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What The Customer Wants

AR 4
EEE) Gt
HHHeY

=

Y w
2 || & ||
G ¥} Q W
= = = @
Q
=

@_J




MM FEE o)
@ %%EEE @

U
%)

>
T o

AN
J%“W&E&U
~

s,

What The Customer Expects to Pay




When The Customer Wants it
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What Size Customer Wants
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Why Digital Communications?

But Let Your Communications Be
Yea, Yea: Nay, Nay:

For What So Ever is More Than
These Cometh of Evil.

Sermon on the Mount,
Matthew, Ch. 5, verse. 37




To Paraphrase
the Great Bard

The World I1s an Analog Sage
In Which Digital

Plays A Bit Part




The Basic Communication System
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4 ™
The Radio Channel Frequency Banc
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4 ™
The Electromagnetic Spectrum
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Band

VLF

LF

MF

HF

VHF

UHF
SHF
EHF

Frequency
3- 30 kHz
30- 300 kHz
300 kHz- 3 MHz
3-30 MHz

30- 300 MHz

300 MHz- 3 GHz
3-30 GHz
30- 300 GHz

Spectral Utilization

Wavelength
100 km- 10 km
10 km- 1 km
1 km-100 m
100 m 10 m

1I0m-1m

1 m-10cm
10cm-1cm

1cm-1mm

Some Uses

Long range navigation and marine
radio

Aeronautical and marine navigation

AM radio and radio
telecommunication

Amateur radio bands, NRC time signal

TV, FM, cordless phones, air traffic
control

UHF TV, satellite, aitraffic radar, etc
Mostly satellite TV and other satellites

Remote sensing and other satellites

/




Radio Spectrum
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increazing frequency —=

=—— increazing wavelength
Z kHz Z0 kHz Z00 kHz I MHz Z0 rHz Z00 MHz Z GHz Z0 GHz Z00 GHz

1999 Encyelopadia Britannica, Inc.
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Radio Spectrum Wavelength

Penetrates Earth's
M |
Atmosphere? J )
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength {m) 0.5x10 ° 107" 1077 1071

Approximate Scale
ot Wavelength

Buildings Humans  Butterflies Meedle Point Protozoans Maolecules  Atoms  Atomic Nuclei

Temperature of
objects at which
this radiation is the |}
maost intense "W
wavelength emitted

Ly

1K 100 K 10,000 K 10,000,000 K
-272 °C -173 °C 9,727 °C ~10,000,000 °C




Parts of the Electromagnetic Spectrum

26 83.5 125
- MH
Bandwidth W,Z < MHz > < z
Freq 902 928 2.42 2.4835 5.735 5.860
MHz MHz GHz GHz GHz GHz

The ISM bands in the United States.




CrossOver Probabillities
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4 . . N
E/N , Required for Specified BER

Error performance of M-QAM

—&— 4-QPSK
—ea— 16-QAM oo

E_MN, (dB)




4 .
QPSK, 160Q0AM, & 64QAM Constellations

for 10° BER

E.MN,=1248dB

QPSK Constellation

BER =107
E_MN, =19.50 dB

16-QAM Constellation

EMN,=2550dB
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~ Spectral Levels of Signal and Noise for QPSK,
16-QAM, & 64QAM for 16° BER
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Channel Coding:

Add Structured Redundancy

Source—» Modulator Channel

Demodulator

—>

Source

° ° d$ Se
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Channel Channel
Sourcel—p Encoder »| Modulator Channel —p Demodulator —p Decoder —pl Source
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Bit error probability, Pp

Bit Error Performance Waterfall
10_1 :\\
, i Rate 1/3, K = 41, sequential hard decision

10—“ |

= Rate 1/2, K = 41, sequential hard decision

N Rate 1/2, K = 7, Viterbi soft decision
10-3 Rate 1/3, K = 7, Viterbi soft decision

; Rate 1/2, K = 7, Viterbi hard decision

I~ Rate 1/3, K = 7, Viterbi, hard decision

-4l

10 § Uncoded BPSK
10—° —
10-6 | i 11 | ] | | |

0 2 4 6 8 10 12 14

Ey/No (dB)




Other Channel Impairments

In Out
—> Channel —
fixed
frequency _
offset interefernce

s * l Out
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4 Modern Physical Layer Modem Reclipe: A

Add these Ingredients, Stir, Bake for 20 Minutes at 300
Let Cool! Enjoy your Modem!

First Tier Processingvodulation and Demodulation
- Shaping Filters

- Spectral Translation
- Signal Conversion

. Second Tier ProcessindRarameter Estimation
. Carrier Frequency and Phase Synchronization
- Timing Frequency and Phase Synchronization
- Automatic Gain Control
- SNR Estimate

. Third Tier ProcessingChannel and Hardware (Dirty RF)
- Equalization
- 1-Q Balance
- DGCancel
- Peakto-Average Ratio Control
- Predistortion
- Interference Suppression
- Intrusion Suppression

\ - Diversity /



http://schools-demo.clipart.com/search/close-up?oid=3786885&q=witches&s=1&a=a&cid=&fic=0

Modulator and Demodulator

MODULATOR
M-ARY : BASEBAND RADIO
ALPHABET WAVEFORM FREQUENC
BITS DATA WAVE-FORM SPECTRAL WAVEFORN
' TRANSFORNMS TRANSFORMS "' TRANSFORMS

—i—>
DIGITALi ANALOG

/

BITS RF RF BITS
—»| MODULATOR —>» CHANNEL |—| DEMODULATOR——»

ANALOG: DIGITAL
+— i —>

SPECTRAL WAVEFORM DATA
— B — —>
TRANSFORMS  "|TRANSFORMS TRANSFORMIS
RADIO a BIT
BASEBAND | M-ARY
FREQUENCY ! ALPHABET
WAVEEORM WAVEFORM !

DEMODULATOR




Claude Shannon

Informationis measurable.

Noise Does not Limit Fidelity.

"The world has only 10
Kinds of people.

Those who get binary,
and those who don't.
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Shannonos Commun.
DIGITAL DISCRETE CHANNEL
MODULATOR
BITS, DATA WAVEFORM SPECTRAL
TRANSFORNIS| | TRANSFORI\[IS_’ TRANSFORI‘{’IS
M-ARY BASEBAND RF
ALPHABET WAVEFORM
\ 4
O
I
>
Z
Z
m
M-ARY
BASEBAND
ALPHABET
WAVEFORM RE
‘ DATA ’J& WAVEFOR?;jl SPECTRAL],
BITS TRANSFOR TRANSFORNIS TRANSFORMS
DIGITAL
DEMODULATOR
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Shannonos Model

BANDWIDTH BANDWIDTH BANDWIDTH
REDUCING PRESERVING  EXPANDING
BITS
SOURCE CHANNEL
— —
ENCODING ENCRYPT'O}“ ENCODING |
O
I
>
zZ
zZ
T
—
B S TS OURCE CHANNEL
“—1 becooing [ DECRYPTIOH DECODING [
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Shannonos Legacy

X Communication System Resources
Bandwidth
Signal to Noise Ratio
Memory and Computations

x A Communication System needs a
Computerin Modulator and Demodulatolr

X We have aComputeron Board!

X We can use it to do some other Heavy Lifting!
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Four Pillars of Modern Communications
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The Modulator Digital to Analog
Interface Moves Towards the RF

. BASEBAND
M-ARY RF
| SIGNAL | TUNER |
CONDITIONER

< ' >
DKHTALEANALOG

. BASEBAND
M-ARY SIGNAL RF
— > —
CONDITIONER TUNER
«— . —

DKHTALEANALOG

BASEBAND
M-ARY RF
| SIGNAL TUNER |
CONDITIONER

< ! >
DIGITAL; ANALOG




The Demodulator Analog to Digital
Interface Moves Towards the RF

BASEBAND :
RF SIGNAL M-ARY
VeltER CONDITIONER

«— .—>
ANALOG: DIGITAL
BASEBAND
RF SIGNAL M-ARY
UliEk CONDITIONER
«— . —>
ANALOG . DIGITAL
' BASEBAND

RF | SIGNAL | M-AR)
" TUNER "| conDITIONER

— . —>
ANALOG | DIGITAL




SECOND GENERATION
DSP CENTRIC MODEL

DIGITAL DSP SAMPLED DATA CHANNEL
BITS =
R DATA WAVEFORM SPECTRAL
TRANSFORNIS  *| TRANSFORNIS TRANSFORNIS
RF
M-ARY BASEBAND
ALPHABET WAVEFORM
— < > 0
DATA DIGITAL ; ANALOG JZ>
SIGNALS SIGNALS; SIGNALS =
-
M-ARY
BASEBAND
ALPHABET
| WAVEFORM RE
«| DATA WAVEFOR SPECTRAL[___ |
BITS TRANSFOR TRANSFORMS TRANSFORMS
DIGITAL Dgp




THIRD GENERATION
DSP CENTRIC MODEL

DIGITAL DSP ANALOG CHANNE
MODULATOR MODULATOR5"mmmmm""" :
BITS :
DATA | WAVEFORM SPECTRAL
’ TRANSFORNIS | TRANSFORNS | TRANSFORNIS
RF
M-ARY BASEBAND i
ALPHABET WAVEFORM
— = 8 v
DATA DIGITAL i ANALOG >
SIGNALS SIGNALS | SIGNALS [ 5
: iL
M-ARY
BASEBAND
ALPHABET WAVEFORM : o
DATA WAVEFORM, SPECTRAL,
BI'TS TRANSFOR TRANSFORNIS TRANSFORMS
DIGITAL DSP :

DEMODULATOR DEMODULATO R
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Modem: Bits In- RF Out, RF IaBits Out

DIGITAL DSP
ANALOG CHANNEL
MODULATOR MODULATOR
Source . . | channel Waveform Spectral
' Encoding g| I ; Encoding_>Transforms Transformg
BITS BITs N M-ARY  BASEBAND | o
ALPHABET WAVEFORM !
¢
DATA DIGITAL ANALOG >
sIGNALS MODEM gignaLs SIGNALS | Z
S — — S — m
M-ARY BASEBAND
BITS BITS Y. ALPHABET _ WAVEFORM | _ _ RF
Source : Channel Waveform Spectral
Decoding +—|PeCYPION T becoding Transformg [Transformg " :
DIGITAL DSP
DEMODULATOR DEMODULATOR
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Early Radios Were Mechanical:
(Many Moving Parts)
Spark Transmitter and Early Receiver

Tapping Key Receiver
s,
SpArk
NV -
O O
N
i
[t
Baftery
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Spark Transmitter: Damped Oscillations

SPARK TRANSMITTER RECEIVER
ANTENNAT ™ S T ANTENNA
CHOKE COIL
v
0
S
=
o ® —
GAP 9 e 1—

= 1 $)
- 1

CHOKE COIL
10 MSEC 20 uSEC
i\VA /\v {\VA —>-
PRIMARY CIRCUIT
20 pSEC 10 MSEC ANTENNA CIRCUIT
ANTENNA CIRCUIT DETECTOR CIRCUIT

/




Arc Transmitter: Continuous Oscillation

Replace Sparks with an Arc

Negative Resistance Injects Energy

As Opposed to Dissipates Energy j
A

Arc Current

Resissance

Arc Voltage
ValdemarPoulsen 1869-1942

™




Poulsen 100 KW Arc Transmitter
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Thomas Edison, John Fleming, Lee de Fores

The path to the Triodd hermonicValve,

™




Lee De Forest, 18771961

Patent No. 879532

Put those sparks to rest!




Regenerative Recelver:
A Little Feedback Goes a Long Way

\/ Positive Fdbk
RF+4




Tuned RF (TRF) Radio
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Vacuum Tube Replacement

John Walter William
1947 Bardeen Brattain Shockley
Solid State Amplifier 1908-1991 1902-1987 1910-1989

— e

Noble Prize 1956




Integrated Circuits

1958

JackKilby RobertNoyce
- Intel

1923-2005 1928-1990

Noble Prize 2000 NoyceFounded Intel
Ted Hoff worked folNoyce

- /




More, More, Moore
Critics have predicted the imminent
demi se of
Gordon Moore stated it in 1965.
Electrical Engineers continue to
defy physical challenges,
squeezing ever more

circuitry into less space

and making information

fly ever more

Moor eds |

2,0
£
,\\?S\{o‘(\\q
10,000,000,000,+* Q% ©

P

aw ever synoee
o/ A
¢" \
1,000,000,000.-”"
¢’, >
o < et
ot S * Itanium2
R i
kN 592 Million
100,000,000 ,-* o Itanium 2
’ oge
"/ \A . 220 Million
R KN Pentium-4
o © 42 Millien Xeon 42 Million

Itanium 25 Million
Celeron 7.5 Million

S Pentiyntl
7.5 Million

swiftly.
1,000,000 -*
100,000 .7
1958 — ) 1999
Jack Kilby (TI) & e Q° 1996 Blackberry
Robert Noyce 1965 ’/ DVD
(intel) Invent  Gordon Moore 10,000 s 5088 29,000 Players
Integrated States his famous o 8080 4500 1991
Circuit axiom, later called ~ Kodak
Moor ed _SL b aw // 8008 3,500 1983 First
1000 7 004 Mo;orola Digital Camera

1947 _ <" First irst

Transistor uprocessor 1977 Mob|le Phone

Invented 2,000 Apple Il

‘1947 l1950 l1960 11970 | 1980 11990 | 2000 | 2010




We all own
a billlon Transistors

We have an amazing wealth of
resources at our disposal!
Just how big Is a Billion?

A stack of a billion bank notes would be
76.2 kilometers High.

A billion seconds is 32.5 years!




For Comparison, the Eiffel Tower
Contains 18,084 Parts. It Is
Fastened Together by 2.5 Million Rivets

| | . i X - 3
A 3 1)
) ! -
[ : o
b




The world manufactures more
ransistors than it grows grains of rice.

Wow!

mn' B A

"’_’e‘p}'

0.13-micron, Intel Pentium 4 Long Grain Jasmine Rice
300-mm silicon wafer. /
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How big Is a billion grains of rice?

- 8mm x 2mm x 2mm (Long Grain)

- 1-billion grains of rice

- 8 Meters x 2 Meters x 2 Meters

- Or 32 Cubic Meters

- Or a cube 3.2 Meters on a side

- It weighs 24,000 kg (26.6 tons)

. It costs $26,000 (3-+d week April 2008)

. CLS350 Mercedes Benz weighs 2,200 kg




0.1

0.01

0.001

0.0001

0.00001

0.000001

0.0000001

0.00000001

Average Transistor Price By Year
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'70'727476'7800'82‘84'86'88'90'92‘94'96'9800'02

Source: Dataquestiintet12/02



Brou pecirop
(OMPUTER ...

'
1 - =
AV e --\
~ - nﬁl- _b

e e~




B —

To Larior or NoTEoOK
COMPUTER...







— -

AHI::- i THE

| NOT-TOO-DISTANT

FUTURE. .,

L ———

‘- a2nl T (ANT FID My 7 OorS. T MAY HANE
3 CTEAMED 1T WITH SOME
PROCOLI EARLIER BY

GEaM - OF - €iCE - S1ZED
COMPUTER. ANYWHERE /
\ e
-

g

|

Adam @ Home
Brian Basset

/




done wi




Harry Nyquist, (18891960)

f>BW

The Sampling Theorem




Digital
Converter

Analogto

ADC

Ato-D
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Communication over Band
Limited, AWGN Channel

H, (w) M (W)
d(n) s(t) - r(t)
»| Shaping I Band Limited | @ \ Matched
Filter Channel T Filter
AWGN
Hy(®) = H; (o) el*r (Maximize SNR)

Hy(o) = Hy(w) H' (o) e/*t= |H (o) 2 eler
IH ()] 2 €1t = Hyydw) et (zero IsI)

Hy(o) = SQRT{RyJ®)}

"(n)

Hgy(w)




Band Limited Channel
Zero |1S| and Causal Response

Nyquist Spectrum Nyquist Spectrum
With Cgsine Taper

\ | =
/ Tsym

> f > f
—y L - 1
Tsym
Tsym < y | (1+)
A A Tsym

NN A

t

S At I\/ <« Tsym

Tsym ‘“ 5 Tsym »‘
Infinite Duration Finite .Duration
Nyquist Pulse Nyquist Pulse




| t0OS not what
that gets you In trouble!

| t 0s what vyou
to be true t hat

Samuel Clemens




4 N

Spectral Resolution
Gaussian Window
Gaussian Window and Spectrum, Maximum Level Sidelobe -60 dB
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Amplitude

s

Attenuation (dB)
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Spectral Resolution

KaiserBessel Window

Kaiser Window and Spectrum, Maximum Level Sidelobe -60 dB
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4 N
Spectral Resolution, Remez Minimum
BW Window with6-dB/Oct. Side Lobes

Remez Window and Spectrum, -6 dB/Octave, Maximum Level Sidelobe -60 dB
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4 ™
Cosine Tapered Nyqguist Spectrum

sin(ﬂi) cosérit )

1
Nee () = ()
T D) 1o




SquareRoot
Cosine Tapered Nyquist Filter

Discontinuous

First Derivative 1 (4o i) cosr (Mo )L )
. Nepe clB) = (5)——. !
SR- RC T

t t.
(7 -G )]

L Sin(ﬂ(l—a)%)
T t Ly
(ﬂ?)[l—(405?) ]




SQRTRC Impulse Response A
Finite Duration, Rectangle Window

Impulse Response SQRT-RC Filter

EZm::-nf“u To Tail

u}
& o _
E_m ! _08 dB
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Normélized Frequency, fif...,,




Gain (dB)

538885808

Gain (dB)

Spectra of SRhM and
SRRC Nyquist Filter

Frequency Response: hams-Moerder3 and SR-RC MNyquist

m]

L
=]

a oA o2 oz [ a5 a.G . o.= [NR=] 1
MHormalized Freguency, fffa*fm

Frequency Response: harris-Moerder-3 and SR-RC Nyquist
I I I

0.0z

0.0z

.01

-0.01

-0z

o | | | |
u} o1 0.2 0.z 0. 0.5 0.5 or o= [WR=] 1

MRormalized Frequency, f"rfs*fm




S| Levels: RRC andhM-hM

10 ISI Levels {SR RCY(SR- RC}} Nqust Filter
4

RMS ISI 0. DU4‘I435




Transmitter and Recelver
Modulator and Demodulator

b(n) s(t) r(t) ")

—1 Modulator _’_Band Limited Demodulator —»
Channel

| AWGN
s(t) =Re{[) 1, 9(t— kT)] €™}

= Re{R(H) €’V é*)

r(t) = Re{[A(t)* R t—17) @/¢7] dleraolt=s)
4 n(t) ej (o, +Aw)t




First Tier, Primary Signal Processing Ta&
In a Typical Transmitter and Recelver

ClocK |mrrirmmiiiieniianenns . M OdUIator ................................. .
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, : RF Carrier
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Upsample :
psamp f,r —» DDS [¢
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[m————————— e - ———— -
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I Demodulator TIMING
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Control Carrier DIGITAY_['DIGITALL ,, I
Waveform Analog v @"LOV\/_—PASS LOW-PASS v
I= P é
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DIGITAL DIGITAL
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Phase Detectors for Modulated BPSK

Inputs to Product Detector
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Second Tier Signal Processing Task,

Carrier Recovery Phase Locked Loop
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Phase Detectars for Modulated QPS K

Inputs to Phase Detector
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QPSK PLL
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Maximum Likelihood Timing Recovery
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Derivative with Help of Nearby Neighbors
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Combining Early and Late Gates in a
One Derivative Filter
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Approximating Tanh(x)

Tanh(x) and Piecewise Linear Approxi

mation
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Sub Optimal Approximations

- Replace 2EbJNSNR Gain with a Constant.

. Replace tanh(x) with Large SNR Approximation:
tanh(x) sign(x)

. Replace tanh(x) with Piecewise Approximation:
tanh(x) x fdrx| < 1
tanh(x)- sign(x) farx| > 1
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Second Tier Signal Processing Task,

Timing Recovery Phase Locked Loop

SNR
Polyphase y(nNT+3 T ) l
—p! Matched ,®_ »| Tanh(
Filter
CLK Y7 resss s :

: Phase Accumulator ;'
Prd r(nTw; ) Inl;t)zgr;ter_‘ Z-1 |_> Z—l }
& I: g %

Derivative

—p| Matched |
Filter | y(nT+57Tr)
SNR

Polyphase




Band Edge Filter: BE{)=dH(®)/d ®

®
|\/|F( )T Spectrum: Matched Filter

I'd
/ \ .
>
Spectrum:

GF|\/||'—((D)A} Frequency Derivative
of Matched Filter
RS [ .

Spectrum: Output of

& 4‘7 Frequency Matched Filter
Q)
\/ ]




Band Edge Filter Based
Frequency Locked Loop

Matched
Filter >

Frequency

Matched —>(§
Filter

Loop




™
Energy Difference in Band Edges

Sufficient Statistic to Frequency Lock
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Mean and Variance of DC Term of

Function of Frequency Offset
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Log Magnitude

Spectra of

Shaping and Band Edge Filters
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Spectra of Signhals From Band Edges
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Eye Diagrams of Matched Filter and
Sum and Difference Bandedge Filters

Evye Diagram: Matched Filter Qutput
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Signals over Range of Excess BW
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Cyclostationary Mean and Variance
Eye Diagrams Magnitude Matched Filter
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Spectral Lines from Excess BW: M&MF ()’
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Spectra of BE®)XBE()*
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What Happens if there i1s no excess BW?

- As we reduce excess BW to obtain more efficient use of
spectrum, we reduce the ability of the receiver to
synchronize.

- When there is no excess BW we need to allocate a
fraction of transmitted energy to pilot signals.

- Example: OFDM Has No excess Energy in
Modulation Waveform: Excess Energy Resides in
added secondary signals: Preamble, Cyclic Prefix,
UnmodulatedStationary and Moving Pilots.

. Interesting Question: Is this energy accounted for
when people discuss error correcting codes
operating near Shannon

L
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Band Edge Filters and Approximations
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Linear and Minimum Phase BE Filters

Zeros: Linear Phase BE Zeros: Minumum Phase BE
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- Frequency Offset Spectra and BE Filters in\

Frequency Lock Loop

Input Spectrum and Band Edge Filter Spectrum
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Phase Profiles of Freqg Lock Loop

Phase Profile of Input and Output and 10 x Phase Difference of Frequency Lock Loop
. ! ! | ! ! ! ! ! !

. | i i
] 200 400 FO0 800 1000 1200 1400 1600 1800 2000

Instantaneous Amplitude Difference Between Outputs of Band Edge Filters
0.8
05
0.4
0.2
"5 200 400 600 800 1000 1200 1400 1600 1800 2000
Constellation Input to Channel Constellation Input to Receiver Constellation Output Freq. Loop
2 - ; ; 2 i ; : 2 T T i
e i 1
D ._ ....... K;g ................. |:|
o g .
2 2 23 1 0 1 2




e

Time Series from BE Filters During Frequency Acquisition

Band Edge Filter Time Signal Magnitude
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Phase Profiles of Freqg Lock Loop

Phase Profile of Input and Output and 10 x Phase Difference of Frequency Lock Loop
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Time Series from BE Filters During Frequency Acquisition

Band Edge Filter Time Signal Magnitude
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Frequency Offset Spectra and Linear Phase FIR
Substitute for BE Filters in Frequency Lock Loop

Input Spectrum and Band Ecdge Filter Spectrum
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Phase Profiles of Freqg Lock Loop

Phase Profile of Input and Output and 10 x Phase Difference of Frequency Lock Loop
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Time Series from BE Filters During Frequency Acquisition
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Asymmetric Processing

ATTENUATIQ@N ?

TRANSMITTER
CHANNEL
AMPLITUDE BASEBAND CARRIER
and WAVEFORM - WAVEEORM | UNKNOWN
BITS F’HAS_I.:I SHAPING . TIME DELAY
> . > and
i FILTER
INPUT. :
CLOCK.
—P»| TIMING CARRIEfig—— CARRIER
. REFERENCE
EQUALI
»|CONTR
BITS SHAPINS
4—— VAP |[€—|DETEC/—]EQUALIZE e
' BASEBAND
OUTPUT QUANTIZEDA AMPLITUDE WAVEEORM
CLOCK AMPLITUDE
<« TIMING
- TIMING CONTR

RECEIVER

CARRIER
WAVEFORM

NOISE




IMAGE
REJECT

FILTER

>

GAIN

First Generation Recelver
Analog Signal Conditioning

bl

T

-F
FILTER

FIRST

LO

*k

TUNING

__’62}__’J£N%W¥
FILTER

T

CARRIER
VCO

*

LOOP
FILTER

*;

MATCHE
FILTER

SAMPLER

H

TIMING
VCO

?

FILTER

DATA

.

DETECTOR
PHASE
DETECT

LOOP <




IMAGE

REJECT
FILTER

Second Generation Receiver
DSP Based Signal Processing

I-F
FILTER

FIRST
LO

A

TUNING

—>QR—>

LOW-PAY

FILTER

T

CARRIER
VCO

*

LOOP
FILTER

*

SAMPLER

SN —»p

T

TIMING
VCO

f

LOOP
3

MATCHE
FILTER

™

D

[

DATA

PHASE
DETECT!

—

D ETECTT

FILTE




a . . . N
Third Generation Recelver DSP Based

Signal Conditioning
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First Generation Digital Receiver
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Second Generation Digital Recelver
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Signals and Underlying Structure of Analog
Radio, DSP Radio, and Software Defined Radio
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High Level Block Diagram of Software Defined Radio. Radio is
segmented into RF Processing Front End Block, Baseband
Waveform Digital Signal Processing Back End Block, and

Interface to Data Processing Higher Level User Application ang

Interface Blocks.
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Second Tier Signal Processing Task,

Carrier Recovery Phase Locked Loop
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Second Tier Signal Processing Task,

Timing Recovery Phase Locked Loop
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Estimate Signal Mean and Variance

at High SNR and Low SNR
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Estimates of Moments and SNR as Function of SNQ
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Skewness A Measure of Estimated SNR Error

True (blue), Estimated (red), and Corrected (--red) SNR

Output SNR (cIB)
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BPSK Large SNR Approximation to ML

det(n) = sign(I(n))*Q(n): Large SNR Approximation to ML Carrier Recovery
snr=10.21dB |nput and Output Phase Slopes, and Detected Phase Error
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BPSK Large SNR Approximation to ML

Error Locations
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BPSK ML Carrier Recovery Loop

det(n) = tanh[snr*sign(l1(n)]*Q(n): ML Carrier Recovery
d Output Phase Slopes, and Detected Phase Error
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BPSK ML Carrier Recovery Loop

Error Locations

Phase Error for det(n) = tanh[snr*I1(n)]*Q(n)
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BPSK Large SNR Approximation to ML
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