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The demand for wireless Internet data Is predicted to
Increase 1000x over the next decade

Mobile Internet Traffic as a
Percentage of Overall Internet Traffic Mobile Internet Data Demand (Petabytes)
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Wireless communication systems are increasingly using
multiple antennae to meet demand

Channel

(« é)) Wireless

Transmit Antennae Receive Antennae

Benefits
Multiplexing
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Time

Multiple data streams are transmitted Antennae with strong channels compensate for
simultaneously to increase data rate antennae with weak channels to increase reliability

Diversity

Wireless Channel Strength (dB)
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A growing mobile user population with increasing wireless

data demand leads to interference
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Interference Is also caused by non-communicating source
emissions ...

Non-communicating devices
Microwave ovens Fluorescent bulbs

e
Computational Platform

Clocks, amplifiers, busses

... and impairs wireless communication performance

Impact of platform interference Channel 7 LCD OFF
from a laptop LCD on wireless
® LCD ON
throughput (IEEE 802.11g) Channel 1
[Slattery06] i | | |

0 10 20 30
Throughput (Mbps)
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Interference mitigation has been
an active area of research over the past decade
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| employ a statistical approach to the interference
modeling and mitigation problem

Thesis statement

Accurate statistical modeling of interference observed by multi-antenna wireless
receivers facilitates design of wireless systems with significant improvement in
communication performance in interference-limited networks.

Proposed solution
1. Model statistics of interference in multi-antenna receivers

2. Analyze performance of conventional multi-antenna receivers

3. Develop multi-antenna receiver algorithms using statistical models of
Interference
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A statistical-physical model of interference generation

and propagation

Key Features

Co-located receiver antennae (V)

Interferers are common to all antennae (@)
or exclusive to n" antenna (@)

Interferers are stochastically distributed in
space as a 2D Poisson point process
with intensity 1, (@), or A,, () (per unit area)

Interferer free guard-zone (----) of radius &;
Power law propagation and fast fading

Modeling (ColLo)

A 3-antenna receiver within
a Poisson field of interferers
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Non-Gaussian distributions have been used in prior work
to model single antenna interference statistics

Guard Zone Single Antenna Characteristic Parameters Density Distribution
Radius (6,) Statistics function
0 Symmetric Alpha d(w) = e?@" o Dispersion, > 0 Not known except
Stable (SAS) [Sousa92] a: Index, € (0,2] a=2%1V 0.5
>0 Middleton Class A 1em22 | ArImpulsive index > 0 | 4, — z“’ an
(MCA) [Middletongg] | P(w) =e Q: Variance > 0 meg™2nm

H Gaussian distribution
V' Cauchy distribution
° Levy distribution

| derive joint statistics of interference observed by multi-
antenna receivers

1. Wireless networks with guard zones (Centralized Networks)

2. Wireless networks without guard zones (De-centralized Networks)

Modeling (ColLo)




Using the system model, the sum interference at the nt
antenna Is expressed as

V
z Aloe](.blOH lon”rlo” 2_|_ z A e]¢LnH e]9ln”r ”

loe 50 ¢ ¢ lnE 5n
SOURCE FADING PATHLOSS
EMISSION CHANNEL

COMMON INTERFERERS EXCLUSIVE INTERFERERS
Multi antenna joint statistics
Slngl_e Ant. Common interferers Independent interferers
Network model Statistics
Decentralized Symmetric Isotropic SAS [llow98] Independent SAS
Alpha Stable d(w) = e%lIwll® N .
(SAS) B(w) = ﬂ e nlwnl
n=1
Centralized Middleton Independent MCA
Class A (MCA) X N wl|* 2
d(w) = 1_[ edne 2
n=1
10
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In networks with guard zones, interference from common
Interferers exhibits isotropic Middleton Class A statistics

A 3-antenna receiver within

Interference in decentralized networks a Poisson field of interferers
Joint characteristic function Parameters
CI)(W) — eO'OHW”a X HN_ eo'n|wn|a 4 o ()
n=1 a = ) ‘ PR .
yﬂ /’ 'ﬂ\\\ ¢
Opn X A, ] “5 \
e
“\\ lll, ‘
. . ‘ Mo _” ’ ‘
Interference in centralized networks ® o
Joint characteristic function Parameters
_||W||2-Qo |Wn|29n An < Andf ,
— oA 2 2 v
CD(W)—Q 0€ XHn 18 -QnOCAn(SLy
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Simulation results indicate a close match between
proposed statistical models and simulated interference

Tail probability of simulated interference
In networks without guard zones

Tail probability of simulated interference
In networks with guard zones

—— Isotropic (Sim)
—O=— |sotropic (Expr)

0.1 == Mixture (Sim)
Mixture (Expr)
¥ \ Gaussian
> : 200141y \\
E z ‘- A . '--.._,,— ) ) 3 b -0\‘-\ J\
o) ) i — 1= 0= 0= = [y] N
© D W~ i 0O 1E-3 N ~
0 ¥ )
0- . y —r 'ﬁ-_-——\—: n_ ‘\ ' ~0 -
= g = 1E4 N \_\ o
S : —o—Isotropic (Sim) = \ . Yo
| —0o— Isotropic (Expr) N~ he! _.'\
- —— Mixture (Sim) 1E-5 Y \\/ ° o
—# =Mixture (Expr) \ N~ \O\—"@\J\.
—i7 = Gaussian \ \\ Yo ‘
----- 1E-6 A,
8 10 0.0 0.2 0.4 0.6 0.8
T T
Tail Probability: P{|Z,| > 7, |Z,] > 7 ...|Z,] > 7}
PARAMETER VALUES
Y 4 ‘Isotropic’ | 1o = 1073 ,1,, = 0 (per unit area)
5, 1.2 (Distance Units) ‘Mixture’” | 1o =9.5x 107% 1, =5 x 10~> (per unit area)
(w/ G2)

Modeling (ColLo)
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My framework for multi-antenna interference across
co-located antennae results In joint statistics that are

1. Spatially isotropic (common interferers)
2. Spatially independent (exclusive interferers)
3. Ina continuum between isotropic and independent (mixture)

for two impulsive distributions

1. Middleton Class A (networks with guard zones)
2. Symmetric alpha stable (networks without guard zones)

Modeling (ColLo)
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In networks without guard zones, antenna separation Is
Incorporated into the system model

Applications Two antennae (¥) and interferers (®)
: In a decentralized network
— Cooperative MIMO
— Two-hop communication o o
— Temporal modeling of interference o © O ®
in mobile receivers o
V--->yH @
d
O

Sum interference expression
. . _Y . . _Y
Zy = Zioe So Aioe](l)loHio;lejglo'1 ”rio ” ‘+ z:l'1E S1 Aile]qbllHli e% ”ri1 ” ’

. . . . _Y
Zy = Tige sy Aige? 0 iy 267707 Iriy — d|| 243, 5, Ai e/ Pz Hy, %], — d| 2
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The extreme scenarios of antenna colocation (d = 0) and
antenna isolation (d — o) are readily resolved

Colocated antennae (d = 0) Remote antennae (d — )
O i O
o ° i o °
O ® o O : ° O ® o O
® o © o o ©
Characteristic function of interference; Characteristic function of interference:
a ! a, , .a
D(wq, w,) = e?(@itwz)? i D(wy, ;) = 7 @i+0)

Interference exhibits spatial isotropy Interference exhibits spatial independence

Interference statistics move in a continuum from spatially isotropy to spatial
Independence as antenna separation increases!

Modeling (Dist) 15



Weighting function v(d)

0.14

0.014

1E-3

Interference statistics are approximated using the
Isotropic-independent statistical mixture framework

P(wy,wz) =~ e

Weighting function v(d) for
different pathloss exponents (y)

--------------------

Antenna Separation (Distance Units)

Modeling (Dist)

v(d)a(w%+w§)%+(1—v(d))a(wf+wg‘)

Joint tail probability vs. antenna
separation fory = 4, 1, = 1073,7 =3
0.08

—— Simulated
Model Predicted

o
o
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Antenna Separation (Distance Units)
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The framework 1s used to evaluate communication
performance of conventional multi-antenna receivers

Prior Work

Article Wireless System | Interference | Joint Statistics Performance Metric
[Rajan2011] SIMO SAS Independent Bit Error Rate (BPSK)
[Gao02005] SIMO MCA Indp. / Isotropic | Bit Error Rate (BPSK)
[Gao02007] MIMO MCA Independent Bit Error Rate (BPSK)

h

System Model (( )) S ) |
Received signal vector y = hs + z S=st1z
h = [h1 h2 h3 e hN]T ~ Ray|8|gh(0') - hN -
z ~ Isotropic + Independent SAS Single Multiple

Transmit Antenna Receive Antennae
Communication performance is evaluated using outage probability

S 2
po¥t (9) =P{SIR< 6} = P{||z’||2 < 9}

SIR: Signal-to-Interference Ratio

Outage Performance 17



Outage probability of linear combiners

+

SIR =

lw"h|?|s|?

|lwTz|?

SIR: Signal-to-Interference Ratio

Receiver algorithm

Weight vector

Outage probability (IP{SIR < 6})

Equal Gain Combiner

W=1N

a |
Cob2(Ag + AN 2)

Maximum Ratio Combiner

w = h"*

Co02E;,

AnlIh[|% + o ]
Ih||¢ Ih||2<

Selection Combiner

Wy = Jh, =max{h}

AN ()
Colho + 10T ) (=112
n=1

2 2

4r(1+“)r(1—9)m[,4“]

CO =
\ T cos (nTra) Edoiaf

Outage Performance
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Outage probability of a genie-aided non-linear combiner

00 ——>

|_

tlﬁ Select antenna stream with best detection SIR
o0

I— [—> Receiver assumes knowledge of SIR at each
Lu'j antenna

—l |, % ]s]?

L SIR,, = -

V) |Zn|

Receiver algorithm

Outage probability (P[SIR, < 8,SIR, < 6,--+,SIRy < 8])

Post Detection Combining

N

@S ()

m=1

2
(m+1+_)! a N Na

Y02+ (c,—=_\ 0z
(m—l)!sin7ﬂ

y sin—~
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Derived expressions (‘Model

') match simulated outage

(‘Sim’) for a variety of spatial dependence scenarios

Maximum ratio combining and selection
combining receiver performance vs. a (N=4)
0.01-

—o— Maximum Ratio Combining
—— Selection Combining

m
w

Outage Probability

1E-5 L} L] L) L) Ll L) L) L) L) L) L) L} L) L) 1
00 01 02 03 04 05 06 07 08 09 10 11 1.2 13 14 15

a

PARAMETER VALUES

Outage performance of different combiners
vs. number of antennae (y =6)

0.1-
>,D01-r//o——""‘)””%—_’_0’—‘0_’_Q
=
© T -, — 7 s
0
o
O 1E-34
Q
o0
©
-+
>3
@] ]\u\
1E-4 — — o
—— EGC (Model) © EGC (Sim)
——SC (Model) 01 SC (Sim)
MRC (Model) MRC (Sim)
——PDC (Model) 0 PDC (Sim)
1E-5 I
2 3 4 5 6 7 8

Number of receive antennae (N)

Common interferer density(4,) (per unit area)

0.0005

Excl. interferer density(4,,) (per unit area)

0.0095
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Using communication performance analysis, | design
algorithms that outperform conventional receivers

Prior Work
Receiver Type Interference Model Joint Statistics | Fading Channel
Filtering Symmetric alpha stable Independent No
[Gonzales98][Ambike94]
Sequence detection, Gaussian Mixture Independent No
Decision feedback [BlumOO][Bhatia94]
Detection Symmetric alpha Independent Yes
stable[Rajan10]

Proposed Receiver Structures

Receiver Type Interference Joint Statistics Fading Channel
Model
Linear filtering SAS Independent/Isotropic Yes
Non-linear filtering SAS Independent/Isotropic Yes

Receiver Design 21




| investigate linear receivers in the presence of alpha
stable interference

Linear receivers without channel knowledge
Select antenna with strongest mean channel to interference power ratio

Optimal linear receivers with channel knowledge

1.

2.

Independent SAS interference

. hZ—Z ) a > 1
Outage optimal wy, = 1 |n,|e=1

7 a<l

Isotropic SAS interference
Maximum ratio combining is outage optimal

Outage of optimal linear combiner in
spatially independent interference (ax=1.3)

—o— Maximum Ratio Combiner
—— Optimal Linear Combiner

0.084

o
(=]
@

Outage Probability

o

o

R
L

Number of receive antennae (N)
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| propose sub-optimal non-linear receivers for impulsive
Interference

‘Deviation’ in an antenna output y,, is defined as

A = | |ynl| — median{lYl} |

[

Proposed diversity combiners
1. Hard-limiting combiner

Wn = 1An<Thf;k1
2.  Soft-limiting combiner

w, = e 48np¥

Hard Limiting (T=1)
Soft Limiting (A=1)

Antenna Weight (w)

[

o
RN

2 3
Deviation (A)

Receiver Design



Proposed diversity combiners exhibit better outage
performance compared to conventional combiners

Parameter values

Pathloss coefficient (y) 4
Guard- zone radius (6;) (Unit 0
Distance)

Common interferer density(4,) 0.0005
(per unit area)

Exclusive interferer density(4,,) 0.0095
(per unit area)

HL combiner parameter (T) 1

SL combiner parameter (A) 2

0.014

Outage Probability

-
i
IS

1E-3

10x improvement in
outage probability

—o—MRC
——PDC

A—Hard Limiting
——Soft Limiting

2 3 4 5 6 7 8

Number of receive antennae

Receiver Design 24



Joint interference statistics across separate antennae can
also improve cooperative reception strategies

System Model Performance-Cost tradeoff
A distant base-station transmits a signal to A

the destination receiver (V) surrounded by

interferers (@) and cooperative receivers (%) Power Cos

(« é)) 0.

® %
))) ¥ . . -“;.:. . .
-':' .
o ¥ © @ @ k
o ¥ ©
Outage Probability

0 Antenna Separation (Distance Units) oo

Which cooperative receiver should be selected to assist in signal reception?

Receiver Design 25



Total cost Is evaluated using a re-transmission based
model

Optimal Antenna Separation

out Cooperative antenna power usage vs. separation.
d* = : C ( d) 5 P (d) Power usage increases as d¥ (y = 6) with 10mW fixed
= argmin 1 — pout(q) overhead and usage of 150mW at 50 distance units.
Optimal cooperative Cost per Expected 10% Outage probability per individual antenna.

antenna location re-transmission re-transmissions .
I

N

k™ -Nearest Neighbor Selection
d;,~D, i1s the random variable describing

Cooperative Antenna Power Usage (mW)

the location of the k-th nearest neighbor &
Pout(dk)
k* = arg min{ Eg4 [ C(dy) %
k — out
Optimal k-th Expected Cost of k-th 0 ‘ ' ‘
nearest neighbor re-transmission 0 10 20 %0

Antenna Separation (Distance Units)
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In conclusion, the contributions of my dissertation are

1. Aframework for modeling multi-antenna interference
— Interference statistics are mix of spatial isotropy and spatial independence

2. Statistical modeling of multi-antenna interference
—  Co-located antennae in networks without guard zones
—  Two geographically separate antennae in networks with guard zones

3. Outage performance analysis of conventional receivers in networks without
guard zones

—  Accurate outage probability expressions inform receiver design

4. Design of receiver algorithms with improved performance in impulsive
interference

— Order of magnitude reduction in outage probability compared to linear
receivers

— 80% reduction in power by using physically separate antennae

27



Future work

Statistical Modeling

« Non-Poisson distribution of interferer locations

« >2 physically separate antennae in a field of interferers
« Physically separate antennae in a centralized network

 Temporal modeling of interference statistics with correlated
fields of randomly distributed interferers

Performance Analysis
« Performance analysis of multi-antenna wireless networks

Receiver Design

* Closed form expressions and bounds on performance of non-
linear receivers

* Incorporate interference modeling into conventional relaying
strategies

28
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LabVIEW
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mitigate interference; MATLAB toolbox
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Powerline communications (TI,
Freescale, SRC)

Modeling and mitigating impulsive noise; building
multichannel multicarrier communications testbed using PXI
hardware, x86 processor, real-time operating system, LabVIEW
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Interference mitigation has been
an active area of research over the past decade

INTERFERENCE MITIGATION
STRATEGY

LIMITATIONS

Hardware design
Receiver shielding

Does not mitigate interference from
devices using same spectrum

Network planning
Resource allocation
Basestation coordination
Partial frequency re-use

Requires user coordination
Slow updates

Receiver algorithms
Interference cancellation
Interference alignment
Statistical interference mitigation

Require user coordination and
channel state information
Statistical methods require accurate
Interference models

Introduction
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Interference Mitigation Techniques

RFI Mitigation
Methods

— Static

— Dynamic

Shielding

Fractional Frequency Reuse

Sectored Antennas

Orthogonal Multiple Access Schemes
e.g., TDMA, FDMA, CDMA, OFDMA

MAC Layer Channel Access Protocols
e.g., ALOHA, CSMA

Interference Cancellation

e.g., MUD, SIC

Interference Alignment

Robust Transceivers
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Interference alignment

Fig. 1.
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Interference cancellation

Matched IC Matched Final ~
™| filter 1 > block I T ™ decision [~ P
y(t) C * .
| L [ ] [ ]
. L ™
L ] L] .
Matched / IC M | : ~
L M _ .| Matched | {+ Final
filter K "l block 7| filter K ! ™ decision [~ Px
M Fiaure 3. Parallel interference cancellation.
Update
composite . by
t signal ,| Linear CDMA -] <
Volt) —» roceiver Decoder
Yi+1(0=
Yilt) =z, (1)
1 Imperfect
mperfec )
channel |« aane n(il:)(éi%(faete B
2,(t) estimation

M Figure 4. Successive interference cancellation.

J. G. Andrews, "Interference Cancellation for Cellular Systems: A Contemporary Overview”,
IEEE Wireless Communications Magazine, Vol. 12, No. 2, pp. 19-29, April 2005



Femtocell Networks

Infrastructure Expenses

Features

Femtocell: Consumer installed wireless data access
point inside homes, which backhauls data through
a broadband gateway (D5L/cable/Ethernet/WiMAX)
over the Internet to the cellular operator network.

@'A =) & Capital expenditure. Subsidized fem-
ﬁ / ﬁ‘} J= tocell hardware.
¢ Operating expenditure. a) Providing a
= | Ja! scalable architecture to transport data
i over IP; b) upgrading femtocells to

9} : é ﬁ“é ; @E > newer standards.

Benefits. a) Lower cost, better cover-
age and prolonged handset battery
life from shrinking cell-size; b) capadi-
ty gain from higher SINR and dedicat-
ed BS to home subscribers ; )
reduced subscriber churn

Shortcomings. a) Interference from
nearby macrocell and femtocell trans-
missions limits capacity; b} increased
strain on backhaul from data traffic
may affect throughput.

V. Chandrasekhar, J. G. Andrews and A. Gatherer, "Femtocell Networks: a Survey", IEEE
Communications Magazine, Vol. 46, No. 9, pp. 59-67, September 2008

Wireless Networking and Communications
Group
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Spectrum Occupied by Typical Standards

Carrier Wireless .
Standard (GH2) Networking Interfering Clocks and Busses
Personal Area Gigabit Ethernet, PCl Express Bus,
Bluetooth 2.4 Network LCD clock harmonics
|EEE 802. Wireless LAN Gigabit Ethernet, PCl Express Bus,
2.4 L :
11 b/g/n (Wi-Fi) LCD clock harmonics
IEEE 2.5-2.69 Mobile PCI Express Bus,
802.16e 3.3-3.8 Broadband LCD clock harmonics
' 5.725-5.85 (Wi-Max)
IEEE 5 5 Wireless LAN PCI Express Bus,
802.11a ' (Wi-Fi) LCD clock harmonics
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Impact of LCD on 802.11¢g

Pixel clock 65 MHz
LCD Interferers and 802.11g center frequencies

LCD 802.11g Center Difference of

Interferers Channel Frequency Interference from
Center Frequencies

250N AR Channell  2.412 GHz ~2 MHz Significant
ALV YRcl PAY Channel 7  2.442 GHz ~0 MHz Severe

Ay r28 Channel 11  2.462 GHz ~13 MHz Just outside Ch. 11.

Impact minor
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Measured Data

25 radiated computer platform RFI data sets from Intel each with 50,000 samples
taken at 100 MSPS

0.4¢

0.35

0.3

0.25

0.2

0.15

Kullback-Leibler divergence

0.1

0.05

I

1

1

1

i

L L L

—=—Symmetric Alpha Stable
—<—Middleton Class A
—tF—Gaussian Mixture Model

< Gaussian

Measurement Set
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Single Antenna RFI Models

* Models wireless ad hoc networks, computational platform
noise

* No closed form distribution function (except a = 1,2)

¢ Unbounded variance (generally E[X%] — o)

Symmetric alpha stable
[Sousa,1992]
[low & Hatzinakos,1998]

* Models wireless networks with guard zones and interferers
in a finite area around receiver
[Gulati, Chopra, Evans & Tinsley, 2009]

* Model incorporates thermal noise present at receiver

* Special case of the Gaussian mixture distribution

Middleton Class A
[Middleton, 1979, 1999]

* Models wireless networks with hotspots, femtocell

Gaussian mixture distribution networks [Gulati, Evans, Andrews & Tinsley, 2009]
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Single Antenna RFI Models

Symmetric alpha stable distribution [Sousa,1992]

— Characteristic function:
d(w) = e olwl®

a [0,2]
g (0,0)

Middleton Class A distribution [Mmiddleton, 1977, 1999]

Amplitude distribution:

A 1 Fc/yA+1"
— e 110
Z AT

2 k/A+T
\/271' .y

Gaussian mixture distribution

Parameter Range

— Ampll}ude distribution:

Y, Yo ’yI, YyaQ

=pod(yr)d

(yq) + ZPZ

yI+yQ

A [0,2]

I (0, )

o (0, )
PPy 10,1]
01,02, """ (0, OO)
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Two-Antenna RFI Generation Model

INTERFERER TO ANTENNA 1
® INTERFERER TO ANTENNA 2 @ COMMON INTERFERER

 Key model characteristics

. . o
— Correlated interferer field observed o ® o o
by receive antennas o
— Inter-antenna distances insignificant ¢ vy
compared to antenna-interferer distances
¢ ( J
° o
e Sum interference in receiver
Y, = 2 Bl-ejgiri_y/zhiej‘l’i + z Bi/ejei’r.TY/zhi/ej‘Pi'
l
L€l i'el,
Y, = z Biejeiri_y/zhiej‘pi + Z Birejei’r.7y/2hirej¢i’
l
IS i'ell,

— Il denotes set of interferers observed by both antennas (intensity 4y)

— [II4, II, denote interferers observed at antenna 1 and 2 respectively (intensity
AliAZ)

44



Multi-Antenna RFI Generation Model

e Spatially correlated interferer fields in Np-antenna receiver
— 2NrR— 1.i.d. interferer sets
— Sum interference from 2VR~1 sets at each antenna

* Proposed model extension to Np-antenna receiver
— Two categories of interferers

Emissions lead to RFl in all antennas  Emissions lead to RFl in one antenna

— Sum interference from 2 sets at each antenna

* Sum interference in Np-antenna receiver
Y, = z Biejein-_y/zhiej‘pi + Z Birejgi’r;wzhi/ej‘l’i’
l

€I, i’elly
— Il is set of interferers common to all receive antennas (intensity A,)
— Il is set of interferers observed by receive antenna k (intensity A;)
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Existing Models of Multi-Antenna RFI

Model Name Key Features

Symmetric alpha stable
(isotropic)
[low & Hatzinakos,1998]

Models spatially dependent RFI generated from single set of
interferers observed by all receive antennas

No closed form distribution function (except a = 1,2)
Unbounded variance (generally E[X%] — o)

Multidimensional Class A
Models I — III
[Delaney, 1995]

Multidimensional extension of Middleton class A
distribution, no statistical derivation

Different statistical distributions required to reflect spatial
dependence/independence in RFI

Bivariate class A distribution
[McDonald & Blum, 1997]

Approximate distribution based on statistical-physical
derivation

Models RFI observed at two receive antennas only
Spatially dependent RFI

Temporal second-order
alpha stable model
[Yang & Petropulu, 2003]

Models second-order temporal statistics of co-channel
interference
Assumes temporal correlation in interferer fields
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Statistical Models for Multi-Antenna RFI

Multidimensional symmetric alpha stable distribution

[llow & Hatzinakos, 1998]

Extension type

Characteristic function

Spatially independent

O(w) = e~ Znt1onlonl”

Isotropic

d(w) = e~oIWII*

Multidimensional Class A distribution [Delaney, 1995]

Extension type Amplitude distribution
R o0 Yn

Spatially independent

e~ An AR
Iy (y) = 1:[ Z .\/ka/An%—Fn o2 ‘

T Lk/An+Tn o
2 1+I'n Tn

141, n
Ts—1
. > B_AAk 1 Zk/ZAH“y
Isotropic fy (y) = , o i” 3T
— N +
= T (ev]EE)




Statistical Models for Multi Antenna RFI

* Physical model of RFI for 2 antenna systems

— Amplitude distribution [McDonald & Blum, 1997]

e_A 7nTK_£; Tn (]_ — e_A) 7nTKl_1n
2 2

1 € —|_ 1
27| K|z 21| K |2

fn(n1;n2) =

form=0,1

(cm)®  Kemé 2  myr L \2  m4T
Hom = [HC:ém (é::)gl j(cm) - ?+P11 ’ (Cm) = [f+—1—‘22

Parameter Range

A 0,2]
SRy (0, )
K [0,1]
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KL divergence

10 D(Simulated || Proposed Model)
1]-0 - D(Slmulated || Isotropic Class A)
D(Simulated Il Independent Class A)
089 |- - D(Simulated Il Gaussian)
-

- . 'W’.

KL Divergence

L L A A A B R L R R R R R R
0.000 0.002 0.004 0.006 0.008 0.010
A

0
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Interference in separate antennae

=t

':I’.'-:.,.d(W:':TE[I |E—r_.}-l'f[f-r;';r'uj,||u,| T—gd U.;J;j,‘:f'r:-';'l_||u..|| Y-l (B Por IR —d] .'_:_.f_:__u.:uj,']-'rrfr|H,—.1| r}

(4.23)

=[E []_[ e~ o [ “:-:]2"'.]'; |R;||':'—|<._|_:|;-'[H:']-’::;—;}ll“, —d|[- } (4.24)
fEda

Wg, alw) =log (Peg, a(W))

) 1
=~ 1- 2172 72 llel|-F H)opd —
1+ |ewtlogogliel| ™" + leslohoglle —d|| =

ir)
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Homogeneous Spatial Poisson Point Process

The spatial Poisson point process with uniform intensity A > 0 is a point process
in R? such that

a. for every bounded closed set B, the count N(B) has a Poisson distribution
with mean AL(B), where £(B) denotes the area of B;

b. if By,---, By, are disjoint regions, then N(By), -+, N(B,,) are indepen-
dent.

Wireless Networking and Communications
Group



Poisson Field of Interferers

Applied to wireless ad hoc networks, cellular
networks

Closed Form Amplitude Distribution

Model Interference Region Key Prior Work

Symmetric Alpha Stable | Spatial Entire plane | [Sousa, 1992]
[llow & Hatzinakos, 1998]
[Yang & Petropulu, 2003]

Middleton Class A Spatio-temporal | Finite area [Middleton, 1977, 1999]
Other Interference Statistics — closed form amplitude distribution not derived

Statistics Interference Region Key Prior Work

Moments Spatial Finite area [Salbaroli & Zanella, 2009]

Characteristic Function | Spatial Finite area [Win, Pinto & Shepp,2009]

Wireless Networking and Communications
Group



|sotropic SAS

0.1

Outage Probability

0.014

..1-:_-_.3_.-..: ._1 :—g-__.____. :..“;-.—-_._- -—-: -—- -—-—- -A- —_— - =A
———————— LIl
o EGC (Sim) —— EGC (Expr)
s SC(Sim) - — -SC (Expr)
= MRC (Sim)---- MRC (Expr)
o PDC (Sim)—-—- PDC (Expr)
3 4 5 6 7T 8

Number of receive antennae
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Independent SAS

0.1
0.011 o ° o ° ®
> L R L R L A ___2___2___1%
— 1E-3
®
D 1E4
S 1E-5
al '\
8)01E-6 N\,
© \ .
S e R o EGC (Sim) —— EGC (Expr)
@) '\ s SC (Sim) - — -38C (Expr)
1E-8 ‘\ o MRC (Sim)---- MRC (Expr)
'\ ¢ PDC (Sim) —-—- PDC (Expr)
E94+—m—mr— ——
2 3 4 5 6 7 8

Number of recelve antennae



Mixture SAS

0.1

Outage Probability

1E-34

1E-44

Number of receilve antennae

—o— —o e 7 N
R A S __L___3s___2
:L.~

R 4 S o N Qoo D o . N

o EGC (Sim) —— EGC (Expr)

4 SC (Sim) - — -SC (Expr)

o MRC (Sim)---- MRC (Expr)

o PDC (Sim) —-—- PDC (Expr)
3 4 5 6 7 8



Outage Probability

. . 2
Threshold selection with a = 3

1E-3-
OE-4
8E-4
7E-4.

6E-4

(&)}
[
N

— HL (T =x)
——SL(A=1/)

N
m
N

PP PETTTTETY I
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. . 4
Threshold selection with @ = 3

0.005+

5 ——HL(T=x
0.004: ——SL (A =1/
0.003
= :
5 0.0024
(G o
0
o
o
()
Qo
8
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Parameter Estimators for Alpha Stable

ﬁ = median {Yl .-\'2.. 4\’_‘\'}

L nonoverlapping segments,

Let X, and X ; be the maximum and the minimum of the
data segment X(/). We then define

X = log X, (2-4)
Xy = —log(—X,) (2-5)

el I
M~
|

|
I
.-"""'—
II
hl

L L L
= — 1 .
- X)) X = §= | —— X, -X)?2 X=
I : \]H;(_f 0 x

P
I
=

7 4/p
| Xk — 8[P

2| =
-

.ﬁ?:

Q)

(p, &)




Gaussian Mixture vs. Alpha Stable

e Gaussian Mixture vs. Symmetric Alpha Stable

| GaussianMixture ________|Symmetric Alpha Stable

VG E 8 Interferers distributed with Guard  Interferers distributed over
zone around receiver (actual or entire plane
virtual due to PL)

Pathloss With GZ: singular / non-singular  Singular form
Function Entire plane: non-singular

Thermal Easily extended Not easily extended
Noise (sum is Gaussian mixture) (sum is Middleton Class B)

Easily extended to include outliers Difficult to include outliers

Wireless Networking and Communications
Group



RFI Mitigation in SISO Systems

Mitigation of computational platform noise in single carrier, single
antenna systems [Nassar, Gulati, DeYoung, Evans & Tinsley, ICASSP 2008, JSPS 2009]

Evaluate fit of measured RFI data to noise models
 Middleton Class A model
* Symmetric Alpha Stable

Evaluate estimation accuracy vs complexity tradeoffs

Evaluate communication performance vs complexity

tradeoffs

. Correlation receiver, Wiener filtering,
and Bayesian detector

. Myriad filtering, hole punching,

and Bayesian detector



Assumption

Fl Ite rin Multiple samples of the received signal are available

Impulsive Noise

e N Path Diversity [Miller, 1972]
e Oversampling by N [Vliddleton, 1977

Pulse Pre-Filterin Matched Detection
Shaping & Filter Rule

Filtering
- Wiener Filtering (Linear)

Detection
-1 Correlation Receiver (Linear)
~1 Bayesian Detector
[Spaulding & Middleton, 1977]
~ Small Signal Approximation to
Bayesian detector
[Spaulding & Middleton, 1977]

} Return )

Middleton Class A noise Symmetric Alpha Stable noise

Filtering
Myriad Filtering
0 Optimal Myriad
[Gonzalez & Arce, 2001]
o Selection Myriad

Hole Punching

[Ambike et al., 1994]
Detection

Correlation Receiver (Linear)

MAP approximation
[Kuruoglu, 1998]

Wireless Networking and Communications
Group




Bit Error Rate (BER)

10"

10°

10°

10"

10°

Communication Performance

Results: Class A Detection

T IR )

T LRI

[ LRI )

T TP

—»— Correlation Receiver

—&O— Wiener Filtering

—6— Bayesian Detection
—H&— Small Signal Approximation

¢
o

-30 -25 -20

Wireless Networking and Communications

-15

-10
SNR

Group

10

15

Binary Phase Shift Keying

Pulse shape
Raised cosine
10 samples per symbol
10 symbols per pulse

Correl. Low
Wiener Medium
Bayesian Medium
S.S. Approx.

Bayesian High

Channel
A=0.35
['=0.5x103
Memoryless

Low
Low
High

High



Bit Error Rate (BER)

Results: Alpha Stable Detection

Communication Performance

10O T T
Hole
Punching
-1
10" |-
C Selection
Myriad
MAP
Approx.
10° - —i¥— Matched Filter
| —&— Hole Punching Optimal
410 5 0 5 10 15 20

Generalized SNR (in dB)

Low

Low

Medium

High

Same transmitter settings as previous slide

Medium

Medium

High

Medium

Use dispersion parameter y in place of noise variance to generalize SNR

Wireless Networking and Communications
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RFI Mitigation in 2x2 MIMO Systems

2 x 2 MIMO receiver design in the presence of RFI
[Gulati, Chopra, Heath, Evans, Tinsley & Lin, Globecom 2008]

e Evaluated fit of measured RFI data to the bivariate
Middleton Class A model
* Includes noise correlation between two antennas

* Derived parameter estimation algorithm based on the
method of moments (sixth order moments)

* Demonstrated communication performance
degradation of conventional receivers in presence of RFI
* Bounds on communication performance

* Derived Maximum Likelihood (ML) receiver
* Derived two sub-optimal ML receivers with reduced
complexity



Bivariate Middleton Class A Model

* Joint spatial distribution

—A A 1 — G_A _nTxtn
fulm) = o= ) =i

— 1 € 1
27| Ko|? 27| K |2

2 A m ™m
mo T mo T
Km — (Cm/)\ ’{C/\mcgﬁt ’ (Cm)z = 4 . ’ (ém)z = £ 2 .
KCmCm  (Cm) 1+1 14T

A Overlap Index. Product of average number of emissions

—2
per second and mean duration of typical emission A€ [10 7 1]

N Ratio of Gaussian to non-Gaussian component intensity

e (1079, 1
at each of the two antennas [ ]

K Correlation coefficient between antenna observations k€ [—1, 1]






Probability Density Function

14

12

0.8

0.6

0.4

0.2

Results on Measured RFI Data

50,000 baseband noise samples represent broadband interference

I

T

I

I

Measured PDF

Estimated Middleton

Class APDF
Equi-power
Gaussian PDF

r r r r /

Do

-3 -2 -1 0 1 2 3 4
Noise amplitude

Marginal PDFs of measured data compared
with estimated model densities

Wireless Networking and Communications Group

Bivariate Middleton Class A

Overlap Index (A) 0.313
Gaussian Factor (I';) 0.105 2D-
KL Divergence
Gaussian Factor (I',) 0.101 1.004
Correlation (k) -0.085
Bivariate Gaussian
Mean (L) 0
Variance (o,) 1 2D-
KL Divergence
Variance (c,) 1 1.6682

Correlation (k) -0.085



System Model

e 2x2 MIMOQO System

| Es
Y = 7HS—|—N

T: Length of transmitted data block

E;: Total transmit energy

Y: 2 x T received signals

H: 2 x 2 channel matrix. H ~ CN (0, 1)

S: 2 x T transmitted data block

N: 2 x T additive noise matrix (N =ng + jnj)

Spatial Multiplexing transmission mode

 Maximum Likelihood (ML) receiver

Cyr = argmax{L(s|ly)}
seC

Sub-optimal ML Receivers
approximate @ ()

. Loglikelinood furetions (- e (1))

€ (e

0

Wireless Networking and Communications Group

ConKlE T 2wk

d(z) =In(l+e*) VzeR.



Sub-Optimal ML Receivers

* Two-piece linear approximation

0 if2<0 S———
d1(z) = { z ifz>0 IR ii?i)
41 —-e= 9,(2)
Ty -1 nT(K_l—K_l)n 83'5
Laly)~{ Pt () TR s ()
nTK! FIn(Ay) nT(Kllz_KO )n <In (ﬁ_(l)) -§ 25
S 2r
g5l
. (4
0 if z < — I C
*.E Fou -piecelinear approximat]. . __ .~/
2( (I1-—a)z4+ay ift0<2<y ot s 2 0
z ifz>x

Approximation of ¢(z) =

a = 0.236 and v = 2.507 chosen to minimize
2
J2 182(2) — 6(2)| dz
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Results: Performance Degradation

Return )

* Performance degradation in receivers designec
an noise in the

Simulation Parameters
* 4-QAM for Spatial Multiplexing (SM)
: transmission mode
T * 16-QAM for Alamouti transmission
strategy
* Noise Parameters:
A=0.1,1,=0011,=0.1,x=0.4

:| —©— SMwith ML (Gaussian noise)
.| —8— SMwith ZF (Gaussian noise)
0% T Alamoulti coding (Gaussian noise)
=| ——®- SMwith ML (Middleton noise)
| ——BF- SMwith ZF (Middleton noise)

Vector Symbol Error Rate

Severe degradation in

Sl ==*= Alamouti coding (Middleton noise) communication performance in
10 r r r r r L . .
-10 5 0 5 10 15 20 high-SNR regimes
SNR [in dB]
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Results: RFI Mitigation in 2 x 2 MIMO

A

Improvement in communication
performance over conventional
- Gaussian ML receiver at symbol

-
o [
iR

O =
IS - -2
c error rate of 10
s L N _/
5 B
= I :
£ A Noise Improve
> B . .
107 Characteristic -ment
o] N
g & . . N
g 0.01 Highly Impulsive 15 dB

- —©— Optimal ML Receiver (for Gaussian noise) :

| —¥— Optimal ML Receiver (for Middleton Class A) 0.1 MOderately ~2 dB

—HB— Sub-Optimal ML Receiver (Four-Piece) Im pu Isive
10° = —%— Sub-Optimal ML Receiver (Two-Piece)
-10 5 0 5 10 Nearly Gaussian
SNR [in dB]

Communication Performance
(A=0.1,1'=0.01,T,=0.1,k=0.4)
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Results: RFI Mitigation in 2 x 2 MIMO

=
O [

7 77 TT]

7

=
o.
N

T

Vector Symbol Error Rate

I

10

T

—©— Optimal ML Receiver (for Gaussian noise)
—¥— Optimal ML Receiver (for Middleton Class A)
—HE— Sub-Optimal ML Receiver (Four-Piece)
— Sub-Optimal ML Receiver (Two-Piece)

-10

-5 0 5 10 15
SNR [in dB]

Communication Performance
(A=0.1,1'=0.01,T,=0.1,k=0.4)

20

Complexity Analysis for decoding
M-level QAM modulated signal

Gaussian ML
Optimal ML

Sub-optimal
ML
(Four-Piece)

Sub-optimal
ML
(Two-Piece)

n! Kn

MZ

2M?

2M?

2M2
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Wireless communication systems are increasingly using
multiple antennae
(« é))

Wireless
Channel

Transmit Antennae Receive Antennae

Benefits
Multiplexing _ Diversity Interference Removal
101110 10y £
0
g Time
Multiple data streams Antennae with strong channels can Interference cancellation
transmitted simultaneously compensate for antennae with weak and alignment

channels
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Interference statistics in networks without guard zones
are a mix of isotropic and I.1.d. alpha stable ...

. _ . A 3-antenna receiver within
Joint characteristic functlon a Poisson field of interferers
_ . oq|lw||¢ N O |, |4

d(w) = e%lWI™ x TTNV_, enl@nl
O 0
—_— f A O PR LN
a= | 4 ) O-n X n l/ .‘?P\\ ®
] ﬁ‘(ﬁ ' @
o, ;e
\\ ,l .
e o2 al
1
®

... and Interference statistics in networks with guard
zones are a mix of isotropic and 1.i.d. Middleton Class A

Joint characteristic function
_liwli20qg _lwnl?0n
d(w) = edoe 2 X[V edne 2 Ap < 1,88, 0y < A, 8,7
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