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Summary

In the field of wireless multiplenput multiple-output (MIMO) communications, remarkable
capacity enhancements may be achieved in certain environments relatsiagteantenna systems. In
a nonline of sight (NLOS) environment with rich multipath, the capacity potential is typically very good,
but in a line of sight (LOS) environment with a high RiEidi&actor, the capacity improvement may be
severely limited oalmost disappear. The objective of the research described in this dissertation has
been to develop a more thorough understanding of the capacity limitations of MIMO in a LOS
environment and explore methods to improve that capacity. It is known that fdD& link with a given
range, an optimal antenna configuration, which usually involves large antenna spacings, can be
computed to maximize the capacity. A method is here proposed for achievingmeeamum MIMO
capacity in LOS environments with suboptimaag configurations. Suboptimal arrays may include small
antenna spacings and/or arrays rotated off normal. The method employs singgana fulduplex,
amplify-and-forward relays, otherwise known as "wireless repeaters.”" We have designated this concept
repeaterassisted capacity enhancement (RACE) for MIRtEential applications include tower
mounted or buildingtop cellular backhaul and higgpeed wireless bridge links (explored in Chapter 5)
and groundto-air sensor network backhaul links and bagamobile links in a cellular configuration

(explored in Chapter 7).

We have analyzed this concept in simulation for pé@¥point and pointto-multipoint links and
have found the following critical parameters for system design and deployment: orientatitenra
spacing, and antenna patterns of the transmit (TX)/receive (RX) MIMO arrays; and position, noise figure,
TX/RX isolation, and antenna patterns associated with the repeater(s). Simulation results foman
MIMO link demonstrate nearly a fagtof n = min{ng, ny} improvement in capacity relative to a single

input singleoutput (SISO) link using— 1 optimally placed wireless repeaters supporting the link.

XVi



Other portions of analysis presented include the development of a determipas¢d metic
for capacity D) and an exploration of upper and lower bounds of capacity as a functibn e
position of repeaters is analyzed theoretically and a metric introduced bas@dimiended to quickly
and intuitively determine optimal positions foepeaters assisting a given MIMO link based on TX/RX

node steering vectors.
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Chapterl: Introduction

In the field of wireless multiplenput multiple-output (MIMO) communications, remarkable
capacity enhancements may be achieved in certain environments relative to-aimglena systems. In
a nonline of sight (NLOS) environment with rich multipath, theacity potential is typically very good,
but in a line of sight (LOS) environment with a high Ri€iactor, the capacity improvement may be
severely limited or almost disappear. The objective of the research described in this dissertation has
been todevelop a more thorough understanding of the capacity limitations of MIMO in a LOS
environment and explore methods to improve that capacity. It is known that for a LOS link with a given
range, an optimal antenna configuration, which usually involves kangenna spacings, can be
computed to maximize the capacity. A method is here proposed for achievingmeamum MIMO
capacity in LOS environments with suboptimal array configurations. Suboptimal arrays may include small
antenna spacings and/or arrays rted off normal. The method employs singlatenna fullduplex,
amplify-and-forward relays, otherwise known as "wireless repeaters.”" We have designated this concept
repeaterassisted capacity enhancement (RACE) for MIRtEential applications include tower
mounted or buildng-top cellular backhaul ankigh-speed wireless bridge links (explored in Chapter 5)
andgroundto-air sensor network backhaul links and basemobile links in a cellular configuration

(explored in Chapter 7).

We have analyzed this cogat in simulation for pointo-point and pointto-multipoint links and
have found the following critical parameters for system design and deployment: orientation, antenna
spacing, and antenna patterns of the transmit (TX)/receive (RX) MIMO arrays; aimhposiise figure,
TX/RX isolation, and antenna patterns associated with the repeater(s). Simulation results foman
MIMO link demonstrate nearly a factor of= min{ng, ny} improvement in capacity relative to a single

input singleoutput (S80) link using — 1 optimally placed wireless repeaters supporting the link.



Other portions of analysis presented include the development of a determipasged metric
for capacity D) and an exploration of upper and lower bounds of capacity as a functibn The
position of repeaters is analyzed theoretically and a metric introduced bas@dimiended to quickly
and intuitively determine optimal positions for repeaters assisting a given MIMO link based on TX/RX

node steering vectors.

Chapter Zgivesan overview of the origin of the problem explored here and a discussion of

z

NBt SOFyd NBAaASEFNOK dzi At AT SR Chmgter 2otplorésBhe Spgnalfaimai 2 (G K S
a MIMO channel matrix and lays the foundation for much of the subsequeestigations. In

developing this framework, a determinabtised metric is introduced, whose relationship to the

capacity is explored theoretically @hapter 4 Chapter Sntroducesa repeaterassistedconceptfor

improving MIMO capacity in a LOS enviromingnd explores repeater position and other system

parameters for a 2x2 poirtb-point link. Chapter éextends this analysis to a generglxn; link

supported byn — 1 repeaters and introduces a general positioning metticapter 7extends the

analysiof Chapter 30 consider a pointo-multipoint link. Chapter 8 discusses conclusions.
Novel contributionglescribed in this work include:

1) a novel development of the optimédrm of a MIMO channel matrix;
2) the development of a determind@rbased metic (D) for analyzing MIMO capacity;
3) atheoretial analysis of upper and lower capacity bounds as a functidn of
4) arepeaterassisted capacity enhancement (RACE) method for enhancing LOS MIMO gapacity
5) a detailed simulatiorbased analysis a€peater position using RACE for a givempto-point
link configuration;
6) atheoretical analysis of repeater position for a genagtn,; MIMO link;

7) a positiornbased metric and ntbod of repeater placement; and



8) an investigation of RACE for petoetmultipoint links with a discussion of the impact of system

parameters on coverage size and robustness.



Chapter 2: Origin and History of the Problem

2.1. LOS MIMO

MIMO technology has been revolutionary in its ability to increase capacity and/or improve the
robustness of a wireless communication link. Originally conceived in ni@1990s, MIMO
communication research became a field of intense interest following the @uigic of [2] in 1998 that
demonstrated from an information theory perspectivgphenomenal capacity improvements using
multiple antennas at both ends of a commuation link relative to singlantenna linksin that seminal
paper, capacitiesvere derived for multipld y G Sy yl adaeadasSvya ol aSR. Py {KIy
channelgain coefficients derived frormero meanindependent identically distributedi.i.d.) complex
Gaussian random variablése( Rayleigh fading), ergodic capacities are found to far exceed those of SISO
systems by approximately a factormofwheren is the smallest value of the number of antennas for one
of the nodes in a poiato-point link. In other words, using atyxn; system whereiy is the number of
RX antennasi; the number of TX antennas, and= min{ng,n}, the capacity relatie to a 1x1 (SISO)
system can potentially be improved by approximately a factor [&3].

A basic diagram of 4x4 MIMO system is showin Figurel. Each TX antenna couples some
amount of energy to each RX antenna through direct-tifisight, scattering, reflections, diffraction,
and so on, such that the net effect is a single compleanoel gain for each TX/RX antenna pair
assuminga flatfading channel. Although some analyses consider the effect of frequasiegtive
channels[4-6], many rely on narrow signal bandwidthgithogonal frequencydivision multiplexing
(OFDN), or other assumptions to limit the analysis to flat fading. A channel matrix (often defttes
composedof thesenzxn; complex gains such that a system equation may be writteft /X + 1,

wherey is thenzx1 received signal vectox is thenyx1 transmitted signal vector, andis thengx1



RX noise termFrom this system equation, it may be observed that the channel midtmust be full
rank if one desires to recoverfrom y.

™
Antennas

RX

Wireless
Antennas

Channel

Receiver Transmitter

Y a
Y a
Y a

Channel
Matrix (H)
Figurel. 4x4 MIMO System Diagram

To achieve such high capacities over a MIMO link relative to a SISO dykdké@ technology
usually relies on statistically uncorrelated channel coupling in order to effectively retrieve the
multiplexed transmitted dataThis statistical independence assumption may be valid in an environment
where a large number of multipath cogief the transmitted signals are coupled into the RX antennas,
which vyields the common Rayleigh fading assumptiGhannels that experience high correlation
between channel gain coefficients are usyaliought to have lower capacitiekOS channels havéen
been included in this category because their channel gains are highlydependent and they often
SELISNASYOS RSAINIRSR OFLI OAGASaDd | 26SOSNE 402 NNBf |
since they are increasingly deterministic as theidR K-factor increases, with channel gains based
almost solely on the physical configuration of the link. Although low capacities are common in LOS, a

substantial body of research concludes that certain configurations can achieve the maximum capacity

[7-19] by ensuring the channel matrix is full rank. One result is dedvation of an optimal inter



element antenna spacing-11]foragdSy t Ay 1 Qa NI y3aS | yR FNBIjdzSyoeo 2

optimal spacing, the channel is orthogonalized and the maximum MIMO capacity is achieved. This
spacing, however, may be quite large for some applications as the range between transmitter and

receiver grows.

2.2. LOSChannel Matrix Study

In suppat of such research, the author haxploredoptimal forms for a LOS channel matrix,
which serveto explain how phase differencagsulting frompath length difference can improve the
multiplexing gair{18]. This analysis is outlined @hapter 3 Thischapteralso discusses how a channel
matrix for a given configuration may be altered by designing an approprisgsepresponse for the
3@ 40 SYQa Suclyaiphase lespahseould serve to enhance the capacity gains achieved by an

appropriate configuration based on the results of the previously cited studikes. design of such a

phaseconstrained antennarray isleft as an open problem to the research community.

2.3. Repeaters for MIMO Capacity Enhancement

The author furtherproposes 1 KS  dzaS 2F GANBt Saa NBLISI 0SN&
achieve the desired phasing of the channel response iamgftove the ritiness of the multipath
environment[19], and explores the concept through modeling and simulatio@€hapters 57. The use
of these repeaters effectively reduces thtcianK-factor without blocking the LOS componetiius
makingthe channel matriorthogonal when implemented properlyThisconceptmay serve to improve

the MIMO capacity for configurations with suliopal inter-element antenna spacings.

2.4. Current Repeater Usage

Repeaters are typically used in cellular, WiFi, and other wireless applications to extend the range
of coverage or to illuminate areas that would otherwise have weak signal recdpitause oblockage

or other fading problem$20-27]. In such configurations, the repeater may 1) mix the signal it receives

6
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to another channel or band before it relays2) buffer the signal in time and use a second time slot to

relay the sgnal (halfduplex repeater)pr 3) relay the signal on the same frequency at the same time it
receives it (fulRdzLJX SE NBLISF GSNO® ¢KAAa GKANR (&fs§uengyt NI LIS
NB LIS | (i S NE cohsiddred foittiistanalysis.

An impotant parameter of repeaters is isolation, whidpecifiesthe attenuation in the
FSSRoOoIFO]l LI GK FNRY ( gSnpoitFHe lir§ MR @pedtedziipelistad adaze NI (0 2
use frequency and timéo ensure sufficient TX/RX isolation so thhe repeater gain necessary for
STFTFSOGADS 2LISNY A2y 62y QG OFdzasS GKS NBLISFGISN G2
considered, the use of extra time and/or spectrum would reduce the effective capacity of the system.

With onfrequency repeaters, ¢ter means must be used to ensure sufficient isolati@patially
separated drectional antennas (one for relay input, one for relay output), circulators, and obstructions
may be used for this purpose. Some studies have proposed using a repeater that ajestpower

signal into the relayed signal, which can be used to estimate the feedback channel. This estimation can
then be used to back off the amplifier gain or attempt to filter out thedback path to ensure stability
[24-25]. Other methods have also been proposed to enhance the isolation by filtering the feedback

channel using gain dithering amaicroelectromechanical systemBIEMS reconfigurableparasitics [26-
27).

2.5.  Cooperative Communications

The type of repeater wpropose forus&K I & | f 42 0 S-Suflex@indliffasdforwiard & F dzt €
61 Co0 NBfl&é¢ Ay (i KSmmupigatioSsEdopetafive doranunittians lisia@edatively
new field of researcli28-42] that assumes cooperation among the nodes in a network in order to share
antennas and create @ @A NI dz f .£df implemenhtedINbp&rlysuch cooperatiommay enablea
singleantenna node to dramatically increase the diversity of the link to its intended receiver by
leveraging other nodes, which act as relapdthough the earliest informationheory research on

7



cooperative diversity was based on fdliplex relaying28-29], almost allof the more recent work
assumes halfluplex relays[30-31]. In particular [32-34] address a problem similar tthe case
investigated herethat of using AF relays to assist a raigficient MIMO channel, but they also assume
half-duplex operation. Halfluplex operation has been assumed necessary because sufficient isolation
for full-duplex operation is considered too difficult to achievi85]. In rich multipath environments
consistent with Rayleigh fading channel coefficients;frequency relay isolation will certainly be
difficult if not impossibl@o achievebecause of the cquling through the multipath.

In the proposedanalysis however, we restrict our attention to fregpace channels or Rician
channels with a high-factor, such as might be encountered in buildiog or towermounted long
distance MIMO microwave links. Femch applicationghe use of directional antennas on the repeater

(or relay) is reasonable and sufficient measured isolations are availAbR?)].



Chapter3: Analyzing the Channel Matrix Form

The authotbegan to investigate the problem of limiteédIMO capacity in a LOS environment by
exploring the channel matrix form to determine what might be done to influence the channel to yield a
higher MIMO capacitj18]. The following analytical model is used for the investigation.

The Shannon capacity of a MIMO sys{@ris given by

¢ = log, <det (InR + ﬁH’H’H)), )
nr

wherep is the average receivesignal to noise ratioSNR, ny andny are the number of transmit and
receive antennas respectively, afdis the normalized channel matrix. The operafof denotes

Hermitian transpose. The normalizati(gee Appendixis given by

ngnr
H =H |————, 2
E(IHIIZ)

whereH is the actual channel matrig,(-) is a statistical expectation operator, afjg| indicates the
Frobenius nornoperator. This formulation for normalizing assumes that the TX power is fixed, but
the RX power varies as the chanredponsevaries.
From(2), it follows that
E(lnyl’) =1 3)
for alli, j, whereh';; is the(i, j))*"* element ofH'.

H' can be broken down into its LOS and NLOS components as filldws

’ K ’ 1 ’ 4
H = ?:fhm+ E:THM%J (4)

whereK is the Ri@n K-factor of the channel and is given the ratio of the power in the LOS portion of

the signal ovethe power in the NLOS portion.



H'; o5 has elements of unit magnitude and phase determined by thegedmetrywhile H' v, s
has independent Rayleigh distributed elements whose real and imaginary parts are normally distributed
with zero mean and variance of 0.5 to satisfy the constrain{3jn Consider the case whe#eis
sufficiently large that we can effectively igndii€y,os. In this case, the only thing that can make
nonsingularinitially appears to behe phase delaypbecause othe path length difference from two TX
antennasto one RX antenna or vice versa. As the range increfasea fixed array sizethis effect
becomes negligible and multiplexing gain is severely degratieid. analysis in part seeks techniques

apart from the wellestablished array geometry methods for overcoming this limitation.

3.1. LOS MIMO

Notice that maximizing the capacit) is nearly equivalent to maximizing the determinant of
H'H'", denoteddet(H'H'"), given a sufficiently large SNR. Maximiziag(H'H'") is equivalent to
maximizing the absolute value of the determinantif denoted|det(H")|, if H' is square. We will
consider guare channel matrices fahe restof thischapter. To illustrate this association, a scatter plot
is produced irFigure2a from statistical simulations showing capacity verglst (H")| for a 4x4link with
an averagereceive SNR of 20dB. Points on this plot were realized using a NLOS channel with
independent Rayleigh fading for all antenna pairs. Compare this tretigbtoof the condition number
of the channel matrix, which has been used as a metric in some capacity sfd@i4s]. Figure2b
shows the inverse of the condition number. eapacity for thesame NLOS realizations used to produce

Figure2a.
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Figure2. Determinantand inverse condition numbes Capacity for 4x4 with SNR = 20dB

While there is a trend in both of thglots, it is much clearefor Figure2a. Thecondition number

is obviously a weaker metric for considering capacity thit(H")|. For a 2x2 system, there is no
difference, but for higher values af the condition number considers the largest and smallest singular

valuesof H' and discards the rest. The other singular values contain useful information that is exploited

by the determinant.
32 I FRIFYFENRQ& al EAYdzY 5SUSNYAYL VI
The problem of maximizg the capacity may then be placed in the context of maximizing

|det(H")|. Jacques Hadamard showed tHdet(H)| <n'/2, where H' is ann-by-n matrix with

complex elements inside the unit digk6-47]. This constraint is valid for a purely LOS channel matrix
since|h’i]-|2 =1 for alli,j as K —>c . The upper bound of'/z can be achieved by amxn

Vandermonde matrix whose elements atemposedof then complexnt*-order roots of unity[48],

given as
2n 2m(n—1)
1 e’ e e T
H = Hygn = . . . . ®)
2n(n—1) 2n(n—1)2
1 e e

11



This matrix is also known as asn discrete Fourier transformDOF) matrix. HoweverHy,,, is not
unique in achieving the upper bound. Any unitary transformHgjf, will also achieve the bound.
Consider unitary matricelg andV:
|det(UHyanV)| = |det(U)det(Hyqn)det(V)| = |e/Pvdet(Hyan)e/?V| = |det(Hyqy)|. (6)
9EIFYLX S& 2F dzyAllFNB GNIyaFf2N¥a AyOf dzRS Hyg,lat NI dzi | G
a6l LIWISR YR NRgkO2fdzYy aNRGFGA2Yyaéd SKSNB | NRg 20D
unit magnitude. In general, Hadamard observed that any m#tgksatisfies
Hoptngt =nl, (7)
will achieve the uper bound[47]. Thismay be shown by consideriring]et(Hopt)|2 = det(H,peHle) =
det(nl,) = n™, which leads tddet(H,,;)| = n'/2. This constraint leads to a nice relationship between
the idealMIMO and SISO capacitiesapurelyLOS channel.
Theorem Given anxn LOSMIMO channel matrix,,, such thatH,,.H},. = nl, (7), and a
LOSSISO channel galg such that|hg| = 1, thenCypo = nCsiso-
Proof: Then
Csiso = log, (1 + p|hg|) = log,(1 + p) )

p p
Crumo = log, <det (In + EHomHg’pt)> = log, <det (In + Enln)>

©)
= log, (det((l + p)In)) = log, ((1 + p)™) = nlog,(1 + p) = nCssp. M

This relationshibetween MIMO and SISO capadiyapproximately true for a NLOS channel
with independentRayleighfading, but exactly true for an infinité-factor channelwhenH is of the

optimal form. Ths result can also be found [49], thoughthe derivation is differen
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3.3. A Geometric Interpretation

A geometric interpretation of this maximization problem is illustrated as followstLet ULV #

be the singular value decomposition (SVDhefxn H'. Then

n

tr(H'H'") = tr(ULVHVEIUY) = tr (UZ?UM) = tr C2UHD) = tr(Z?) = z o? (10)

i
i=1

g K S NBg;£18 SNRILINBsinguianivalliesas'.

However, given that all of the elements fhave unit magnitude, then the trace may be

renderedas
ejell ejeln e_jell e_jenl
tr(H'H'") = tr([ : : ] [ : : D
ejgnl ejenn e_jeln e_jenn
n
IEME (11)
zine | N/A n N/A
=tr =tr = n?.
n
N/ D leson’ N
i=1

The offdiagonal elements inside the trace expressiorfli®) | NB y 2 O2YLJzi SR | yR

(not applicable) sincd KS& R2y Q0 | FsErBsOI leat& tBe conbtiai@S @ ¢ K S

zn: o? =n? 12

Also note that

n

- l_[ 5. (13)

i=1

|det(H")| = |det(ULVH)| = |det(U)det(Z)det(VH)| = |/(bv—) l—[al-

=1

The problem of maximizinglet(H")| then is a problem of maximizing the volume of ran
dimensional rectangular parallelepiped whose sides have lengths equal to the singular values of
(IT~, 0;). The maximum distance between any two vertices is fixed?df2), so the volume is

maximized when all of the sides are of equal length,qi.€.g; for alli, j. Notice that such a constraint

13
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yields a condition number of unity, which has previoubgen demonstrated to coincide ith

maximizing MIMO capacif#3].

7 A

lf 0K2dAK GKS dzasS 27F GK RSGUSNXYAYLYG & + YSGN

MIMO theory was derived independently, the author afterward discovered a somewhat similar analysis
done by Larsson if9]. However, the present analysis offers a more complete discussion and different
perspective including a comparison of the determinant with the condition numbed the preceding

geometric inerpretation discussion.

3.4. A 2x2 Example

Applying(5) to a 2x2 system, the ideal channel matrix has the form

11]

Hygn = [1 1) 14

Using twounitary transforms, the matrix is altered:

. |
”ovf:[e]oz oG 2l lo emal=1 11] 19

One way to achieve this response would be for the receive antennas to havfieldaesponse
with opposite phase slopes. Neglectitgpteffect of path length difference, the phase has to chande 90
over a very small incident angle dictated by the geometry of the link. Consider a configuration where the

array normals face one anotheasdepicted inFigure3. In thisconfiguration,the angle over which the

phase must change by 918 given by = tan™! (%).

RX X
%

dI . Id

R

A
v

Figure3. A 2x2 MIMO configuration example
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