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On the Use of Uncalibrated Digital Phased Arrays for Blind Signal

Separation for Interference Removal in Congested Spectral Bands

Lauren O. Lusk

(ABSTRACT)

With usable spectrum becoming increasingly more congested, the need for robust, adaptive
communications to take advantage of spatially-separated signal sources is apparent. Tradi-
tional phased array beamforming techniques used for interference removal rely on perfect
calibration between elements and precise knowledge of the array configuration; however, if
the exact array configuration is not known (unknown or imperfect assumption of element
locations, unknown mutual coupling between elements, etc.), these traditional beamforming

techniques are not viable, so a blind beamforming approach is required.

A novel blind beamforming approach is proposed to address complex narrow-band interfer-
ence environments where the precise array configuration is unknown. The received signal
is decomposed into orthogonal narrow-band partitions using a polyphase filter-bank chan-
nelizer, and a rank-reduced version of the received matrix on each sub-channel is computed
through reconstruction by retaining a subset of its singular values. The wideband spec-
trum is synthesized through a near-perfect polyphase reconstruction filter, and a composite
wideband spectrum is obtained from the maximum eigenvector of the resulting covariance
matrix.The resulting process is shown to suppress numerous interference sources (in special
cases even with more than the degrees of freedom of the array), all without any knowledge
of the primary signal of interest. Results are validated with both simulation and wireless

laboratory over-the-air experimentation.



On the Use of Uncalibrated Digital Phased Arrays for Blind Signal

Separation for Interference Removal in Congested Spectral Bands

Lauren O. Lusk

(GENERAL AUDIENCE ABSTRACT)

As the number of devices using wireless communications increase, the amount of usable ra-
dio frequency spectrum becomes increasingly congested. As a result, the need for robust,
adaptive communications to improve spectral efficiency and ensure reliable communication
in the presence of interference is apparent. One solution is using beamforming techniques on
digital phased array receivers to maximize the energy in a desired direction and steer nulls
to remove interference. However, traditional phased array beamforming techniques used
for interference removal rely on perfect calibration between antenna elements and precise
knowledge of the array configuration. Consequently, if the exact array configuration is not
known (unknown or imperfect assumption of element locations, unknown mutual coupling
between elements, etc.), these traditional beamforming techniques are not viable, so a beam-
forming approach with relaxed requirements (blind beamforming) is required. This thesis
proposes a novel blind beamforming approach to address complex narrow-band interfer-
ence in spectrally congested environments where the precise array configuration is unknown.
The resulting process is shown to suppress numerous interference sources, all without any
knowledge of the primary signal of interest. Results are validated with both simulation and
wireless laboratory experimentation conducted with a two-element array, verifying that pro-
posed beamforming approach achieves a similar performance to the theoretical performance

bound of receiving packets in AWGN with no interference present.



LoUDodingdbood

There are many people who I would like to thank, without whom this thesis would not exist.
First and foremost, I would like to thank my advisor Dr. Gaeddert for taking me on as
his student and helping me grow as a researcher. I will forever be thankful your patience
and willingness to teach me. I could not ask for a better advisor. Next, I would like to
thank Dr. Beex for his encouragement and input especially during the early stages of my
graduate career and this thesis. Your depth of knowledge is inspiring, and I'm very thankful
that T was able to receive your advice. To Dr. Ellingson, thank you for serving on my
committee. I appreciate you taking the time to do so. To my friends, near and far, thank
you for supporting me and helping me stay sane. Finally, to my family and my boyfriend,
thank you for supporting my decision to pursue graduate school in Virginia. I could not

have made it this far in life without your continuous love and support.

v



L0opodon

Q0D 00 DioDooo 0
Q000 00 Od0ooo aoin
0 (00000000000 0
1.1 Motivation . . . . . . . . . e 1

1.2 Outline and Contributions . . . . . . . . . ... .. .. ... ... ...... 3
1.3 Publications . . . . . . . . . 4

0 O0O0doooood 0
2.1 Imterference Suppression . . . . . . . . ..o 6
2.2  Beamforming Methods . . . . . . .. ... oo 7
2.2.1 MVDR (Capon) . . . .. ... ... 9

2.2.2  Blind Beamforming Methods . . . . . .. ... ... ... ...... 12

2.3 Related Work . . . . . . . 16
2.4 Proposed Approach . . . . . . .. .. 18
2.5 SUMMATY . . . o oo e e e 18

0 00000000 Oooooodioo 00



3.1 Polyphase Filterbank Channelizer . . . . . . . . ... ... ... ... .... 19

311 Overview . . . .. 19
3.1.2  Analysis Polyphase Filterbank Channelizers . . . . . ... ... ... 21
3.1.3  Synthesis Polyphase Filterbank Channelizers . . . . . . . .. ... .. 22
3.1.4  Almost-Perfect Reconstruction . . . ... ... ... .. ... .... 23
3.2 SVD Reconstruction . . . . . .. ... 25
3.3 Signal of Interest Enhancement . . . . . . .. ... ... 0. 26
3.4 Configuration Order . . . . . . . . .. . ... 27
3.4.1 Combination After Synthesis . . . . ... ... ... ... ... ... 28
3.4.2 Combination Before Synthesis . . . . .. ... ... ... ... ... 30
3.5 MVDR . . . . . e 31
3.6 Summary . . ... e 32
(00000000 Doboooo 000 oiooodonon 0o
4.1 Representative Waveform . . . . . .. .. ..o 33
4.1.1  Waveform Overview . . . . . . . .. .. ... 34
4.1.2  Waveform Performance . . . . . . ... ... ... 35
4.2 Simulation Setup . . . . . ... 36
4.3 Relative Thresholds . . . . . . . . . .. ... o o 37

4.4  Observation across Frequency . . . . . .. . .. ... ... L. 37



4.5  Synthesis before/after SVD combining . . . . . ... ... ... 000 40

4.6 Single Packet Examples . . . . . . . ... 0oL 42
4.6.1 Scenario 1: No Interference . . . . . .. ... ... ... ... .... 42
4.6.2 Scenario 2: One Interference Source. . . . . . . . .. ... ... ... 43
4.6.3 Scenario 3: One Interference Source. . . . . . . .. ... .. .. ... 44
4.6.4 Scenario 4: Two Interference Sources . . . . . . . . . ... ... ... 45
4.6.5 Scenario 5: three interference sources . . . . . . . . ... ... 46
4.6.6 Scenario 6: narrow-band noise interference sources . . .. ... ... 47
4.6.7 Scenario 7: wideband noise interference sources . . . . ... ... .. 48
4.6.8 Discussion . . . . . . .. 49

4.7 Notching . . . . . . . o 50

4.8 Simulation Performance in AWGN Channels . . . . . . ... ... ... ... 54

4.9 Performance in AWGN with Narrow-band Interference . . . . . . ... . .. 55

4.10 Results and Discussion . . . . . . . . . ... L oo 60

O0oioidbononD 00 Oobooooo 0o

5.1 Hardware Setup and Description . . . . . . .. ... ... L. 63

5.2 Data Collection Setup . . . . . . . . .. 64

5.3 SNR and Gain Calibration . . . . . . . ... ... ... 0L 67

5.3.1 Calibration Method and Example . . . . . . . . ... ... ... ... 67



5.3.2 Validation in Simulation . . . . . . . . . .. ... 68

5.3.3 Bias Correction . . . . . . . ... 71

5.4 Results and Discussion . . . . . . .. ... oo 72
5.4.1 No Interference Source . . . . . . . . .. ... Lo 75

5.4.2 1 Interference Source Case . . . . . . . . . . . . ... ... ... 76

5.4.3 2 Interference Sources Case . . . . . . . .. .. ... ... ... .. 80

0 0000000 000 Ooboiooiboo 0o
6.1 Conclusions . . . . . . . .. 84
6.2 Future Work . . . . ..o 85

Qionoootbbd 0o



Lob i Oidbood

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

PFB channelizer response with M = 20 channels and a prototype filter semi-

length of 4, and a stop-band suppression of 60dB . . . . . . ... ... ...

Block diagram of Singular Value Interference Removal Algorithm (SVIRA)

Combination Before and After Synthesis Configurations. . . . . . . .. ...
SVD Reconstruction beamforming block . . . . . ... ... ... ... ...

Block diagram of the MVDR process with a PFB channelizer . . . . . . ..

Framing structure used for evaluating proposed interference-suppression ap-

Performance of framing structure used for experimentation in additive white

Gauss noise (AWGN) channels. . . ... ... ..o

Captured data from File 19; M = 100, 2L = 64, SVD thresholds from -1 dB
tolbdB . . .

Singular values plotted across time (frame number) . . . . . ... ... ...
Singular values averaged over frequency plotted across time (frame number)
Combination Before vs. After Synthesis SVIRA with a 2-sensor array . . . .

Scenario 1: example of the Combination After Synthesis process operating on
a single frame without interference; SNR = 3 dB, M = 100, 2L = 64, and
SVD thresholds set as-10dBto 80dB . . . . .. ... .. ... .. ... ..

X



4.8

4.9

4.10

4.11

4.12

4.13

4.14

Scenario 2: example of the Combination After Synthesis process operating on
a single frame with one interferer with an SNR of 10 dB; SNR of the packet

is 3 dB, M =100, 2L = 64, and SVD thresholds set as -1 dB to 15 dB

Scenario 3: example of the Combination After Synthesis process operating on
a single frame with one interferer with an SNR of 10 dB; SNR of the packet

is 3 dB, M =100, 2L = 64, and SVD thresholds set as -1 dB to 15 dB

Scenario 4: example of the Combination After Synthesis process operating on
a single frame with two interferers with an SNR of 10 dB; SNR of the packet

is 3 dB, M =100, 2L = 64, and SVD thresholds set as -1 dB to 15 dB

Scenario 5: example of the Combination After Synthesis process operating
on a single frame with three interferers with an SNR of 10 dB; SNR of the

packet is 3 dB, M = 100, 2L = 64, and SVD thresholds set as -1 dB to 15 dB

Scenario 6: example of the Combination After Synthesis process operating on
a single frame with a narrowband interferer with an SNR of 4 dB; SNR of the
packet is 3 dB, M = 300, 2L = 64, and SVD thresholds set as -1 dB to 7 dB

Scenario 7: example of the Combination After Synthesis process operating on
a single frame with a wideband interferer with an SNR of 5 dB; SNR of the
packet is 3 dB, M = 200, 2L = 64, and SVD thresholds set as -1 dB to 8 dB

Notching Example: Combination After Synthesis SVIRA operating on a single
frame with two interferers coming from nearly opposite directions; the SNR
of SOI is 3 dB; the SNR of the interference is 10 dB; M = 96, 2L = 64, and
the SVD thresholds are -1 dBto15dB. . . . . ... ... ... ... ....

43

44

45

48

49



4.15

4.16

4.17

4.18

4.19

5.1

5.2

2.3

5.4

2.5

2.6

5.7

Notching Example: MVDR operating on a single frame with one interferer
coming from the same direction as SOI; SNR of SOI is 3 dB; SNR of the
interference is 10 dB; M = 96, 2L = 64, threshold applied in (d) is 5dB. . .

Comparison of MVDR and SVIRA Combination Before and After Synthesis
with no interference; M = 96, 2L = 64, SVD thresholds are -10 dB to 80 dB,
and the MVDR thresholdis5dB . . . . .. ... .. ... ... .. .....

Comparison of MVDR and SVIRA Combination Before and After Synthesis
with 8 interference sources; M = 200, 2L = 64, SVD thresholds are -1 dB to
15 dB, and the MVDR thresholdis5dB . . . . . ... ... ... ......

Comparison of classic MVDR and invalid MVDR performance for 2-sensor,

3-sensor, and 4-sensor arrays with 8 interference sources . . . . .. .. ...

Parameter sweep for SVIRA Combination Before Synthesis . . . . . . . . ..

Labsetup . . . . . . .

SNR Calibration Example: SNR of the packet is 15 dB, and the noise floor

Statistics of the estimated SNR for simulated packets . . . . . . .. ... ..
PER curves for Rx 0 and Rx 1 from File 27 with and without bias correction
Snippet from captured data File 27, which shows the uneven noise floor . . .

Processing Captured Data File 8 (No Interference Source Case) with M =
96, 2L = 64, and thresholds of -1 dBto 8 dB . . .. ... ... ... ....

PER curves for No Interference Source Case . . . . . . . . . . . . . . . ...

53

5}

56

o8

61

65

69

70

73

73



5.8 Processing Captured Data File 27 (1 Interference Source Case) with M =

370, 2L = 128, and thresholds of -1 dBto15dB. . . . . . ... .. ... .. 79
5.9 PER curves for one interference source emitting 8 tones . . . . . . .. .. .. 80

5.10 Captured Data from File 41 with M = 800, 2L = 320, and thresholds of -1 dB



Lob bi upioo

5.1 Parameters used for the captured data files

5.2 Parameters used for the generated data files

xiil



Lioh b L ouoioiboigoo

2L The block size for processing SVD, consistent with L for Hann window
ho The channelizer prototype filter

M The number of sub-channels in channelizer

N The number of antenna elements (“sensors”)

Xi(n; m) 1 is the element index; N is the time index; m is the channel index

OO0 additive white Gauss noise
oot co-channel interference
OO0 constant modulus algorithm
U convolutional neural network
Lot composite steering vector

gt decibels

] discrete Fourier transform
OO direction of arrival

arl electromagnetic

OO error vector magnitude

aOon Federal Communications Commission

Xiv



ogno fast Fourier transform

aoa Internet of Things

oo interquartile range

000 intersymbol interference
oot industrial, scientific, and medical
o local oscillator

atio least mean-squares

10000 multiple signal classification

L1000 minimum variance distortionless response

OO orthogonal frequency-division multiplexing

atg probability density function

ogo packet error rate

ood polyphase filterbank

oo power spectral density

HN Rayleigh quotient

0000  quaternary phase-shift keying

0000  radio frequency front end

tda recursive least-squares

0OO0O0 spectral self-coherent restoral



g

goo

gogn

gog

gdo

goof

ad

aog

guogo

ot

software-defined radio

successive interference cancellation

signal-to-interference-plus-noise ratio

signal-to-noise ratio

signal of interest

space-time adaptive processing

singular value

singular value decomposition

Singular Value Interference Removal Algorithm

universal software radio peripheral



Looooot O

NN NN

Ooi0 o0ioooiod

With the increased demand on robust and reliable wireless communications links, open
spectrum bands are becoming more and more scarce, particularly as spectrum sharing so-
lutions become more prevalent. Spectrum sharing solutions are especially of interest in
the industrial, scientific, and medical (ISM) bands. Historically, these bands are reserved
for industrial, scientific, and medical use (hence the name) for devices such as microwave
ovens and shortwave medical heating devices. However, since the Federal Communications
Commission (FCC) opened the bands to unlicensed users in 1985 [1], a growing number of
both licensed and unlicensed users attempt to share the available spectrum. Many of the
unlicensed users are short-ranged, low-power wireless communication systems that take ad-
vantage of the unlicensed spectrum to cut costs. These unlicensed devices include Bluetooth,
contactless smart cards, wireless microphones, garage door openers, RFID tags, Wi-Fi, and
other devices associated with the Internet of Things (IoT). Although they are permitted to
transmit in the bands, unlicensed devices are not allowed to interfere with the transmission
of licensed devices and must accept a certain amount of interference. As the number of
devices using the ISM bands increases, the amount of interference a device must contend

with also increases.

Furthermore, as shared spectrum bands incorporate more and more disparate signal types



and waveforms, new solutions need to account not only for the interference they receive,
but also the interference they impart on existing users. For the general problem of robust
wireless communications in congested spectrum environments, reliability can be achieved in

several different ways:

« [0000D0000DIOOO DO0OODUINO0IO00 which generally distribute the information rate dis-
proportionately across the bandwidth so as to minimize the statistical impact of inter-

ference,

« (000000000 [O00O00O000D D0000N0000 which seeks to iteratively remove interference through

estimation and subtraction,

« (0000000 00000000000 0000000000 methods which attempt to locate (and possibly predict)
which frequency bands are available, often using non-contiguous spectrum waveforms,

and

o [JOIII00D000D D000000 which include a entire array of techniques to provide spatial

diversity

Combinations of the above can also be used to improve reliability and mitigate interference;
however, the combined techniques are often still restricted by the limitations of the under-
lying techniques. Spread-spectrum techniques impart a performance degradation on both
the legacy and secondary users. Successive interference cancellation methods are computa-
tionally intense and rely heavily on the correct estimation of parameters to operate while
white space estimation requires waveform re-definition, and multi-antenna methods tradi-
tionally require precise calibration to produce accurate beams (e.g. nulls in the direction of

interference sources).

The potential benefit in spatial diversity afforded by multi-antenna systems is substantial



in its ability to simultaneously null interference while providing gain in the direction of a
desired signal. In particular, digital phased-array systems provide substantial benefits over
their analog counterparts, including the ability to process simultaneously occuring distinct
beams and apply any number of signal processing techniques for multi-spatial signal separa-
tion. Traditional digital phased-array processing, however, is expensive and requires precise
calibration of antenna spacing to properly steer beams. The calibration issue becomes in-
creasingly complex when modern platforms are taken into account. Many modern platforms
are often already overloaded with existing diverse and possibly heterogeneous antennas, and
have little to no space to incorporate a large array. As such, an optimal solution would be to
treat the existing antennas as a digital array; however, the calibration between the existing
antennas might not be precise enough to utilize traditional beamforming algorithms. Ad-
ditionally, narrow-band interfering signals may be too numerous for the degrees of freedom
afforded by the array to null—this is particularly true for recovering a wide-band carrier in
congested frequency bands. The discussion on beamforming methods is continued in Section

2.2.

Furthermore, while the design of new waveforms can partially address this calibration prob-
lem, many legacy systems are inflexible to changes to the physical layer outside the radio
frequency front end (RFFE). As such, this thesis proposes a method capable of operating
on legacy systems operating in new environments, rather than designing a new waveform to

accommodate the specific demands of the user.

O A

With the clear limitations of current approaches for multi-antenna spectrum-sharing solu-

tions in dynamic wireless environments, the work in this thesis provides a solution to this



problem by:

1. providing an assessment of existing beam-forming methods for the purpose of interfer-

ence suppression,

2. introducing a novel beamforming method “SVIRA” that combines polyphase filterbank
(PFB) channelizers with singular value decomposition (SVD) matrix decomposition for

semi-blind signal separation,

3. presenting an objective assessment of parameter trade-space for the proposed algorithm

in a variety of scenarios and configurations,

4. verifying the design on a laboratory testbed in a controlled wireless environment

The remainder of this thesis is organized as follows. Chapter 2 first provides the necessary
background and mathematical foundation for defining the problem space, providing a review
of previous work on this topic. Chapter 3 presents a novel application of almost-perfect recon-
struction polyphase filter-bank channelizers with matrix decomposition methods for applying
sub-band specific beamforming. Chapter 4 provides an overview of parameter selection and
develops an end-to-end simulation for assessing performance of the proposed algorithm en-
hancements in both AWGN and interference environments. Chapter 5 describes verification
of the algorithm in a laboratory environment using software-defined radio hardware. Finally

Chapter 6 provides concluding remarks and a discussion of future work.

Oi0  DOOoiobobLo
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This chapter includes a general problem statement and literature survey of potential solu-
tions. Traditional phased array processing is discussed a well as blind beamforming and a

few non-beamforming techniques.

000 00ODOO0boooon budoouooooo

The general problem of multi-antenna interference suppression involves detecting the pres-
ence of one or more nuisance signals and suppressing their energy while amplifying an in-
tended signal of interest using the spatial separation of sensor elements. Let us first consider
a wide-band signal of interest (SOI), represented as a discrete set of K band-limited linear

modulated symbols at a baud rate 1/T, viz.

PG
s(t) = ag(t kT) (2.1)
k=0

where ax 2 A are a set of uncorrelated and unknown data symbols and g(t) is a band-limited
square-root Nyquist pulse-shaping filter. For this problem, it is assumed that all values K,
ax, A, g(t), and T are unknown; however, the power spectral density of S(t) can be assumed

to be reasonably flat, and T is assumed to be reasonably wide.

The receiver is a collection of N sensing antennas with an unknown spatial configuration.

6



The received signal is a delayed version of s(t) with a carrier frequency and phase offset,
channel gain (due to path loss), and distorted by a set of interfering signals. The continuous-
time representation of the received complex baseband signal on sensor I can be represented

as

: x :
ri(t)= st )e i+ p(De 2 + wi(t); (2.2)
p

where ,(t) is one of P unknown interfering signals, is an unknown but fixed channel
gain, and wj(t) is a wide-sense stationary random Gaussian process with a power spectral
density (PSD) No/2. Note that all of the interfering signals are assumed to be narrow-band
and may be spatially separated. Also, SOI is assumed to be uncorrelated with both the
interfering signals and noise. Furthermore, while the exact noise PSD is not known, it can
be estimated. Finally, the received signal from each sensor then passes through a discrete-
time sampler at a rate Fs = 1/Ts. The final discrete-sampled time series on sensor I at time
index n is thus

ri(n) = ri(nTs) (2.3)

Oi0  UibDoibodiot bobooo

The array itself is considered as a set of N digitized sensing elements in three dimensions, each
with X, y, and z coordinates in terms of the carrier wavelength | viz. U, = [aﬁ,"); a¥; a,(f)]T.
Therefore, the array configuration can be conceptualized as a N 3 matrix U representing
the positions of each element’s X, y, and z coordinates, respectively, in terms of the carrier
wavelength . The complex gain W on sensor n of a signal with an incoming azimuthal angle

off the X/z plane and an elevation angle off the xX/y plane is the projection of 0, on the

plane defined by the pointing vector: a real-valued vector indicating the direction in X, V,



and z for the direction in which the array has maximum gain, viz.

O(; )= cos( )cos( ); cos( )sin( ); sin( ) T (2.4)

The weighting vector which provides maximum gain in this direction is simply the complex
phase of the vector projection of the pointing vector on each element’s position in 3-D space,
evaluated as

n (0}
OC; Y=exp 2 070(; ) (2.5)

Traditional phased-array processing would treat the combination of SOI and interfering
signals in (2.2) as a linear combination of vectors of length N (which corresponds to the
number of sensors in the array) across time and attempts to maximize the output signal-to-
interference-plus-noise ratio (SINR) by steering a beam in the direction of SOI as it points
nulls in the direction of interferers. An array with N sensors has N 1 degrees of freedom,
so it is only able to guarantee controlling at most N 1 nulls, which means the array can
only guarantee to remove at most N 1 interfering signals. Additionally, since the goal is to
maximize the output SINR, traditional beamformers are unable to distinguish between SOI
and interferers coming from the same or similar direction of arrival (DOA). Thus, creating

situations in which SOI is either suppressed or interference is let through.

The following sections discuss traditional digital beamforming techniques as well as their
limitations. Analogue and hybrid beamforming methods are not considered as the array is

presumed to be a digital phased array.
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The minimum variance distortionless response (MVDR) beamformer aims to maximize the
SINR in the direction of SOI. Assuming the precise array configuration and DOA of SOI
are known a priori, MVDR is considered an optimal solution [3]. This type of beamforming
creates weights that minimize the amount of interference and noise while maintaining a dis-
tortionless response in the DOA of SOI; thus maximizing the SINR of the output. However,
if the knowledge of SOI's DOA and the array configuration is incomplete or imprecise, the
performance will degrade as SOI is treated as interference instead of as the desired signal.
Similarly, if either the DOA of SOI or the array configuration is unknown, MVDR cannot

be used.

The algorithm to implement MVDR, as described by [4], is as follows: At any instant K, the

output of the beamformer y(K) can be represented as

y(k) = O70(k) (2.6)

where 0(K) is the received signal at instance k, ()™ indicates the Hermitian transpose, and
Opppp is a vector of weights determined by the algorithm. As stated previously, the purpose

of MVDR is to maximize the SINR of the input signal, which is

E jORg000° _ 20000 ; )i

SINR , - =
Efi0R 00+ D2l ORgnp0ienCoooo

(2.7)

where O( ; ) is the pointing (steering) vector defined in (2.4), 2 is the power in SOI, [ and

0 are the interference and noise vectors respectively, and E [ ] signifies the expectation. [j.n



is a matrix of the expectation of the covariance of the interference-plus-noise.

h i
Oivn » E (1K) + 0(k))(O(K) + DO(k))" (2.8)

With the SINR as defined, the maximization problem is such that the interference and
noise is minimized and the input signal is fixed. This can be expressed as the following

optimization problem

mDinDHDi+nD such that O"0(; )=1 (2.9)
whose solution is
Opooo = 0i50C 5 ) (2.10)
where = 1/07(; ), A0(; ) and () ! indicates matrix inversion.

While this beamforming method is optimal under certain conditions, it has two main issues:
first, the success of the beamformer is heavily determined by the accuracy of the assumed
array configuration and DOA of SOI; secondly, this method is limited to N 1 degrees of
freedom with which to successfully null interference. Therefore, if there are more than N 1

interfering sources, additional processing must be used.

To date, most of the literature focuses on mitigating the first issue and suggests different
approaches in order to obtain a more accurate DOA. An approach using Bayesian statistics
is proposed in [5]. This approach derives the posterior probability density function (PDF) of
the DOA of SOI by knowing a priori the PDF of the desired DOA. Afterwards, the weights
are determined using the posterior PDF of the DOA. While this approach is able to produce
better results than the classic MVDR, it is still dependent upon some a priori knowledge of
SOI's DOA.



On the other hand, some approaches, such as the one proposed by [6], do not require any
knowledge of the DOA. This approach uses fractional Fourier transforms to estimate the
time-frequency curve of the received signal then derives the steering vector from the esti-
mated curve. After obtaining the steering vector, traditional MVDR beamforming is imple-
mented. One of the most popular DOA estimation techniques is multiple signal classifica-

tion (MUSIC).

Lgoog

The MUSIC beamformer is a subspace based algorithm that relies on the eigenvectors of the
covariance matrix of the input signals to separate the signal from the noise subspace and offers
better angular resolution than MVDR. Since beamforming relies on the eigenspace of the
covariance matrix, the performance degrades when any of the received signals are correlated
[7][8][9]. As with MVDR, MUSIC assumes knowledge of the array configuration and is limited
by its degrees of freedom, but unlike MVDR, MUSIC requires knowing the number of signal
sources (including both SOI and interference). The primary drawbacks of MUSIC are that
precise knowledge of the array configuration is required as well as knowledge or an accurate
estimation of the noise-plus-interference covariance matrix. If the array geometry changes or
the assumed knowledge is not accurate enough, the performance degrades. Similarly, if the
statistical properties of the noise or interference changes during transmission, MUSIC will
not be able to form an optimal beam. As such, this method is not considered in this thesis.

Instead, blind beamforming methods are primarily investigated.
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Blind beamforming methods assume no knowledge of the DOA of the signals (both the
SOI as well as the interfering signals). Blind methods seek to adapt the beam weights to
isolate the signal of interest whose characteristics may still be unknown; however, the array

configuration and phase alignment of the elements are still known 0 OOIO0OC.

Assuming the general direction of SOI is known, a method utilizing a network of frequency-
invariant beamformers is proposed in [10] for receiving wideband signals in multipath envi-
ronments. Each frequency-invariant beamformer points its main beam in a different direction
in such a way that all of the directions of interest are covered by the network. Afterwards, the
output of the network undergoes blind source extraction by applying weights and summing
to get SOI, which is a simplified version of blind source separation in which only SOI is ex-
tracted. While this method does not rely on knowing the exact DOA of SOI, it does require
a general knowledge of SOI’'s DOA. Also, in order to successfully extract SOI using blind
source extraction, identifying statistical characteristics of SOI must be known to calculate
the appropriate weights. As such, the computational complexity of this algorithm is variable
as it is determined by how narrow of an area must be covered by the frequency-invariant

beamforming network.

A different blind approach leverages the non-Gaussian distribution of SOI to approximate
its DOA [11]. Afterwards, the resulting weight vector is applied to a minimum power dis-
tortionless response beamformer, which extracts SOI. While effective, this approach will
not work if SOI does have a Gaussian distribution or if the interference has a non-Gaussian
distribution, and it also still relies on perfect knowledge of the array configuration in order

to beamform.
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The constant modulus algorithm (CMA) beamforming process exploits the constant-modulus
properties of SOI that possess modulation schemes such as MSK, and FSK. If SOI does not
have a constant modulus, this method is not as effective. This technique is considered an
adaptive beamformer, which means the weights are iteratively updated and convergence

speed is a concern. The weights are determined by the cost function
min Op(0) =€ 0RO PP (2.11)

where [ is a vector of beamforming weights, U is the vector of the input signal, p >0, q > 0,
and is the modulus of SOI. Typically, the cost function is minimized through the use of
stochastic gradient descent and the mean squared error, and p = 1 and q = 2 for optimal
convergence [12]. However, while convergence is optimized for classic CMA, the convergence

speed is still relatively slow.

A normalized CMA approach is proposed in [13]. The modified weight update equation
coupled with initializing the weight vector improves the convergence speed as demonstrated
by the simulated results performed by [14] of [13]’s algorithm. Another way to improve the
convergence is to reduce the computational complexity. By employing frequency domain in-
terpolation and spatial domain clustering, [15] is able to reduce the complexity of a recursive
least-squares CMA for orthogonal frequency-division multiplexing (OFDM) signals. A hybrid
approach that combines recursive least-squares (RLS) CMA and least mean-squares (LMS)
CMA is proposed in [16]. This algorithm is optimized for use on a uniform linear array and
attempts to balance the robustness against steering angle error, associated with LMS-CMA,

with the convergence speed and good interference cancellation of the RLS-CMA.
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The spectral self-coherent restoral (SCORE) beamformer uses cyclostationary properties of
SOI to create a weight vector that is used to beamform a reference signal. Like CMA,
SCORE is an iterative process, so the initialization of the weight vector is important for
fast convergence. This algorithm is well-liked because the only required knowledge is the
cyclic frequency of SOI, which can be obtained from the symbol rate or carrier frequency.
However, just like CMA, the classic SCORE algorithm is slow to converge. One of the com-
monly used methods with a faster convergence is the Cross-SCORE algorithm, which trades
speedy convergence for higher complexity by solving for the weight vector using eigenvalue
decomposition [17]. Another method, proposed by [18], reduced the complexity of the classic
least-squared SCORE by guaranteeing a real-valued weight vector. In a different approach,
the authors of [19] decided to initialize the weight vector using the dominant mode predic-
tion (DMP) algorithm. By doing so, they were able to increase the convergence speed and
use the multi-target SCORE to extract multiple SOIs in parallel. Although SCORE is a
useful beamforming method, it is not viable if SOI possesses no cyclosationary features or

the features are otherwise removed during transmission.

R

Another group of blind beamformers is the eigen-based beamformers, which typically assume
that interference is uncorrelated. These types of beamformers decompose a covariance matrix
into its eigenvalues and eigenvectors to identify a composite steering vector (CSV), which
with to steer the beamformer. A basic eigen-based approach is proposed by [20], where the
interference covariance matrix (made of only the interference and noise) is decomposed using

eigenvalue decomposition. The eigenvector corresponding to the largest eigenvalue is then



assigned as the CSV. Afterwards, any traditional beamforming method, such as MVDR,
can be used to form the beam. An eigen-based beamformer is also considered to improve

beamforming for multipath environments in [21].

Instead of decomposing a single interference covariance matrix, this approach categorizes the
interference into strong and mild. Spatial spectrum techniques are used to estimate the co-
variance matrix of the mild interference, and the covariance matrix of the strong interference
is estimated using the eigenvalues of the sample covariance matrix. These estimations are
used to reconstruct the interference-plus-noise covariance matrix, which is then subtracted
from the sample covariance matrix. With the interference and noise removed, the principal

eigenvector of the sample covariance matrix is used as the CSV.

The blind beamformer proposed by [22] performs eigenvalue decomposition on a truncated
version of SVD of the received signal, and using the decomposed eigenvalues and eigenvectors,
all of the signals can be separated. By truncating the SVD, this algorithm is able to reduce
the noise and problem space, which is a principle that the SVIRA proposed in this thesis
attempts as well. Nevertheless, despite not relying upon knowledge of the DOA, most
of the eigen-based beamformers still require knowledge or computation of the interference
covariance matrix. It is also important to note that if coherent signals do exist, this will
reduce the rank of the source covariance matrix, which in turn renders the majority of
the eigen-based beamformers ineffective. In those cases, which can be typical of multipath
environments, additional processing must be employed such as spatial smoothing as seen in
[23]. Finally, all of these beamforming algorithms are still limited to being able to only null

as many interfering signals as there are degrees of freedom.
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An additional approach with gaining popularity is using deep learning methods to determine
the optimal beamforming weight vector. A few reasons to account for the growing popularity
includes the ability to run parallel processing to suppress wideband interference, and remov-
ing the reliance on DOA. A convolutional neural network (CNN) is used to compute the
optimal weight vectors in [24] in order to reduce the computational complexity when faced
with a large number of antennas and filter taps. The CNN is able to estimate nearly optimal
weight vectors even with and signal-to-noise ratio (SNR) as low as -5 dB and as low as 400
snapshots of SOI. Another approach bypasses the traditional calculation of MVDR weights
and has a deep neural network determine them instead [25][26]. While these approaches
offer solutions for many issues associated with traditional and blind beamfroming (precise
knowledge of DOA, knowledge of the interference covariance matrix, slow convergence, etc.),
deep learning introduces new concerns such as the development of training data. As such,

deep learning approaches are not considered in this thesis.

00 ofopoo ood

One non-beamforming method for interference suppression is successive interference cancel-
lation (SIC) as described in [27]. Generally speaking, if two or more signals are received
concurrently, the strongest (highest SINR) is demodulated and decoded then subtracted
from the aggregate received signal. The resulting residual only contains the weaker signal
or signals. If there were more than two signals in the aggregate received signal, then the
process is repeated with the residual until only the weakest signal is left. Since this process
is successive, it has the potential to perfectly remove interfering signals; however if one of

the signals is estimated incorrectly, all of the subsequently estimated signals will also be
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M/ 2+QMbi m+iBM; i?2 b KTH2 #HQ+FX

h?2 ao. Q7 Mv K i+BM #2 2T 2b2Mi2/ b
=1 o" UjXRkV

r?2°@Q" /2MQi2b i?2 >2°KBiB Mi° MbTQERbQWM2m KBOBXrBir? ° MF
r-i?22MBbn r K i Bt- BMMBbm r K i BtX h?2 /B ;QM HBK irMt

K i Bt-r?Qb2/B ;QM Hb "2i?2 b BWMhRRB bBoMHmBRb Y Hm2b "2 bi B+it
M/ "2 BM /2b+2M/BM; Q /2" Q% 2M23w U2X: X, VX MQi?2 rv Q7
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iQ "2KQp2i?2 MQBb2X h?2 "2¥@WTiQ@dR/ K i Bt

- - mg UjXROV
i2R
r?2°R Bb i?2 b2i Q7 bBM;mH ~p Hm2 BM/B+2b iQ #2 F2Di2XQAHbH2H2+
+QMi BM aPA- KBMBK H MQBb2- M/ MQ BMi2 72 2M+2X h?22°27Q 2-
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2MQm;? i? i /B772°2Mi HQ+ iBQM BM i?2 TH M2 Q" BM 2H2p iBQM
2772+i QM i?2 p "BQmb b2MbQ  bB;M HbX

aBM+2i?2:Q HQ7i?Bb T Q+2bbBbiQBKT Qp2 M " véb #BHBiviQ
T +F2i-T +F2ip HB/ iBQM r?22i?2  Q MQii?2 T +F2i Bb bm++2bb7r
T2'7Q K M+2 K2i'B+X .2i2 ' KBMBM; i?2 MmK#2" Q7 p HB/ T +F2ib i’
p Hm2b T°QpB/2b # bBb 7Q T +F2i2°Q " i2US1 V +m p2bX h?22¢k
+QKT "2/ BM /2+B#2Hb U/"V ; BMbi i?2 HBKBiBM; B/2 H + b2- BM r?
//IBiBQM HHv-i?2 2[mB 2/aL_7Q" RWS1_Bbmb2/iQ +QKT "2i?2
T K2i2 b bm+? bi?2 MmMK#2 BMW i®2 MMREMRHB X2 - 2HQ+F bBx?2



9Xj _2H iBp2 h? 2b?QH/Db

q?BH2 #bQHmMi2i? 2b?QH/brQ Fr?2Mi?2  M:2Q7 bBM;mH ~p Hm?2
P2MB2Mi M/ BM277B+B2Mi iQ + H+mH i2 i?2K HH #27Q°2 b2iiBM; |
Kmbi #2 T2 7Q K2/ MQi QMHv 7Q " 2p2'v M2r T +F2i M/ BMi2 72 2N
HbQ M2+2bb “v7Q  2p2°v+? M;2 Q7 +? MM2HBx2 T * K2i2 b UBX2)
bBx2VX h?2°27Q°2- "2H iBp2i? 2b?QH/b2H2+iBQM T Q+2bb Bb T :
TQr2 2/ ao Bb BM/B+ iBp2 Q7 i?2 MQBb2 7HQQ -Bi+ M#2 mb2/ b
i?°2b?QH/X 6Q 2t KTH2- B7 i?2 #bQHmi2 i? 2b?QH/b "2 Ry /" M/ |
Q7 N /"- i?2M i?2 "2H iBp2 i? 2b?QH/b +QmH/ #2 y /" M/ ky /"X aB\
“2H iBp2-i?2v "2KQ'2'Q#mbiiQ +? M:2b BM +? MM2HBx2 T ° K2i2
/2T2M/2Mi QM i?2 aL_ Q7 i?2 T +F2iX

>Qr2p2'- M Bbbm2 rBi? "2H iBp2 i? ' 2b?QH/b Q++m b r?2M i?2°2 "2
bm#@# M/i? M/2;:°22b Q7 7°22/QKX AMi?Bb + b2-i?2 HQr2biao 2T
i?72 MQBb2 bm#bT +2-r?B+? + M+ mb2i?2ao0iQ 7Hm+im i2/ rBH/HVX
p Hm2b +'Qbb 7 2[m2M+v Bb BMi"Q/m+2/iQ +QK# ii?Bbivi2 Q7 7H

9X9 P#b2'p iBQM + Qbb 6 2[m2M+v

AM Q /2  iQ +QKT2Mb i2 7Q ° 7Hm+im iBQMb BM i?2 HQr2bi bBM:mt
K ;MBim/2b + Qbb 7 2[m2M+v BM Q/2" iQ b2i Bib i? 2b?QH/bX H
+QKTmi2/ 7Q° ;Bp2M #HQ+F Q7 b KTH2bX h?2M i?2 i2Mi? T2 +2M
p HmM2 +°Qbb HH 7 2[m2M+B2b Bb i F2M b i?2 272 2M+2 TQBMiX
+ Qbb 7 2[m2M+v- r?B+? BM im M HHQr7Q T QT2 bmTT 2bbBQM

6Q° 2t KTH2- 2t KBX#2#&B2X?B;? aL_ T +F2ib ii?2QmiTmi ~2 22 pBH:



UV AMTmi U#V PmiTmi U+V PmiTmilbBM; p2° ;BM;

6B;m 2 9Xj, * Tim 2/ /i 7MK16B-RH2=-BN-cao. i? 2b?QH/b7 QK @R /" i
R8 /"

iQi?2 2ti2Mi i? ii?2v + MMQi #2 /2+Q/2/X LQiB+2 i? ii?2 7Bp2 MQi
iQ 7Bp2 ?B;? TQr2 2/- BMi2 ' 72°BM; iQM2b 7°QK i?2 BMTmiX h?mb-
H;Q Bi?K Bbi FBM; M Qp2 Hv ;; 2bbBp2 TT Q +? iQ 2KQpBM; i?
bm++2bb7mHHV /BbiBM;mBb? #2ir22M i?2 T +F2i M/ BMi2 72 °2M+2

h?2 2 bQM 7Q  i?2 ;;:'2bbBp2 '2KQp H #2+QK2b 2pB/2Mi r?2M HQQ
7 QK 6BX® P#b2 p2i?2 aob 7Q +? MM2H Yy M/ +? MM2H kX *? MM2F
M/ MQBb2 r?2°2 b +? MM2H k ? b aPA- MQBb2- M/ M BMX9I72 BM;
+? MM2H y6b aoy Bb BM/B+ iBp2 Q7 aPA- M/ Bibao R Bb "'2T°2b2M
>Qr2p2 - +? MM2H k6éb aoy Bb BM/B+ iBp2 Q7 i?2 ?B;? TQr2 2/- BM]
Bb 2T 2b2Mi iBp2 Q7 aPAX aBM+2 i?2 i? 2b?QH/b "2 "2H iBp2 iQ
?2Qr i?2 ?B:? TQr2'2/ TQ'iBQM Q7 i?2 aPA bm#bT +2 Bb "2KQp2/ 7°Q



6B;m 2 9X9, aBM;mH " p Hm2b THQii2/ + Qbb iBK2 U7 K2

6B;m 2 9X8, aBM;mH " p Hm2b p2" ;2/ Qp2 7 2[m2M+v THQIii2/ +°



i?72 BMi2 72 °BM: bB:M HbM2 Fbi? Qm:?i?2 7B bi 7Qm 7" K2b Q7 +
+QK#BM2/ 2tTH BM r?vi?2 ?B;?2 aL_ T +F2ib + MMQi #2 /2+Q/2/X

AM Q /2  iQ bm++2bb7mHHv "2KQp2 HH Q7 i?2 aob "2H i2/iQ i?2 BM
+QMbi Mi 7°QK 7" K2 iQ 7" K2 "2 /2bB 2/X IbBM; i?2 i2Mi? T2 +2Mik
p HM2b +°Qbb HH 7 2[m2M+B2b b 272 2M+2 TQBMi- 7H i i? 2b"
6B;8X8 IMHBF2 #27Q°2- MQM2 Q7 i?2 aob bbQ+B i2/ rBi? i?2 BMiz
i?2°2b?QH/ #QmM/b- M/ i?mb rBHH #2 "2KQp2/ rBi? '2+QK#BM iBQM
b?QrM BMOKB4¥XR2 2 i?2 BMi2 72 BM; iQM2b "2 "2KQp2/X

9X8 avMi?2bBb #27Q 2f 7i2° ao. +QK#BMBM;

b/Bb+mbb2/ BWKOS6IBEYMi?2bBb + M Q++m" 2Bi?2" #27Q°2 Q" 7i2" ¢
h?2 [M2biBQM Bb r?2i?2 i?2 TTHB+ iBOQM QXREBb KE2B27 [ QiBRM
"2+Qp2'BM; i?2 aPA #27Q°2 Q" 7i2 bvMi?2bBbX A7 i?2 +QK#BM iBC
i?72 T°"Q+2bb Bb bBKBH ~iQ Jo._ M/ QMHv 2[mB 2b QM2 bvMi?2bBE
+Q?2°2M+2 HQbb bbQ+B i2/ rBi? i?Bb +QM7B;m" iBQMX Hi?Qm;?
M2 T2 72+i 2+QMbi' m+iBQM-Bi/Q2b MQii F2 +QK#BMBM; + Qbb
h?2°27Q 2-B7 # MF Q7 bvMi?2bBb 7BHi2 b Bb mb2/iQ 7B bi "2+QN
2H2K2Mi- M/ i?2/ i Bb +QK#BM2/ + Qbb b2MbQ b 7i2 bvMi?2bBb
bB;M Hb Bb #2ii2° K BMi BM2/c i?mb T'QpB/BM; #2ii2" "2bmHiX

h?2 /IB772 2M+2 BM T2 7Q K M+2 #2ir22M i?2 irQ +QMEEh2 iBQM|
T2 7Q°K M+2 #QmM/ 7Q  k Mi2MM b Bb +'2 i2/ #v "2+2BpBM; bBKmF
+? MM2H rBi?Qmi Mv BMi2 72 2M+2 T 2b2Mi i bBM;H2 “2+2Bp2°)
Bb BKT Qp2/ #v M //BiBQM H j /" /Im2 iQ i?2 T2 7Q K M+2 ; BM 7

“vX LQi2 i? i r?BH2 i?2 *QK#BM iBQM "27Q 2 avMi?2bBb + b2 ?



6B;m 2 9Xe, *QK#BM iBQM "27Q 2 pbX 7i2  avMi?2bBb aoA_ rB

j/"rQ b2i? Mi?2T2 7Q K M+2 #QmM/- i?2 *QK#BM iBQM 7i2  avMi
QM i?2 T2 7Q K M+2 #QmM/ Bib2H7X *H2 "Hv- +QK#BMBM; i?2 b2Mb
Bbi?2 #2ii2 T2 ' 7Q K2  Qmi Q7 i?2irQ +QM7B;:m’ iBQMbX

h?2 *QK#BM iBQM 7i2  avMi?2bBb K2i?Q/+ M QmiT2 ' 7Q K i?2 *QK#
K2i?Q/#2+ mb2Bi+ MK F2/2+BbBQMb # b2/ QM KQ 2 BM7Q K iBQN
bvMi?2bBb + b2-i?2 _ VvH2B;2UmhQKBRRD QMK \F2 b/2+BbBQM QM- r?B-
Bi Bb #H2 iQ K tBKBx2i?2 2M2 ;v2Z@2{KIMiXiBOM2p2 - bBM+2 aPA
KmMHIBTH2 #HQ+Fb- i?2 2M? M+2/ #HQ+Fb KB;?i MQi #2 7TmHHvV K tB]
MbBM; 72r2 b KTH2b i? M "2 +im HHv BM i?2 7> K2X h?2°27Q 2- E
TH +2 7i2  bvMi?2bBb-i?2 _ vH2B;? [mQiB2Mi + M #2 7QmM/ 7Q" i?
AM i?Bbr v-i?22M2 ;v Q7 aPA Bb 2Mbm 2/iQ #2 K tBKBx2/ M/ i?mb
7Q° /2+Q/BM:X



9Xe aBM;H2 S +F2i 1t KTH2b

h?Bb b2+iBQM BMp2biB; i2bi?2 T2 ' 7Q K M+2 Q7 aoA_ QM bBM;H?
MQ BMi2 72 2M+2- UKV QM2 BMi2 72 2M+2 bQm +2- UjV /B772 2Mi
BMi2 72 2M+2 bQm +2b- M/ U8V i? 22 BMi2 72 2M+2 bQm +2bX

9XeXR a+2M 'BQ R, LQ AMi2 72 2M+2

Uuv S v*QM7B;m” iBQMU#V AMTmi U+V PmiTmi

6B:m 2 9Xd, a+2M 'BQ R, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2  avMi?:
bBM;H2 7° K2 rBi?Qmi BMi2 72M2MOQ@@lat644 jM7-a0. i? 2b?QH/b b2i
b @Ry /"iQ 3y /"

b M2t KTH298®;2%Qrb i?2 +QM7B;m" iBQM Q7 +B +mH ~ > vrBi?
aPA Bb b2i iQ BHpBM QEBEKMiDX@®BQrb bT2+i mKr i2 7 HH THQi ¢
/i "2+2Bp2/ ii?27B biQ7i?27Qm  2H2K2Mib rBi? MalL_Q7j/"X L
MQi?B;?22MQm;? biQ/2+Q/2 7 K2- ++Q /BM;iQ i22M#17iZ2 7Q K
mM/2 ;QBM; +? MM2HBxX iBQM- ao. '2+QMbi " m+iBQM- M/ +QK#BMB
Bb +H2 "Hv pBbB&KHMB bnm6B:Xbb7mHHV /2+Q/2/X h?2 7TQHHQIBM; Q
K /2 7°QK &KX

RX?2 aPA Bb 2M? M+2/ #v #Qmie /" #v +Q?2 2MiHvV +QK#BMBM; i~



K /2 2pB/2Mi #v Bib ?B;?2 TQr2 H2p2H BM i?2 QmiTmi THQic

kX?2'2Bb T Q+2bbBM; /2H vBMi?2QmiTmi BM+m "2/ #v #Qi? i?.
bi?2rBM/QrBM; 7TmM+iBQM- pBbB#H2 BM i?2 QmiTmi THQIiX

9XeXk a+2M 'BQ k, PM2 AMi2 72 2M+2 aQm +2

Uuv 7 v*QM7B;m" iBQMU#V AMTmi U+V PmiTmi

6B;m 2 9X3, a+2M BQ k, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2 avMi?2Z
bBM;H2 7° K2 rBi? QM2 BMi2 72 2 rBi? MaL_Q7 RyM's®D- Q7 i?2 T
2L=64- M/ ao.i? 2b?QH/b b2i b @R /"iQ R8 /"

IbBM: i?2 b K2 > v+QM7B:m  iBQM b BOM &%RM BBIQ2R724B Mi;BIBV M
Bb BMi'Q/m+2/X HQM; rBi? aPA- iQM2 rBi? MaL_Q7 Ry /" Bb b2i
Q33& b b22M BMXEBhR2 bT2+i'mK b "2+2Bp2/ #v i?2 7B bi Mi2MM 2
BM 6B X3#72°2 i?2 BMi2 72 2" Bb b?QrM iQ ? p2 +2MX2LQi2[m2M +
i? i bBM+2 i?2 BMi2 72 2M+2 Bb ?B;? TQr2 2/- aPA + MMQi #2 /2+Q/
"2KQp2/X 7i2° mM/2 ;QBM; i?2 aoA_ T Q+2bbBM;- i?2 BMi2 72 2\
b?QrM BMIKB+M/ i?2 T +F2i Bb bm++2bb7mHHV /2+Q/2/X h?2 7TQHHC
#2 K /2 7° QK93 X

RXPA 2tT2 B2M+2b bBKBH ~ e /" 2M? M+2K2Mi9>eBd® a+2M "BQ R



kXXm2iQ ?Qr +HQDb2 i?2 .P Q7 i?2BMi2 72 °2M+2Bb iQ i?2.P Q7 a
Bb HQr2 2/ BM i?2 T “iB+mH " bm#@# M/ r?2°2 i?2 BMi2 72 2M+]

9XeXj a+2M 'BQ j, PM2 AMi2 72 2M+2 aQm +2

Uuv T v*QM7B;m iBQMU#V AMTmi U+V PmiTmi

6B;m 2 9XN, a+2M 'BQj, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2 avMi?2
bBM;H2 7° K2 rBi? QM2 BMi2 722 rBi? MaL_Q7 RyM's®D- Q7 i?2 T
2L=64- M/ ao.i? 2b?QH/b b2i b @R /"iQ R8 /"

h?Bb iBK2- M BMi2 72'BM; bB;M H BKTBM;2b 728488 b m22M BMv i
6B;XXX h?2 bT2+i'mK b b22M #v i?2 7B bi b2MBRdBIBHROIMQYH/ B M
i72 BMi2 72 'BM; bB;M H rBi? +2MiE, M2h2 M}V Ry7/BXyRR8@ ; BM
i?72 BMi2 72 2M+2 Kmbi #2 "2KQp2/ BM Q /2  iQ bm++2bb7mHHvV /2+¢
*QK#BM iBQM 7i2  avMi?2bBb +QM7B:;m  iBQM Q7 i?2 aoA_ -i?2 BM
7°QK i?2 bT2+i'mK b /2TBXE#hBR BBHXQrBM; Q#b2 p iBQMb + M #:
6 B ;KX N

RXQM+2 ; BM- aPA 2tT2 B2M+2b i?2 b K2 e /"2M? M+2K2Mi b r?2
72°2M+2 Ub22 a+2M 'BQ RV- M/ aPABbbm++2bb7mHHV /2+Q/2,

KXnMHBF2 BM a+2M "BRaKKka®PAIBQM MQi b?Qr bB;Mb Q7 "2/ m+2/



i?72 b K2 # M/ r?2 2i?2 BMi2 ' 72°2M+2 r b "2KQp2/X h?Bb Bb /m.
BMi2 72 2M+2 #2BM; bm77B+B2MiHv "2KQp2/7 QK i? i Q7 aPA-
p Hm2b UQ bBKBH " 2B;2MbT +2VX h?mb-i?2 BMi2 ' 72°2M+2 +
BKT B'BM; i?2TQr2 Q7 aPAX

9XeX9 a+2M 'BQ 9, hrQ AMi2 72 ' 2M+2 aQm +2b

UV " v*QM7B;m iBQMU#V AMTmi U+V PmiTmi

6B:m 2 9XRy, a+2M 'BQ 9, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2 avMi?
bBM;H2 7" K2rBi?irQ BMi2 72 2 brBi? MaL_ Q7 Ry Mc4d00-Q7i?2T
2L=64- M/ ao.i? 2b?QH/b b2i b @R /"iQ R8 /"

*QMbB/2  i?2 b+2M "BQ BM r?B+? i?2 b K2 > v 2M+QmMi2 b #Qi?
[2b+ B#2/ BM a+2M "BQb k9 Xid @B Q®D ~~ v +QM7B;m” iBQM 7
b+2M "BQ Bb b? QMREEMEBB¢? aPA "DBpM BWIR 72 2M+2 M/ " B
7°QIE M2B48 "2bT2+iBp2HVX b b22M BM i?2 bT2+i mK 79RKyi#2 7B b
#Qi? ?B;? TQr2 2/ BMi2 72 'BM; iQM2b BKT2/2i?2/2+Q/BM; Q7 aPAX
72 QmiTmibT2+i MKMAME@BIXHH Q7 i?2 BMi2 72 2M+2 Bb bm++2bb?
aPA + M #2 T'QT2 Hv /2+Q/2/X

h?2 7TQHHQIrBM:; Q#b2 p iIBQMb +9KR2 K /2 7°QK 6B;X



RXBF2 #27Q 2- aPA Bb 2M? M+2/ #v #Qmie /" M/ Bb bm++2bb7m

kX#Qi? BMi2 72 2M+2 M/" "2 bm++2bb7mHHV 2KQp2/ #2+ mb2
T #H2 M/ TT2 "BM/B772 2Mibm#@# M/b Q7 i?2 +? MM2HBx2
BMi2 ' 72°2M+2 /2;" /2bbQK2 Q7 i?2TQr2 Q7 aPAr?BH2 BMi2 7
BM/B+ i2bi? ii?2 H;Q Bi?KBb #H2 iQ bm++2bb7mHHV QT2 i2
# M/- M/ i?2Qm;? #Qi? BMi2 72 2M+2 M/ " "2 T 2b2Mi BM i?B
i'2i2/i?2b K2 bi?2v "2r?2M 2 +? Bbi?2 QMHvV BMi2 72" BM; b

9XeX8 a+2M "BQ 8, i?°22 BMi2 72 2M+2 bQm +2b

Uuv 7 v*QM7B;m  iBQMU#V AMTmi U+V PmiTmi

6B;m 2 9XRR, a+2M 'BQ 8, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2  avMi
bBM;H2 7° K2 rBi? i? 22 BMi2 72 2 b rBi? M aL_Q7 Ry /"c aL_ Q
M =100-2L =64- M/ ao.i? 2b?QH/b b2i b @R /"iQ R8 /"

L2ti- +QMbB/2° b+2M 'BQ r?2M i?2°2 2 jBMi2 72 'BM; bB;M Hb,

6B;XXRRI?2 “ v +QM7B;m’ iBQM Bb i?2 b K2 b #27Q 2 b r2HH |
M/ BMi2 72 2M+2 M/ "X h?2 M2r BMi2 72°'BM; bB;M H * "Bp2b i
/B 2+iBQM O 8MWA WBKmi?VX GBF2 i?2 Qi?2° BMi2 72 BM; bB:M Hb-
Ry /"X AMi2 72 2M+2* HbQ 2?2 b MQ K HB X2 Fs~2r\a B2+ 77 + 2 mi#22Mbr 22 17



HQM; rBi?i?2Qi?2 BMi2 72 2M+2b M/ aPABMIi?2bT2+i mK 2+2B|]
IXRR#7i2°  mM/2 ;QBM; i?2 aoA_ - i?2 QmiTAXBF2@romEKMB™M BB ;XM ;
bB;M HbDb M/ " "2 bm++2bb7mHHV "2KQp2/ r?BH2 BMi2 72 BM; bB;|
MQi "2KQp2/X b bm+?- aPA + MMQi #2 /2+Q/2/X h?2 7TQHHQIBM; (
7 QK 6BXRR

RX?2 K DQ'Biv Q7 aPA 2tT2 ' B2M+2b bBKBH * H2p2Hb Q7 2M? M+
M "BQbc ?2Qr2p2 - #2+ mb2 Q7 BMi2 72 2M+2 *- Bi + MMQi #2 /2-

kXb #27Q°2- BMi2 72 2M+2 M/ " + M #2 bm++2bb7mHHv 2KQp
QM aPA-#mi BMi2 ' 72°2M+2 * + MMQiX g?BH2 HH Q7 i?2 BMi2
b2T ~ #H2 M/ i?mb + M #2 T Q+2bb2/ "2H iBp2Hv BM/2T2M/2Mit
+QK2b 7 QKi?2b K2.P baPA-i?2BMi2°'72 2M+2+ MMQi#2b2T
Bb/m2iQ i?2K #Qi? b? "BM; i?2 b K2 2B;2MbT +2 M/ i?mb bBM;
rv BMr2B+?2 iQTQi2MiB HHv /2+Q/2 aPABbiQ HHQri?2bm#@#
*iQ #2 MQi+?2/ Qmi-r?B+? rBHH BMi'Q/m+2 bQK2 AaA M/ T2 7(

9XeXe a+2M 'BQe, M "Qr@# M/ MQBb2 BMi2 72 2M+2

AM //BiBQM iQ '2KQpBM; iQM2b- aoA_ Bb #H2 iQ "2KQp2 M “"Qr#
b+2M "BQ r?2°2i?2°2Bb M q:L bB;M Hi? i Q++mTB2b RyW Q7 i?2
T 2pBQmbHv 2bi #HBbB2/ b b9 Qri@BMX6MKXb BM T 2pBQmb b+2M °
aPA ? b MaL_Q7 j/" M/ 08 M7 i?2 BMi2 ' 72°2M+2 ? b M aL_ Q7
h?2 M "Qr# M/ MQBb2 ? b MQ K HBX2/ +2MJ2 Y 7B2Pm« M+#2Q672 @ X
BM i?2 bT2+i'mK 7 QK i?2 7BIKIRK2MDK: +BB;X%PAX 7i2° mbBM; ao
i?72 M "Qr# M/ MQBb2 Bb bm++2bb7mHHv "2KQp2/- M/ aPA + M #:
Q#b2 p iBQMb + M #2 KYZRRQK 6B;X



Uuv 7 v*QM7B;m iBQMU#V AMTmi U+V PmiTmi

6B;m 2 9XRk, a+2M 'BQe, 2t KTH2 Q7 i?2 *QK#BM iBQM 7i2 avMi?
bBM;H2 7° K2rBi? M ~"Qr# M/ BMi2 72 2 rBi? MaL_Q7 9 /"caL_C
M =300-2L=64- M/ ao.i? 2b?QH/b b2i b@R/"iQd/"

RXQp2 HH-i?2 K DQ BivQ7i?2aPA? b e/"BKT Qp2K2Mic

kXi?2 M "Qr# M/ MQBb2 BMi2 72 2M+2 + M #2 bm++2bb7mHHv 2K
Ua2+iBQaKKBM i?2 bm#@# M/br?2°2i?2 M “"Qr# M/ MQBb2 BMi2
aPABb bHB;?iHV '2/m+2/BM TQr2 #2+ mb2 Q7 i?2 .P Q7 i?2 BMi
iQ aPASb .P i? i aPA M/ i?2 BMi2 72 °2M+2 b? 2 bBM;mH " p H
2B;2MbT +2bX
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