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Course Schedule (1)

Date Text Contents
#1 June 12 (1,7 Introduction to wireless communication systems
#2 June 15 | 2, 5, etc | Link budget design of wireless access
#3 June 19 Up/down conversion and equivalent baseband

system

#4 June 22 | 3.3, 3.4 | Digital modulation and pulse shaping
#5 June 26 | 3.5 Demodulation and detection error due to noise
#6 June 29 Collaborative exercise for better understanding 1
#i July 3 4.4 Channel fading and diversity combining
#8 | July 6 4.6 Error correction coding
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From Previous Lecture

B Digital modulation ,
{ « Amplitude

* Phase
* Frequency

55() = 55, (1) + Jispo (8) = f(m(2))

Data rate, power efficiency, complexity, error rate

B Pulse shaping (band limitation)
« Rectangular
s, (1) =fg(z')SD (t-7)dt { - Nyquist

 Gaussian

Bandwidth, error rate

® |Q analog modulation

s(t) = 55, (¢) coS(27f 1) — S, (¢) SIN(27f £)

Carrier frequency
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Contents

Structure of receiver
Analog demodulation
Matched filter

Coherent detection

Error rate of BPSK signal
Demonstration
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Transmitter @Cos(zﬂfo "
/() g(t) 5, (1)

Sp (1) \V4
M(f) Digital Pulse "L D/A 7| Analog S(t)
modulation shaping |[___, D/A .| modulation
Carrier freq. f, Modulation f(")
Coverage d, - AP Energy efﬁmency, |
47N, [y, Complexity of circuit,
Symbol length T, Bit error rate p,
Bandwidth 5 7 Pulse £(?)
i P leack
Modulation order M owerieac 2age
Se(®) =1g() Sp(f)
Data rate log]fM 2() =[N S5

S
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Recelver

Ch Il
"0 2cosfy) o e AT
g. (1)
vy A : "
( ) Q\QJ Analog {ADF—Matched "l Coh. 1 Digital |
> demod. @'_. filter det. | demod.
¥(1) Y (1) yo(kT) §,(kT)  m(kT)
Additive white noise Matched filter

Thermal noise generated in receiver Maximization of SNR
Bandpass fileter Coherent detection

Inter system interference cancellation Compensation of channel response
Analog demodulation Digital demodulation

Convert signal from RF to BB Convert complex signal to message
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G

converter

RF & BB

sy (o) "0

7/\Y

1

@fo

Transmitter

h(r)

s(t)=Re [SA (t)]

s, (1) = s,(t)e’* ™

S (7)
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~C
~x

Receiver

W(0) = [h@)s(t -7)d7

Down

converter

yg(t)

ya(2) = y(2)+ jhilb(y(1))

Vg (1) = yp(D)e
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Analog Demodulation

BB receive signal

INGESMORY, N0 @zcosanfot)
YA (1) = VB (t)eﬂﬂf()t Y | Analog [—{AD—
| demod. JAD—
y(t)=Re[y, ()] y@) o)
=yB1(t)C052j#ot_yBQ(t)Sin 0 ~
Analog demodulatiﬂ Low pass filter _{;_@ yBI(f)
Vg (1) = ny(t)cos 2 fyrdr | -
Vpo () = =2 f y(t)sin 27ft d . e yBQ@
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Narrow Band System

Equivalent BB system

Vs (1) = [ (D)5, (1 - T)d7T

hy(T) = h(T)e "

Narrow band assumption

Vi (t) =N, (T,))Sg(t—T,) = hys5(2) = ‘hB‘ejHOSB (1)

‘HB (f)‘z B h,(T)
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Noise

BB noise
ng (1) = ng(¢) + jng,(?) W nft)

2
n, (1) = ngy(t)e’*™ _,@_. X

@2 cos(27 f,t)

n(t) = Re[nA (t)] y(1)
= N, (¢) COS 271f \t — g, (¢) SIn 277f ot

Analog demodulation

ng (1) =2 f n(t)cos2af tdt
Ny (£) = =2 f n(t)sin 2zf td¢
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—{A/ID—

AID—

ng (1)
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Property of Noise

Noise power
Pn=PnI"'PnQ=NOB=(72 S(f).\ /%>\
-fy f,
PDF of noise
i n? SA(f) @ <&Bs
pln)=plng)=——e I\
JTO —Ifo ]Ifo
E[n,]=E[n,]=0 b
i S (f) 5y
Eﬂ”1‘2]= Eth‘2]= % / . \ ,
0
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Matched Filter (1)

@2c0s(2nfot)
n(t)
v g, (1)
( ) X Analog _@ *Matched —
% demod. MI_’ filter [ —
y(2) yp(?) yp (kT

BB received signal
Y (t) = hgsy(?) + ny(?)

BB transmit signal
sp(1) = 2, (@5, (1) = Y a,g,(t~nT)

Output of receiver filter
V() =g ()@ yu(1) = g, (1) ® g (1) D sy,(?) + g, (1) D ny ()
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Matched Filter (2)

@ 2cos(27 f, 1)
n(t)
v g, (1)
( ) Q\QJ Analog _@ "Matched —
X demod. MI_’ filter [ —

(1) Vs (1) v, (kT
Receive filter output SNR
g
B[] 020920 mO)=g OO0

Combined pulse of transmitter & receiver
Frequency domain analysis

Signal power Noise power

5O =|[G.(NG.(Ndf] Elly ) 1= N, [1G.(F)f df
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Matched Filter (3)

@2c05(2nf0t)
n(t)
v g, (1)
( ) X Analog _@ *Matched —
% demod. A/D— filter |——
y(2) yp(?) yp (kT

Schwarz inequality

$OF =|[G. (NG| = [IG.OF I fIG. (P of
Matched filter (SNR maximization)
G(N=GN)  &O=gD
MaXimumOSI;lR 1 Parseval’s tlr{aorem En;/rgy of transmit pulse
i E|f|r(z(t)l|2] ~ N, Jle.nras =Vof s dr=g-= I;\Z i NIZSB i 52
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Example of Matched Filter

g,(1)
A
0 T 7
g.(t)=g,(-1) g. () =g,(-1)
A A
T 0 ? T 0 7
e e

8(f)=fgr(17)gs(t—r)dt ”D(f)=fgr(r)nB(t—r)dz

AT =E, E[|nD(t)|2] =N, [|G.(f) df = A°T.N,

i 4

-T. 0 T,

June 26, 2017 Wireless Communication Engineering 15



Detection Schemes

Received signal

Vp(k) = hgsy (k) + ny (k)

Detection Modulation Demodulation

Envelope ASK sy (k) = |yD (k)| ‘hB‘
Correlation FSK [7a(0)exp(imfiXe] = [ v, () exp(- jad eyt
Differential |~ (gﬁ:e;e(zt)iil g(lzci' N § (k)=7" (k) /=)

Coherent | PSK, QAM, MSK §.(1)="p (%B
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Coherent Detection

Channel| 7
n(t) 2cos(2mft) > jsTe hy (KT)
g. (1)
vy A f .

% Analog '@ *Matched " Coh. "| Digital

< ) 1~ demod. |_ a5 filter det. —| demod. [
y(?) ye(t) yo (kT) 5, (kT)  m(kT)

Output of matched filter
Vp(t) = g(t) B hys, (1) + g, () ®ng(?) Constellation

Yo (k) = hw[ Assume } Sa0]

V(k) = hys(k) + (k) | &)= [GU =1

Coherent detection /2’\

. )]s
s(k) = J/(k)/hB — Compensation of \\J .

channel response

Digital demodulation
m(k) = f_l(g‘(k)) for each modulation method of ASK, PSK, FSK
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Channel Estimation A
. Channel hB (kT)

est.
g.(?) [
Output of matched filter —JADF—{Matched | con. —
) filt . —
Y (k) = Py (k) + n(k) AD— 7E ~
N ye(?) yo (kT)  §,(kT)
Training signal
Channel estimation Frame structure of transmit signal
= (k) )
B SR (k) # of training symbols: K
. 1 K [ =l ’ >
4
hB = E hB (k) //\ /
=1 Training signal Data signal
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Error Rate of BPSK Signal

Output of coherent detection

$(0) = ), m
= s(k)+ ”U%
/ B

-JP 0 P Re[§(k)]
Complex Gaussian with variance o /||’
Transmit power

E[‘s(k)f] =P 4 Complementary error function )
2 & )
Error rate of BPSK signal erfe(x) = Tj; eXP(‘ z }iz
JT
1 . (x+P) |, \_ Y,
[ exp|- 4

Pe =
7o |

Plhy,

0_2

o 1|hy

/ Receive SNR
Pl |’
tadlly) =

O

1 °
= —erfc
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Error Rate Performance

June 26, 2017

Bit Error Rate

Bit error rate performance

Average SNR per antenna [dB]

Wireless Communication Engineering
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Summary

B Analog demodulation & matched fileter
y(t) = Re[hs, (Yexp(27,)]  —>  Va(t)=hysy(1) +my(2)

Yp(t) = ()@ hgsp (1) + g, (1) @ ng (1)

B Channel estimation & coherent detection

e O 0= 9y = s+ )

B Error rate of BPSK signal Nyquist matched fileter
i g(t)=g,()®g (1) = g,(-1)®g,(r)
- Eerfc(ﬁ ) g(0) =[G =1 [IG.(Ndf =1

2
P, = lerfc P‘hB‘

0,2

B Error rate of QAM signal

E,lh
P, 2 1- 1 erfc 0‘ >
log, M VM

o
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Demo

Transmitter  Training signal Coherent detect. Digital demod.

ﬂ fadineg receiver

IR REER HFTW Y:L-PE FQ@ U-LD ANFH
~
g s
! >
= ) Discrete-Time Ciscrete-Ti
Dés(gf::;;;&e Scatter ot Scatter
Scope S
Scopel
Al
o T e
Ravleigh » -—% -
B i Rec | Fading S ARGN »u Y X Leeics Scope
. - perator Buffer
Binary QA Selector Dividet
i Bi Multipath Ravieigh AWGN
Bernoulli Binary Rectangular GLAM Fading Channel Channel
Generator Modulator
Baseband
U Y
Selectort X I
Divide Mean
[E]
From ;
100% FixedStepDiscrete 4
d |

LT

Channel estimation
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Error Rate of MSK

Output of coherent detection Constellation

§(k) = s(k) + ”(’%B

MSK modulation
s(k) =exp(jO(k))

Jua
O(k) = % +0(k -1) Ok-DT) =07 O((k-1T) =74 -7

BER of MSK signal /{h

A

P, = 5 erfc T %erfc(ﬁ )
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Error Rate of QPSK Signal

Output of coherent detection

QPSK
§(k) = y(k)/h S
_ - n(k)
=50+ jsg )+ ") S
B I
Transmit power N7 B/

Ells, (k) 1= Ellsg (0 1= 14

Bit error rate
1 °
P, =—erfc
2

(&

Plh,

2

1
= Zerfc(\/g) Proportional to SNR per bit

20

Symbol error rate
P, =1-(1-P, N1-P,)=2P, - P; =2P,
| Q
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Error Rate of QAM Signal

Symbol error rate

])es = 1_ (1 - I)esl )(1 _])esQ)E 21)651 = 2})esQ 16QAM
(M =2) e (2 ) pees * °|°*
esl \/M eb \/M eb ° ° ° °
Center Two edges * *|°* °
[ [ [ {
1 E0|hB|2 >
=(1—W)erfc 02 \/E>0
Transmit power
M
2E, % | 2(M -1)E,
P=2 2i-1)" |=
JM £ 3
Bit error rate
1 Symbol error corresponds to
B I

- log, M © ~ one bit error owing to Gray coding
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