
Communication Electronics

Lecture 11:

Numerical modulations
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ASK ≡ Amplitude Shift Keying
FSK ≡ Frequency Shift Keying
AASK ≡ Audio Amplitude Shift Keying
AFSK ≡ Audio Frequency Shift Keying
OOK ≡ On-Off Keying
PAM ≡ Pulse-Amplitude Modulation
PPM ≡ Pulse-Position Modulation

Simple transmitter and receiver

Insensitive to carrier-frequency errors

HISTORICAL
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R
 >>C

Poor spectral efficiency C/B<<1bit
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20dB...50dB worse than Shannon

BR≫C

Data
i n

Data
out
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Modem radio link



Û≡ phasor

Narrowband signal : u(t )=Re [Û e j ω t ]

I=Re [Û ]

Q=Im [Û ]
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Modulation constellation
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(Gaussian)Minimum Shift Keying

Unfiltered MSK
−40dB/decade
−12dB /octave

Frequency
spectrum
log∣F (ω)∣ −23dB
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Constant envelope
classC η≈70%
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M
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GMSK

ω

R[ symbols /s]
RMSK=C=2 RQPSK

' 1 '= f 0+R /4

' 0 '= f 0−R /4

Non−coherent (G)MSK : f ≈ f 0±R /4
Directly−modulated VCO
Usage : DECT

Coherent (G )MSK : f = f 0±R /4
Quadrature modulator
Usage : GSM
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"A" DFTDFT-1C C

~1950 analog multitone modem for ionospheric links

~1990 wavelength-division multiplex (WDM) in optical fibers

~2000 numerical DFT → OFDM WLAN (WiFi) 802.11a (FFT)

Wideband
signal

Wideband
signal

N narrowband
signals

Multipath mitigation with multitone transmission

Efficiency
η=?

Link with multipath

u(t ) u(t )∣F (ω)∣

N symbols
R symbols /s
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R /N symbols /s

N symbols
R symbols /s
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control
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High PAPR=P
MAX 

/<P>=N  causes poor

transmitter efficiency η ≈ 3%

FFT requires N•log
2
N calculations

Narrowband carriers require high
frequency stability  Δf ≤ 10% R/N

Large symbols ~12000 bit (N ≈ 2000,
C/B ≈ 6 bit) for some protocols

Narrowband interference kills sync

Adjustable resistance to multipath

Nearly rectangular frequency spectrum

Weak FEC sufficient

Spectral efficiency C/B reaches theory
for BPSK, QPSK, QAM

Allows single-frequency networks
(SFN)

OFDM properties

K +2K−1
u(t ) OFDM symbol K OFDM symbol K +1

FFT −1

resultCyclic
prefix

Cyclic
suffix

t prefix+t suffix≥Δ tmultipath

N =2m≡number of carriers
P1≡single carrier power

〈P 〉=P1⋅N ≡average power

P MAX=P1⋅N 2
≡ peak power



EVM dB=20 log10 EVM

EVM [% ]=√ 〈P N 〉

P MAX
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MERdB=10 log10( 〈PS 〉
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EVM & MER
include noise,
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& distortion!

EVM & MER
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EVM≡Error Vector Magnitude

MER≡Modulation Error Ratio

AM /ϕM →mutual rotation inside constellation
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Û N=a+ jb

Q

a

b
I

BER≡Bit−Error Rate

Decision
threshold

1

10

0

Gaussian
distribution of the
probability density

of inphase a&
quadrature jb

noise components

BER calculation for BPSK



−5dB

0dB

1dB

2dB

3dB

−4dB

−3dB

−2dB

−1dB

5dB

6dB

7dB

8dB

4dB

10dB

11dB

12dB

13dB

9dB

15dB

16dB

17dB

18dB

14dB

20dB

19dB

S/N S/NBER

23.6%

18.6%

15.9%

13.1%

10.4%

7.9%

5.7%

0.6%

3.8%

2.3%

1.3%

0.24%

7.7•10−4

BER

10−45

10−36

1.4•10−29

6.8•10−24

2.3•10−19

9.2•10−16

6.8•10−13

1.3•10−10

9•10−9

2.6•10−7

3.9•10−6

3.4•10−5

1.9•10−4

BPSK : BER=
1
2

erfc √ PS

P N

=
1
2

erfc√W bit

N 0

S/N S/NBER BER

BER

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

3•10−9

10−9

3•10−8

10−7

10−8

BER

BER

30%

10%

3%

1%

0.3%

3•10−7

BER

10−6

3•10−6

10−5

3•10−5

10−4

3•10−4

10−3

−8.6dB

6.8dB

7.7dB

8.4dB

9.1dB

−0.8dB

2.5dB

4.3dB

5.8dB

10.1dB

10.4dB

11dB

9.6dB

S/N

S/N

12dB

11.7dB

12.6dB

12.3dB

13.1dB

11.3dB

13.9dB

14.3dB

14.7dB

15dB

13.5dB

15.6dB

15.3dB

S/N

S/N

BER table for BPSK
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BER=
1
2

erfc√ S
N

Message

Message Parity

Message

FEC
encoder

FEC
decoder

Lossy
transmission

channel

10
lo

g 1
0
(l

n
2
)=

−
1.

6
dB

NASA
deep
space

B=2.3 B0

Shannon

lim
B→∞

C=C∞=
P S

N 0⋅ln 2

BER
FEC≡Forward Error Correction

10 log10( S
N )

−
1.

6d
B

Sh
an

no
n

B
→
∞

T
ur

bo
B
=

3
B

0

10-6

10-5

10-4

10-3

0.01

0.1

1
0.5

-10dB -5dB 0dB 5dB 10dB

0.5dB

4dB

Corrupted !

Corrected !Forward Error Correction



D  Q
T     

D  Q
T     

D  Q
T     

D  Q
T     

D  Q
T     

D  Q
T     

D  Q
T     

Clock

Output

Divider polynomial p(x)=1+ x4+ x9

Primitive polynomial p(x)=1+x l+ xm → max−length sequence N =2m−1

Sequence
m=9

N =511

2m-1 ones & 2m-1-1 zeros
arranged in groups of
1X   m ones, m-1 zeros
1X   m-2 ones & zeros
2X   m-3 ones & zeros
4X   m-4 ones & zeros
.................
2m-5  triplets 111 & 000
2m-4  pairs 11 & 00
2m-3  individual 1 & 0

Autocorrelation( τ)

−1

τ

(2m
−1)T

D  Q
T     

D  Q
T     

2m
−1

Spectrum
∣F ( f )∣

f clk=1 /T 2 f clk

2m
−1 lines

Binary shift register

EXOR gate

LFSR≡Linear−Feedback Shift Register

Period
T

LFSR pseudorandom sequences Sounds as white noise !
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1+ x l+ xm
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comparison

Error counter

Same algorithm

p(x)=1+x l+ xm

0=OK

1=error

1error→3 pulses

Link test with pseudorandom sequence



BPSK
theory

FEC+
BPSK
 B=2.3B

0

Sh
an

no
n 

 B
→

∞
BER=

1
2

erfc√ S
N

12dB

10
lo

g 1
0
(l

n
2
)=

−
1.

6
dB

4dB

Real
BPSK
demodulator

Distortion
(multipath, ZIF)

O
ve

rl
oa

d

Shannon

C=B⋅log2 (1+ P S

N 0 B ) lim
B→∞

C=C∞=
P S

N 0⋅ln 2

L
os

s

-10dB -5dB 0dB 5dB 10dB 15dB 20dB

10 log10( S
N )

BER

10-6

10-5

10-4

10-3

0.01

0.1

1
0.5

>50dB

Measured BER


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

