Memory Effect in Power Amplifiers

Time Domain Response of
Power Amplifiers
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Outline Signals and Memory Model
—_— Transfer Functions

* Introduction

* Signals, behavioral models, and memory effects

» Impact of decresting and truncating realistic signals

* Measurement based predictions of digital predistortion

- 111e11101yless COlllpBllSﬂTiOll

— deterministic memory effect compensation
« Examples of RF power amplifiers

* Conclusions

Goal: To obtain a transfer function or an
impulse response for the RF envelope.

Procedure: Use different test signals to
extract the circuit performance over the
stimulus parameter space.

+ CW signals » Shaped RF envelopes
- Parameterized CW - Multi-sine generated
* Two tone * Realistic truncated waveforms

Perturbation techniques:

- Small signal expansion about large signal state




"Standard Model" for

Augmented Behavioral

Characterization of Nonideal Amplifier - -
e we Characterization — ABC Model
| | Gain and phase depend on measurable parameter, Z
i T I baatort such as temperature or bias voltage (V)
. ] | nraedistortion i
AM-AM conversion o =P AM-BM conversion . ”_d i
Gajn . ] Phase R e ‘
o Ewm - z=fat) N
\ e Predistortion | / _ : Sl 1
L' e input ‘t -
: Pin Fin > , tput
input AM/AM & AM/PM outout envelope ) AM/AM & AM!PM e OUtPUt
|:> conversion |:> P x(t)=a(t) exp(jo(t)) conversion envelope
envelope envelope (t)-a(t)G(a(t)*
x(t)=a(t) exp(jo(t)) Gla(th y(h=at)G(a(t)* G(a(t).Z) yit)=att)>
¥(a(t) exp(o(t)+]¥(a(t))) P(a(t),Z) exp(jo(t)+j*¥(a(t)))
Measure with single RF sinewave input - CW Independently measure gain and phase vs Z
(Ep“°‘:";fc: ;:’g;i ‘;‘Cif; fg;t's]i:leutl\:z;knanalyzer) Develop simple model (possibly with memory!)
Spectral shape computed via FFT of Z dependence on input amplitude ‘ Asbeck, et al (2002) ‘
IMD Measurements Shaped RF Envelopes
IMD3 IMD5
i . Pin
L : Envelope Domain: L
« A . \ + Square waveforms
5 , Pin
« Triangle waveforms //\/\
Time
P T T R [ R R ,
- Greater spectral ricnness . Pt 130
< + Expanded exploration of ;:
T internal states i
| — Bias f
e = — Thermal
Extraction of Accurate Behavioral Models for Power Amplifiers with Memory Effects using Two - Others ]

Tone Measurements, Hyunchul Ku, Michael D. McKinley and J. Stevenson Kenney, IMS 2002




Augmented Behavioral

Characterization — Blackbox ABC

Gain and phase depend on additional parameter, Z
but this parameter may not be accessible

= i P 2y

| Z(t)=f(a(t),h(t)) ;‘/ N
input " S ;:".'/
envelope > AM/AM & AM/PM =—> output
X(t)=a(t) exp(jo(t)) conversion envelope

G(a(t),Z(t)) y(t)=a(t)G(a(t)*
¥(a(t),Z(t)) exp(jo(t)+j*¥(a(t)))

Extract gain residue, h, from square wave measurement
Extract pole/zero model for gain residue
and apply as modulation on Z(1).

| Draxler, et al (2003) |

AM/AM & AM/PM Comparison

CW and Sawtooth Waveforms
AM/AM and AM/PM becomes:

G E{P ),

P(n) }

over the range of P..

Amplifier AMJAM Curve

Normalized Gain (dB)
» N .

-0 £
Fin (cBm)

Time
‘Sawtooth, 10KH: Connexant amp ~30dBm cutput

— PAoutput

MATLAB input |

*Obtain data at multiple power
levels for the square wave over a
wide operating region.

-Select a number of samples over ALV
a the region with consistent )

characterl

+ldentify the time sequence to be
used for extraction of the gain

i
residue. [155 m—
*Over a large range the gain B — J—
residue is amplitude independent; N { h)
however, it does change as the 1 N 7
amplifier goes into compression.

Squarewave Extraction Data
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Auto-Regressive Moving Average

(ARMA) Model of Gain Residue

Gain Residual: Modeled versus Measured [0e350]
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Memorvyless Model for 2 Carrier WCDMA Waveform:

Arbitrary Waveform Power Spectral Density
+ AM/AM and AM/PM compression characteristics i WSDMA Spectrum
+ Instantaneous gain expected values 0 WCDMA Spectrum
« Deviations highlight shifts: thermal equilibrium, bias = *
network state changes... 10 20
E -20 E-ﬁ
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2x WCDMA Waveform —
Decresting — EVM impact

Decresting curves for 2 WCDMA cartiers - 10 samples

“ ; : i
6 __'_\:\s._ ... EVMimpact when decresting

N \*‘3\},\ -~ 10 sample waveforms from
sl +\ “is..10dB to 7.6dB for two carrier -

\\\ER WCDMA signal

3 D How much
AN decresting is
e too much?

Mormalized power EMS error
e
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o
7
7z
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peak to average ratio

2x WCDMA Waveform —
Decresting — EVM impact

Decresting curves for 2 WCDMA carriers - 10 samples
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2xX WCDMA Waveform —
Decresting EVM impact
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2xX WCDMA Waveform —
Ensemble CCDF Variation Plot
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DPD Projections

T
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Take two measurements of the same,
production qualified, exploration waveform:

* First measurement sets the expected gain
characteristics (memoryless impact)

+ Second measurement is used to roughly
estimate the non-deterministic memory
effect (more than 2 improves accuracy).

DPD Projections

» Original input: x/(n)

« Original output: y7,(»)
+ Second output: y/,(n)
« Amplifier gain: G,xI,)
+ Expected gain: GxI,)

Memoryless DPD
« DPD input: xpi(n)
+ Projected output: yple(n)

Memory Mitigation DPD
« DPD input: xppl(n)
+ Projected output: ypplen)

yI,(n) =G, (xL,)-xI(n)
G(.-'CIHJ = E(Gr (ﬁn )XI” )

vl, —G(x1,)-xI, = Mem+ Noise

I, ()= v, (n)
Noise~ = .

2

vpl, ~ G, -xI, + Mem+ Noise
vppl, ~ G, -xI, + Noise

DPD Projections
First Measurements
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Envelope Tracking Technique

« Maximizes PA efficiency by keeping RF transistor
saturated for all envelope amplitudes

« Envelope Amplifier provides dynamic drain voltage

Philips Amplifier Results:
LDMOS in ET System

Gain Po DE PAE EVM ACLRl ACLR2
@) W) (%) (%) (%) (dBe)  (dBo)

20 7 45 50
min

DC Drain voltage  Dynamic Drain Voltage

Supply tracks envelope —

1 of CDMA signal I
\ / % "‘I ‘ L II s N ﬂ‘I
Envelope |__,[Envelope ¥ s I [ATYR
Detector Ampmg 3 ~,I|H|| 'f/ | V IN |
AV U l ‘l' |

Time

CDMA

Signal
In

RF
Class AB S.CD“‘”S .
Wiﬁe ignal Cui

saturated at
all times

| Ref: Don Kimball, et al

Before 146 2085 357 353 45 -23 -40

After ML . @ .
DPD 146 234 37.0. 35 -42 -47

After
Memory - - - - <14
DPD

LDMOS Class AB amplifier for WCDMA without ET: PAE=___%

Original measurement

MNormalized Vout
=2
=

0.z

Memoryless Diqital Predistortion

with memoryless DPD

Mormalized Vout
= = =
o S &

=
[l

o ;
o 0.z 04

l]iﬁ nis 1 0 OEZ ID‘.4 IJEB l]i.B 1
MNormalized Vin Normalized Vin

Blue points — instantaneous V_, vs. V;,

Purple line — gain target

Green line — expected value of gain

Memoryless Digital

Predistortion (Phase)

with memoryless DPD

Original measurement

Phase [ °)

Blue points — instantaneous V_; vs. V;,
Purple line — phase target

Green line — expected value of phase

: . i ; K o ——
0.z 04 0.5 0.8 1 0 0.z D4
Normalized Vin




» Perfonn an ensemble average
over many measurements: 5

EQ V<X
- —a 2
||Z (% )
I| n
* Over all sample points: n \ n
— Normalize average power of J2 v
; e L —0
both signals to unity: x,, v, y, = ~
I‘Z (o)
. . L
* Generate the 1ns difference \|' .
between the normalized —_
vectors ' Z (e —x|)

Ensemble Input/Qutput
RMS Error

x,=Fix}y, = Flyf
2

Contraction approximation

v, =G, (En )Xp,  Input /Output Equation
G(xp,) = E(G, (xp, )) Memoryless gain:

expected gain for a given x

G(xp,)x, + Mem ¥ Noise Partitions of IO Equation

Mem: repeatable

Noise: random
i -1 i-1 : . -
xp, = pr(P: : —L\\f ) xp,} correction equation
(-1
a1y __*-e
" L, -1
G,Gp, )

? x adjustment equation

Note: similarities to LMS algorithin

RF Power Amplifier with

Gb

wt\.‘.

Envelope Tracking Bias (ET)

[——Ensemble EvM
¢ Sample EVM
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o
;

Error Yector Magnitude (EVM) %
-
o )

-
T

=
o
-

Iterations of corrections

Original measurement

Normalized Vout
=
=

Predistortion with

Memory Model
DPD including memory

=
=

02

1

Normalized Vout
= = =
= = =

o
b

sz 054 Illﬁ l]i.S 1 0 (IEZ D;.4 IJEG l]i.s 1
Normalized Vin Normalized Vin

Blue points — instantaneous V_; vs. V;,

Purple line — gain target

Green line — expected value of gain




Predistortion with Typical RMS error histogram with

~ Memory Model (Phase) Ensemble RMS error (N=16)
Original measurement DPD including memory
° Caplurc 16 bdmples Histogram cver Ersembls, Ers. 34872
* Ensemble RMS error is 2
typically at lower range. ¢*
E 3
* As E{e/} becomes ‘E
- : i : : " : : ; : small, more ensemble 1
* nomanzedwm C " omameavm members are needed 10 o=
Blue points — instantaneous V, vs. V,, have confidence in the f3s e 3o se o am ae i
Purple line — phase target 31;;1’25;2 means and
Green line — expected value of phase '
RF Power Amplifier with Nitronex Amplifier Results:
Envelope Tracking Bias (ET) GaN HFETs in ET System
O Gain Po DE PAE EVM ACLRl ACLR2
5 - : : 5 (dB) W) (%) (%) (%) (dBe) (dBe)
— 10}
) Spec. 20 7 45 50
%"20' min
é-so- Before 103 365 517 493 121 32 -41
g 40 After ML . N , <
;| oep 10 372 33.4 174 48 53
g After
& 60 Memory - - - - 0.7 -52 58
70 . : | : : DPD
5 10 -5 0 3 19 15 GaN Class AB amplifier for WCDMA without ET: PAE=25%

Frequency offset (MHz)




RF Power Amplifier with
Envelope Tracking Bias (ET)

-0t

m

=

>-20t

E Before Aﬂer_ I'I'IEI‘I'_IOI'VIESS
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s | " Mo

g 40t \,\

o

w

g =501

o

o .50

__After Predistortion

‘ with memaory mitigation 4

5 10 -5 0 5 10 15
Frequency offset (MHz)

Heat Distribution Comparison

P

RF hybrid 3W
Overhead 3W

Overhead 3W
Heat in RF Heat in ET RF
driver T(

driver 3w

Heat in RF power
transistors 60W

Heat in RF power

@Heat in RF hybrid
combiners 3W
No ET, Predistortion only PD + ET GaN HPA

GaN HPA Total Heat: 41 W
Total Heat: 73 W

Junction temperatures for RF devices dramatically reduced
due to both lower total heat and heat density

NTX GaN: 2x WCDMA

Preliminary Results

0-

o}

m

=

> =20 Before

E pre-distortion

S -30} i

= (4

g

e 40

Q

| =9

w

g -50

z 7

[ After pre-distortion
ik T 5 0 5 10 15

Frequency offset (MHz)

Summary

+ Reviewed aspects of the relationship between waveform
selection, behavioral modeling and the resulting impact
on memory effect observation / modeling.

+ Highlighted the Ensemble CCDF Variation plot to help
qualify test and evaluation waveforms.

+ Introduced a measurement based algorithm to estimate
the limits of memoryless and memory digital predistortion.

+ Highlighted two envelope tracking measurement
examples were these techniques have been applied.




Agenda
. + What is Smart Antenna
Smart Antenna and Signal Wh Smart Ant Svet
: . dare oma ntenna stems
Processing wvny y
important
+ Impact of Antenna Array Characteristics
on:
1. Mobile Ad-hoc Networks Throughput
2. Communication Channel BER
« Summary
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
Engineering | Engineering |
Typical Smart Antenna System
W
What is .
a Smart Antenna ? ( ’7
- Antenna o Adaptive
’\/"3 Array “;‘;‘;‘I:‘:]“‘ Algorithm
DSP
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
Engineering | Engineering |




Areas of SAS

2009/7/17 Wireless Communication
Engineering |

2009/7/17

Why are Smart Antenna
Systems important ?

Wireless Communication
Engineering |

Why are Smart Antenna Systems
important ?
+ SA integrate radio intelligence (DSP) with array
antenna technology to :
Enhance communication system performance,
including :
Capacity ( in urban area)
Range ( in rural areas)
Improve link quality for transmission and
reception, by :
Multi-path management
Mitigation of fading

2009/7/17 Wireless Communication
Engineering |

2009/7/17

The previous are accomplished by:

L

~J

Ly

Beam steering:

Placing beam maxima toward

Signals Of Interest (SOI).

. Null steering:

Placing beam numma. 1deally nulls, toward
interfering signals:
Signal Not Of Interest (SNOI).

. Spatially separate signals:

Allowing different users to share the same
spectral and infrastructure resources (SDMA)

Wireless Communication
Engineering |




Beam-forming Linear Array

2009/7/17 Wireless Communication
Engineering |

Least Mean Square (LMS) Temporal Algorithm

Xy ——

— —'_1'.t(fr)
¥y (k) po— 41 \ Ourput of array

Adaptive
Algorithm

— @ﬁ(kﬂ sired/reference signal
+

Based on the Welner's solution: wF =R'p
Wi =W, +2ux, (d, —x;w,) where 0<p<—
R = aute-correlation matrix of input signal x; Ao
P = cross-correlation matrix betwesn input siznal x, and desired signal o)
A — largest eigenvalue of the avto-correlation matrix R
[ = convergence factor/step-size parameter; detenmnes convergence rate

2009/7/17 Wireless Communication
Engineering |

Linear Array Configuration

d

-
EEEEEENEN
F

D 4

2009/7/17 Wireless Communication
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Beam-forming Linear Array Example

Type: Array Factor

Algorithin: LMS

Treratioms: =5

Geometry: S linear areay, d = 0.5}, Q.OI
501 20°

Resulis: wy g = 1.000, 8= -61 56 o

an

2009/7/17 Wireless Communication
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Weights and Phases Comparison

Uniform (classical) ILMS (7 =35)
Element w Bdeg) w Bideg) Linear Arrav
1 1.0000 0.00 1.0000 0.00 -
N=8§ .
2 1.0000 -01.56 1.0000 -G1.56 Antenna_ Geometrles for
3 10000 | -12312 | 10000 | -123.13 | 705k Simulations
4 1.0000 -184.69 1.0000 -184.69 SOI=20°
5 1.0000 -246.25 1.0000 -246.25
6 1.0000 -307.82 1.0000 -307.82
7 1.0000 -369.38 1.0000 -369.38
8 1.0000 -430.95 1.0000 -430.95
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
Engineering | Engineering |
Planar Array
Weights and Phases Comparison
LMS (i =81)
Linear Arrav
Element w B(deg) = . L_
;\I = 8

I 1.0000 -11.62

3 1.1384 -109.98 30T = 20° [ = b

4 1.3760 -178.77 SNOT = 45°

] 1.3760 -252.21

[ 1.1384 -321.01

il 0.8982 -373.94

8 1.0000 -419.37

=
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication

Engineering |

Engineering |




Circular Array

2009/7/17 Wireless Communication
Engineering |

Mobile Ad-hoc Networks

2009/7/17 Wireless Communication
Engineering |

Mobile Ad-hoc Networks (MANETS)
» Nodes move randomly. no fixed network infrastructure

+ Fumre wireless networks may not be planned and may evolve in an
ad-fioc fashion

» Data packets are ransferred in single hops

2009/7/17 Wireless Communication
Engineering |

Network Model

T o

1000 m I

@ .ES noiles where each node
@ models traffic as a Poisson distribution
3 mohility is modeled by changing position at random every two packets

2 OPNET Moadeler/Radio Tool is used to simulate the network

2009/7/17 Wireless Communication
Engineering |




Channel Access in MANETs

Network traffic and access 1s
controlled by adopting a protocol.
The protocol chosen for the
simulations is the:

Medium Access Control (MAC)

2009/7/17 Wireless Communication
Engineering |

The MAC Protocol
( Based on IEEE 802.11 Standard for WLANS)
Pasload (1024 birs)

Conrrol | Beamforming Dara Transfer

sowee [ | [ e i

Destination E E E_

Channel block wirh isotropic anrennas

Neighbours CHANNEL BLOCK

SRC: Source mode DEST: Desrination node

RIS: Request Te Send CT% Clear To Send I!‘HH’UPR' maode -

RNTEN: Training packet for DEST

[XTREY: Training packer for SRC Directional maode -

ACKH: Acknowledged sigual

DIE5:  DCF InterErame Spacs Idle mode

SIFS:  Shert InterErame Spare ’ |:|
2009/7/17 Wireless Communication

Engineering |

Simulation Parameters for MAC

Packet lengths used:
DIFS 00231
SIFS 00041
RTS 0.011L Control Packets
CTs 00111
ACK 00111
TXTRN Variable : )
ENTEN Vanable Beamfum.\mg Packets
DATA L - Payload (Data)
. 6%  Varible L =100%

L = Payload (Data)

2009/7/17 Wireless Communication
Engineering |

Network Through-put
Simulations

2009/7/17 Wireless Communication
Engineering |




Network Though-put Simulations
# Array Size (474 vs. 8xR)
~ Array Distribution (Uniform vs. Tschebyscheff)
» Adaptive vs. Nonadaptive Array

» Beamforming Training Time

2009/7/17 Wireless Communication
Engineering |

Network Through-put Simulations

@ Array Size (4x4 vs. 8x8)
@ Array Distribution
(Uniform vs. Tschebyscheft)

2009/7/17 Wireless Communication
Engineering |

Planar Array Configuration

(4x4 Elements)
".!l . ,
% e '
g o ¥
[ —_— L | 9 !
£
ATy N d.
- L;__éz/" ‘ o -
E-plane  x-: plane 4‘;‘, D
H-plane vz pline A orarmw o4
S 7 %
Q
* / :
D, _=14.562 s %o =0.794 imi F=0.300 i
D= "-1 47 Vo= 1.164 mm £=117.8i
o =7.500 num W=2.24T min an §=10.04
.’ =7.500 mun L=2.062 mm =20 GH:z
2009/7/17 Wireless Communication
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Planar Array Configuration
%8x8 Elements)

0

] - "
-

E-plane  x-= plane ;b.,-b-,,p 7
. 'Y Yy Yy rF Yy
H-plane  v-z plane pfgfiefiegfegfyidg D\
i
"--"-"’L
5955."54- £

x / D1:
D= 5-1_74' mm X =079 mmom 1= 0.300 nmr
D, =54.562 mm Y= 1164 mim £=117,58i
d,=7.500 mm F=2.247 i o=0.04
d, = 7.500 mm L=2.062 nmm =20 GHz
2009/7/17 Wireless Communication
Engineering |




Array Design

. ————  Uniform {-13 26 dB)
Array Factor et
S-element linear array. d =05 A

10

Throughput (# data packets)

Through-put for Different Antenna Patterns

© Uniform-4x4

* Tschebyscheff 434
* Uniform-$x8

T Tschebyschefl-8x8

s
: 4
L b Y A
.IE \ s
Ir ; ! H 1I
L i It
a0 'I l' an ; i -
L =10 20 50 a8 30 ri 1 o 0 0 2 4 & 8 10 12
Load (# data packets)
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
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Non-adaptive Pattern
SOI: 6 =0° el
Network Through-put
Simulations
+ Adaptive vs. Non-adaptive Array
2009/7/17 Wireless Communication
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SOIL:

Adaptive Pattern

6=0° 501 (0=0%  SNOI{§=0°p=45°)

SNOL: ¢ = 0°, 8 = 45° =90

LMS Algorithm (Adaptive Pattern) vs.
Tschebyscheff (Non-adaptive Pattern)

Magnitde (dBE)
. n :
=

— LS Algorithm
J,;r 1 SNO] (Adaptive Array)
| \
Y 'I| \I -\ — Tschebyscheff
/ \I/ |U I'= \ I3 / K (Nom-adaptive Array
aNTVinal WAL A A (-26 dB sidelobes)
A7 TV sor | Vi
( f imui
f | | |
| I|' I
.' l
{ 8x8. o = 0.53
| 18 dBy| SOI = 6=10°
: T SNOI = §=0°
: | 8 =45
-B0 80 40 -20 a 20 40 1] 80
8 (desrees)

2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
Engineering | Engineering |
Through-put for adaptive Pattern
and Non-adaptive Pattern
= 13 == Tschebyscheff (Non-adaptive Armray) " -
'?é 15 (sidelobes level -26 dB) T
S 1S (apve Ay P o Network Throughput
= SOI=>8=0° . .
E1 | sNOI=4=0 6= S I
: S R Imulations
E 10 -
=
=
Zs 1
6
A Beam-forming Training Time
O 5 0 15 20 25
Load (# data packets)
2009/7/17 Wireless Communication 2009/7/17 Wireless Communication
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Through-put
for Different Training/Beam-forming Periods

15

—&— Traae - &% of Payload

=== Trais - L0% of Paylead A

Al —— Train - 20% of Payload
—=— Lackropic /

"

Tehedyscheff:
8x8 Planar Array Factor

=

o

-3

Throwghput (¢ date packe )

A
1

Payload (1024 bits)

2009/7/17 Wireless Communication
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Summary

Based on the Nerwork Simulatons, MANETs
employing smart antennas can achieve higher
capacity, as measured by throughput. by the using
the following antenna array designs guidelines:

@ Larger planar arrays (in this project: 8x8vs.4x 4)
@ Lower sidelobes (in this project: -26 dB vs. -13.26 dB)

@ Fully adaptive amay with deep nulls/minima towards
the SNOTs

@ Short beamforming training times

2009/7/17 Wireless Communication
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Communication System BER

Binary Phase Shift Keymg (BPSK)
\&
Trellis Coded Modulation (TCM)
Vs.
Multipath/Fading

Signals Cormupted with
Additive White Gaussian Noise Channel (AWGIV)
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Binary Phase Shift Keying
(BPSK)
over AWGN
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Planar Array Configuration

% (8x8 Elements)
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Signal used for Antenna Pattern Adaptation

SOI SNOI

qﬁu ()a ¢0 ()0

Case 1*

0° 0° 0° | 45°

Case 2

45¢ 30° 457 | 60°
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Case I
S0L: g=04%8=0°
SNOI: ¢—0°, 8- 45°

(8 x 8 Planar Array)
a F

Werkchop: Feconfipmratle snd Soot Aztermas M5 2007:
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BER over Binary/Uncoded AWGN Channel
(using 60 symbols for training sequence )
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Trellis Code
QPSK Modulation
over AWGN Channel

BER

BER over AWGN Channel
( Uncoded/Binary vs. Trellis Code Mod. )

— TCM,neintedeer

= TCM. 1 Martera

S Unasded o interferer

— -8 Uncodsd, 1 intetersr

- a o
SO) 0,=00, =0

o o
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Rayleigh Fading-Binary/Uncoded Channel
Rayleigh Fading Channel
+ BER over Rayleigh fading channel with
Doppler.spreads of £, = Q.l Hz (f, 7 = 0.001) b G
and f, = 0.2 Hz (f,,7 = 0.002) 1
+ The length of the training symbol is 60 4 e
symbols and is transmitted periodically L sousholL Lotk
every data sequence of length 940 symbols. e
- bl B 1 -02Hz 4dB,
(Symbol duration: 7= 10 ms) 1 \
. : = = =
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* BER for trellis coded QPSK modulation
over Rayleigh fading channel with Doppler
spreads of f,, = 0.1 Hz (/,,7=0.001) and
= 0.2 Hz (f,,T = 0.002) for both cases.

¢ The length of the training symbol is 60
symbols and 1s transmitted periodically

every data sequence of length 940 symbols.

(Symbol duration: 7'= 10 ms)
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Rayleigh Fading Coded Channel (TCM )

BER

SQlonly, {_=01Hz
B S01+3SNOI, lm-0.1 Hz

w F === SO0 only, lm-o.z Hz
=B SOIEND, Fm-0.2 Hz

0 2 ‘:l L] ‘: 10 Ilt 14 1%
SR [in dB]
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BER over Rayleigh Fading Channel
( Binary/Uncoded vs. TCM )
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Uniform Circular Arrays
(UCAs)
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Uniform Circular Array

Communication System BER

Binary Phase Shift Keying (BPSK)
Vs.
Trellis Coded Modulation (TCM)

Signals Corrupted with
Additive White Gaussian Noise Channel (AWGN)
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. . . Binary Phase Shift Keyin
Simulation Environment of UCA v ying
Equal power signals in the same azimuth plane with AWGN
N=8.d =02 a=24in
501 B=00 $=120
SNOL 8=90" h=60° &
@
SNOT, B=00" $=180" —=—0 interferer
- ——1 interferer
SNOT, 6=90° ¢=240° —— 9 interferers |
SNOL,  6=00"  ¢=300° psy = 3 Interferers
] ——d interferers |:
I I I S S Sy B S TR
COutput SMNR (dB)
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Trellis Code Modulation

Trellis Code Modulation ( TCM )

o
H - Well Separated SNOIs
—=—0 interferer
il = 1 interferer VS.
—— 2 interferers
10l —=— 3 interferers Random SNOIs
—=—4 interferers i i i i
o 1] 1 2 3 4 L B 7 8 ; "
Output SNR (dB)
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Simulation Environment of UCA Well-separated Signals
Equal power signals in the same azimuth plane with AWGN 10°
N=8,d. =M2, a=24n
S0T 6=90° b=120"
SNOI,  6=90°  ¢=60° o
- - o ; ; i
SNOI, 6=90 =180 —e—0 interferer
SNOI, 6=90" H=240" ——1 interferer :
—#— 2 interferers |-
SNOI, 6=90° $=300° —=— 3 interferers |,
—v—4 interferers ||
R
Cutput SMR (dB)
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BER
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Random SNOIs ( 5000 simulations )

—e—0 interferer
| ——1interferer
—— 2 interferers
=3 interferers |
—v— 4 interferers
1 | | |

o 1 F] 3 4 5 B 7 ]
Output SNR (dB)
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Conclusion

By mcorporating appropriate adaptive antenna
array designs, and digital signal processing and
communication algorithms,

Smart Antenna Systems (SAS) can:

# Increase network capacity/throughput
# Decrease Communication channel Bii-
Error-Rate (BER)
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