1.c complex number representation:

Cartesian: Z =a+ jb coordinates in complex
plane: (a,b)
+j2 A >

Polar: 2 =2(C0S+ jsing)

0 | coordinates in complex

plane : (Z, g)

components:
1.a graphical representation of complex numbers Re=1zcos@ a Im= jZ sind@

P Re

0 +3

Exponential: L=1 e‘g

Euler formula:

> 3

2 =2j=(3+2)j=-2+]3 |
el =cos@+ jsin®

7, =-2+ )3, magnitude:

7777777777777777777 - 43 | | z=|z|=Va® +b’

phase (argument):

b
| O=tan*| —
v an g

P Re

1.b multiplying of complex number by +j operator



EMON@A
OFDM-DSP 6713

EQ vector
Visualiser vi % Ci\User...\EQ Visualiser\complex_z.txt

Drag 3D plot with cursor to rotate

z=10+ j10

EMONA

OFDM-DSP 6713
EQ vector
Visualiser vi

z=10-j10
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Derivation of Euler formula:
2,3 4 5 6

| . el r,r. . r
Taylor expansion of an exponential function: €° =1+27 + o1 + 3l + 2 + TR
. N2 A AN BRI
o L eio g, i U0 (i) (ie)  (i9) (i)
for Z we put: JH then: el =1+ j0+ o1 + 3 + 2l + = + 5 +
2 3 b 5 6
:1+j9_€__j0_+9_+j9__9_+

2! 31 41 5! 6!

1o, IO (CI0F (i0) (cio)  (ie)

similarly: TR 41 5! 6!
2 3 b 5 6
=1- j9_6_+ je_+0__ jg__g_+
2! 31 41 5! 6!
19 2nd io
by separating real and imaginary parts and combining: € and € we get
2 4 6 jo 10
Re(e’g):l—e— g8 ... = cosd
2! 41 o!
3 5 o ,-i0
. . . €
Im(ejg): o-j—+j——=——=sind
3! 5! 2]
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7 = pl2rft

\/

- -
-]

a. Complex number in exponential form b. Rotating phasor

Imaginary
axis (] ) 4
24-
Real axis
—90° 1y

Imag axis

i =l
Time a an

- 5
-1 ge
cos(2nf t)

c. Phasor rotation in time
Source: Lyons, R., Quadrature Signals: Complex, But Not Complicated

ABS S2

Re



EMONA

OFDM-DSP 6713
EQ vector
Visualiser v1

EMONA
OFDM-DSP 6713
EQ vector
Visualiser v1

% C:\Users\..\EQ Visualiser\positivef.tdt

Drag 3D plot with curser to rotate

% C:\User...\EQ Visualiser\negativef.bt

recvpattern.bet location

response to TP:BLACK

% Ci\Use...\EQ Visualiser\negativef.oc

o
oo Noos 0 @

DISPLAY RANGE SELECT (o A28 Fst 20 Lt 20 Negtie-postive

=

L

—_ ==

-~
I
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Real

Imaginary AN

axis ()

o2t
2

a. The sum of two oppositely rotating phasors
Source: Lyons, R., Quadrature Signals: Complex, But Not Complicated

Imag
parl. Real - ‘.'/
Part cos(2nft) = /
12nft -i2nft
cos(2nft) E= e — + &5
Time T
Imag o -
Part  Real sin(2aft)=
Fart onft j2nf t
-j2m 21
sin(2ft) & -
A Time

a. Sin and Cos in frequency domain
Source: Lyons, R., Quadrature Signals: Complex, But Not Complicated
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EMONA Y
OFDM-DSP 6713

EQ vector recvpattern.oxt location
Visualiser vi % CilUsers\. \EQ Visusliserpositiver.ot 5 C\Use. \£Q Visusliserinegetivef:oc

. response to TP:BLACK. 2
S ere— N rrra— O 0N err—

Drag 3D plot with cursor to rotate DISPLAY RANGE SELECT (@)

7 = ej87zft +e—j87rft

=
=
= O
oS
=
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sin27 f, t—Fj Locr+ )] So(f—1)
L2 T2 i
R RS
2/<y
f
Im
A

\/

Graphical proof of Euler formula
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I(t)-cos(2x f,t)

QAM
signal s(t)

Q(t)-sin(2r f,t)
a. Generation of QAM signal

Bns 10ns 12ns 14ns 16ns 18ns 20ns

b. sum of quadrature signals
Source: http://www.tek.com/blog/what's-your-
ig---about-quadrature-signals...

c. BPSK modulation
Source: http://www.tek.com/blog/what's-your-
ig---about-quadrature-signals...



) =+1AQ(t)=+1;0<t<T, = 0=45°
[(t)=-1AQ()=+1;0<t<T, = #=135°
It)=-1AQ(t)=-1;0<t<T, = 6=225°
It)=+1AQ(t)=-1;0<t<T, = 6=315°

a. Phases of QPSK signal

baseband
: signal
level conversion
. Sil(t)YRSlTS
1->+1 >
0—>-1
2
\/%cos(zmct)
+
input data 4QAM
dk,Rp, To serial to carrier signal s(t)
» parallel oscilator

NN

+

2 .
—\/%sm(Zn f.t)

level conversion
- 1->+1
0—>-1

baseband
signal
S|Q(t) I} RS) TS

b. 4QAM modulator
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. i . 1 2
Analytical form of M-QAM signal | Eavg = > E,E {Aﬁ }
S (t) =5 _jya(t)+s g (1) 1=1...M
2 <t< Bavg
py(t) = |[=—p(t)cos(2x f 1), 0<t<T, Pavg =
E, Ts

w,(t) =— ’—p(t)sm(Z;rf t), 0<t<T; Ay = [2Pas

, ,E
A | = > A coso;
[ fE .

S = (si 1)S; Q) i=1....M Phasor form of M-QAM signal

”Si || =, fsiz_l + SiZ_Q = \jE_I Magnitude of signal phasor
2 2 o
IJ \/‘ \/ Si_1 —Sj I) +(Si_Q_3j_Q) , L, ]=12,...,M

ABS S2

Average signal energy

Average signal power

Average signal amplitude

Distance between arbitrary pair of
phasors

11



yr1=1 yi=|

a) b) c)

a. Types of M-QAM constellations
b. analytical form of the M-QAM

signal for a square constellation i (_|_+1' |__1)
E E -L+1,L-3

5(t) =1 /E_OW1(t)+Qi ,E—Ol/fz(t) [1i.Qi]= ( : )

P P (-L+L,-L+1)

> ¥

(-L+3,L-1)
(-L+3,L-3)

(-L+3,—-L+1) -

(L-1,L-1)
(L-1L-3)

(L—L;L+Q

L=JM, M=4", n=123,...

1 ’ ’
|:| i ,Qi]: (_3’_]_) (—1,—1) (1’_1) (3’_1)
1 , :

d. constellation matrix of 16QAM

ABS S2

) 1 ’
, ) (1 1) (3 1) c. M-QAM constellation matrix
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I:)SDQAM ( f )

. 2
PSDQAM (f)= —(M —1) v 57
3 7t KT,
a. PSD of square M-QAM
T T 1 ’ ‘ 2
- f+— f4+5
fC fC TS f C S c + TS
baseband
signal
L level conversion | sin(® . Rs, T
\/%COS(ZIT f.t)
input data MQAM
d,Ro, To serial to carrier signal s(t)
—>

parallel oscilator

level conversion

baseband
signal

+

2 .
f\/%sm(br fot)

s'Q(t) ! RSvTS

b. MQAM modulator




N =128 A={ay,a,...,a, | ={TP[0], TP[],..., TP[127]}

1[ms] 1073
T =—=——=="—"—=7.8125[us] N-1 :
sample_actual N 128 s = izan exp{ j2|7\lz'kn}’ K=01.. N-1
n=0
1 1
f, = = =1[kHz]
1 1[ms] N-1 .
N.——————  128x——= 2kn
Tsample_actual 128 S = Zan eXp|: J N :|, k=01...,N-1

n=0

a. Basic parameters of TIMS IDFT

S | {In} 1t | (1)
TIMS OFDM-GUI N " DA = LPF i
generation of discrete
frequency components A IDFT PLs
N =128
LI [ e [ |
A={ay,8,..., 7 | Q) seeeeeeaeeany
— {TP[0], TP[1],..., TP[127]} 27 oA |90, P QO

b. Block diagram of TIMS IDFT



a.DCcomponent: 85 #0 A a,8,,...,857 =0 S, =8, k=01,...,N-1

b. The lowest frequency: ] \/so
a#0 A ay,8y,...,8,, =0 5 :alexp{—N }

IDFT: output signal —= discrete time signal

— Re{sy}

R c. IDFT fundamental frequency:

fy=1[kHz] & =1

phase angle

d. Phase of the output IDFT signal

L L L
20 40 80 80 100 120

ABS S2 15



3558

W ! I ,
e | | DC
2558 | I 5.0
| |
1.558 | I 0
' | | _."(t}
| |
0.558 | | a0
_ | I
0402 | | 20
|
| I
=1.402 1.0
| I
| I
2402 0.0
| I
-3.402 | I -1.0
} Q)
=4 403 | I 2.0
5.0 | I
| | -3.0
| I
l l 40
-25 20 -15 -1.0 05 0.0 0 1.0 15 20 25
ms Pico Technology www picotech.com

The lowest frequency : f = 1 kHz

ABS S2
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IDFT: output signal -» discrete time signal

b. IDFT the highest frequency: f__ =64 [kHz] 85

a. The lowest frequency in complex plane

ABS S2

an; =0 the rest of coordinates = 0
S, = a2 exp[ jzk], k=01...,N-1
Sk:i aN/2, k=0,1,...,N—1
Sip6 » €ven indexes f ~ 1 ~ 1 e [kHZ]

max — - -

2'1"sample_actual 2% M

128
“ phase angle
— Refsd gl
. Imise
1 c. Phase of the output IDFT signal

17



e [ I
oC I I .
2588 | I s0
I I
1598 | | 40
I I f(t}
058 | | 30
— I |
048 I I 20
I |
1.402 | I 10
' I | )
I |
2402 1 t 0o
I |
-3402 I |
I |
- | N
I | Q(f} .
50 | |
I | 30
I |
— 40
<1003 5054 60,04 4084 <08 0535 1976 3816 5318 TA6 99,16
e Pica Tachnology www prcobech. com

the highest frequency : f .= 64 kHz

ABS S2
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a. Positive frequencies:

le a,#0Aa,>0

a #0,ie(LN/2) szﬁ-zfs, k=12,..,N/2

4
the rest of coordinates =0 f, = 8 x 2x64[kHz] =4 [kHz]

. j / S
IDFT: output signal —= discrete time signal 2

— Refa} 1 0 1
w — Imis}

c. Positive frequency :

phase angle

\/

f, =4 [kHz] g, =1
b. Positive frequencies in complex plane

d. Phase of the output IDFT signal

ABS S2 19
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-

I I
i) -
30 | ' 50
i
20 I I 40
’ i I(f)
i)
10 | | 30
O
00 l l 20
RYA
i :
-20 00
|
30 I I (] (t) a0
it
40 I I 20
i)
50 - 30
I
-40
-2428 -1.528 -1428 0828 -01428 l 0072 0sn2 1072 1572 2072 2572
ms Pico Technology www .picotech com

Positive frequency : f = 4 kHz
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IDFT: output signal —» discrete time signal

— Re{s.}
o Imisy}
b. Negative frequency: fi24 =—4[kHz] @, =1
phase angle
7']3::1

c. Phase of the output IDFT signal

ABS S2

S3
a. Negative frequencies: a; =0, i € (N /2,N —1>

frekvencie: —(fnax —fu) — =1,

let: 3494 #0 A 354 >0 the rest of coordinates = 0

21



8<5

30

20

1.0

0.0

=20

=30

-4.0

-50

-2428

l
|
|
I
|
l
|

|

-1.928 -1.423 0,928 0428

0072

I(®)

30

20

0.0

Q(f) 10

2.0

4.0
0.572 1.072 1572 2072 2572

Pico Technology www picotech com

Negative frequency : f = - 4 kHz

ABS S2

22



R'CC

03

0.8

11

5

0.3

02

0.1

ool
-l:Hz

1.0

0

30 40 50 50
Pico Technology www picolech.com

Negative frequency: f = - 4 kHz

ABS S2

o

80

20

[= L)
Ty =

=}
7]

=]
ir=1}

(=1
T

=
P
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dy al anyo [an-2)2 an-1

l l increasing frequency l l decreasing frequency l
DC fy > —(fs— 1) > -,

fS
\ ) \ )
Y Y
positive frequencies \ negative frequencies
Im m Im

A

A @_

a. IDFT output summary

ABS S2

Re

Re

24



Sl_k:alexp{jzlj\zl—k}, k-01...,N-1

sz_kzalexp{jW}, k-01,...,N-1
. 2rk .27 k(N -1)
Si k TS k = EXp JT +a, exp JT

27
N

{.an} { k}
= a, exp jT +a exp| —j—

=ay[cos2zk + jsin27k]+a,[cos 27k — jsin 27 k]

=2acos2zk, k-0,1,...,N-1

a. The sum of two signals: one has
positive frequency and the other one has
negative frequency

IDFT: output signal —= discrete ime signal
5

/\ /\ /\ -
. L L . . . Kk Im{sy}
40 80 20 100

20 12

ABS S2
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40

I 1
Lo ;
10 [ 50
[
[
20 40
[
1.0 20
A
an |- | 20
ol
Iyl
=10 1.0
(RN
(I 10
20 oo ol v
DC
(.
an (. ;o 08
[
-40 | l 20 0g
I | f .
[
50 Fel e
[
24 1928 1428 0928 -ELLIES l anm 0572 10m 1572 2072 ?EE‘EU 0B
ms [Fico Technology wwhw picotech.com
05
0.4
03
_ Alj8rft —j8xft
Z=¢ +€e 02
01
n_n“ .
0o 1.0

f

kHz

-4 kHz +f=4kHz

ABS S2

20

30

40 50 60
Pico Technology www.picotech.com
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O
oo

alEm—l) alEm) algmu)

direct path |
=} [ \’T‘

ﬂ reflected path

T integration interval for
demodulation of direct path

a. time-dispersive channel

Source: Dahlman et. al, 3G Evolution HSPA and LTE for Mobile Broadband

copy and insert

&
— —
a | ] ]
— &
.qua » CP insertion >
n
|
= |
an, -1
TS Ts +TCP
(N samples) (N + Ncp samples)
Tep T
[ direct path
O p

reflected path

integration interval for
demodulation of direct path

b. Cyclic prefix insertion
Source: Dahlman et. al, 3G Evolution HSPA and LTE for Mobile Broadband
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PN

generator —
2 Ci) A ©
LPF >
OFDM modulator l

X + CP insertion

time-invariant s 9 Ci)
CLK 4 path channel g} > ﬁ '@' >

a. Block diagram

Sampling time:  Tsample_actual = 7-8125[ 1]

—6
clock signal period for PN generator: TCLK_PN =2 ’Tsample_actual =2x7.8125x10"" =15.625[ us]
the duration of the bit at the output of the PN generator: TCLK_PN :Tb_PN =15.625[ 5]
1 1

— 64[kb /5]

ross data rate at the output of the PN generator: Rb PN — = _
9 g J - T, ey 15.625x10°

minimum spacing of subcarriers: Af = f, =1[kHz]

1
duration of OFDM symbol without CP:  Tg = E =1[ms]

duration of OFDM symbol with CP:  Tg cp =1.25-T; =1.25[ms]

number of subcarriers:N, = 20 modulation: 4QAM

ABS S2 28



the active part of the frame lasts : ~ Tpurst = 40T, py =40x15.625[ 5] = 625.0[ 1s5]
frame time: Ty =80-T, py =80x15.625[1s] =1250[ 5]

k 2
the average bit rate transmitted over the i-th subcarrier: Rb_cp_i_net = Ts_CP = 1 254103 =1.6[kb/s]
the total bit rate transmitted during 1 OFDM symbol:
Rb_CP_net =N, - Rb_CP_i_net =20x1.6[kb/s]=32[kb/s]
k 2
total bit rate without CP: Ro net =N Ry i net =Ng-—=20x——==40[kb/s]
- —'- T, 10
R 40[kb /s
b_ net _ [ ] _1.25
Rb_CP_net 32[kb/5]
A2
b. PAPR approximate value: PAPR. cured = %ak
Aavg
3N, (VM 1]

the exact value of the maximum PAPR for the square M-QAM:

PAPRmax(QAM —-OFDM) — W 1



1262

1124

9.862

8484

A

;=80 [b] = 1250 [us]

Towse =40 [b] = 625 [us] Tspace = 40 [b] = 625 [1s]

T e Gy

435

2973

1595

0217
— —h

]

-0.533

Ty py=15.625 [us]
F_

-0.402 <0272 -0.141 001 0.12 025 0.381 0511 0642
Pico Technology www picotech com

data frame
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v

30

&0

0.0

-2.0

-3.0

-4.0

-5.0

-5.126

-4.126

|
|
|
BPRL
|
|

Ter |
> .'I
IT?+TEP:

| |

| |

| |

| |

| |

| |

l l

2126

22126 1126 0126
Pico Technology www picotech com

IDFT output for TESTPATTERN[1] =100 + ;0

f= 1kHz
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0.874

1)

1874

2874

3874

4874
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g<s

| | :}’ 30
| | L L—00 40

I
| 40 30

v I 1) 2

DC

200 | 80 20
I

16.0 I 120 10
I I

120 I 160 00
| 4 i

80 | 20 | 200 10
B I

40 -20

00 <30
| |
I Ty I
40 |< ’| 40
I I
-80 l 1 50
-1.246 -0.9%6 -0.746 -049%6 -0.246 0.004 0.254 0504 0754 1.004 1254

ms Pico Technology www.picotech.com
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8<z

20

1.0

00

-1.0

-20

-30

-40

-50

I I o
I | i | oC DC

142 l 00 40
l I
| I(r) 2 |
I | 40 30

Vv

m |

200 : | 80 20
I I

160 | | 120 10
I 1) 3

120 | -160 00
l I

80 | | 200 -10
j& I

40 -20

00 -30
I I

40 | | 40
I I

80 1 50

-24% 1996 -14%  09%6  -04% 0.004 0.504 1.004 1.504 2004 2504

ms Pico Technology www.picotech com

OFDM signal in baseband
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150

15.0
dBv dBv
oC oC
45 45
60 60
<165 -165
270
375
-480
585
630
-795 735
-80.0 -90.0
00 100 200 300 400 500 60.0 700 800 0.0 1000
kHz Pico Technology www.picotech.com

OFDM baseband spektrum
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5.0

ENENNEINSERINEREN

<
o

o
O

40
30
20
10
0.0
-10
20

-30

40
-9.982 -7.982

-5.982

PAPR

/ 3

i ) tIJI
W Tl

-3.982 -1.962 0.018 2018 4018 6.018

Pico Technology www.picotech.com

output OFDM signal in baseband
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8018

o
L ]

o

200

10.02

35



baseband OFDM signal I(t)

) SN B {1} ? ?
PN — =] ———| DI/A
enerator input _ —
¢ serial % & 5 £ 2 cos(2r )
S |2 L= = ot
©w |5 n = +
X 2 : 4 o] carrier \
< H = ) = i
= i o) H [ generation
é 3 a Bl i |8 @>—
CLK Ay I 5 I}:I ‘
e i R ] T
Tclock signal 0 '=|'> i § —\/Tzsin(zﬂct)
: s
: Sn-1 {Qn}
o=t = [ o] i é =
baseband OFDM signal Q(t) é
RX RF OFDM signal r(t) ?TX RF OFDM signal s(t)

% channel

- h — 4 -
—>®—>| LPF |—>| AD |—> — = ZD_’
2 1 ) él —
= cos(2r f,t) i I} = |h [
oo o s ]
o ol
local carrier| 2 - : 2
generation g iy 5 3
) H =
%] [ A H I
L4 S E): % aNc’l =
z | d
2 ||
s =
—\/Tzsin(h fot) g i
s {Qn} e i unused
N-1 i
| LPF AD |—> —> Vi =
output serial data {&k} z
ERROR PN gen. @
COUNTING reference
UTILITIES data FREQ. COUNTER
X —
L A TTL TTL ENABLE
—| B A®B CLK RES
[
clock signal [ CLK :
T »| CLK GATE

~—@ OFDM modem




8<s

20

10

00 -12

-10

20 -

-30

40

50

e B<

<2456

-18%

-14%

-09%

04% 000 050« 1004 1504
Pico Technology www pecotech com

output OFDM signal in bandpass
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2004 2504

37



200

FY ' ! o
oc | | 0C
80 | | 3.0
I I
- | |
W vl ~to i
-16.0 | | 3_
I I
-280 I l 140
-400 250
520 350
640 470
I
760 | ! 53.0
N I I o
I I
830 | | £30
I I
-100.0 -80.0
00 200 400 60.0 200 1 100.0 1 1200 1400 160,0 1800 2000
kHz Pico Technology www.picotech com

Bandpass OFDM spektrum

ABS S2
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160 <0
v
6C ©OC
120 00 ——r

= 1 transmitted data "

40 30 ] 120
00 -12.0m—d [—| “ L : 80
10 received data

80 -200 L 00

8 R<

-120 <0
-160 -8.0
200 -120
-160
-0499 -0.3%9 -0.299 0199 -0.099 0.001 0.101 0201 0.301 0.401 0501
ms Pico Technology www picotech com

transmitted and received data without EQ
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N.+1 20+1

a. OFDM signal bandwidth: Whull—to—nuit = T 03 21[kHz]
S
b. condition of undistorted transmission: Y (f)=K X (f)e /%" = H(f) = % —Ke 127t _ ‘H(f)‘e—jé’(f)
[H() o(f)
T
0 f 0 f
channel equaliser
1
c. equalization strategy: — H.(f) > H,(f)= O >
C
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50

v \'}
oC DC
12 40
08 30
2
04 20
00 10
3
04 00
0.8 10
<12 20
-16 -30
20 40
50
-2504 -2004 -1504 ~1.004 0504 -0.004 0436 0.9% 14% 1.9 24%
ms Pico Technology www.picotech.com

pilot signals in the time domain

ABS S2
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830

-1000

kHz

20

Q00

&0 800 1000 1200 1200 1600
Pico Techrology www picctech com

pilot signals in the frequency domain
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. D
EMONA
OFOM-DSP 6713 ] & v
e s
Visualiser vi T 059 w Gl codesmtpomem
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| pilot signals

channel response
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OFDM-DSP 6713
EQ vector
Visualiser v1

Y’.. >

56566 «0

channel transfer function (only for pilot signals)

ABS S2
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OFDM-DSP 6713
EQ vector
Visualiser v1 A\ D5P w GUI code\testpattemntat

LTSS COUS e

{30 ¢ correm—

Drag 30 plot with cursor to rotate
o0e-" i : pilot signals
)\ 8 : Ppeer
1.1 1 1 A ]
N 4 ol | A
Sk DA L A Mg £/
v T T ! YT
T2 AT i 3
i
/ W | | A \ 1 \J- .
channel transfer function calculated correction

(for complete OFDM signal)
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40
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40

49

120

200

transmitted and received data with EQ

ABS S2

a0
v
v
o o
00 1]
<49 "wo
1 transmitted data
w"m.- _ﬂ.ll.—]U“-Juu- 3
u. | e ‘ i 1
10 received data
]l m.- ._"JL- ,“_M.ﬂllr )
B A — J - 134
<2
40
20
%0
T ) 28 Q00 oW L00 o omw o o o
EX) Preo Techealogy www gecotech com
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baseband OFDM signal I(t)

] H —— S {1}
" [y e Sy R e
generator input | _ _
serial % o X g Ecos(2;rf t)‘
e | § = ) S .
d = =
X ©s 2 : i 3 carrier
(% g ; © ! [ generation
g ! N H @
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