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Course Overview

* Tentative Schedule

o# _Topic | lab | Assignment

" Introduction
E Review: Python Basics, Signal & Systems #1, 2 #1
E Digital Signals and Sampling #3
Analog & Digital Modulation #2
E Software-Defined Radio Env. Setup #3
m : S : #4
m Wireless Communication Experiments

o - #5
UKl (Spectrum Monitoring, Communication) s
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Complex Numbers

A number that describes two number!

REMI LAB

z=x+iy =re'

lmaginary
axis

Z2=x+1y

Real
axls
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Complex Numbers

A number that describes two number!

z=x+iy=-

» Addition & Subtraction => Cartesian form
» Multiplication & Division => Polar form (phasor)

|1

|22

Absolute Value
(Modulus)

|z122| = |21]|22) 2

z2

Argument  arg(z1z2) = argz; + argze arg(z1/z;) = argz; — arg 2s
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Complex Numbers

 Prove following De Moivre's Formula

(cos@ +isinf)" = cosnf +isinb

el? = cosO® +isind

el +1=0

_ A St
REMI LAB 5 gm S EICH ot



Complex Numbers
» Euler's Identity : Derivative Equation. (O] & 2t 4l)
e +1=0

. d
. Con&deraet = et

(5x)  (®IX)

« Multiplication of i => Rotation
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Complex Numbers

 Euler's Identity : Taylor Series

+1=0

oo n 2 3
T T T
e’ = S =ltzt+ o+t
- 1:}“ J:'TE.-I--]. .'I-'3 IEI
sln:r:—zﬂ 2n +1)! :m_i_i_ﬁ_m for all =
= (1), 2 o
ccrsat:nz_ﬂ (271,}!3: zl—g-l—ﬁ—vr for all =
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Complex Numbers

 Euler's |dentity : Taylor Series in Complex Plane

6 =3.1416
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Complex Numbers

A sinusoidal signal
« Amplitude [voltage]
* Phase [degree, radian]
* Frequency [HZz]

1 ~
- T cos(k)

o \\
AN N

I I
2n-3n/2 - -n/2 0 7w/2 Tw 3n/2 2n
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Complex Numbers

* Think about the orthogonality

J sin(kx) - cos(nx)dx =0

yA

o; - T cos(k)
VRIAA
AN N

I I
2n -3n/2 - -n/2 0 7w/2 w 3n/2 27
-360° -270° -180° -90° 90° 180° 270° 360°
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Complex Numbers

» Euler's Identity
« Orthogonality of sinusoidal & complex number.

yit)

Y

time(s)

t = 0.00s

w = 2nf

e/®t = cos wt + j sin wt

time(s)
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Complex Numbers

» Euler's Identity
 Is complex exponential also orthogonal?

e/¥t = cos wt + j sin wt

j elwit . gjw2t iy = ()?
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Complex Numbers

* The phase ambiguity
* y = sin(wt)

Unwrapped Phase for e/2™/8

8
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Complex Numbers

 Why phase is important?
« GPS L1 Carrier Frequency : 1575.42 MHz (1 = 19¢cm)
« GPS L1C/A Code Rate: 1.023MHz (1 = 293m)
« The light of speed, wavelength, and time

Real-Time-Kinematic

Pesivional Accuracy +/- 2ecmor 5o
I 19 cm *» Same Satellite Constellation » Carrier Phase * Radio Link
(Base Station « Rover'or Rovers) (Track 5 Savelittes Mimimum) 2) More information
A &
/O i :
Carrier ! 1402 e %

Code

— 293m
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Complex Numbers

» Roots of Complex number
— In shortly,

/7= w(cos

+ 2 s1n
n

0+ 2kr . 9—|—2k7r)
— Andincaseofz=r=1,(argz = 0)
o1 2k o 2km

= COS —— + 28In ——
n n

REMI LAB 15 gmg S EICH ot



Review: Signhals and Systems

« Signal
» Physical quantity
 Time domain function

2.5 //_\
2.0
Ny

1.0

0.5

2.5

x[n], discrete

2.0 o2 o

<

1.5 &

1.0 é$ $¢
>
: OO0 0R

0 1 2 3 4 5 6
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Review: Signhals and Systems

* What are Signals?
— Demo: Python Audio Waveform and its Frequency

Audio Waveform

4000 A

3000 ~

2000 ~

1000 A

volume
o

—1000 A

M
I

~3000 u U

_4000 T T T T T T
0 200 400 600 800 1000
samples
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Review: Signhals and Systems

« Signals can be in higher dimension
« Image : 3D data (x,y,value)
* Video : 4D data (x,y,t,value)

011 10 0 0 0 0O 9 ¢ 0 6 215 0 0110 0 0 0 0 9 % 0 0 0
0 0 0 4 60157236255255177 95 61 32 0 0 29
0 10 16119 238 255 244 245 243 250 249255222103 10 O
0 14170 255 255 244 254 255 2563 245 255 249 253 251124 1
2 98255228 255251 254 211 141116 122 215 251 238 255 49

132172432551565 33226 52 2 0 10 13232255255 36

16229252254 49 12 0 O 7 7 0 70237252235 62
6141245255212 25 11 9 3 0115236243255137 O
0 B87252250248215 60 O 1121252255248144
0 13113255 255245 255 182 181 248 252 242 208 36
1 0 5117251255241 255247255241162 17 O
0 0 0 4 58251255246254253255120 11 O
0 0 4 97255255255 248 252 255 244 255 182 10
0 22206252 246 251 241 100 24113 255 245 255 194
0111255242255158 24 0 0 6 39255232230 56
0218251250137 7 11 @ 0O 0 2 62255250125
0173255255101 9 20 O 13 3 13182251245 61
0107251241 255230 98 55 19118217 248253 255 52
0 18146 250 255 247 255 255 255 249 255 240 255129 0
0 0 231132152505 250 2458255 205245248118 14 12
0 0 6 1 0 52153233256252147 37 0 0 4 1
6 05 5 00 O0CO0C O0C1 1 06 6 0 0

—
w
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https://mozanunal.com/2019/11/img2sh/
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Review: Signhals and Systems

* What is a System? . .
« A mapping, a function to a function. H_lp . l—P system —}0}1 Pul
« What is system for below example? SE signa

y =sin(x)

2.5 1

2.0 1

> 1.5

1.0 1

0.5 1

2.5 1

2.0 1

> 1.5 4

1.0 1

am System | | | | | ,
Output 1 2 3 . 4 5 6
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Review: Signhals and Systems

 Linear, Time-invariant System
« Time-invariant: system does not change by time.
» x[t] > y[e] & O,

x[t—t]->ylt—1

]
ylt] Time-

x[t] —

e x[t—to]

y[t — to] = w[t] for Time-invariant System

S A St
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Review: Signhals and Systems

e Convolution

* A significant operation for LTI systems.
* Note that the function is time-invariant

x#h(t) = /_ O;x(’c)h(t _ 1)t

1.0 1
f(T)
T g5 LIS fo(to — 7)
= (T (6 — 1)
0.0 - :
=4 =2 0] 2 4
- — (A*H)D
o 0.2 1
*
¥
00 R T T ® T T T
—4 -2 0 2 4
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Review: Signhals and Systems

 Linear, Time-invariant System

signal x(t) < Weighted Impulses If system is LTI
- the order can be changed

x(t) = f_ x(1) 8(t — 7)dv

'}

oo

Y (1) = / X(r)H (5. (1)) dr.

Apply the system to the input An LTI system is represented by

conv(input, Impulse Resp.)
y(t) = H(x(t))

— H (/OO X(T)(s,r(t)dfr) y=xxh.

— 00

: nt 2= (@]}
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Review: Signhals and Systems

 Linear, Time-invariant System
« High energy photon detectors
« Output is superposition of impulse responses

R Input: Photons N Output: Light

_ A St
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Review: Signhals and Systems

» M=o utol it
 Signal: a vector (or a matrix)(Vector: a matrix with single column/row)
» System: a function of signal > maybe.. calculation of a matrix?

« Example) y[n] = x[n] — x[n — 1]

Output Signal Input Signal
N x 1 N x1
y[0] = x[0] [ Yﬂ i 17 xﬂ
y[1] = x[1] — x[0 yl1 x[1
y[2] = x[2] — x[1 » ylz] |_ ° x[2]
y[3] = x[3] — x[2 :V.[f”] x.[?]
y[n—1]. x[n — 1]
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Review: Signhals and Systems

 Linear, Time-invariant System
 Linearity: scalar product, additivity (= vector)
* x[n] - y[n] & M,

x[n] = axi[n] + Bxz[n] = yin] = ay,[n] + Byz[n]

-20 -18 -16 -14 -12 =10 -8 -6 -4 =T
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Legendre polynomials

Review: Signhals and Systems

« Concept of a Signal Space
* A Vector represented by some linear combination of basis.
« A signal can be represented by some orthogonal signals (Kernels).
= Key idea of “transformation”
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Review: Signhals and Systems

« Sampling of a Continuous Signal

 How is it possible?

x(t)

———

2.5 1
2.0
1.5~
1.0 A
0.5~
0 1 2 3 4

5

6

OPYP o

HTTT%
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Review: Signhals and Systems

« Sampling of a Continuous Signal
« Sampling = Signal * Impulse Train

REMI LAB

Analog Input Frequency < Nyquist

){ ! : PR—
i1 '
5 ADC capture
1 y . /
T ! 1
ﬁt T I ';I[
J CRARREASRERS

28
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Review: Signhals and Systems

« Sampling of a Continuous Signal
« Consider an Impulse Train (IT)

S(jQ)
2

N A

20, —Q, 0 Q, 20, 30, 0O
(b)

* Fourier Transform of IT is another IT. (T = 2r/T)

z(t) = Z 6(t — kT) ﬁ Flz(t)] = Qo i 5(Q — kQo)
k=—00 k=—o0
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Review: Signhals and Systems

« Sampling of a Continuous Signal
* Recall that IT in Time domain == IT in Freq. Domain

pAr) P(Q)
LT T .,
0 T 21 37T 4T 5T 61 =20, -0 0 02 20
X,(jQ)
/{\Um
-29 —Q =0 QN
I Qy Q Q- QN)
(a) (©)
S(jQ)
2
001, =1, 0 Q, 20), 30, O
(b)
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Review: Signhals and Systems

« Sampling of a Continuous Signal

» Nyquist Criteria: F;, < F¢/2

4 T
! 1 . . | h l ; T ADC capture
'
i, ‘
T + L 11 1‘ 1 | *
ﬂ Jr ADC output Spectrum
i ke,
W'\/U\_/\/'—’\,‘_/\M

REMI LAB

Fso/8 Fso/4 3 x Fso/8 Fso/2

U L Fsu =Y x Fso

ime © SO Ot
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Review: Signhals and Systems

« Sampling of a Continuous Signal
» Problem of a Sampling: Aliasing

Assume x (t) band limited sothat  x (F)

X(f)=0,for|f|>B /R

-B B F

* If x_ (t)is sampled with
F,>2B X(F) No Aliasing

1/,
° o ./\ /\ e oo
—F, B i 3 —
* Ifx_(t) is sampled with _
F, <2B X(F) Aliased parts of spectrum
1/T,
oo o M_/W PP
-F, _F,/2 F/2 F | F

_ A St
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Review: Signals and Systems

e Fourier Series & Transform

REMI

« Understanding Sampling & Transform together

amplitude

Fourier transform of a function s(t) (which is not shown)

Transform of the periodic summation of s(t)
aka “Fourier series coefficients”

S(f)

s 22 s(p)

amplitude

Stk)

1/P

-+

0

0

amplitude

LAB

Transform of periodically sampled s(t)
aka “Discrete-time Fourier transform”

Transform of both periodic sampling and periodic summation

aka “Discrete Fourier transform”

Sin()

0
frequency

amplitude

Sy (1)

FF

T
|

0
frequency

33
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Fourier Analysis of Discrete-Time Systems

e Discrete Time Fourier Transform

« Two systems applied in cascade way.
* The continuous Fourier Transform
* The sampling process

1.0 |

Continuous

Signal 0.5

0

Sampled
Signal 0.5 I[ ‘
0

REMI LAB

Signal

X ()

Frequency Spectrum

X.(F)

34
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Fourier Analysis of Discrete-Time Systems
 Discrete Time Fourier Transform

X(Q) = 2 x(n)e_j%n

n=0

« We have two indexes, nh and k
* N : discrete time index
« K: discrete frequency index
* Note that N is the number of samples of x(n)

» The transform can be performed by multiplication of a matrix!

_ A St
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Fourier Analysis of Discrete-Time Systems

e Discrete Fourier Transform
A visual explanation

Frequency
Domain
X(Qx)
Nx1

REMI LAB

q

N-1

X(Qp) = z x(n)e_j%n

€
xapul ajdwes yim saob awi |
o

Phase changes over time >
XYY YYYIY:
" @RQOO0O0® | [[ xa
@000 PO x[1]
@00 QOGP Al
GO GOGO GO HEl
5@@@@@@@@ x[n — 1]/
@O OGO OD
@OODOD D Q- Time-
"FRI0| S HE sz[:ﬁin
Comple);lix'?lonentlal N
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Fourier Analysis of Discrete-Time Systems

 Discrete Fourier Transform
« The negative frequency
« The symmetry of DFT of real signal

REMI LAB

re

N-1
21tk

X(Q) = Z x(n)e /7 N"

n=0

OO0 866G
QRO DO0D
0000 DO O
-0 QOO
QOO
@D PO QBD
©00 000 )

- QOO0 D Q-
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Fourier Analysis of Discrete-Time Systems

 Discrete Fourier Transform
« Why DFT result of complex signal is not symmetrical?

¥it)

t = 0.00s

e/®t = cos wt + j sin wt

time(s)

S % 2 LI OF
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Fourier Analysis of Discrete-Time Systems

* Properties of DFT

Property Time Domain Frequency Domain
Linearity aixi(n)+axxz(n) a1 X;1(Q)+axX>(Q)
Translation x(n—ng) e X (Q)

Modulation e/ x(n) X(Q—Q)

Conjugation x*(n) X*(—Q)

Time Reversal x(—n) X(-Q)

Upsampling (T M)x(n) X(MQ)

Downsampling (} M)x(n) LyM x (&2m)
Convolution x1 *x2(n) X1(Q)X>2(Q)
Multiplication x1(n)x2(n) A~ [ X1(8)X2(Q—0)d6
Freq.-Domain Diff.  nx(n) X (Q)

Differencing x(n) —x(n—1) (1-e72)X(Q)
Accumulation Yo x(k) % X(Q) +1X(0) K., 5(Q —2k)

_ A St
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Fourier Analysis of Discrete-Time Systems

* Properties of DFT

Property

Periodicity X (Q) =X (Q + 27t)

Parseval’'s Relation = x| = = o 1X(Q )2 dQ
Even Symmetry xis even & X is even

Odd Symmetry xis odd & X is odd

Real / Conjugate Symmetry xis real & X is conjugate symmetric

_ A St
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Fourier Analysis of Discrete-Time Systems

N-1
2Tk
» Fast Fourier Transform X(Q) = Z x(m)e” N
« The symmetry of DFT Matrix n=0
e Odd vs. Even Decomposition
1 signal of = 7 = 0 1 2 3 4 5 6 7
: 01234567 89 10111213 14 15
16 poits n 000006000
2 signals of — 11_‘* SR NE 1@@@@@@@@
Spomts 2 4 — 12 14 1 J f“, 11 1 15 2@@@@@@@@
[/ \ \
4 signals of ! A : ¢ i Q00O
4 points 0 48 12(|2 6 10 14||1 5 9 13|(3 7 11 15 4@@9@@@@@
/\ / "-,' ,‘r- \ f' A\
>ogmabsol 7o 3* b‘41* *10# anlE 9' ii 13][3 11Ii i? 15 0080800
2 points Al .
S AN AN AN AN AN AN AR _ g g% gg g% g _
signals o . -
tpoe  [A[][#] B2 [s] el n] o] [s] P (3] ] [7 ] e
FIGURE 12-2
The FFT decomposition. An N point signal is decomposed into NV signals each containing a single point.
Each stage uses an interlace decomposition, separating the even and odd numbered samples.
: me Z= Shil
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Fourier Analysis of Discrete-Time Systems

N-—1
. _ .ann
e Fast Fourier Transform X(Q) = E x(n)e N
* The symmetry of DFT Matrix n=0

e 0(n?)vs.O0(nlogn)

Odd- Four Point Even- Four Point
Frequency Spectrum Frequency Spectrum

11T - 00000006
FIGURE 12-5 TYYY @QQ0ODO0®

FFT synthesis flow di . This show: . . g
the method of mb”““‘l; piif;‘g ANANRN g< - -f; P @O0 0O G
equency spectra into a single 1n 4 i
freguenci‘ sgectgmn, The xS operpa}?ion ‘xQ B<>\;/( L~ 3@ @ @ @ @ @ @ @
i e et g NN QOO0 0000
Y

frequency. Y

FHFHHHYH | 00000800
| [ |‘e®00@000
Eight Point Frequency Spectrum -7®®®®@@®®-

: nt 2= (@]}
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Fourier Analysis of Discrete-Time Systems

 Fast Fourier Transform (FFT)
« Using the symmetry of odd and even function
« The computational complexity, problem solving sKill

Algorithms

— “
g e

4 - B "
y

The Fast Fourier Transform (FFT): Most Ingenious Algorithm Ever?

0 @ Sm19) B Eamew) @) &

_ A St
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Thank you

Department of Radio & Information Communications Engineering
CHUNGNAM NATIONAL UNIVERSITY

REMi LAB {ms S EHTHOHT



	슬라이드 1: Wireless Embedded Systems
	슬라이드 2: Course Overview
	슬라이드 3: Complex Numbers
	슬라이드 4: Complex Numbers
	슬라이드 5: Complex Numbers
	슬라이드 6: Complex Numbers
	슬라이드 7: Complex Numbers
	슬라이드 8: Complex Numbers
	슬라이드 9: Complex Numbers
	슬라이드 10: Complex Numbers
	슬라이드 11: Complex Numbers
	슬라이드 12: Complex Numbers
	슬라이드 13: Complex Numbers
	슬라이드 14: Complex Numbers
	슬라이드 15: Complex Numbers
	슬라이드 16: Review: Signals and Systems
	슬라이드 17: Review: Signals and Systems
	슬라이드 18: Review: Signals and Systems
	슬라이드 19: Review: Signals and Systems
	슬라이드 20: Review: Signals and Systems
	슬라이드 21: Review: Signals and Systems
	슬라이드 22: Review: Signals and Systems
	슬라이드 23: Review: Signals and Systems
	슬라이드 24: Review: Signals and Systems
	슬라이드 25: Review: Signals and Systems
	슬라이드 26: Review: Signals and Systems
	슬라이드 27: Review: Signals and Systems
	슬라이드 28: Review: Signals and Systems
	슬라이드 29: Review: Signals and Systems
	슬라이드 30: Review: Signals and Systems
	슬라이드 31: Review: Signals and Systems
	슬라이드 32: Review: Signals and Systems
	슬라이드 33: Review: Signals and Systems
	슬라이드 34: Fourier Analysis of Discrete-Time Systems
	슬라이드 35: Fourier Analysis of Discrete-Time Systems
	슬라이드 36: Fourier Analysis of Discrete-Time Systems
	슬라이드 37: Fourier Analysis of Discrete-Time Systems
	슬라이드 38: Fourier Analysis of Discrete-Time Systems
	슬라이드 39: Fourier Analysis of Discrete-Time Systems
	슬라이드 40: Fourier Analysis of Discrete-Time Systems
	슬라이드 41: Fourier Analysis of Discrete-Time Systems
	슬라이드 42: Fourier Analysis of Discrete-Time Systems
	슬라이드 43: Fourier Analysis of Discrete-Time Systems
	슬라이드 44: Thank you


  z = x + i y = r  e  i 𝜃


  z = x + i y = r  e  i 𝜃


     (  cos ⁡ 𝜃 + i  sin ⁡ 𝜃 ) n =  cos ⁡  n 𝜃 + i  sin ⁡ 𝜃  


   e  i 𝜃 =  cos ⁡ 𝜃 + i  sin ⁡ 𝜃  


   e  i 𝜃 + 1 = 0


   e  i 𝜃 + 1 = 0


     d  d t e t =  e t


   e  i 𝜃 + 1 = 0


   ∫   sin ⁡   ( k x ) ⋅  cos ⁡   ( n x ) d x = 0


   e  j 𝜔 t =  cos ⁡  𝜔 t + j  sin ⁡  𝜔 t  


  𝜔 = 2 𝜋 f  


   e  j 𝜔 t =  cos ⁡  𝜔 t + j  sin ⁡  𝜔 t  


   ∫   e  j  𝜔 1 t ⋅  e  j  𝜔 2 t d x = 0 ?


  y =  sin ⁡   ( 𝜔 t )


  ( 𝜆 = 19 c m )


  ( 𝜆 = 293 m )


  z = r = 1 ,    (  arg ⁡ z = 0 )


  x ( t )


  x  [ n ]


  x  [ t ] → y  [ t ]  


  x  [ t − 𝜏 ] → y  [ t − 𝜏 ]


  x  [ t ]


  y  [ t −  t 0 ]


  w  [ t ]


  y  [ t ]


  x  [ t −  t 0 ]


  y  [ t −  t 0 ] = w  [ t ]


  x  ( t )


  𝒚  [ 𝒏 ] = 𝒙  [ 𝒏 ] − 𝒙  [ 𝒏 − 𝟏 ]


  𝒚  [ 𝟎 ] = 𝒙  [ 𝟎 ]


  𝒚  [ 𝟏 ] = 𝒙  [ 𝟏 ] − 𝒙  [ 𝟎 ]


  𝒚  [ 𝟐 ] = 𝒙  [ 𝟐 ] − 𝒙  [ 𝟏 ]


  𝒚  [ 𝟑 ] = 𝒙  [ 𝟑 ] − 𝒙  [ 𝟐 ]


   [    𝒚  [ 𝟎 ]   𝒚  [ 𝟏 ]   𝒚  [ 𝟐 ]   𝒚  [ 𝟑 ]   …   𝒚  [ 𝒏 − 𝟏 ] ] =


   [    𝒙  [ 𝟎 ]   𝒙  [ 𝟏 ]   𝒙  [ 𝟐 ]   𝒙  [ 𝟑 ]   …   𝒙  [ 𝒏 − 𝟏 ] ]


   [                                                                                                            ?                                               ]


  𝑵 × 𝟏


  𝑵 × 𝑵


  𝑵 × 𝟏


  ℋ


  x  [ n ] → y  [ n ]  


  x  [ n ] = 𝛼  x 1  [ n ] + 𝛽  x 2  [ n ]   →     y  [ n ] = 𝛼  y 1  [ n ] + 𝛽  y 2  [ n ]


  x ( t )


  x ( n )


  2 𝜋 / T


   F in <  F s / 2


  X  (  Ω k ) =     ∑  n = 0  N − 1  x  ( n )  e  − j   2 𝜋 k N n


   [    𝑿  [ 𝟎 ]   𝑿  [ 𝟏 ]   𝑿  [ 𝟐 ]   𝑿  [ 𝟑 ]   …   𝑿  [ 𝒏 − 𝟏 ] ]   =


   [    𝒙  [ 𝟎 ]   𝒙  [ 𝟏 ]   𝒙  [ 𝟐 ]   𝒙  [ 𝟑 ]   …   𝒙  [ 𝒏 − 𝟏 ] ]


  𝒙  [ 𝒏 ]


  X  (  Ω k )


  X  (  Ω k ) =     ∑  n = 0  N − 1  x  ( n )  e  − j   2 𝜋 k N n


   [    𝑿  [ 𝟎 ]   𝑿  [ 𝟏 ]   𝑿  [ 𝟐 ]   𝑿  [ 𝟑 ]   …   𝑿  [ 𝒏 − 𝟏 ] ]   =


   [    𝒙  [ 𝟎 ]   𝒙  [ 𝟏 ]   𝒙  [ 𝟐 ]   𝒙  [ 𝟑 ]   …   𝒙  [ 𝒏 − 𝟏 ] ]


  X  (  Ω k ) =     ∑  n = 0  N − 1  x  ( n )  e  − j   2 𝜋 k N n


   e  j 𝜔 t =  cos ⁡  𝜔 t + j  sin ⁡  𝜔 t  


  X  (  Ω k ) =     ∑  n = 0  N − 1  x  ( n )  e  − j   2 𝜋 k N n


  O (  n 2 )


  O ( n  log ⁡ n )


  X  (  Ω k ) =     ∑  n = 0  N − 1  x  ( n )  e  − j   2 𝜋 k N n

