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ABSTRACT

The use of multiple antennas at both ends of a wireless link can provide sub-
stantial increases in capacity. In MIMO systems, the multiple antennas could be
utilized in different ways to maximize the performance in a particular environment.
Previously, a spatial multiplexing system was compared with a system that uses
multiple antennas to perform adaptive beamforming. In this thesis, we evaluate the
performance of a hybrid MIMO (H-MIMO) system where the antennas are used
in a combination of these two modes. Through simulations, we show that, over a
wide range of target outage probabilities and Ricean K factors, the hybrid systems
can achieve higher efficiencies for users who are farther from the base station or,

alternatively, can provide higher capacities to a larger percentage of users in a cell.

viil



Chapter 1
INTRODUCTION

1.1 Motivation

Because of the ever-increasing demand for higher data rates, maximizing the
spectral efficiency is of paramount importance in next-generation wireless systems.
An effective step in this direction is the use of multiple antennas at the transmitter,
at the receiver, or at both ends, that is, so-called multiple-input multiple-output
(MIMO) systems (e.g., see [1]-[6]). In recent years, it has been shown that MIMO
systems can be used for spatial multiplexing, providing the potential for a linear
increase in capacity with the number of antennas (e.g., see [6]-[8]). Substantial
gains have been verified through analysis and simulation in single-cell environments
[9]-[10] as well as in multi-cell applications [11]-[14].

In MIMO systems, the multiple antennas could be utilized in different ways to
maximize the performance in a particular environment. In [15], using a compre-
hensive simulation in a real-world cellular environment, a spatial multiplexing (SM)
system was compared with a system that uses multiple antennas to perform adap-

tive beamforming (AB). Although SM is shown to be surprisingly robust, the results



in [15] also demonstrate different sensitivities to the degree of scattering in the en-
vironment and the target outage probabilities for the two schemes. In particular,
as the environment becomes more specular in nature and as the outage requirement
becomes more stringent, the spectral efficiency of the SM system decreases while
the AB system improves due to the directive nature of beamforming.

1.2 Objective and Contributions

Because SM and AB systems exhibit different, essentially opposite, sensitivity to
the scattering in the environment, an interesting possibility is to employ a hybrid
MIMO (H-MIMO) system, where the antennas are used in a combination of the
SM and AB modes. As we decrease the number of independent substreams so that
more antennas are dedicated to AB, we obtain more power gain and cochannel
interference suppression ability. This will stabilize the capacity variation in a cell,
at the expense of maximum achievable capacity. Thus, in this hybrid system, there
exists a trade-off between maximum achievable capacity and the stability of the
capacity in a cell.

The objective of the research described here is to evaluate the performance of H-
MIMO systems in different simulation environments and to compare these systems
with more conventional SM and AB approaches.

Multiple antennas are a fundamental component of next generation wireless sys-
tems, especially cellular systems and wireless metropolitan and local area networks.

In particular, both 4G cellular systems and next-generation wireless LANs, such as



the IEEE 802.11n standard, include MIMO techniques. In all of these systems, the
primary driver is the higher data rates and spectral efficiencies necessary to provide
seamless multimedia services to a large number of subscribers. Hybrid systems, as
suggested here, offer the possibility to tailor the transmission arrangement to better
meet the needs of a specific wireless link.
1.3 Outline of the Thesis

In Chapter 2, we provide a brief overview of the radio environment, highlighting
the important propagation phenomena encountered in wireless communications. In
Chapter 3, we present a brief review of multiple antenna systems, describe algo-
rithms for determining the optimal weights for combining the signals from different
antennas, and summarize the information theoretic capacities for different antenna
configurations. We describe the link and channel models in Chapter 4, and the inter-
ference model and receiver processing in Chapter 5. Simulation results are presented
in Chapter 6, and conclusions and future work are discussed in Chapter 7.
1.4 List of Acronyms

Several acronyms will be used throughout this thesis. The most important are
summarized below. Each acronym will also be defined at least once in the text. In
addition, throughout this thesis, we will use the following conventions: z, x ,and X

denote a scalar, a vector, and a matrix, respectively.



Table 1.1: List of Acronyms

AB Adaptive Beamforming

SM Spatial Multiplexing

LOS Line-of-Sight

NLOS Non-Line-of-Sight

ISI Intersymbol Interference

SVD Singular Value Decomposition

SISO Single-Input Single-Output

SIMO Single-Input Multiple-Output

MISO Multiple-Input Single-Output

MIMO Multiple-Input Multiple-Output

SINR Signal-to-Interference-plus-Noise-Ratio

H-MIMO | Hybrid MIMO

CCI Cochannel Interference

MMSE Minimum Mean Square Error

MSINR | Maximum Signal-to-Interference-plus-Noise Ratio
CCDF Complementary Cumulative Distribution Function




Chapter 2
THE RADIO CHANNEL

In this chapter, we present a brief review of the radio environment to serve as a
basis for the channel models discussed in Chapter 4. As the transmitted radio wave
travels, it arrives at the destination through various physical mechanisms such as
reflection, refraction, diffraction, and scattering. The most important phenomena,
and those of most interest in this thesis, are path loss, shadow fading, and multipath
fading. Each of these is briefly described next.

2.1 Path Loss

The path loss is defined as the ratio of the received power to the transmitted
power and represents the mean attenuation experienced by the transmitted signal.
Various models have been proposed to represent this loss (for example, see [16]-
[18]). In free-space, the received signal power varies inversely with the square of the

distance between the transmitter and receiver, that is, the path loss is

P, A

L — — GtGr(m)2

= 2.1
o 2.1)
where P, is the received power, P, is the transmitted power, G, is the gain of

transmitting antenna, G, is the gain of receiving antenna, A is the wavelength of

transmission, and d is the distance between the transmitter and receiver.



In a more realistic environment, due to factors such as reflection, refraction, and
diffraction, the attenuation increases more rapidly with distance. Here, we take a
simplified approach and model the path loss as [16]-[18]

P, A o,
L:E:Qmﬂ<3) 22)

where the first term represents the loss at a specified reference distance, dy, and ~
is the path-loss exponent, typically ranging from 2 to 4 in most cases of interest for
cellular systems.
2.2 Shadow Fading

In addition, the transmitted signal is shadowed by obstructions such as hills and
buildings. This gives rise to large-scale variations with respect to the local mean
signal power. This shadowing is usually characterized with a lognormal distribution,
that is, if the received signal power, s, is represented in decibels (dB) by S, then

the probability density function of S is Gaussian [16]-[18],

1 (S —5)2

\/2mo? b~ 207

where S and o2 are the mean and the variance of S, respectively.

p(S) = ] (2.3)

2.3 Multipath Fading

In a typical wireless communication environment, rarely is there a direct line-of-
sight path between the transmitter and receiver. Rather, propagation is mainly by
way of scattering from the surfaces of buildings and objects. The transmitted sig-

nal arrives at the receiver via several paths simultaneously, with the various waves



arriving with different amplitudes and phases and different times of arrival. These
signals combine vectorially at the receiving antenna to give a resultant signal, and
they can reinforce (in-phase) or cancel each other (out-of-phase). The constructive
and destructive interference results in a signal which varies with the distance be-
tween the transmitter and receiver. In particular, as a mobile moves, the received
signal envelope fluctuates. These variations occur over short distances and the phe-
nomenon is usually referred to as small-scale or fast fading (as opposed to the slow
fading resulting from shadowing).

If there is no line-of-sight (LLOS) component, the numerous rays add up to create
a signal envelope, r, that follows a Rayleigh distribution [16]-[18] given by

T 7"2

p(r) = gel‘p[—@] (2.4)

where 202 is the mean power of the multipath signal [16]. If there is a strong LOS

component, the resultant signal envelope follows a Ricean distribution given by

T r? + a? ar
p(r) = Lpeanl-5 () (2.5)
2m
I(x) = i/ explxcosd]dl (2.6)
2m Jo

where I,(z) is the modified Bessel function of the zeroth order and «a is the signal
amplitude from the deterministic LOS path.

In comparing the H-MIMO systems, an important parameter will be the ratio
of the powers of the LOS component to the scattering or non-line-of-sight(NLOS)
components, which we call the Ricean K factor, K = a?/0? [19]. This is a measure

7
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Figure 2.1: Radio environment
of the richness of the scattering environment. If the LOS component dominates,
then the variations in the received signal envelope will be small. On the other hand,
if a = 0 (i.e., no LOS component), the channel reduces to a Rayleigh fading channel.
Now, the received signal power (in dB), S, which is spatially averaged over the

multipath fading, can be represented by
S=5+X (2.7)

where S is the median of the local average received signal power and X is the
dB value of the lognormal shadow fading, which is Gaussian with zero mean and

variance o2. Then, the instantaneous received signal power can be given as
Y —
Sinst = S(T /7’2) (28)

Note that the average of s;,s over multipath fading is precisely s. Now, in dB, we
have
Sinst =S + X +101log (r*/r?) (2.9)

8



where r is Rayleigh or Ricean fading due to multipath. A simple illustration of
the received signal power in a typical radio environment is shown in Figure 2.1. In
presenting this brief overview, we have assumed that the transmitted signal does
not undergo any spreading in time or frequency. Next, we describe the effects of
delay spread (spreading in time) and Doppler (spreading in frequency).
2.4 Delay Spread
The received signal is composed of several discrete multipath components, each
with different arrival times, magnitudes, and phases. The different times of arrival
result in a received signal that is longer in time than the transmitted signal. This
is called delay spread, which results in intersymbol interference (ISI). Depending on
the transmission rate, this can result in a significant performance degradation [20].
A useful measure of the time spread of the channel is the root-mean-squared (rms)

delay spread, or, defined as

op =1\/T2% — (T)? (2.10)

where T is the average delay and T2 is the second moment of the delay.

The significance of the channel time dispersion, and the resulting ISI, depends on
the relative values of the rms delay spread and the symbol period, T;. If o << T,
then the ISI will be negligible and the variation in frequency over the bandwidth of

the signal will be small (flat fading). Alternatively, if op >> T}, then the ISI will be



significant and some compensation will be required. In the latter case, the channel
will vary considerably over the signal bandwidth (frequency selective fading).
2.5 Doppler Spread

In mobile radio applications, the channel changes in time due to the motion of
the transmitter and receiver, or even because of the movement of scatterers. The
rate of change of the channel response can be well-approximated by the maximum

Doppler frequency, f,, = %, where v is the speed of the mobile [18]. As with the

%
delay spread, the relative importance of the channel time variance is determined by
the relationship of the Doppler frequency to the signal bandwidth. Equivalently, by
defining a coherence time, a measure of the expected time duration over which the
channel’s response is essentially invariant, we can relate the channel time variation
to the symbol period.

Using the coherence time, T, we can categorize fading as either fast or slow. If the
channel coherence time is much shorter than the symbol time, T}, then the channel
changes several times during a symbol transmission period, which causes baseband
signal distortion and makes channel estimation difficult. In this case, we say that
the fading is fast (7, << Ts). On the other hand, a channel is said to be slowly

fading if the channel changes slowly relative to the symbol period (7, >> T). In

this case, the channel response is constant over a symbol time.

10



Chapter 3
MULTIPLE ANTENNA SYSTEMS

3.1 Multiple Antenna Techniques

Multiple antennas at the transmitter, at the receiver, or at both ends of the
communications link, can provide significant gains in performance. In this chapter,
we describe the benefits of multiple antennas used in different arrangements: (1) at
the receiver to provide diversity gain (Figure 3.1), (2) at both ends as an adaptive
beamformer (Figure 3.2), and (3) to provide spatial multiplexing benefits (Figure
3.3). In addition, we provide the information-theoretic capacity for different antenna
configurations.
3.1.1 Spatial Diversity

As indicated in the previous chapter, in a wireless communication environment,
a major limiting factor of performance is multipath fading in which the received
signal experiences deep fades. The basic concept of diversity relies on the fact
that a signal that is in a deep fade on one path is unlikely to experience a deep
fade simultaneously on an independent radio path. There are several algorithms for
combining the signals from the independent branches; selection combining, maximal

ratio combining, and equal-gain combining are the most common [18].

11
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Figure 3.1: 1x4 diversity system

In selection diversity, the receiver selects the output of the antenna with the
largest instantaneous SNR. In maximal ratio combining, the received signal on each
antenna is amplitude- and phase-weighted and combined to maximize the output
SNR of the composite signal. Using this approach, the output SNR is the sum of
the SNRs on the individual branches. Equal-gain combining is slightly simpler; in
this case, the received signals are only co-phased, not amplitude-weighted. For more
details on diversity combining, see Chapter 5 in [18].

3.1.2 Adaptive Beamforming

Instead of diversity, the antennas can be configured to minimize the interfer-
ence and noise level, or equivalently, to maximize the output signal-to-interference-
plus-noise-ratio (SINR). In one realization of adaptive beamforming (AB), multiple
antennas at both ends of the communications link create beam patterns in the di-

rection of the desired users, thereby suppressing cochannel interference (CCI). This

12
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reduction in CCI enables more aggressive frequency reuse which, in turn, enables
an increase in the system capacity. In addition, AB can improve the noise perfor-
mance by focusing the energy toward the intended users, instead of wasting it in
other unnecessary directions, like an omni-directional antenna would [21]-[23]. The
most commonly selected performance criteria for selecting the antenna weights are
described in Section 3.3.
3.1.3 Spatial Multiplexing

In a spatial multiplexing scheme (SM), multiple antennas are employed at both
ends of the communications link. At the transmit end, a high-rate bit stream is
decomposed into a number of substreams with each substream transmitted over a
different antenna. Each substream is encoded, modulated independently, and trans-
mitted simultaneously over the same frequency band. At the receiver, the composite

signals are detected and estimated while using the knowledge of the complex channel

13
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Figure 3.3: 4x4 spatial multiplexing system

gain matrix obtained through training. Finally, each separate substream is multi-
plexed at the receiver to yield the original high-rate bit stream [8].

A key concept in a SM system is the use of a parallel decomposition of the channel
to obtain independent channels. By transmitting independent bit streams on non-
interfering parallel channels, even on the same frequency band, we can separate
each transmitted substream at the receiver. However, this parallel decomposition
assumes that the channel has sufficient scattering to provide a matrix which is full
rank. Under these conditions, the channel matrix can then be decomposed into the
diagonal matrix of singular values over which independent streams are transmitted.
As we show in the next section, SM can provide a substantial increase in capacity.
3.2 Multiple Antenna Information Theory

In this section, we present a summary of the information-theoretic capacity for

multiple antenna systems. We start with a system with only a single antenna at

14



Transmitter Receiver

Figure 3.4: 1x4 SIMO system

the transmitter and receiver, a Single-Input Single-Output (SISO) system. Then,
we describe systems with an array at only one side of the link, SIMO (Single-Input
Multiple-Output) and MISO (Multiple-Input Single-Output) systems. Finally, we
describe a MIMO (Multiple-Input Multiple-Output) system which employs antenna
arrays at both the transmitter and receiver. Such a system can provide substantial
gains in capacity. Figures 3.4, 3.5, and 3.6 show SIMO, MISO, and MIMO systems,
respectively.

For a SISO system, the capacity is given by [24]
C = logy(1 4+ SNR|h|?) bps/Hz, (3.1)

where h is the normalized complex channel gain, and SN R is the average signal-to-
noise ratio. Since h is a random variable, the capacity is also a random variable. Note

that SNR|h|? represents the instantaneous SNR at the receiver. By introducing

15



Transmitter Receiver

Figure 3.5: 4x1 MISO system

more antennas at the receiver, a SIMO configuration, we can obtain a capacity [6]

M
Csivo = logy(1+ SNRY ~ |hi|?) bps/Hz (3.2)

=1

where M is the number of receive antennas.

Comparing this configuration to SISO, we can see that a SIMO system provides
an increase in capacity. The increase is logarithmic with the number of antennas
and results because more receive antennas enable the collection of more energy
(array gain) and the probability that the transmitted signal experiences a deep fade
decreases (diversity gain).

Another possibility is to opt for transmit diversity, introducing N antennas at the
transmitter with only one at the receiver (MISO). For this system, the capacity is
given by [6]

SNR
Chrso = logy(1 4+ ——— Z |h;|?) bps/Hz (3.3)

where N is a normalization factor which ensures that the transmitted power is fixed
so that a fair comparison is made. Using this approach, we have diversity gain but

16
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no array gain.
Finally, we consider a MIMO system in which multiple antennas are used at both

ends of the communications link. In this case, the capacity is given by [6]

N
C =log, |det(Iy + STRHHH) bps/Hz (3.4)

where H is the MxN complex channel matrix with i.i.d channel gain elements, and
In represents an NxN identity matrix. Performing a singular value decomposition

(SVD) on the matrix H, we get
H=UDV# (3.5)

where H denotes the conjugate transpose. D is a diagonal matrix of real, nonneg-
ative singular values (the square roots of the eigenvalues of HH"), and U and V
are corresponding singular vectors. We perform precoding with the right singular

vector, and postcoding with the left singular vector. Then, under the assumption

17



that the each eigenvalue is the same, the capacity equation is given by
C = min(M, N)logs(1 + SNR) bps/Hz (3.6)

It is clear from (3.6) that without any power and bandwidth expansion, the capac-
ity scales linearly with minimum of the number of transmit and receive antennas,
min(M, N), providing a substantial increase in system capacity. This is referred to
as spatial multiplexing gain.
3.3 Criteria for Optimal Weight Vectors

In this section, we review the common criteria for choosing the optimal receiver
weights for both SM and AB. In general, the antenna array at the receiver tries to
recover the original transmitted data stream in such a way in SM that it separates
the substreams or, in AB, so that it optimally combines the received signals. Because
of the time varying nature of the multipath channel, the receiver must also adapt
by adjusting the weight vector. This is usually accomplished through training.
3.3.1 Minimum Mean Square Error (MMSE) Criterion

The goal of this criterion is to minimize the mean-squared error (MSE) between

Hx, where x is

the desired signal d, and the estimate of the desired signal d=w
the received signal vector across the receive antennas and w represents the antenna

weighting across the receive antennas. The error, e, in the detected signal is given

by



The resulting MSE is then given by

J(w) = E{ee”} (3.8)

where * denotes conjugation. The weight vector w is chosen to minimize J(w).
Expanding (3.8), we get
J(w) = E{ee™}
= E{(d — w"x)(d" — x"w)}
= B{|d|? — dx"w — w'xd* + wxx"w}
= B{|d]*} — E{dx"}w — w’ E{xd*} + w" E{xx"}w (3.9)

If we define the autocorrelation of x as Ry, = E{xx} and the cross correlation

between x and d as p = E{xd*}, (3.9) reduces to
J(w) = E{o; — p"w —w'p + w'R,w} (3.10)

where o2 is a variance of the desired signal. The MSE in (3.10) is a quadratic
function of w and is convex; thus, it has unique minimum. In order to minimize
the cost function, we take the derivative with respect to w and set it to zero. After

some manipulation, we obtain the optimum weight vector as
Wopt = inlp (311)

This is referred to as the Weiner solution [25].
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3.3.2 Maximum Signal-to-Interference-plus-Noise-Ratio (MSINR) Cri-
terion

In this performance criterion, the optimal receiver weights maximize the output
SINR of the antenna array [26]. If we define x as the received vector at the antenna

array input, the received signal power after the beamforming process becomes

o; = B{lw"x|*}
— B{(whx)(w'x)""}
= B{w"xx"w}

= wiR,w (3.12)

where Ry=F{xx"} is the correlation matrix of the received vector. In the same
fashion, let u be the received interference-plus-noise vector at the array sensor input.

We define the interference-plus-noise power as
o, = E{|wul?}
= E{(w'u)(w'u)"}
= E{w"uu”w}

= wiRpw (3.13)

20



where Rje=FE{uu’} is the correlation matrix of the interference-plus-noise vector.

Using (3.12) and (3.13), the SINR becomes

0.2
SINR = U—g (3.14)
wiR,w
= 1
WHR W (3.15)

In order to maximize SINR, we differentiate (3.15) with respect to w, and set it

to zero. Then, we obtain

wHR,w
R,w = WHRintWRintW
— )\Rintw
and
R 1Rxw = \w (3.16)

Thus, we can find the optimum weight vector by solving the generalized eigenvalue
problem in (3.16), where A is the output SINR. Thus, maximization of SINR is

equivalent to finding the largest eigenvalue of R; 1

mtRx, and the optimum weights are

given as

Wopt = P{R iRy} (3.17)

where P{} returns the largest eigenvector of the argument.
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Chapter 4
LINK AND CHANNEL MODELS

In this chapter, the link and channel models used in the simulations are presented.
4.1 Link Model for H-MIMO with Transmitter (Tx) Beamforming

In a SM system, the data stream is divided into N substreams, and each sub-
stream is transmitted over a different antenna using the same frequency band. At
the receiver, the composite signal is received by M antennas, and the resulting M-
dimensional signal vector is

rsp = Hx +n (41)

Here, x represents the N-dimensional transmitted signal vector, H is the MxN chan-
nel gain matrix, and n is the M-dimensional noise vector with individual components
modelled as zero-mean, unit-variance, complex Gaussian random variables.

In the AB system, a single data stream is transmitted over the N antennas, with
a transmit beamforming weight vector w. The M-dimensional signal vector at the

receiver for this mode is given by

rap = Hwzr +n (4.2)
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Figure 4.1: Hybrid system configurations for hybrid IS2 (upper) and hybrid IS3
(lower)

To guarantee a fair comparison, the total transmitted power is constrained to P in all
cases. The transmit beamforming vector, w, is determined using eigenbeamforming.
In this method, the signal is transmitted through the channel with the largest path
gain (largest eigenvalue). Thus, w is simply the eigenvector corresponding to the
largest eigenvalue of H”H, with the norm set to unity [15].

We initially focus on a system with N=4 transmit antennas and M=4 receive
antennas; the extension to more general system configurations is straightforward,
and some examples will be given in Chapter 6. For N=M=4, there are four pos-
sibilities: Four transmitted substreams (pure SM); one transmitted substream on

all four transmit antennas (pure AB); and two hybrid cases, namely, two and three
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transmitted substreams. The two hybrid cases we analyze are shown in Figure 4.1.
For the Hybrid IS2 (two independent substreams) system, the received signal vector

is the combination of two AB signals and is given by

ra = H1W11'1 (43)
o = H2W2$2 (44)
rigg =ry+rs+n (4.5)

Here, the subscript i is used for indexing the subsystems. For the Hybrid IS3 (three
independent substreams) system, the received signal vector is a combination of SM

and AB signals and is given by

ry = lelxl (46)
o = H2X2 (47)
Iiss =TIy + T2 + 1 (4.8)

4.2 Link Model for H-MIMO without Tx Beamforming

Here, we define an alternative link model where there is no transmit beamforming.
In this case, the transmit beamforming weight w = 1, and each antenna transmits
exactly the same signal through the channel. This scheme is a simple transmit
diversity system. Thus, in this case, we can define a hybrid of a SM system and a
simple diversity system. We designate the simple diversity system as Div, and the

hybrid of SM and Div as H-SMDiv.
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For the SM system, the link model is the same as before. Thus, we only define link
models for three cases: Div, wherein one stream is transmitted over the 4 antennas;
H-SMDiv IS2, in which two substreams are transmitted with the corresponding Div
subsystems; and H-SMDiv IS3, in which three substreams are transmitted, one for
the Div subsystem and two for the SM subsystems.

For Div, the same data stream is transmitted on all of the transmit antennas.

Then, the received signal vector at the mobile is given by

I'piv — h1I + h2l’ + h3ZL‘ + h4I +n

4
=> hyz+n (4.9)
k=1
For H-SMDiv 152, the received signal vector is defined as

rasmpivis2 = h1x; + hozy + hszs +hgzs +n

2 4
= Z hyz, + Z hyzs +n (4.10)
k=1 k=3

Finally, we can represent the received signal vector for H-SMDiv IS3 as

rasmpiviss = h1x; + hozy +hsze +hgzs +n

2
= Z hk.fll'l + h3.’172 + h4.’L’3 +n (411)
k=1

where h; represents channel gain vector from the ith transmit antenna to the receive

antenna array and x; is the transmitted signal (a scalar in this case).
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4.3 Channel Model

In the simulations in this section, we use a Ricean fading channel model which takes
into account both LOS and NLOS components. Using this model, we can control
the richness of the scattering environment which strongly influences the performance

of each system [15]. More specifically, the channel response is represented as [19]

=4/——H —H 4.12
K1 Los + K1 NLOS ( )

where Hyos and Hnros are MxN channel matrices for the LOS (or specular) and
scattering components, respectively, and where K is the ratio of the LOS and NLOS
powers (called the Ricean K factor, as in Section 2.3). The respective channel
matrices are given by

Hnros = VGZ

Hios = VGa(f)a(6,)" (4.13)
VG =cd s

where the elements of the MxN matrix Z are statistically independent, unit-variance,
complex Gaussian random variables. The quantities a(f;) and a(f,) are the specular
array response vectors at the transmitter and receiver, respectively. The gain G is
determined by the distance between the base station and a mobile (d), the path-loss
exponent (7), and the lognormal shadow fading (s). The constant ¢ is a function of
the carrier frequency and does not effect the comparison which follows.

Finally, we assume that the fading is flat over the bandwidth of interest, that
is, there is no ISI. This corresponds to the condition or << Ty in Section 2.4. For

wider bandwidths, orthogonal frequency division multiplexing (OFDM) can be used
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in conjunction with MIMO to counteract the frequency-selective fading. We also
assume a quasi-static fading channel, so that there is time to adapt the antenna

weights. This corresponds to the condition T, >> T in Section 2.5.
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Chapter 5
SYSTEM MODEL AND RECEIVER PROCESSING

In this chapter, the interference model is described along with a discussion of the
receiver processing. We consider downlink transmission in a multi-cell environment.
We limit consideration to the nearest six cochannel cells, which usually dominate
the system performance. We assume that sectorized antennas, with a half-power
beamwidth of 90 °, are used at the base stations, which are located at the centers of
each cell.

5.1 Cochannel Interference Condition

For the cochannel interference, we consider two different cases. In the first CCI
scenario, referred to as CCI #1, the base stations in the cochannel cells are assumed
to transmit the maximum number of independent substreams, that is, they operate
in the SM mode. In the second CCI scenario, CCI #2, the base stations located in
the desired cell and the cochannel cells operate in the same mode. For instance, if the
desired base station adopts AB, then all cochannel base stations in the surrounding

do the same.
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For CCI #1, the received interference-plus-noise vector at the desired mobile unit
is given by
Fint = >y Hicxic + 1 (5.1)

and, for CCI #2, it is

1. SM case:
Tint = 22:1 Hka +n

2. Hybrid IS3 case:
Tint = Zgzl{Hkalxm + HioXyo + n}

3. Hybrid IS2 case:
Tint = Zgzl{Hkaﬂm + HyoWioap + n}

4. Adaptive beamforming case:

Tint = Zzzl Hywyxy,
Here, Hy; is the channel gain matrix for the ith subsystem from the kth cochan-
nel cell to the desired mobile, and wy; is the transmit weight beamforming vector
for the ith AB subsystem at the kth cochannel base station. In both cases, the

corresponding covariance matrix of the interference-plus-noise is

Rint = E{rintrintH} (5-2)

5.2 Receiver Processing for Multiple Antenna Systems
In this section, we determine the optimal receiver weights for the receivers. For the
purpose of recovering the transmitted signal, MMSE combining is assumed for all
systems. In terms of performance, the MMSE combiner is superior to a zero-forcing
receiver (ZF), but inferior to ordered successive interference cancellation (OSIC) -
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MMSE [27]-[28]. However, in terms of system complexity, it lies between ZF and
OSIC-MMSE. Thus, here, we choose MMSE; other criteria could be considered in
future work.

5.2.1 Receiver Weighting for H-MIMO with Tx Beamforming

The MMSE receiver weighting in the SM mode is
W, = (HH? + Ry, ) 'HY (5.3)

where W, is the matrix, in which each column consists of the receiver weight vector
to separate each transmitted substream.

The corresponding receiver weighting in the AB mode is
w, = (Rq + Ring) "Hw (5.4)
where
Rq = HwwH" (5.5)

Similarly, for Hybrid IS2 and IS3 systems, the MMSE receiver weights are as follows:

Hybrid 1S2:

wri = (Ra1 + Raz + Rint) "Hiw; (5.6)

Rgi = HiWiWiHHiH> i=1,2 '
Hybrid 1S3:

wr1 = (Ra1 + Raz + Rint) THiwy (5.7)

w23 = (Ra1 + Raz + Rint) TH2 '
where

Rdl = H1W1W1HH1H (58)
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and
Rgz = HoH,? (5.9)
5.2.2 Receiver Weighting for H-MIMO without Tx Beamforming
In this section, we determine the receiver weight vector for SM, Div, and two
hybrids of SM and Div (when there is no transmitter beamforming). For the SM
system, the receiver weight vector is the same as in the previous case. The receiver

weights for Div, H-SMDiv IS2, and H-SMDiv IS3 are as follows:

Div:
w; = (Ra + Rint) "hsum (5.10)
where
hgym = hy +hy +hg + hy (5.11)
and
Ra = houmhsum” (5.12)
H-SMDiv 1S2:
wr1 = (Ra1 + Raz + Rint) " heumi (5.13)
wr2 = (Ra1 + Raz + Rint) "heums (5.14)
where
hsuym1 = h1 + ho (5.15)
hsumz = hs + hy (5.16)
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and

H
Rdl - hsuml hsuml

H
Rd2 = hsum2 hsum2

H-SMDiv IS3:
Wyl = (Rdl + RdZ + Rint)_lhsuml
wr23 = (Ra1 + Raz + Ring) 'H2
where
hsuml - hl ‘l' h2
H2 - [h37 h4]
and

H
Rdl = hsuml hsuml

Raz = HoH,"

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

In all cases, we will assume that the channel matrix or vector is perfectly estimated

at the receiver.
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Chapter 6
SIMULATION RESULTS AND DISCUSSION

In this chapter, we present results that show the performance of each of the
systems described in Chapters 4 and 5. We initially focus on a 4x4 system and
use the following parameters: path-loss exponent = 3.5, lognormal shadowing with
standard deviation = 8 dB, and a median received SNR = 25 dB at the cell boundary.
First, we present the spectral efficiency (in bps/Hz) that a given percentage of users
can achieve or exceed as a function of the distance from the base station. We then
provide the complementary cumulative distribution function (CCDF) of the spectral
efficiency, which is a good measure of the system-level performance of each approach.
6.1 Capacity Evaluation

The spectral efficiency is computed for the four systems using the Shannon ca-

pacity. First, a channel matrix is generated and then the SINR is determined from
SINR@ = WriHinwri/WriHRintwri (61)

where i indicates the independent substream, Ry; is the covariance matrix of the

ith received substream, and Ry, is the received interference-plus-noise covariance
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Figure 6.1: Outage capacity versus distance for CCI #1 for a reuse factor of 7 and
outage=10% (a) K=0 (b) K=10

matrix. The capacity for each substream is calculated using the well-known formula,

and the net capacity is derived as the sum of the capacities of the individual sub-
streams, that is,
Coum = iy Ci (6.3)

where k is the number of independent substreams in the system.
6.2 Capacity Versus Distance for CCI #1

In this simulation, mobiles are uniformly distributed in a hexagonal cell. We
consider ten base-to-user distance regions for the cell, namely, [—0.1 + 0.1k|d 42 <
[0.1%]d a2 with k=1 to 10 and where d,,4; is the maximum distance in each cell. In
each of these regions, we find the capacity that is achieved or exceeded for a fraction
(1 — p,) of all users, where p, is the target outage probability. We use p, = 0.1 in
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Figure 6.2: Outage capacity versus distance for CCI #1 for a reuse factor of 1 and
outage=10% (a) K=0 (b) K=10

our calculations (10% outage), and we call the capacity for this outage the outage
capacity. Results are shown in Figures 6.1 for two values of the Ricean K factor (0,
Rayleigh fading, and 10) and a reuse factor of 7.

When the mobile unit is close to the base station, the SINR is usually quite high,
and the SM mode (transmitting the maximum number of independent substreams)
will be the most efficient. However, the capacity using SM degrades rapidly as the
mobiles move away from the base station. Thus, if we introduce some power gain at
the expense of maximum capacity, such as in the Hybrid IS2 and IS3 systems, then
this variation over the cell can be reduced and, in turn, the outage performance
improved. This is illustrated in Figure 6.1a where the hybrid systems provide a
higher capacity than SM over a large part of the cell. The K factor in this figure
is 0, giving the maximum scattering and the most advantageous conditions for SM.
In the extreme case where only one substream is transmitted (the AB mode), the
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variation over the cell is small but the capacity is also much lower than for the other
approaches.
6.2.1 The impact of Ricean K factor

As the Ricean K factor increases from 0 to 10 in Figure 6.1 for a reuse factor
of 7, the degree of the scattering richness decreases. This decrease in scattering
richness results in a performance degradation for SM. However, we observe that
the performance of the AB system is pretty much the same as before. Actually, it
improves a little at high K since we have more directivity resulting from a decrease
in the scattering richness. Thus, the capacity curves for AB and SM cross each
other between 0.2 and 0.3 in normalized distance, and AB shows slightly better
performance than SM.

Moreover, we notice that the capacity for the hybrid systems is worse than be-
fore. The reason is as follows: In the case of Hybrid IS2, as the scattering rich-
ness decreases, each AB subsystem has more power gain, but this also means that
self-interference, which is the interference among substreams in a system, is also
increased. Thus, the increases in both the power gain and the self-interference
effectively offset each other, resulting in a net performance degradation. Similar
arguments apply to the Hybrid IS3 system.

6.2.2 The impact of reuse factor

We have also performed the simulations with different reuse factors. The results

are shown in Figure 6.2 for a reuse factor of 1. As the reuse factor is decreased,
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and equivalently the distance between the cochannel cells is decreased, the per-
cell performance of all the systems, as expected, degrades. In this case, the AB
system has slightly better performance as the mobile moves farther from the base
station due to the larger power gain. In reading these and subsequent results, some
important factors to keep in mind are the following: (1) Whereas per-user capacity
increases with reuse factor, the overall system capacity will be highest for reuse =1
(see [15]). (2) The capacity results shown in the figures will be lower for smaller
values of median SNR at the cell boundary. (3) In reduction to practice the signal
constellation size required for a given capacity will relate inversely to the number of

independent signal streams, which militates in favor of using SM.
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6.2.3 The impact of target outage probability

As discussed previously, the target outage performance of the hybrid systems is
improved over an SM system. We can clearly see this behavior by comparing Figures
6.1 (10% outage) and 6.3 (1% outage). As the target outage is reduced from 10%
to 1%, the capacity offered by the SM mode around the base station is significantly
reduced (17 bps/Hz). However, for the Hybrid IS3 and IS2 systems, the capacities
are only decreased by 10 bps/Hz and 6 bps/Hz, respectively.
6.3 Capacity Distribution for CCI #1

Here, the goal is to determine what fraction of users in a cell achieve or exceed a
given capacity. In this simulation, the mobiles are uniformly distributed in a cell,
the capacity of each user is evaluated, and the CCDF is computed. Results are
shown in Figure 6.4 for a reuse factor of 7, and two values of the Ricean K factor:
0 and 10. The results illustrate that hybrid systems can provide higher spectral
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Figure 6.5: CCDF of the capacity for CCI #1 for a reuse factor of 1 (a) K=0 (b)
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efficiencies to more users in a cell. However, the highest capacities are still achieved
using the SM mode. For example, from Figure 6.4a, with a K factor of 0, a capacity
of 20 bps/Hz can be achieved by 70% of the users in a cell if the Hybrid IS3 system
is used, but only 65% using the SM mode and 60% using the Hybrid IS2 system.
To attain a higher capacity, say 30 bps/Hz, more independent substreams (SM or
Hybrid IS3) are required. For very low outages, say 10% or less (90% CCDF), both
hybrid systems slightly outperform the SM system.
6.3.1 The impact of Ricean K factor

As the K factor increases from 0 to 10 (Figure 6.4b), the degree of scattering
richness decreases, and, as discussed previously, the performance of all of the systems
which use more than one independent substream degrades. The hybrid systems are
now better than the SM system over a larger percentage of the cell. If we increase
the Ricean K to 50 (Figure 6.6), we see that the performance of SM degrades the
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Figure 6.6: CCDF of the capacity for CCI #1 for a reuse factor of 7 and K=50

most, and the hybrid systems are much better. In particular, the Hybrid 1S3 system
is better than the SM mode over 85% of the cell and the Hybrid IS2 is better than
SM over almost 70% of the cell.

In order to observe the more general behavior of the systems as a function of
Ricean K factor, we performed simulations for reuse factor=7, median SNR=25 dB,
outage=10% and 50%, and varied K from 0 to 500. Here, results are presented in
Figure 6.7. The performance of the SM and hybrid systems, as expected, degrades
with Ricean K. On the other hand, the AB system improves slightly with K for both
outage cases. We can clearly see that the hybrid systems are almost always better
for large values of K.

6.3.2 The impact of reuse factor

We also performed the simulation with a reuse factor of 1 (Figure 6.5). As we
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explained previously, the per-cell performance of all systems is degraded as the reuse
factor decreases; however, the performance gap between the hybrid and SM systems
also decreases. Nevertheless, the hybrid systems are better than the SM mode over
a larger percentage of the cell. We also see that the AB system is now slightly better
than the others for a K factor of 10 in low target outage regions.
6.3.3 The impact of median SNR

Here, we present the simulation results as a function of median SNR for a reuse
factor of 7, the 90% capacity value, and Ricean K factors of 0 and 10. Results
are shown in Figure 6.8. As expected, all of the systems tend to improve as the
median SNR increases. In particular, the 90% capacity offered by all of the systems
increases roughly linearly with median SNR between 0 to 20 dB. However, as the
median SNR approaches 20-30 dB, the 90% capacity stops increasing with median

SNR and becomes essentially flat. This is due to the fact that as the median SNR
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increases, additive thermal noise becomes unimportant compared to interference.
6.3.4 The impact of the number of cochannel interferers

For all of the results presented so far, we have assumed that all of the cochan-
nel base stations operate in the SM mode and transmit the maximum number of
independent substreams (k = 4). We can also reduce the number of independent
substreams that the interfering base stations use and observe the effect on per-
formance. Results are shown in Figure 6.9 for the case where the cochannel base
stations transmit only one independent substream with a reuse factor of 7 and K =
10. It is clear from the figure that, as the number of interfering streams decreases,
the performance of the AB, Hybrid IS2, and Hybrid IS3 systems tend to improve.
On the other hand, as expected, the performance in the SM mode does not change.

In particular, the Hybrid IS3 system is better than the SM mode over 75% of the
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mit only one substream for a reuse factor of 7 and K=10

cell and the Hybrid IS2 is better over 50% of the cell.
6.4 Capacity Versus Distance for CCI #2
In this case, called CCI #2, the base stations located in the desired and cochannel
cells all operate in the same mode. Figure 6.10 shows capacity versus distance plots.
We notice that the Hybrid 1S2, IS3, and SM systems show the same tendencies as
in CCI #1, but the AB system shows an increase in capacity, especially for K=0.
For CCI #1, as K increases, the performance of the AB system increases. However,
for CCI #2, the opposite occurs. This is due to the fact that as the scattering
richness decreases, the interference power coming from other base stations increases,

because those base stations are also in the AB mode.
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Table 6.1: Mean achievable spectral efficiency for CCI #1
Reuse =1 Reuse =7
K=0 | K=10 | K=0 | K=10

SM 12.84 | 10.13 | 27.10 | 22.75
Hybrid IS3 | 13.33 | 11.00 | 26.16 | 22.98
Hybrid IS2 | 13.14 | 10.27 | 21.56 | 19.22

AA 8.38 8.11 | 13.25 | 12.93

Table 6.2: Mean achievable spectral efficiency for CCI #2
Reuse = 1 Reuse =7
K=0 | K=10 | K=0 | K=10

SM 12.84 | 10.12 | 27.09 | 22.92
Hybrid IS3 | 12.93 | 10.64 | 25.76 | 22.58
Hybrid IS2 | 11.98 | 10.03 | 21.72 | 19.04

AA 10.08 | 823 | 15.13 | 12.94

6.5 Capacity Distribution for CCI #2

Here, we performed simulations on the capacity distribution for CCI #2. Cor-
responding results are shown in Figure 6.11. As in the previous section, for K=0,
the spectral efficiency of the AB system is improved. On the other hand, the per-
formance of the hybrid systems remains almost the same. Obviously, because the
CCI scenario has not changed, the performance of the SM system does not change.
Thus, up to 75%, the AB system provides better performance in terms of spectral
efficiency which was not the case for CCI #1. As the Ricean K factor increases, the
performance of all the systems degrades, for the same reasons as discussed above.
6.6 Mean Spectral Efficiency

In Tables 6.1 and 6.2, we show the mean spectral efficiency for CCI #1 and CCI

#2, respectively. For CCI #1, the Hybrid IS3 scheme offers more mean spectral
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efficiency than the others since, as we can see in the corresponding CCDF plots
(Figures 6.4 and 6.5), this scheme provides more spectral efficiency over a larger
percentage of the cell than the SM mode. For CCI #2, the spectral efficiency
provided by the SM and Hybrid IS3 schemes are almost the same. However, as we
can see in the corresponding CCDF plots (Figures 6.11), the Hybrid IS3 scheme
shows better performance in the low outage region. Thus, if the target outage is
low, the Hybrid IS3 scheme might be favored.
6.7 No Transmitter Beamforming

In the previous results, it was assumed that eigenbeamforming was used at the
transmitter. This requires that accurate channel state information be available
(based on feedback from the mobile). Here, we consider the case when there is
no transmitter beamforming (i.e., w =1). Results are shown in Figure 6.12. In
comparing these results with those in Figure 6.8, we see that, as expected, the
capacity of the AB and hybrid systems degrades. Nevertheless, the degradation is
minimal and the benefit of not requiring feedback from the mobiles is significant.
6.8 Capacity Distribution for an 8x8 System

All of the previous results were for a system with 4 transmit and 4 receive antennas.
In this section, we present simulation results for an 8x8 system, that is, 8 transmit
and 8 receive antennas. Accordingly, there can up to 8 independent substreams.

Here, we consider 1, 2, 4, 6, and 8 substreams. Figure 6.13 shows the results for a
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reuse factor of 7 and Ricean K factors of 0 and 10. We assume that each cochannel
base station transmits 8 independent substreams (CCI #1).

As expected, as we increase the number of antennas, the performance of all of the
systems is improved. However, we also notice that the performance gap between
the hybrid systems and the SM system has increased compared with the 4x4 case.
In the pure Rayleigh fading case (K=0), the Hybrid IS6 system provides higher
efficiencies than the SM mode over 75% of the cell, and for a K factor=10, the
Hybrid IS6 system is better over 90% of the cell. From Figure 6.13, 40 bps/Hz
spectral efficiency can be achieved by 50% of the users if we use Hybrid IS6, but
only 33 bps/Hz using the SM mode. If we increase K to 50 (Figure 6.14) then we
see that the hybrid systems, especially Hybrid IS4 and Hybrid IS6, provide high

spectral efficiency over a larger percentage of a cell than SM.
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As we have done before for the 4x4 systems, we also reduce the number of inde-
pendent substreams from the cochannel base stations from 8 to 1. Results are shown
in Figure 6.15. These results show the substantial performance benefit possible with
the Hybrid IS6 system. For instance, the Hybrid IS6 system is better than the SM
system almost everywhere in a cell. Also, for the Hybrid 1S6 system, 57 bps/Hz can
be achieved by 60% of the users in a cell, but only 40 bps/Hz with SM mode.

We also considered the system performance when transmit beamforming is not
employed. Simulation results are shown in Figure 6.16. Comparing the results
between Figure 6.11 (Tx beamforming) and 6.16 (No Tx beamforming), we notice
that the degradation caused by the absence of channel state information is very
small. Thus, even if we have a minor performance degradation, the benefit of not

needing feedback would be substantial.
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Figure 6.17: CCDF of the capacity for a 4x8 system for a reuse factor of 7 (a)
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6.9 Capacity Distribution for a 4x8 System

Here, we adopt more antennas at the receiver than the transmitter, specifically,
we assume 4 transmit and 8 receive antennas. In this case, the receiver has more
ability to suppress the interference-plus-noise level. Thus, we can expect intuitively
that the cases of 3 or 4 substreams are improved more than the others since, with 8
receive antennas, we can suppress the interference significantly. Figure 6.17 provides
the results for a reuse factor of 7 and Ricean K factor=0 and 10. In this case, the
SM system is always better than the other systems. This is true even for a K factor

as large as 50, as shown in Figure 6.18.
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Chapter 7
CONCLUSIONS AND FUTURE WORK

In this thesis, we introduced and evaluated the performance of a hybrid MIMO sys-
tem that combines spatial multiplexing and adaptive beamforming. By combining
these two different multiple antenna techniques, we obtain a system that possesses
properties of each. In particular, we considered the case of 4 transmit and 4 receive
antennas in a multi-cell environment. We permitted from 1 (adaptive beamform-
ing) to 4 (spatial multiplexing) independent substreams to be transmitted, and we
evaluated the resulting capacity.

Although the SM mode is surprisingly robust (as found in [15]), the hybrid sys-
tems can provide improved performance in a multi-cell environment. Through simu-
lations, we showed that the hybrid systems achieve higher efficiencies for users who
are farther from the base station or, alternatively, provide higher capacities to a
larger percentage of the cell. These conclusions apply over a wide range of target
outage probabilities and Ricean K factors.

We also performed simulations for other numbers of antennas and antenna config-
urations, specifically 8 transmit and 8 receive antennas and 4 transmit and 8 receive
antennas. For the 8x8 antenna system, hybrid systems show more improvement,

o4



in terms of capacity, relative to the SM mode. However, when the 4x8 system is
considered, the SM mode is better than a hybrid system because of the fact that
the receiver has more ability to suppress interference.

As another hybrid system, the combination of simple diversity (no transmit beam-
forming) and SM was considered. The simple diversity system evaluated in this
thesis is the special case of an AB system when the transmit beamforming vector is
just a unit vector. Surprisingly, this system shows comparable performance to that
for the hybrid of SM and AB. The implication is that feedback channel information
can be avoided with little loss.

Some challenges for the future include developing realistic algorithms for im-
plementing these hybrid systems and possibly developing a method for adaptation
within a cell to use the most advantageous mode for that part of the cell. Another
future effort could be the joint optimization of the transmit beamforming since, in
this thesis, transmit beamforming vectors are independently optimized which does

not necessarily lead to optimum performance.
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