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Course Schedule (1)

Date Text Contents

#1 June 11 |1,7 Introduction to wireless communication systems

#2 June 14 | 2, 5, etc | Link budget design of wireless access

#3 June 18 Up/down conversion and equivalent baseband
system

#4 June 21 | 3.3, 3.4 | Digital modulation and pulse shaping

#5 |June 25 | 3.5 Demodulation and matched filter

#6 June 28 Collaborative exercise for better understanding 1
#7 July 2 3.5 Detection and error due to noise

#8 | July 5 4.4 Channel fading and diversity combining
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From Previous Lecture

B Analog demodulation

Y(t) = Yy (1) COS 27 f = Yo (£)8iN 27T fy 1

Ve (t) = LPE[2y(f)cos 27 fyt | Yoo () = LPF[-2y(t)sin 27 fyt]

B Matched filter

P=|[G(NG.(Ndf| = [1G.HFdf 16N df
G(NH=0GN) << &O=g(D)

B Output SNR
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July 2, 2018

Contents

QAM modulation
Coherent detection

Error rate of BPSK signal
Error rate of QPSK signal
Error rate of QAM signal
Demonstration
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Transmitter & Receliver

Transmitter

@ cos(27f t)
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QAM Modulation
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Gray Coding (Mapping)

Binary Mapping Gray Mapping
00, 01, 10, 11 00, 01, 11, 10
® ® o o ® ® o o
0011 0111 | 1011 1111 0010 0110 | 1110 1010
® ® o o ® ® o o
0010 0110 | 1010 1110 0011 0111 | 1111 1011
® ® o o ® ® o o
0001 0101 | 1001 1101 0001 0101 | 1101 1001
o o o o ® o o o
0000 0100 | 1000 1100 0000 0100 | 1100 1000
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Average Power with Fixed E,

BPSK QPSK
o ()
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Power Normalization

Average power with fixed E,

M QAM
Ly coecesleces
P, =2|— Y Qi-1’E, cccelecce
\/MZ1 I X]
eo0o0o0/ooeoe
TR R
2(M—1)E0 cccecjocce

(oY)
=)

Power normalization

Constant average power E, is inversely proportional to M
~ 3
P,=P — E, = P (M=4)
Y Do2(M-1)
Ly, =P (M =2)
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Output of Matched Filter

~C

y(1)

Analog
demod.

h(kT)

| Digital
» demod.

—p

@ 2cos(2mfqt) Ch:Sr;_nel
g. (1) I
'@ *Matched "l Coh.
E'_, filter det.
Ve(?) v (kT)

Output of matched filter

Yp () = &, (1) ® g, ()hysp, (1) + 8, (1) @ ng (1) = (1) ® hysy, (1) + 1 (1)

N ey
Normalized matched filter

8(0)= [G(f)f = [G.(HG.(f)df = [

G.(f)df=1

§.(KT)  m(kT)

A
Nv :

— 1t |f bandwidth of matched filter < B
Vo (k) = sy (k) +ny k), Ellny (0] 1= El|ny (k)| 1= N,B = 0™
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Detection Schemes

Detection Modulation Demodulation

Envelope ASK Sy (k) = o (k) |
Correlation FSK [7s(0) exp(imfi| 2| [, () exp(- i)

Coherent | PSK, QAM, MSK Sy () ="P (%B
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Coherent Detection

Channel| 7
n(t) @2008(2%]”00 ~ est hy (kT')
| g.(t) ]
\V4
% Analog '@ *Matched "l Coh. "| Digital
( ) X demod. D filter det. — demod.
y(1) Yg(?) yo (kT) 5, (kT)  m(kT)
Output of matched filter
Vp (k) = hysy (k) +ny (k) Constellation
y(k) = hys(k) + (k) “sq]
Coherent detection /2’\
s(k) =y(k)/hAB —_ Compensation of \\J SBI
channel response
Digital demodulation

m(k)= 7' (5(k))  for each modulation method of PSK, QAM, MSK

July 2, 2018 Wireless Communication Engineering 12



Channel Estimation A
. Channel hB (kT)

est.
g. (1) ,,
Output of matched filter —JADF—{Matched | con. —
) filt b
Y (k) = Iy (K) + () g — T ks
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 ’ >
t
iy = I () ]
=1 Training signal Data signal
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Output of Coherent Detection

Output of coherent detection

S(k) = y(k)/hy

= s(k) + ”(k/

Complex Gaussian with variance o* /|h, \

Probability Density Function (PDF)

()=

1 e[(slf)
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Error Rate of BPSK Signal

Pairwise error rate

1 . 5, +Ey)" | s
T A
J7o? /|| 0’ /] :

~JE, 0 JE  §(k

E,|hy|
= %erfc 0| 2B| 4 Complementary error function )
o
2 Q0
erfc(x) = N f exp(— z’ )12
Error rate of BPSK signal \_ i J
Eo=F / Receive SNR
2
1 P hB|2 1 F, hB‘
Doy = Eerfc el Eerfc(\/;) Y= 2
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Error Rate of QPSK Signal

Output of coherent detection

§(k) = 5,(k)+ jsg (k) + AB 5 (01
®© | ®
Bit error rate ‘
| Eolhef ® | ® 5®
p,, = —erfc . Pl
? o JE,
P
Dy = lelrfc h hB|2 = lerfc \/z Proportional to SNR per bit
2 20° | 2 2

Symbol error rate

pes =1_(1_peb)(1_peb)=2peb _pjb Ezpeb
I Q
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Error Rate of QAM Signal

Symbol error rate

16QAM

pes=1_(1_pesl)(1_pesQ)Ezpesl=2pesQ Py P e o
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M_2 2 [ o o o

pesl=\/_—><2pw+ X Dow e o | o o
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Error Rate of QAM Signal

Symbol error rate t
> ® o (o o
1 E, |hB| 0010 0110 | 1110 1010
p.. =2|1-——|erfc . ° ° o o

M o 0011 0111 1111 1011 .
_ ® o | o o
Bit error rate 0001 0101 [ 1101 1001
3 ® ® ® ®
E, = P 0000 0100 | 1100 1000
2(M-1) °
1 Symbol error corresponds to
Pe = log, M Pes — one bit error owing to Gray coding

_ logzzM(l—\/lﬁ)erfc( 2@34”_0)
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Error Rate Performance

Bit Error Rate

Bit error rate performance

Average SNR per antenna [dB]

Wireless Communication Engineering
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Summary

B Channel estimation & coherent detection

2 O S0 = 30 by =50+ 1)

B Error rate of BPSK signal

|2

1 P |h 1
peb=Eerfc[ = ]=Eerfc(\/;)

O

B Error rate of QAM signal

— 2 (1 _L)erfc 3_}’
P log, M\ M 2(M -1)
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Demo

Transmitter  Training signal Coherent detect. Digital demod.

ﬂ fadineg receiver
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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
: :
Pa R d hf‘ = lerfc(\/;) \7/

2 O 2
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