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e A quick refresher on the frequency domain
e Using it to our advantage with OFDM

e How OFDM solves almost every problem
ever

Alccelerated Tech



1.00 A

0.75 A

0.50 A

0.25 A

0.00 A

Amplitude

—0.25 A

—0.50 A

—0.75 A1

—1.00 A

0 500 1000 1500 2000
Time (samples)

Accelerated Tech



1.00 A 1.0 -L
0.75 A
0.8 A
0.50 A
0.25 A
v o 067
e e
2 2
= 0.004 =
g g
~0.25 4 0.4 A
—0.50 A
0.2 A
—0.75 A
—1.00 A 0.0 -
0 500 1000 1500 2000 0 200 400 600 800 1000
Time (samples) Frequency

Accelerated Tech




1.00 - 1.0 A [
0.75 A
0.8 A
0.50 A
0.25 A
o o 961
© ©
2 2
= 0.004 =
& g
—0.25 4 0.4 A
—0.50 A
0.2 A
—0.75 A
—1.00 A 004 ® [ J [ [ J [ J [ o o o o
0 500 1000 1500 2000 0 2 4 6 8 10
Time (samples) Frequency

Accelerated Tech




iy
o

1.0
0.8 - [ )
0.5 A
3 S 0.6-
2 2
‘—E)- 0.0' E—
s = 0.4 1
_0.5‘
0.2 1
_1.0 T T T T T 0.0 ?- I- -I. --I-‘?‘ -I‘-I. --I-- I‘
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (samples) + Frequency
1.0 1.0
0.8
0.5 A
Q (]
3 E 0.6 -
é‘ 0.0 4 _é'
s 5 0.4 1
_0.5'
0.2 1 [
_1.0 T T T T T 0.0 ?--I-‘--‘I‘-T‘-I--?--I-- T
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0

Frequency

Accelerated Tech

Time (samples)




1.0
1.00 -
0.75 -
0.8 [
0.50 -
0.25 - 0.6 -
(] (]
© ©
2 2
= 0.00 A =
S S
< <
_0.25 _ 0.4 7
—0.50 -
0.2 - [ )
—0.75 -
—1.00 -
T T T T T OOT- I‘-T‘-I--?-‘I--?--I‘-I
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (samples) Frequency

Accelerated Tech




1.0 1.00 v
g 051 3 0.75 1
2 2
E‘ 0.0 - E_0.50-
<< —0.5 A < 0.25 A
_1.0 T T T T T 0.00 I.--I--I--I‘-T--I--T--I--T
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency

Time (samples)

Accelerated Tech




1.0 1.00 -
g 0.5 3 0.75 1
E E
E’ 0.0 A E_0.50-
< —0.5 1 < 0.25 A
_1.0 T T T T T 0.00 ?--I-- T --I-‘?--I--T--I-‘T
0 500 1000 1500 2000 0.0 2.5 5.0 75 100 125 15.0 17.5 20.0
Time (samples) Frequency
1.0 1.00
g 3 0.75 1
E E
E‘ TE:_ 0.50 A )
< < 0.25 1 ~
[
_1.0 T T T T T 0.00 ? A -I- A T A -I‘ A I‘ A -I- A T A -I- A T
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (samples) Frequency

Accelerated Tech



1.0 1.00 -
g 0.5 3 0.75 1
E E
E’ 0.0 A E_0.50-
< —0.5 1 < 0.25 A
_1.0 T T T T T 0.00 ?--I-- T --I-‘?--I--T--I-‘T
0 500 1000 1500 2000 0.0 2.5 5.0 75 100 125 15.0 17.5 20.0
Time (samples) I Frequency
1.0 1.00
g 3 0.75 1
E E
E‘ TE:_ 0.50 A )
< < 0.25 1 ~
[
_1.0 T T T T T 0.00 ? A -I- A T A -I‘ A I‘ A -I- A T A -I- A T
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (samples) Frequency

Accelerated Tech




Amplitude

Amplitude

Amplitude

1.0
0.5 A1
0.0 A1
—0.5

-1.0

500

1000 1500 2000

Time (samples)

1.0

_1-0 T T T T T
0 500 1000 1500 2000
Time (samples)
1.0
0.5 A
0.0 A
_05 d
_1.0 T T T T T
0 500 1000 1500 2000

Time (samples)

Amplitude

Amplitude

Amplitude

1.00

0.75 A
0.50 A
0.25 A
0'00 ? A -I-- T A -I‘ A ? A -l- A T- -I- A T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
1.00
0.75 A
0.50 A [ )
[ )
0.25 A ®
[ ]
0.00 ? A A T A A T A A T A A I‘ A A A A T A A T A A T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
1.00
0.75 A
0.50 A P
0.25 A
0.00 ? A -I-- T A -I- A ? A -l- A T- -I- A T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency

Alccelerated Tech



Amplitude

Amplitude

Amplitude

1.0
0.5 A1
0.0 A
—0.5

Amplitude

-1.0

0 500

1000 1500 2000

Time (samples)

1.0
0.5 A1
0.0 A1
—0.5 -

Amplitude

-1.0

0 500

1000 1500 2000

Time (samples)

1.0
0.5 1
0.0 -
—0.5 -

Amplitude

-1.0

0 500

1000 1500 2000

Time (samples)

1.00
0.75 1 ¢
0.50 A
0.25 A °®
0.00 ? A T A A ? A A T A A ? A A T A A T A A T A A T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
1.00
0.75 A
0.50 A
0.25 A i
0'00 __+_‘_r‘_‘_+_‘_‘_r‘_‘_*_‘_‘_r‘_‘_*_‘_‘_r‘_‘_._
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
1.00
0.75 A
0.50 A
[
0.25 A
([
0.00 ? A T A A A A A T A A ? A A A A ? A A T A A T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency

Alccelerated Tech



1.0
5 -

Amplitude
o

—0.5 -

-1.0

inear, tim

1000 1500
Time (samples)

1.0
0.5 1
0.0 -

Amplitude

—0.5 -

-1.0

1000
Time (samples)

0 500

1500

1.0
0.5 1
0.0 -

Amplitude

—0.5 -

/\m

-1.0

0 500 1000
Time (samples)

1500

1.00
'nd >pendent (LTI
! enac |
T 0.00
2000 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
I 1.00
3 0.75 1
2
E‘ 0.50 A
<< 0.25 A [ ]
T 0.00 -
2000 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency
— 1.00
I
3 0.75 A
2
E_ 0.50 A .
< 0.25 A
[ J
T 000 ? A I‘ A A A ‘I‘ A ? A ‘I‘ A ? A ‘I‘ A T
2000 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Frequency

Alccelerated Tech




1.0 1.00
| i o
§ 0.5 %0.75
E‘ 0.0 A E_O.SO-
<< —0.5 4 <t 0.25 A °®
-1, T T T 0.00 = re—e—f-a a e o e e e o pae ara-a o
1000 1500 2000 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0

Time (samples)

Frequency
I 1.00

1.0
g 0.5 3 0.75 A “ ‘ ,,,
2 2
= 0.0 = 0.50 A
g— g— o000 o
<< —0.5 A < 0.25 A
_1.0 T T T T T 0.00_
0 500 1000 1500 2000 7.5 10.0 125 15.0 17.5 20.0
Time (samples) Frequency
1.0 — 1.00 7
I
g 05+ 3 0,45
£ £
TED' 0.0 - ‘—E:_O.SO- .
< —0.5 A < 0.25 A
([
_1.0 T T T T T 0.00 ? — I‘ — am — ‘I‘ — ? — ‘I‘ — ? — ‘I‘ — T
0 500 1000 1500 2000 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time (samples) Frequency

Accelerated Tech



e thereis atransformation between time and
frequency domains

e when we make certain transformations in
the time domain, they have other
predictable transformations in the
frequency domain

Accelerated Tech



! p R—— A apm

0.5 A

0.0 1

Amplitude

—0.541

0 1000 2000 3000 4000
Time (samples)

0.5

0.4 1

o
w
1

Amplitude
o
[N

0 250 500 750 1000 1250 1500 1750 2000

Frequency
ccelerated Tech




Amplitude

1.0 A A M alm " [ u M
0.5 A

0.0 A

—0.5 A

~1.01 - =~ W i W d == = ) ot b WU e

0 1000 2000 3000 4000
Time (samples)

0dB
-10 dB
(]
e
2
a
IS
<
-20 dB
o~ (" °
"" ° - * . ot
[ ] - a -
-30 dB + T f T
0 250 500 750 1000 1250 1500 1750 2000
Frequency

Accelerated Tech



1.0 A
0.5 A
[}
©
2
S 0.0+
IS
<
_0.5 -
_1.0 -
0 10 20 30 40 50 60
Time (samples within eye)
0dB
-10 dB
[
©
2
o
£
<<
-20 dB
-30 dB + T
0 250 500 750 1000 1250 1500 1750 2000
Frequency

Accelerated Tech




1.0 4

0.5 A

0.0 1

Amplitude

—0.5 1

—1.0 A

0 10 20 30 40 50 60
Time (samples within eye)

0dB

-20 dB 3

Amplitude

-30 dB 3

-40 dB T A — T T T T
0 250 500 750 1000 1250 1500 1750 2000

Frequency

Accelerated Tech




Amplitude

Amplitude

1.0 A

0.5 A

0.0 1

—0.51

_1.0 4

0 dB 7

-10dB

-20 dB 7

-30 dB 7

Time (samples within eye)

-40 dB
0

250

500

750

1000 1250 1500 1750 2000
Frequency

Accelerated Tech




Amplitude
o

Time (samples within eye)

Amplitude

)

A

250 500 750 1000
Frequency

Accelerated Tech




Amplitude

Amplitude
o

Linear, time-

0 | 10 20 Time (sa:wltz)les within eye) . i n d e p e n d e n tﬁ ( LT I )

-30 dB 3

-40 dB 3

transformations
happened here

)

A

-50 dB
0

1000
Frequency

Alccelerated Tech




Amplitude
o

e @ S_’and therefore
here, too!

Amplitude

-30 dB 3

-40 dB - ‘

A
1000
Frequency

-50 dB
0

Accelerated Tech




1.0 N M [T . [ -
0.5 A
(]
kel
2
S 0.0
S
<
—0.51
—1.01 L s o W By - = oy o
0 1000 2000 3000 4000

Insight: if it's easier to reason

1750 2000

Alccelerated Tech



1.0 1 n " M = [ M =
0.5 A

[0}
e
2
S 0.0
£
<

—0.541

-1.01 L B SRS W =S = ety

0 1000 2000 3000 4000

Time (samples)

why not put our data \

1750 2000

Alccelerated Tech



0 dB 3

-10 dB J——

Amplitude

-30 dB A
-40 dB 7

-50 dB
0

Amplitude (real component)

-20 dB JEE——

250

500 750 1000
Frequency

1250 1500 1750 2000

2.0

1.5 1

1.0 1

0.5 A

0.0 1

1000 2000
Time (samples)

3000 4000

Accelerated Tech



0 dB 5

-10 dB { CENOEENINOO GUDD PO CONOE0 GID ORI MIMEDEE COGNCNIEING ¢ © OGN €0 CNO GO CHBINNED 60 U D

-20dB {80 60 © CHEDO OED G AN D CEINGS G000 ¢ ¢ GINENIO NS GINEIEDD 000D GRIINOCED SN 00000 G0 ©

Amplitude

-30 dB 1§
-40 dB 1

-50 dB T T T T T
0 50 100 150 200 250

Frequency

2.0

1.5 1

1.0

Amplitude (real component)

|
b
o

0 1000 2000 3000 4000
Time (samples)

Accelerated Tech



2.0 ‘
1.5 1 ‘

1.0 1

°1 JRLL LMk A AL fll\‘m mH }H k” il 1L 1) |
o.o: '\ 1-*1"\ ‘|Hw H-' 1 ‘| /N1 Tl HWW‘ ||| p | || wH l r *!

Amplitude (real component)

0 1000 2000 3000 4000
Time (samples)

0 dB 3

P
-10 dB { CENOENNENOO GUPD O NS VD OBIMMED GO DGO NIEING © © OGN €0 N0 GO HNINDAND 00 D D

(]
e
2 -20dB ;g0 0 © AP OB .p.oMo“.. 000 ¢ ¢ NIV, 0Nfo% JURAOPotg, NP 00y, Wy, ' 4
o
£ |
< -30 dB 7 .%:
[ ]
-40 dB 1
-50 dB T T T T T
0 50 100 150 200 250
Frequency

Accelerated Tech



= 1 ul‘n “1,‘ | ‘“ll“ ,hl‘; i i }Ml M}.Hl LIf A1 ) ‘w M

L

P
-10 dB { omeigBo® C@En® MO NG IR ANIMMERER S COENNEIEERS 0 & CARNNEIE €0 0N @0 cnntnild S0 D ED

Amplitude (real component)

4000

-20dB 140 00 © JAP g O QB 0 0pP e B0 ¢ 0 B, ONfe'e FURA Pt WP 0%, Wy, ¢

Amplitude

|
-30 dB 1 ".‘:

[ ]
-40 dB 5

-50 dB

50 100 150 200 250
Frequency

Alccelerated Tech



@ LU L LA AL |1I\‘m Il' i l ’Ml MLHH 1y

o | mww

ATS@\Z_Oﬂo_ ﬁ zé‘OI'ERREgTF%IAL

Accelerated Tech




?—

Orthogcnal "
EEJFrequency- 1
~Division  ~.
~_Multiplexing__

Accelerated Tech




2.0 ‘

1.5 1

1.0 1

5 ML - )
0 ‘ y ‘ | ”1 | 1 l‘l = .mnlunll T[] Ilrll\!lll]\llll' i\l!l m'”lﬁ“"l|Ilillilln: =

Ortho ona

u. —1.01 | ~ I ' ] '

-2.0

al component)

0 1000 2000 3000 4000
Time (samples)

0 dB 3

P
-10 dB { CENOENNENOO GUPD O NS VD OBIMMED GO OGO NIEING © © OGN E €0 N0 GO BNINOEND 00 D D

-20dB 140 00 © AP OWD QIS 0NN OaP ey B0 ¢ ¢ MY PNPe%S JURA Pt NN P00, Wn, &
-30 dB 5 oY

Amplitude

-40 dB 5

-50 dB

50 100 150 200 250
Frequency

Alccelerated Tech



{ Orthogonal;

Accelerated Tech



{ Orthogonal;

Accelerated Tech



{ Orthogonal;

Accelerated Tech



2.0 ‘
1.5 - ‘ ‘

mponent)

- "M mﬂﬁ | LI'“ | | “‘J\H ‘]\|‘J i i }H kHl | ‘1“1“)

req.u?nCY'D'.Y'S,'“C.)'?. Multlple>|<||’|1g

0 1000 2000 3000 4000

Time (samples)
0 dB 4 l
P
-10 dB { cnocngne® GUPO MO 0NINN0E0 GIDCBIGMWMED GO OGN NIEDNO ¢ © OGN ® 0 B0 GO COBIBOEND 60 oD D
(]
e
2 -200B 190 00 © WP g OWD QB 2¢O D009 ¢ 0 MW, %ot FURAPtGA NN P 0%, W, ' 4
o
£ |
< -30 dB 7 .%:
[ ]
-40 dB 1
-50 dB T T T T T
50 100 150 200 250
Frequency

Alccelerated Tech



l II 1T T T T T | II ‘
Orthogonal Frequency-D|V|S|on Multiplexing

1R fllw 1 ‘ll'll’FM‘ | T Il || i

50 100 150 200 250

Accelerated Tech



2.0

15
=
| [
g 0.5 ” ||I| ' L I II || I I | l l“l II
1 3,488,445
nited Statcs atent Office A
Patented Jan. 6, 1970
1 2
5 488,445 ix}depenggnt of the phase characteristic of the {ransmis-
sion medium
ORTHOGONAL SCENCY MULTIPLEX It is vet ar - < invent ~
DATA TRANSMISSION SYSTE over'ﬁl yde;t:nrztt};e;nog]?)c:ngf-lit::i?cegwtigg:rgigioa:hrf:;uax?l
R"b‘:‘t wicl‘;angt’ E_atoritown, N‘Jt" dassiﬁn:rr togfilll ,1;1,_‘; - _ approaching the theoretical maximum rate with physically
(3 WJe .
g&ne aboratozee Incorporatet wrray T » 5 realizable filters having smooth amplitude rolloffs an
v . No. 594,042 arbitrary phase characteristics. .
E H04b 1/6 It is a further object of this invention to so shape the
= us. 179— 10 Claims response functions of adjacent channels in 2 frequency
£ _ multiplex transmission system that the distance petween
e —— any two sets of receive signals 11 the signal space avail-
) able defined by vectors repr‘esenting all possible signals
ABSTRACT OF THE DISCLOSURE present at one time and which must be individually dis-
tinguishable is the same S if the signals in each channé
d media and inter-

Apparatus and method for frequency multiplexing of

a plurality of data signals simultancously ona plurality of 13 W : epe
- mutually orthogonal carrier waves such that overlapping, sy mbol interference Were ellmlglated
put band-limited, frequency Spectra are produced without signaling rate. The concept Of signal space 18

| intarforence A" more fulty bv T R Davev in hie naner

~anKIno interchann® and infprcvmhn
—

200

Frequency Y
250

Accelerated Tech



% : nlll |l|l\‘x I‘I‘Jh i}H kll| ‘1“1“)
P \O I IH!‘ VY 1l LN W H”H!‘ O il ,lH‘ | l

-2.0 . . | |
0 1000 2000 3000 ‘ ‘ ﬁoo

Time (samples)
_—— eeee

0 dB 3

P
-10 dB { CENOENNENGO GUPD O NS VD OBIMMED GO DGO NIEING © © OGN €0 N0 GO BNINOEND 00 D D

(]
e
2 -20dB 190 00 © JAPe oW QB 00 0nP e B0 ¢ 0 BYR, PNfete FURAPetgN NP 0%, Wy, ¢
o
E |
< 30484 .’,:
[ J
-40 dB A
-50 dB . | | | |
° 20 100 150 200 .
Frequency

Accelerated Tech



e A quick refresher on the frequency domain
e Using it to our advantage with OFDM

e How OFDM solves almost every problem
ever
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INSIGHT: Things that happen in
the real world happen mostly as
LTI (Linear Time-Independent)

transformations, which are a lot
easier to pick apart in frequency
space.
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e LO drift — using phase data from pilots to move your LO
e Doppler shift (“it’s like LO shift, but all the pilots move differently”)

e Hierarchical data — different modulations on different subchannels
for different signal strengths — can’t do that with a single bit stream
SERDES!

e OFDMA / multiple transmitters — if you synchronize everyone at
once, you can have multiple people talk on the same channel by
giving them each different subchannels
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e Cross-interleaving in time and frequency (logically
adjacent bits can and should go in different symbols
and different subchannels to mitigate burst errors)

e Convolutional codes on top (soft decode)

e Reed-Solomon / BCH / ... codes on top (get the
right answer)
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Analog and Digital TV (DVB-T) Signal
Generation

News
(Jun 13, 2005) First public release
What is it ?

This is not a hoax ! With a PC running Linux and a recent VGA card, you can emit a
real digital TV signal in the VHF band to your DVB-T set-top box.

DVB-T emitters are usually very expensive professional devices. Now with a standard
PC you can broadcast real DVB-T channels !

Copyright (c) 2005 Fabrice Bellard.

initial commit before | start reworking everything

Fabrice Bellard - https://bellard.org/ ©
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e NN OFDM Viewer

Current sample count: 1146860

[ FFT Config =~ Constellation View ]

Carrier:
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COMMUNICATIONS ON PURE AND APPLIED MATHEMATICS, VOL. X111, 001-14 (1960)

The Unreasonable Effectiveness of Mathematics

in the Natural Sciences

Richard Courant Lecture in Mathematical Sciences delivered at New York University,
May 11, 1959

EUGENE P. WIGNER

Princeton University
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Joshua Wise
June, 2025

Resources for this talk:

Web:

Work:

E-mail:

Fediverse: @joshua@social.emarhavil.com
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