters.

The right plot in Fig 6 shows the accumulated energy for one of the antennas
as the sorted eigenvectors derived from the channel increases. The curves represent
the different number of interfering streams, with CZF precoder at the BS. As, the
number of streams increases, ranging from 1 to 20, more eigenvectors are needed to
represent the same amount of energy. The figure is generated as an average, where the
antennas are randomly selected from a set of measurements performed at a limited
space. The result is in line with those based on the inner product and is consistent
with our hypothesis that the energy becomes more evenly distributed among the
effective eigenvectors as the number of streams increases also in the CZF. Based on
the relation between eigenvectors and clusters, this result suggests that the number
of effective clusters increases with the number of simultaneous streams in a CZF
precoded system.

4 Conclusions

The results from the measurement-based analysis are consistent with the hypothe-
sis: With a single terminal, the effective channel properties (i.e., correlation, power
imbalance, and channel-gain) are consistent with the results from a cluster model
when only a few dominant clusters are present. In multi-user situations, the results
correspond to the case when also weaker clusters contribute to the effective channel.

The results explain the large discrepancy in the estimated number of clusters [13]
between a precoded channel with a single terminal and that reported in [20] performed
in the same environment. While the number of clusters in the physical channel may
be large, precoded channels rely on a few strong clusters and the number of active
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clusters depends on the number of active streams. It is therefore important that
realistic channel models for multiplexed operation include both dominant and weaker
clusters in a given environment.

The results show that 40 BS antennas are sufficient in our environment and beyond
that only the array-gain increases. We also showed that 20 streams can be resolved
with only the array-gain penalty and no reduction in channel dimensionality. We
found that block-diagonalized-zero-forcing can give a significant advantage compared
to conventional zero-forcing even when the antennas within a terminal have a very low
envelope correlation coefficient. Finally, a study of the outer products of the effective
channel matrix support that terminals close to each other share more clusters.
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A 28 GHz Channel Sounder for

Dynamic Propagation Measurements

A pre-requisite for the design of future wireless systems is the un-
derstanding of the involved propagation processes, and derivation of in-
sightful models. In this paper, we present a 28 GHz massive multiple-
input multiple-output (MIMO) channel sounder intended for measuring
dynamic propagation behavior. Based on the switched array principle, our
design is capable of characterizing 256×128 dual-polarized channels with
a switching duration of approximately 10 µs. Unlike previous systems,
this extraordinary angular resolution is complemented with a 1 GHz mea-
surement bandwidth enabling nanosecond delay resolution. To this end,
a complete MIMO snapshot can be acquired in real time with 380 ms, in
sharp contrast to tens of minutes (or more) with rotating horn antenna
sounders. The short measurement time combined with the high phase
stability of the 28 GHz radio frequency up/down-conversion chains facili-
tates phase-coherent measurements. This allows for tracking of multipath
behavior over time to investigate the temporal dependencies of channel
parameters. Overall, the paper presents the design and implementation
aspects of sounder, and discusses a plan for future work in order to mea-
sure the dynamic angular, delay, Doppler and polarization parameters.

c©2017 IEEE. Reprinted, with permission, from
Erik L Bengtsson, Harsh Tataria, Peter C Karlsson, Ove Edfors, Fredrik Tufvesson
“A 28 GHz Channel Sounder for Dynamic Propagation Measurements”
Published in TBD
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Table 1: A comprehensive summary of mmWave channel sounders.

Specification Lund Univ./ USC/ NIST Labs New York Durham Aalto Univ. Keysight BUPT
Sony Research Samsung [32] [34, 35] Univ. [2, 28,31] Univ. [36, 37] Nokia [39] [38] [40]

Sounder type Switched array Switched beam Switched horn Rotating horn Switched array Switched beam TX:Switched array Switched/virtual
RX:Parallel array array

Carrier frequency 28 GHz 27.85 GHz 28.5, 60 GHz 28, 38, 73 GHz 30, 60, 90 GHz 71-76, 81-86 GHz ¡ 44 GHz 3.5, 6 GHz
Bandwidth 1 GHz 400 MHz 2 GHz 1 GHz 3, 6, 9 GHz 2 GHz 2 GHz 100/200 MHz
TX EIRP 53 dBm 57.1 dBm 51.5 dBm 54.6 dBm 36.7 dBm 28 dBm 23 dBm + TX gain -
Antenna array sizes 128 x 256 16 x 16 16 x 8 - 8 x 8 64 x 1 8 x 8 (8*32)×16
Polarization Dual (H and V) Single Single Single Single Single Single Single
RX antenna gain 27.07 dBi 19.5 dBi 18.5 dBi 24.5 dBi 20.7 dBi 6 dBi - -
Switch rate 10 µs 2 µs 4 µs 10 s to minutes - 200ns - -
MIMO snapshot rate 380 ms 0.512 ms 0.512 ms - - 0.0128 ms - 10 s to minutes
TX-RX Synchronization Rubidium ref. GPS-Rubidium ref. GPS-Rubidium ref. Rubidium ref. Rubidium ref. GPS-Rubidium ref. GPS-Rubidium ref. Rubidium ref.

1 Introduction

The explosive growth of mobile data rates and the number of connected devices is
motivating the use of previously unused spectrum for cellular communications. As
a result, higher frequency bands have received considerable attention where larger
quantities of vacant spectrum is available. Particularly, the so-called millimeter-wave
(mmWave) bands ranging from 30-300 GHz have been intensely studied during the
last five years [1–4]. Spectrum in the 24-28 GHz band has been recently auctioned
in the United States by the Federal Communications Commission, triggering further
research and developments [5]. Other countries in North America, Europe, Asia and
Oceania are en-route to follow the same path. To this end, standardization bodies
such as the Third Generation Partnership Project (3GPP) have accelerated plans to
integrate mmWave frequencies into Release 15 (and beyond) specifications, the global
standard for fifth-generation (5G) cellular systems [6, 7]. For efficient design, perfor-
mance assessment and deployment planning of mmWave systems, understanding of
the propagation channel by means of real-time measurements is essential. This would
allow us to design suitable channel models which capture the physical behavior of
involved propagation processes, to characterize their impact on the resulting system
performance. Since mmWave systems suffer from high omnidirectional free-space at-
tenuation, a large amount of antenna gain is required at the transmit side of the link
end to effectively penetrate the signal [4]. Under a common environment, mmWave
channels behave relatively differently to cannonical frequencies below 6 GHz. In par-
ticular, the directional characteristics of mmWave propagation utilizing beamforming
over both spatial and temporal domains needs to be accurately measured and mod-
eled.

In order to measure the channel impulse response, a channel sounder needs to
be designed. The basic operating principle of a channel sounder is to inject a known
waveform into the propagation channel, so that suitable signal processing can decon-
volve the transmitted signal from the received signal, in turn acquiring the channel
impulse response. The sounding waveforms are usually designed in accordance with
the sounder type (described later in the paper). They range from standard pulse
trains [8,9], PN-sequences [10,13], chirp signals [14,15], or multitone sequences [16,18].
Steady progress is seen in the literature on channel sounder design at mmWave fre-
quencies. Nevertheless, majority of the existing directional sounding setups for indoor
mmWave systems are based on vector network analyzers, which use slow chirp or fre-
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quency scanning, combined with virtual arrays (mechanical movement of a single an-
tenna along a track). Such sounders are unable to operate in dynamic environments
and need a cabled connection between the transmit and receive link ends limiting
their separation distance [18–23]. For outdoor scenarios, the prevalent method for
directionally resolved measurements is based on mechanically rotating horn antennas
and measuring the channel impulse response for a fixed pair of transmit and receive
horn orientations [2,24–29]. There are three limitations of such an approach: First is
the non-coherent nature of the measurements, such that the obtained angular reso-
lution is limited by narrow half-power beamwidth (HPBW) of the horn element. As
a result, many multipath components (MPCs) may fall into the antenna beamwidth,
but appear as a single MPC. To this end, it has been difficult to predict the precise
number of contributing MPCs in a given propagation environment and the fundamen-
tal question on mmWave channels being sparse (in the sense of having small number
of MPCs) remains unanswered. Secondly, mechanically rotating horn elements re-
quires measurement run times on the order of multiple hours to complete a single
measurement at a given location (cycling through all horn orientations). An excep-
tion from this is the sounder presented in [29], which is able to perform 360◦ scans
across the azimuth plane, albeit only at the transmit side in 200 ms. Thirdly, due to
the long measurement times, such setups can not characterize dynamic channels for
more than one transmit-receive horn combination.

Keeping the above in mind, majority of the measurements reported at mmWave
bands either investigate the angular characteristics without considering the temporal
behavior of parameters, or have focused on the temporal dynamics without consid-
ering the angular characteristics [30, 31]. To the best of our knowledge, the sounder
design presented in [32] is the most complete in terms of characterizing both the tem-
poral and angular properties of the mmWave channel in dynamic outdoor scenarios.
However, the design in [32] is restricted to measure over 90◦ sectors in the azimuth and
zenith domains, limiting the sounding field-of-view. Unlike all previous studies, in this
paper, we present a channel sounder capable of measuring links between 128 transmit
and 256 receive dual-polarized antennas. Our ultimate aim is to extract the direction-
ally resolved channels within 180◦ at the transmitter and 360◦ at the receiver. To this
end, our design facilitates measurements of an order-of-magnitude more channels and
higher spatial resolution in comparison with other sounders in [28, 29, 31, 32, 34–40].
Although the presented design operates at 28 GHz over a bandwidth of 1 GHz, its
principles could be applied to other mmWave bands as well. Our design is based
on the switched array principle, circumventing most of the mechanical limitations
and allows for accurate measurements across elevation, azimuth, and polarization do-
mains. A bank of high speed electronic switches (exact structure discussed later on)
are connected to both transmit and receive antenna elements followed by single 28
GHz up/down-conversion radio frequency (RF) chains. The measurement sequence
facilitates each channel combination (transmit-receive antenna pair) to be measured.
With the transmit and receive control interface implemented in field programmable
gate arrays (FPGAs), our design is capable of switching from one antenna to an-
other in 10 µs. Hence, the same overall effect as in rotating horn antennas can be
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achieved in much shorter time. To this end, the developed sounder allows for sev-
eral order-of-magnitudes reduction of the measurement run time for a single location.
In particular, a complete multiple-input multiple-output (MIMO) snapshot (32768
channel combinations) can be measured in 380 ms (further details presented later in
the paper).

In addition to the above, our sounding setup has four important distinguishing
features: (1) Since a MIMO snapshot can be measured in a time shorter than the
channel coherence time (for moderate velocity of scatterers and/or receiver), double-
directional characterization of dynamic environments is possible. This allows us to
evaluate the impact of mobility on the temporal evolution of the angular spectrum,
which is critical for accurate beamforming control [33]. (2) We consider both hori-
zontal and vertical polarizations per-element at the transmit and receive sides. This
enables a more complete description of the propagation channel, as we are able to
characterize all properties of MPCs. To the best our knowledge, all of the sounders
reported above do not consider polarization aspects. (3) Via careful RF design, low
phase drift is seen between the local oscillators (LOs) at both link ends even in the ab-
sence of a cabled connection for clock synchronization. The accumulated phase drift
within the measurement duration of one snapshot is low, which enables averaging of
multiple complex waveforms to improve the measurement signal-to-noise-ratio (SNR).
This is particularly valuable for measurements with high geometric attenuation. It
also helps in eliminating any delay uncertainty for measurement with a large number
of channel combinations. Even more importantly, it enables the use of high resolu-
tion parameter extraction (HRPE) algorithms such as SAGE and RiMAX [41,42] to
obtain post-processing gain, bringing the results well within the Fourier resolution
limits.

Table 1 presents the state-of-the-art mmWave sounder characteristics known in
the public domain. Rather interestingly, architectures based on switched arrays can be
further divided into switched beam architectures (SBA), switched horn antenna arrays
(SHA), and switched patch arrays (SPA), respectively. The corresponding references
are as listed in the table. The major difference between the various approaches relates
to sensitivity (achievable dynamic range) and scaliability. The SBA achieves high
gain by coherently combining signals from multiple elements, while the SHA achieves
array gain via the horn antenna directivity. In contrast to these, the SPA digitizes the
channel impulse response measured at each antenna to achieve array gain in the digital
domain via further processing. For the SBA, a critical part of the circuit design is the
phase shifting network. Using standard complementary metal oxide semiconductor
(CMOS) or Gallium Arsenide (GaAs) technology, an insertion loss on the order of 10
dB is expected at moderate switch rate of 1 µs [43]. Thus, to fully exploit the array
gain and overcome the insertion loss of the network, an amplifier (low-noise at the
receiver or high power at the transmitter) between the element and the phase shifter
is needed. Nevertheless, this will have a significant impact on the cost and power
consumption when the number of elements are increased. Moreover, they also set
a fundamental practical limit to the beam switching rate, which should be smaller
than the overall channel acquisition time. The main limitation of SHA relates to cost,
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mechanical complexity and size, since each well designed horn element is expensive
and needs to be arranged mechanically to cover a unique angle (see e.g., the array
known as ”Porcupine” used in [44], which is about 0.5 m in diameter). Different
to SBA and SHA, the SPA design has the ability to utilize the recent advances in
RF switching technology, significantly reducing the net insertion to 2-3 dB with a
switching rate on the order of 100s of nanoseconds at mmWave frequencies [45]. This
has opened up the prospects for massive SPA designs, offering the best trade-off
solution in terms of implementation complexity, cost and performance with scaling
up the number of elements.

The key contributions of the paper are: (1) We present a switched channel
sounder operating at 28 GHz over 1 GHz bandwidth which is capable of measuring
128×256 dual-polarized channels in 382 ms. To the best of our knowledge, the de-
sign provides an order-of-magnitude superior angular resolution and is complimented
with a nanosecond delay resolution relative to current setups. To this end, the de-
sign presents an opportunity to jointly characterize the delay, angles, Doppler and
polarization parameters, respectively. Though not done in this paper, with the above
information, an accurate double-directional model can be derived after high-resolution
post processing. (2) With the short measurement run times and highly stable RF
design, the sounder is tailored for characterizing dynamic propagation scenarios and
allows us to track the evolution of the channel properties in both the spatial and
temporal domains. This is in stark contrast to previous setups. (3) Via efficient
FPGA implementation at both link ends, we can utilize complex real-time averaging
of the received waveform to gain higher measurement SNR. As such, approximately
1 Gigabyte of data can be efficiently processed and downloaded each second.

2 Channel Sounder Design

As for any given channel sounder, a known waveform is generated at baseband and
up-converted to carrier frequency of interest, followed by power amplification and
transmission. On the receiving end, the waveform is down-converted, sampled and
stored for post-processing. The channel impulse response is extracted from the re-
ceived signal envelope relative to what was transmitted. In order to extract the di-
rectional characteristics of the channel, multiple repetitions of the sounding waveform
are sent into (and thus received from) different directions, where different transmit
and receive antenna combinations. The subsequent section explains this process in
further detail.

2.1 Sounding Waveform

The baseband sounding waveform implemented in the transmit side of the sounder
is a multi-tone Zadoff-Chu (ZC) sequence. ZC sequences contain ideal correlation
properties in both time and frequency domains, and are thus well suited to channel
sounding. Several other mmWave sounders reported in the literature use such se-
quences or other multi-tone waveforms [16, 17, 32]. The ZC sounding waveform can
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Figure 1: In-phase and quadrature components of x(t), the ZC signal
over 2.6 µs sampled with a rate of 1.4 Gigasamples/second.

be represented as

x(t) =

N∑
n=−N

e j(2πnδft+θn), (1)

where δf denotes the tone spacing, 2N+1 is the total number of tones governed by N ,
and θn is the complex phase of the n-th tone. Figure 1 depicts the in-phase (top sub-
figure) and quadrature (bottom sub-figure) components of x(t). A total of 2002 tones
spaced by 500 kHz were selected to cover the instantaneous measurement bandwidth
of 1 GHz. It can be readily observed that the resulting frequency spectrum of the
ZC signal will be flat across the desired band of interest, providing SNR uniformity
at all frequency tones. As derived in [46] and mentioned in [32], the values of
θn can be modified to achieve a low peak-to-average-power ratio. Figure 2 shows the
normalized amplitude of the waveform, which has a PAPR within 1.5 dB, enabling us
to transmit with power as close as possible to the 1 dB compression point of the power
amplifier without driving it into saturation mode. Furthermore, the ZC sequences
are easily scalable across both time and frequency domains. Wider bandwidth of the
signal helps to increase the delay resolution, while the duration of the signal needs
to be on the order of the furthest resolvable MPC. In order to accurately acquire the
received waveform, multiple ZC signals need to be transmitted in order to correlate
the transmitted waveform with the one received. To avoid discontinuities between
sequential ZC sequences, each waveform is effectively built up from two ZC sequences,
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Figure 2: Normalized magnitude of the quadrature component over time.

Table 2: Baseband waveform and frame structure specifications.

Parameter Value

Type ZC (2× over-sampled)
Length 2048 samples

Waveform duration 2.6 µs
Phase drift margin 2 ZC durations

Switching duration and guard (2.6 µs × 4) + 0.1 µs = 10.5 µs
Total # of antenna pairs 32768

where one is time reversed, i.e., over sampled by a factor of two. This approach has
the advantage that repeated transmissions yield a time continuous signal used for
averaging. Table 2 reports the exact ZC properties employed and implemented in the
sounder.

2.2 Frame Structure and Sounding Sequence

The sounder frame structure is built up from a multiplicity of ZC sequences repeated
after one another, followed by a so called guard time for switching (settling time for
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Figure 3: Overall frame structure for each transmit-receive antenna pair.

switches after activation). The minimum number of ZC sequences in each frame is
four. In particular, the first and last ZC sequences are added as margins in case
there are random phase drifts in a given direction, causing the switching to be un-
synchronized. To this end, the second ZC sequence is used by the receiver to detect
and synchronize the received signal, while the remaining arbitrary number of ZC se-
quences are used for real-time averaging to improve the SNR of the estimated channel
impulse responses. This increases the measured dynamic range of the sounder. Since
a single ZC sequence is of duration 2.6 µs, a switch guard time of 100 ns gives a min-
imum frame duration time of 10.5 µs. To this end, with 32768 channel combinations,
a MIMO snapshot duration of 380 ms is obtained. The key properties of the frame
structure are listed in Tab. 2. The overall frame structure for any given transmit and
receive antenna combination, with the number of acquisitions set to X, is depicted
in Fig. 3.

Since our ultimate aim is to accurately extract the propagation parameters in
dynamic scenarios using HRPE algorithms, we need to ensure that the duration of
one MIMO snapshot is shorter than the channel coherence time. Followed by this,
the MIMO cycle rate, inverse of the duration between two adjacent snapshots should
be greater than or equal to half of the maximum absolute Doppler shift, in order to
avoid ambiguities in estimating the Doppler shifts of MPCs. Since in a switched
sounder, the MIMO snapshot duration increases with the number of elements, there
is an inherent conflict between the desired accuracy of the direction-of-arrival and
direction-of-departure estimates (which implicitly demand a larger number of anten-
nas) and the admissible maximum Doppler frequency. The authors in [47] were first to
realize that it was the choice of sequential antenna switching pattern which causes this
limitation in time-division multiplexed sounders. Instead, a non-sequential switching
sequence has the potential to greatly extend the Doppler estimation range and nul-
lify the aforementioned ambiguities. This principle relies on the fact that the signal
phase can be inversely derived from the Doppler spread as long as its second-order
statistics are time invariant, and that aliasing from systematic spatial switching can
be avoided. In a similar line, with directional antennas, authors in [48, 49] proposed



236 PAPER VII

1
2

3
4

x4

2x8

SP4T
1

2
3

4

1
2

3
4

x4

x4

4x4 Dual-Polarized 

Patch Array

8 Panels

2

1

8

...

SP4T

SP4T

SP4T

SP4T

SP4T

Switching Board

Panel Board

Figure 4: The cascaded switching topology divided into a switch board
feeding up to 8 antenna panels with 16 dual-polarized (32 effective).

the use of the normalized sidelobe levels as the objective function to derived the
necessary conditions of array switching sequence which leads to ambiguities. Hence-
forth, similar to [50], we employ the use of pseudo-random switching at both link
ends of our sounder.7 In the implementation context, both the transmit and receive
sides locally use the same codebook the switching sequences prior to the sounding
process. We highlight the fact that codebook implementation in software (discussed
later in Section 3.4) offers unique flexibility to change the total number of actively
switched antenna elements. This gives our design the flexibility to trade, angular
resolution, coverage, and polarization with a more rapid MIMO snapshot duration.
This naturally facilitates dynamic characterization of the channel with even higher
receiver/scatterer velocities. One key difference between previous mmWave setups
and the current sounder is the measurement of polarization properties, especially
in dynamic environments. For sequential measurements in a dynamic environment,
both the time offset between the measurements and the estimated Doppler spread
needs to be considered in the estimation of the polarization properties. This may put
very stringent requirements on the Doppler spread to be invariant, i.e., the measured
trajectories may need to be along a straight line with constant speed. The approach
will not jeopardize the random switching based relaxation as it relates to temporal
de-correlation of spatially separated antenna elements. The opposite polarized ele-
ments are orthogonal and have a common center point, hence they are uncorrelated.

7 For clarification, we note that the authors in [50] considered random switching only at a
single (either transmit or receive) link end.
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3 Sounder Architecture

This section presents details on the antenna array and switching architectures, trans-
mit and receive sounder hardware, as well as software implementation aspects.

3.1 Antenna Array and Switching Architecture

The antenna architecture at both the transmit and receive link ends are based on dual-
polarized patch elements, complemented by a quadruple cascaded switching circuit.
The switch circuitry needed to support the transmit/receive arrays is based on 28
GHz absorptive single-pole-four-throw (SP4T) switches developed by Sony Inc. The
utilized switches have superior power handling capabilities (on the order of +27 dBm)
and have a net insertion loss on the order of 1.5 dB, well below the switches available
in the public domain. The switching architecture enables up to 256 elements to
be activated according to the pseudo-random switching sequence, and its design is
divided in two parts: The first half of the circuit is located on a dedicated switch
board that carriers two levels of cascade and distribute an input signal to 16 coaxial
connectors. The second half is located at the backplane of the antenna element panels,
where each panel has two coaxial inputs that are switched out to 32 antenna feeds
compiled in a 4×4 fashion with two polarizations. Naturally, for the 256 element
receive array, there are eight such panels, while for the 128 element transmit array,
there are four panels. The overall cascaded switching topology complimenting panels
of 4×4 dual-polarized antennas is demonstrated in Fig. 4. All boards are designed in
six-layer printed-circuit-board (PCB) technology based on Rogers RO4450B substrate
with favorable loss tangent and absolute permittivity. The process supports stacked
vias through all layers.8 This enabled a more compact layout with low insertion loss
and facilitated half of the switch circuitry at the back of the panels next to the feed
of the patch elements. Each antenna is assembled from the panels, shown in top and
bottom sub-figures of Fig. 5, as discussed earlier. It can be seen from the bottom
sub-figure that a corrugation structure (i.e., the horizontal stripes on the panels in
Fig. 5) was introduced to prevent surface currents from distorting the antenna gain
patterns. Due to processing limitations, the required grounding of the corrugation
structure could not be supported, and a layer of an absorbing material was later
added instead.

Each patch antenna is designed as a coupled parasitic resonator where the feed
element is connected through stacked vias to the switch outputs at the antenna back-
plane. The elements are designed in a three-layered structure. The lowest layer is the
ground plane; the second layer elevated to 100 µm is a dual feed coupling element;
and the top layer at 300 µm, is the radiator. The coupling element in combination
with the radiator generates two closely spaced resonances that are tuned to achieve a
bandwidth that covers the desired frequencies. The simulated radiation patterns for
both the vertical and horizontal modes from a patch element is shown in Fig. 6. The
HPBW is approximately 85◦ in azimuth and 50◦ in elevation for both modes. The

8 Stacked vias enable signal-paths to go through arbitrary layers of a PCB without intro-
ducing sidewise offsets.
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Figure 5: 28 GHz 4×4 patch antenna array front and back views.

Figure 6: To the left, simulated gain patterns for horizontal and ver-
tical polarization. To the right, the structure of a dual-polarized patch
antenna element.

simulated total -10 dB return-loss bandwidth is about 4 GHz, and this matches the
measured radiation bandwidth. The simulated isolation between antenna elements is
about 20 dB. The peak radiated power from the antenna panel including the switch
circuitry was measured and compared to that of a reference patch antenna. The IL
from the switch circuitry was then estimated to about 5 dB, which, is close to the
expectation. The total IL from cabling and switch circuitry, including the switch-
board, is about 15 dB for an antenna. Each switchboard includes the first two layers
of the switch cascade and is equipped with a coaxial connector for the feeding and
16 coaxial connectors that distribute the signal to the panels. The switchboard is
shown in Fig. 7. The panels are further assembled into an eight-faced octagon
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Figure 7: Switchboard with two layers of cascaded SP4T switches,
coaxial connectors for input and 16 outputs and a control interface.

Figure 8: Left: 256 element receiver array. Right: 128 element transmit
array.

shown to the left in Fig. 8 and the rectangular array shown to the right in Fig. 8.
The octagonal array will be used at the receiver, while the rectangular array will be
used at the transmit end for propagation measurements. Both arrays are shielded to
prevent leakage from the switch circuitry and the inter-board connections to distort
the radiation patterns. Amplifiers are attached to the feeds at both the receive and
transmit antennas. This ensures that we can maximize the link budget by having an
as high power as the switches can tolerate at the transmit side, despite a long feed
cable. Similar at the receive side, an LNA is used to minimize degradation of the
SNR from cable-related loss.
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3.2 Antenna Array Calibration

The calibration of both antenna arrays involves three-dimensional measurements of
the antenna gain pattern in an anechoic chamber suitable for 28 GHz. Each element
needs to be individually measured with high accuracy in phase, amplitude, and polar-
ization domains for maximum sensitivity in resolving the angular parameters. With
the standard setup, one such full sphere (azimuth and zenith directions) measurement
consumes on the order of 3 hours or more. Fortunately, the major part of this time
relates to the physical movement of the antenna arrays in the chamber. By switch-
ing through all antenna elements at each physical orientation, the total time could
be kept within reasonable limits. For rectangular transmit array, only half sphere
measurement centered at boresight are considered, unlike the octagonal receive array
where full sphere measurements will be conducted. The antenna calibration process
is work which is currently under progress.

3.3 Transmitter and Receiver Architectures

Figure 9 shows the overall implementation of the transmitter architecture. Parts of
the transmitter operation are controlled locally by the host computer, while others
require integration with a FPGA. The sounding waveform is generated at the host
with the required parameters, and is shaped with root raised cosine filtering before
going into the FPGA for sequential transmission of X ZC sequences. The transmis-
sion process triggers the timing control governed by the FPGA, which receives an
external 10 MHz clock reference. The clock used for the sounding setup is based on
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a rubidium reference and is extremely stable. A 12-bit Digital-to-analog converter
(DAC) and a front-end module (FEM) are used before upconversion of the baseband
signal. The clock also triggers the switch timing and is used as a reference for the
up-conversion process. Finally, the gain is set, activating a particular switch state,
forwarding the signal to the antenna port for transmission over-the-air. The corre-
sponding architecture at the receiver is shown in Fig. 10. The receive switch circuitry
is controlled by the rubidium reference signal which triggers the capturing of the re-
ceived waveform. This is followed by a down-converter to baseband and corresponding
12-bit analog-to-digital conversion (ADC). The receiver FPGA is then able to trigger
in-phase and quadrature sample correction followed by a power maximization stage
introduced by the matched filter. The FPGA performs real-time averaging of the
many acquired replicas of ZC sequences and transforms the averaged waveform to
the frequency domain for equalization and further processing. The resulting average
is correlated with the transmitted ZC sequence and converted back to time domain
to extract the influence of the propagation channel. The channel impulse response is
then extracted and is sent for storage (with a streaming rate of 1 Gigabyte per-second)
and further post-processing to extract the delay, Doppler, angular and polarization
parameters.9 Figure 11 demonstrates the complete sounding system with antenna
arrays and transmitter/receiver architectures integrated. The different units are in-
dicated with references to Table 3 where they are listed for ease of reference. At the
transmit side, we use a power amplifier to compensate for cable loss and to ensure
that the signal level is as large and as constant as possible. This is naturally within
the power handling capabilities of the RF switches. Similarly at the receiver side, we
use a low-noise amplifier directly at the feed of the switch board. The RF heads at
each side, perform up and down conversion. The remaining hardware modules are all
assembled in the National Instrument PXI-e 1085 chassis, and are directly controlled
by the National Instrument LabVIEW host code via a backplane communication
interfaces.

3.4 Software Implementation

The software used to control the channel sounder is entirely programmed in LabView.
Both the receive side and transmit side have a similar set-up, which is shown in Fig. 12.
The code is divided in three parts, the host code, the signal processing FPGA code,
and the switch control FPGA code.

The host code is the controller and main user interface at both sides. It mainly
controls the operational state and defines: the waveform, the number of repetitions,
and the number of switch states. At the receive side, it additionally receives the raw
CIRs, perform calibration, and add meta-data before saving them. The host code is
not a real-time code, this enable the system to run in a standard Windows environ-
ment. The signal processing FPGA code operates in real-time, clocked by a rubidium
source. The transmit side transmit the waveform with the predefined number of rep-
etitions, adds switch guard time and generate a switch triggering signal between each

9 The post-processing also involves calibration and addition of meta data, e.g., absolute time
and antenna pair identification.
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Figure 11: The overall channel Sounder measurement system with sub-
units indicated with references to Table 3.

Table 3: Sounder transmit and receive hardware units.

Ref Unit Model

1 Power amplifier Sage, SBP-2633332228-KFKF-S1
2 Low noise amplifier Pasternack, PE15A3300
3 Transmit radio head NI 3642
4 Receive radio head NI 3652
5 LO/IF Module NI PXIe 3620
6 DAC Module NI PXIe 3610
7 ADC Module NI PXIe 3630
8 FPGA Module NI PXIe 7976R
9 Switch control module NI 6581B
10 Timing and Sync Module NI PXIe 6674T
11 Host computer NI PXIe 8880
12 Chassis NI PXIe 1085
13 Fast Array Hard drive NI PXIe HDD 8261
14 Rubidium Source FS725 Rubidium Frequency Standard

frame. A pulse-per-second (PPS) signal generated by the rubidium source triggers the
code to transmit a predefined number of frames. The receive side, similarly, process
each frame, generate a switch triggering signal and sends the resulting CIR with a
timing identifier to the host. The processing involves synchronization, averaging and
correlation to the known waveform. The switch FPGA code is the least complex and
is the same at both sides. It change the switch state based on a code-book each time
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Figure 12: Overall channel sounder software architecture, where *indi-
cate functions that only are present at the receive side.

it receives a trigger signal from the real-time signal processing FPGA.

4 Summary and Future Work

This paper presents the design and implementation aspects of a 28 GHz channel
sounder intended for characterizing dynamic propagation environments. Based on the
switched array principle, our design is capable of measuring 256×128 dual polarized
channels with a switch rate of approximately 10 µs. Based on this, the sounder has
the ability to obtain magnificent spatial resolution and is complimented with a large
bandwidth resulting in nanoseond delay resolution. The 32768 channel combinations
can be measured within 380 ms, within which the phase of the up/down-converters
remain constant. This facilitates tracking of the MPCs to observe their temporal de-
pendencies. To the best of our knowledge, our design is the first to have the capability
to characterize amplitude, delays, angles, Doppler, and polarization parameters at 28
GHz for non-stationary scenarios. With a complete system at hand, we are currently
working towards the calibration of both the transmit and receive antenna arrays,
Followed by this, we will conduct our first indoor and outdoor dynamic propagation
measurements in quest to build the most complete model of 28 GHz propagation.
Along with pseudo-random switching sequences, the HRPE algorithms will ensure
the highest accuracy in characterizing the aforementioned parameters. With reso-
lution close to the Fourier limits, we aim to answer the fundamental question of
channel sparsity at mmWave frequencies and aim to study the effects of blockages
which feature prominently in mmWave channels.
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