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Bandwidth Efficiency Plane 

0 5 10 15 20 25
.001

.01

.1

1

10

 

 

  PSK, M=8
  PSK, M=32  QAM, M=4

  QAM, M=16
  QAM, M=64

  FSK, M=4

  FSK, M=16

  FSK, M=1024

  FSK, M=4096

Shannon limit

  BPSK

  PSK, M=16

coherent detection
points indicate Pe = 10-5

R/
W

  (
b/

s/
Hz

)

(dB)0bE N
 

 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
10

-10

10
-8

10
-6

10
-4

10
-2

10
0 QPSK coherent

Eb/N0

pr
ob

ab
ili

té
 d

'e
rr

eu
r

 

 



 Page 2  

Sampling receiver 
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Average energy per symbol 
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Energy per bit vs. energy per symbol 
 2logb sE M E=  
 

Conversion of I/Q space to signal space 

 
QAM 2log Mη =  
square QAM case M=L2   

( ) n
2

2
0

2
mi

63log12 o1  g
1

l
1

b
e

LdEMP Q
M NM L

  = −     −   
=

−
 

Union bound 
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K is the number of pairs of signals sepa-
rated by the minimum distance Dmin 

Minimum distance in signal space 
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Loss with respect to QPSK 
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For orthogonal modulation
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For non-orthogonal modulation 
with gray coding 
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Spectral efficiency 
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MPSK coherent detection 2log Mη = † 
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MFSK coherent detection 22 log
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Minimum separation 1/2Ts 
DPSK non-coherent detection  

 
Loss of 1 dB between DPSK and BPSK 0

1
2

bE N
eP e−=  

Gram Schmidt Process 
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Trigonometric relationships   
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Shannon's Law 
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ISI effect 

 

MFSK noncoherent detection 2log M
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Loss of 1 dB between coherent and non-co-
herent detection for BFSK 

Minimum Separation 1/Ts 

 

 
† In assuming an ideal Nyquist pulse 


