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AMPLITUDE MODULATION  
Not a Constant Envelope (or Amplitude) 

Modulation 
 

      
    
 
 

||||s(t)||||max=1 
 

0 ≤≤≤≤ m ≤≤≤≤ 1    m=index of modulation 
 

         A cos 2ππππf0t 

 
    s(t)                                 xAM(t) 
 

xAM(t)= A [1 + m s(t)] cos 2ππππf0t 
 

MOD m 

A[1+ms(t)] xAM (t) 

t 

t 
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FREQUENCY MODULATION  
(Continuous Phase Modulation) 

Constant Envelope 
Edwin Armstrong, “A method of reducing disturbances in radio signaling by a 
system of frequency modulation”, New York Section of IRE, November 6, 1935. 
 

 
     A cos 2ππππf0t 
           
   s(t)                               xFM(t) 

                                                                                         

 

 

 

 

 

 

 

 

The constant, h, is similar to what is normally called the “maximum frequency 
deviation” in analog modulation techniques.

                                            t 

xFM(t)= A cos {2ππππf0t+2ππππh ∫∫∫∫  s(ττττ) dττττ} 
                                   0

 

MOD 2ππππh 

xFM(t) 
A 

t 

t 
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Baseband Filter 
(used in PCM) 
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Telephone Channel 
(C1 Conditioning) 

Bandwidth is about 3000 Hz 

 
 

ATTENUATION  

DELAY  
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  TWISTED-PAIR CHANNEL  
 
•••• HDSL-High-Speed Digital Subscriber Lines 
•••• ADSL-Asymmetric Digital Subscriber Lines 
• VDSL-Very High Rate Digital Subscriber    
                  Lines 
• g.lite-An ADSL system operating at  

relatively low bit rates, i.e., less than or  
equal to about 1.5 Mbps 
 
  

    

1 MHz 
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Twisted-Pair- ADSL Example 
 

  
 
 
         
 
  
   
 
  
        
         
 

 
f 

    HPF               
 

   f 
    LPF   HPF 

       
      

MODEM  
HOME 

 
  

MODEM  
HOME  

 
                              A/D     
   
    4 kHzFilter 

OFFICE 
 
     D/A 
              
 
                         Filter 
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SPECTRAL OCCUPANCY 
TWISTED-PAIR CHANNEL  

 

 
 

 

UPSTREAM  
        POTS    DOWNSTREAM  

 
 

                f 
 

ADSL    0 5   25   128 kHz  
 1.1 MHz 
     
 
 
 

 System  Band   Bit Rates 
 

 POTS   300-3.5 kHz   56 Kbps (48 Kbps) 
ISDN-2B1Q  10-50 kHz   144 kbps 
ADSL (POTS) 25.875-1.104 kHz  UP-640 kbps 
       DOWN-8 Mbps 
HDSL-2B1Q  .1-196 kHz   2 Mbps 

  3 pairs 
HDSL-2B1Q  .1-292 kHz   2 Mbps 

  2 pairs 
HDSL-CAP  .1-485 kHz   2 Mbps 

  1 pair 
SDSL   10-500 kHz   192-2.3 Mbps 
VDSL   300 kHz-10/20/30 MHz ASYMMETRIC 

    UP 4 Mbps 
     DOWN 24 Mbps 
    SYMMETRIC  
     36 Mbps 



 9

Modern Digital Modulation Techniques 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ADAPTIVE 
MODULATION 
AND CODING 
TECHNIQUES 

DIVERSITY 
TECHNIQUES 

MIMO, BLAST 
SPACE OR ANTENNA  

DIVERSITY 
SMART ANTENNAS 
TIME DIVERSITY-CODING 
FREQUENCY DIVERSITY 
 CDMA 
 OFDM, OFDMA 

FREQUENCY HOPPING 

MIMO-OFDM-
CODING 
SPACE-TIME (-FREQUENCY)  

CODING 
ALAMOUTI CODING  

MULTIPLE ACCESS 
TECHNIQUES 

FDMA 
TDMA 
CDMA 
WCDMA 
OFDMA 
FDD 
TDD 
FREQUENCY HOPPING 
UWB-OFDM (Impulse UWB Radio) 

CLASSIC MODULATION 
TECHNIQUES 

NYQUIST SIGNALING (PAM) 
BPSK 
QPSK 
ππππ/4-QPSK 
SQPSK 
MPSK 
8PSK- 

LINEAR GMSK SHAPING 
 QAM-NYQUIST SHAPING 
 BFSK, MFSK 

EQUALIZATION 
TECHNIQUES 

 
VITERBI EQUALIZATION 
RAKE RECEIVER 
DECISION FEEDBACK  

EQUALIZATION 
LINEAR EQUALIZATION  
TURBO-EQUALIZATION 
 

MULTITONE SIGNALS  
DMT 
OFDM 
UWB-OFDM 

CPM SIGNALS 
GMSK 
MSK 
SFSK 
FQPSK 
TFM-GTFM 

 

ADAPTIVE MODULATION AND CODING 
TECHNIQUES 

CODING TECHNIQUES  
VITERBI ALGORITHM   
TRELLIS CODING 
TURBO-CODING 
ITERATIVE DECODING   

   LDPC CODES 
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NEW TOPICS 

 
 
•••• Adaptive Modulation and Coding 
•••• Antenna Diversity 
•••• BLAST 
•••• MIMO 
•••• OFDM and OFDMA 
•••• MIMO-OFDM-CODING 
•••• Turbo-Coding and LDPC Codes 
•••• Multi-user Communications 
•••• Multi-user Diversity Gain 
•••• Iterative Decoding Techniques 
•••• Capacity of Rayleigh Fading  

Channels 
•••• Space-Time Coding (Alamouti) 
•••• Time-Space-Frequency Diversity 

•••• Combinations of above 
•••• ACI Cancellation in CPM 
•••• UWB-OFDM 
•••• Cooperative Diversity 
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Cellular land-mobile radio: Why 

spread spectrum-1979 
 

G.R. Cooper, R. W. Nettleton and D. P. Grybos, “Cellular land-mobile radio: 
Why spread spectrum”, IEEE Communications Magazine, Vo. 17, No.2, March 

1979, pp.17-23. 
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IMT-2000 RADIO INTERFACE  

SPECIFICATIONS   
 
 

Approved –ITU Helsinki 
October 25-November 5, 1999 

 
•••• IMT-DS-Wideband CDMA-UTRA-FDD (3.84Mch/sec) 
  
•••• IMT-MC-cdma2000-1x and 3x (1.2288Mch/sec) 
 
•••• IMT-TC-UTRA TDD (3.84Mch/sec) 
               
•••• IMT-SC-UWC-136 or EDGE-Upgraded TDMA 
 
•••• IMT-FT-DECT based 
 
•••• China-1.3542 Mchips/sec-1.36 MHz   (May 2000) 
   (TD-SCDMA)  
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Path loss versus distance measured in several 
German cities  

 
B. Sklar, “Rayleigh fading channels in mobile digital communication systems – 
Part I: Characterization, and Part II: Mitigation”,  IEEE Comm. Magazine., 
September 1997, pp. 136-146. 
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Rayleigh Probability Density Function 
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Rayleigh Fading Amplitude as a 

function of time 
 
-Carrier frequency=900 Mhz 
-Velocity=50 Mph (80 Km/h)   

 

                                  AT&T Technical Journal  
      July/August 1993 
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Delay Spread Measurements 

            •••• New York City 
            •••• Sixth Ave. and 23 rd St. 
 
-Carrier Frequency-2 GHz (BPSK) 
-Chip Rate-24 Mchips/sec 
-Tch=1/Rch=40 ns 
          InterDigital (D. Schilling) 
 
 

800 ns 
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Fading Channel and Diversity 
 

Figures 
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Slow Flat Rayleigh 

Fading Channel-SISO 
 

 
          
          Eb/N0,dB 
 

 “Digital Communications”-Fourth Edition, 2000, 
    by John G. Proakis, McGraw-Hill Co. 

Eb/N0= 44 dB 
@ 10-5  
BPSK 
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PROBABILITY OF OUTAGE  
Pr{outage} 

 
In many cases we may also look at the performance of 
fading channels by considering the so-called outage 
probability, Pr{outage}. 
 
The outage probability, Pr{outage}, is defined as the 
probability that a certain desired “instantaneous” 
probability of error is not attained. 
 
For example, let’s consider the Rayleigh fading channel 
shown previously and redrawn below. 

 

        
 

0 2 4 6
0

0.2

0.4

0.6

0.80.606531

0

f( )r

60 r

Desired 
Value of 

“r” 

Desired 
Value of  

“r” 
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Suppose we would like the “instantaneous” error probability 
to be less than some desired threshold value, Prthreshold{εεεε}, 
e.g., 10-5. In other words we require that the received 
instantaneous value of Eb,instant/N0,dB be greater than some 
required threshold value, e.g., for the case of 10-5, the 
required value would be Eb,instant/N0=r2 Eb/N0,dB equal to 9.6 
dB. 
 
The instantaneous received value of Eb,instant/N0=r2 Eb/N0.  
 
Therefore, we would have to find that value of “r” which 
guarantees that 
 

Eb,instant/N0=r threshold
2 Eb/N0 > Eb,threshold/N0 . 

 
The probability that “r” is not greater  than the 
required r threshold is the outage probability, 
Pr{outage}. 
 
  
  
 

Pr{outage}=Pr{ Eb,instant/N0  < Eb,threshold/N0  } 
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Probability of Outage 

 
Single Diversity (SISO) 
 
 

Pr{outage}=1-exp{-[Eb,required/N0]  /[Eb,average/N0 ]}  
 
Dual Diversity (MRC-SIMO)  
 
Pr{outage}=1- 1+   Eb,required/N0        exp         Eb,required/N0    
                                 Eb,avg, one ant/N0                  Eb,avg,one ant/N0   
 
 
 
 

         
 
  

      

Pr{OUT}  

 

 

Eb/N0, Total Req  /  Eb, avg/N0, per one antenna, dB 

SISO 

MRC 
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Probability of Outage 
 

Single Diversity (SISO) 
 
Pr{outage}=1-exp{-[Eb,required/N0]  /[Eb,average/N0 ]}  
 
Dual Diversity (MRC-SIMO)  
 
Pr{outage}=1- 1+   Eb,required/N0         exp           Eb,required/N0    
                                 Eb,avg, one ant/N0                    Eb,avg,one ant/N0   
 
Dual Diversity (MRC-SIMO-Received Power Remains the Same) 
 
Pr{outage}=1- 1+   Eb,required/N0         exp           Eb,required/N0    
                                 Eb,avg, total/N0                          Eb,avg,total/N0   
 
 

 

SISO 
MRC 

MRC- 
Same Total Received 

Power 

Pr{OUT}  

Eb/N0, Total Req  /  Eb, avg/N0, per one antenna, dB 
(Eb/N0, Total Req  /  Eb, avg/N0, total received power, dB- for the case 

in which total received power remains the same) 
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Slow Flat Rayleigh Fading Channel 

•••• Antenna Diversity 
    

-Selection Combining 
  -Equal Gain Combining 
  -Maximal Ratio Combining-MRC 
 
Antenna 1: x1= r1√√√√E+n1 

Antenna 2: x2= r2√√√√E+n2 
 
   
 
 
 
 
 
                                       

                  cos 2ππππf0t     
                

  Receiver 1      x1  
 
               

         cos 2ππππf0t 

                 x2 
Receiver 2

T 
∫∫∫∫  dt 
0 

T 
∫∫∫∫  dt 
0 
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Probability Density Functions, f(x) 

The variable “x” represents total instantaneous 
received energy 

 
 -One Receiving Antenna (SISO) 

f(x)=(1/2σσσσ2 ) exp(-x/2σσσσ2) 
(x=r2 ) 

 -Two Receiving Antennas –MRC 
f(x)=[(1/2σσσσ2 )]2 x [exp(-x/2σσσσ2)] 

(r 2=r1 
2 + r2 

2 ⇒⇒⇒⇒ x=x1+x2) 
 
  f(x) 
 

       
 

X

    0          2    4       6          8 

SISO 

MRC 

.5 

1 
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 Slow Flat Rayleigh Fading Channel 
Antenna Diversity-SIMO 
Maximal Ratio Combining 

 
 

 
         Eb/N0, dB 

Eb/N0= 44 dB 
@ 10-5  
BPSK 

Eb/N0= 24 dB 
@ 10-5 
BPSK 
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DIVERSITY COMBINING  
 

G. Pottie, “System Design Choices in Personal 
Communications”, IEEE Communications 
Magazine, October 1995 
 

•••• Selection Combining  
•••• Maximal Ratio Combining-MRC  
 
 

 

SEL. 
COMB 

MRC L=2 

L=1 

L=4 
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MPSK 
Probability of Symbol Error 

 

 
•••• R

b is the same for all the modulations. 
•••• The bandwidth, W, decreases as M increases. 

Prs{εεεε} 

Eb/N0,dB 
12 4 
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QAM AND MPSK SIGNALS  

 
   Probability of Symbol Error, Pr s{εεεε} 

    
•••• 16-QAM is about 3.7 dB better than  
                16-PSK (at 10

-5
) 

10-5 
3.7 dB 
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SQUARE ( AND CROSS) 
CONSTELLATIONS  
- up to 256 POINTS 

 
 

      

Notice that the minimum distance “d” is the 
same for all the constellations. 

 
The “price” for increasing the number of bits 
per sec/Hz for Square QAM Constellations is 

about 6 dB/ 2 bits per symbol! 

128-Cross 
QAM  
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Multi-ring Amplitude Phase Shift 

Keying Constellations 
S. Benedetto, R. Garello, G. Montorsi, C. Berrou, C. Douillard,  
D. Giancristofaro. A. Ginesi, L. Giugno and M.Luise, “MHOMS: High-speed 
ACM modem for satellite applications”, IEEE Wireless Communications 
Magazine, Vol. 12, No.2, April 2005, pp. 66-77. 
 

 An example of a non-square QAM 
constellation, for use in deep space 
communications. 
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OPTIMUM CONSTELLATION  
16 QAM 

 
About a .5 dB improvement over a 

Square- 16-QAM Constellation 
 

G.J. Foschini, R. D. Gitlin, and S. B. Weinstein, “Optimization of 
two-dimensional signal constellations in the presence of gaussian 
noise”, IEEE Trans. on Communications, Vol. 22, No. 1, January 
1974, pp. 28-38. 

 
Notice the asymmetric constellation and the use 

of triangular spacing between points.
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V.34 CONSTELLATIONS  

    *960 Points 
    *1664 Points 
This is one-quarter (240) of the total number of 
points, in the 960 point QAM constellation, used 
in the V.34 modem. 
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THE FULL 960  POINT 
CONSTELLATION- OF 

THE V.34 MODEM 
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QAM CONSTELLATION 

(64-QAM) 
 

GRAY CODING 
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ORTHOGONAL MFSK  

(f i-f j) T = n(1/2);  n=1, 2,..... 
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PROBABILITY OF ERROR-   
  M-ARY MODULATIONS  

 
PAM 

Prsεεεε}=2[1- (1/M)] Q{d/√√√√2N0} 
 

where Es=[(M 2-1)/12]d2 
 

    and Es=nEb= (log2M) Eb. 
 

QAM  
 

Prs{εεεε}=4[1- (1/√√√√M)] Q{d/ √√√√2N0}-  4[1- (1/√√√√M)] 2 Q2{d/√√√√2N0} 
 

where Es=[(M  -1)/6] d2 
and Es=nEb. 

 
ORTHOGONAL MFSK  

         ∞∞∞∞ 

Prs{εεεε}=1- ∫∫∫∫ (1/√√√√2ππππ) exp{- (y-  √√√√ 2Es  /N0 )
2  /2} [1-Q(y)]M-1 dy 

                     0 
  

MPSK 
             ππππ/M 

Prs{εεεε}=1- ∫∫∫∫ f(θθθθ) dθθθθ 
               -ππππ/ M 

                           ∞∞∞∞ 
f(θθθθ)= (1/2ππππ) exp{-Es/ N0 sin 2θθθθ} ∫∫∫∫V exp{-(V-√√√√ 2Es/ N0 cosθθθθ)2/2} dV 

                     0 
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SOME GOOD UPPER BOUNDS 

 
MPSK 

Simple upper (and lower) bounds 
 

Q(dmin
 / √√√√2N0) ≤≤≤≤ Pr{εεεε} ≤≤≤≤ 2Q(dmin

 / √√√√2N0) 
 

dmin
2=2 √√√√Es sin2 ππππ/M 
 

Es=Eb (log2M)=nEb 

 
QAM  
 

   Pr
s
{εεεε} ≤≤≤≤ 4 Q[d

min/√√√√2N0] 
 

  For Square- Constellations 
                  dmin

2=6 Es /(2
n-1) 

 
 
ORTHOGONAL MFSK  
 

    Pr
s
{εεεε} ≤≤≤≤ (M-1) Q[√√√√Es / N0] 
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BPSK 
-No longer Constant Envelope 

 
   c(t) 

 

 
 



 42

 
BPSK 

-No longer Constant Envelope 
         
           c(t) 

This represents the quadrature branch of an 
SQPSK transmitter. 

d(t-T/2) 
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  BPSK  QPSK  MSK 
        SQPSK 
B90% 
 
B99% 
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Power Spectral Densities 
SQPSK, MSK, SFSK 

 

SQPSK 

MSK 

SFSK 

(f-f 0 )/ Rb 

Power Spectral 
Density, 

(dBw/Hz) 

 

f0+Rb 
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MEAN-SQUARE CROSSTALK  

 

                     2 ACI Users  

C/S, dB   (0dB) (30 dB) 

                       
∆∆∆∆f/Rb  
 

A=1( 0 dB) means interfering user is at same power level as 
desired signal 
 
C/S, dB 
 

                        
∆∆∆∆f/Rb  

-34 
 

-42 
 

-50 
 

-58 
 

-66 
 

-74 

-4 
 
-14 
 
 
-24 
 
 

-34 

MSK 

SQPSK 

SFSK 

MSK 

SQPSK 

MSK 

Amoroso’s 

Function-SFSK 
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CODING RESULTS 
 

 
  Voyager 
   1977-Launch 
   1986-Uranus-29.9 Kbps 
   1989-Neptune-21.6 Kbps 
 

 Pr{εεεε}=10
-6
, Eb/N0 ≈≈≈≈ 2.5-3.0 dB 

 
E.C. Posner, “ Deep Space Communications-Past, Present and Future”, 
IEEE Communications Magazine, Vol. 22, No. 5,-May 1984, pp.8-21 
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The Most Beautiful Woman in 
The World 

 
Yediot Aharonot-Israel 

21 January 2000 
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HAND–DRAWN FIGURES FROM 
THE ORIGINAL HEDY LAMARR-

GEORGE ANTHEIL PATENT  
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CAPACITY  
 

 
 

Rb/W as a function of Eb/N0, dB 
 

Bandlimited 
Region 

Power-limited 
Region 

Rb/W 
(bps/Hz) 

Eb/N0, dB 

5.76 dB 

1.76 dB 
QPSK 
              10-5   (0%-Nyquist) 
BPSK 
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IEEE 802.11a-1999 
 

OFDM 
STANDARD 

Part 11:Wireless LAN Medium Access 
Control (MAC) and Physical Layer 

(PHY) specifications: 
High-speed Physical Layer in the  

5 GHZ Band 

 
 
 

 Operating Bands    Maximum Power 
 

5.15 GHz-5.25 GHz  40 mw   
5.25 GHz-5.35 GHz  200 mw 
5.725 GHz-5.875 GHz 800 mw 
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IEEE 802.11a 

Frequency Domain 
 
 

For example - 16-QAM 
 
 
                      3+j1                                      1-j3 

 
          f 

  ∆∆∆∆f 
 

• Channel spacing (∆∆∆∆f)=.3125 MHz 
•••• Spacing between two outermost frequecies  
  =.3125 MHz x 52=16.25 MHz 
 
•••• 64 frequencies (only 52 are used) 

•••• 48 frequencies for data 
•••• 4 frequencies for pilot tones 
•••• Modulations-BPSK, QPSK,  

                16-QAM or 64-QAM  
••••        1 to 6 bits/symbol 

 
•  6 to 54 information Mbps 
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Time Domain 
 

There are 64 complex samples in the time 
domain 

 
                    3.1+ j4.3 

 
 
 
                         0       1      2       3       4             62      63    t  
 
 
 

••••Tblock  = 1/∆∆∆∆f =1/.3125 MHz=3.2 µµµµs 
••••Tsample= 3.2 µµµµs/ 64= .05 µµµµs 
•fsampling=1/Tsample=1/.05 µµµµs =20 Mhz  

 
 

Cyclic Prefix= 800 ns   
 
 Cyclic prefix (16 samples) 
 
 

 
    800 ns                                  800 ns          

 
 

      3.2 µµµµs       
                    (Tblock) 
 

 4.0 µµµµs  

 (Tblock + cyclic prefix) 
 

  •••• Rblock=1/ 4.0 µµµµs= 250 kblocks/sec 
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IEEE 802.11a 
 

(TOFDM Block= 4µµµµs) 
 
 
Info Data        Modulation         Coding         Coded bits    Total Bits per          Total Info 
   Rate                Rate  per subcarrier     OFDM symbol        Bits per OFDM 
 (Mbps)                            Symbol 
  
 
 
     6  BPSK  1/2  1  48  24 
 
     9  BPSK  3/4  1  48  36 
 
    12  QPSK  1/2  2  64  48 
 
    18  QPSK  3/4  2  96  72 
 
    24  16-QAM 1/2  4  192  96 
 
    36  16-QAM 3/4  4  192  144 
 
    48  64-QAM 2/3  6  288  192 
 
    54  64-QAM 3/4  6  288  216 
 
 

Information data rate = 36 Mbps 
 

•••• 16-QAM ⇒⇒⇒⇒ 4 bits/frequency bin 
•••• 48 bins x 4 bits/symbol=192 bits/OFDM Symbol 
•••• Rate ¾ code  ⇒⇒⇒⇒   

Total Number of info bits/ OFDM Symbol= 
3/4 x192=144 info bits /OFDM Symbol 
 

•••• Total info bit rate  
   144 info bits/OFDM Symbol x 250 Ksymbols/sec 

= 36 Mbps 
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VITERBI ALGORITHM  
 
Computation of dmin

2 for 
Duobinary Signal 
        an= +1 ____ 
    
       an= -1 _ _ _  
 
 
State   2  2   2  2  2  
   1 
 
           0           0          0    
Transmitted 
   Signal 
   0       0           0            0          
 
State 
  -1     -2   -2     -2  -2 
 
 
Received  
Signal    .9  .2  -.3    1.9   1.1 
(including  
    noise) 
 
 
       (1.1)2        (1.8)2  (2.3)2  (.1)2  
 
    
     (.2)2           (.3)2                (1.9)2 
   (.9)2         
 
VITERBI                   (.2)2         (.3)2                 (1.9)2 
ALGORITHM        
 

         (2.2)2  (1.7)2  (3.9)2 
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Capacity for Rayleigh Fading Channels 
(One antenna at transmitter and receiver-SISO) 

 

A. J. Goldsmith and P. P. Varaiya, “ Capacity of fading channels with 
channel side information”, IEEE Transactions on Information 
Theory, November 1997, pp. 1986-1992. 

     

 

Fig. 4 Capacity in Rayleigh fading (m=1) 

 

 
C=W log 2 [1+ (r2P/N0W)]    bps  
 ∞∞∞∞ 

Cavg=∫∫∫∫ W log 2 [1+ (r2P/N0W)] f(r) dr    bps 
        0 

 f(r)=  ( r/ σσσσ2) exp{- r2/2σσσσ2 };    r ≥≥≥≥ 0. 
 

The variable “r” represents the Rayleigh fading variable at the receiver. The 
expression r2P is the received power for a given value of “r”.  
P  avg =2σσσσ2P, is the average received power. If 2σσσσ2 equals one then P  avg =P. 

AWGN 

OPTIMAL  
ADAPTION

“Water-
Pouring in 

Time” 
(solid line) 

Pavg/N0W, dB 

Cavg/W 
(bps/Hz) 

Cavg/W 
(dashed line) 

                ∞∞∞∞ 
Pavg=∫∫∫∫ r

2P f(r) dr 
              0 
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Capacity of Fading Channels and Diversity 
Schemes 

 
•••• Classic WGN Channel (WGN) 
•••• SISO Channel (SISO) 
•••• MRC (Dual Antenna Diversity) –Total Received  

Power is Constant (CMRC-RC) 
•••• MRC (Dual Antenna Diversity) –Transmit Power is  

Constant (MRC-TC) 
 

(The difference between the two MRC curves is 3 dB) 
  

            Average Capacity/ Bandwidth (Cavg/W) 
                          (bps/Hz) 
 

                           
 

Pavg/ N0W, dB 

MRC-TC 

WGN 

MRC-RC 

SISO 
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Recent Results on the Capacity of Wideband 

Channels in the Low-Power Regime-SISO 

 
S. Verdu, “Recent results on the capacity of wideband channels in the low-
power regime”, IEEE Wireless Communications, Vol. 9, No. 4, August 2002 

pp.40-45. 

 
Spectral Efficiency of Rayleigh Fading Channels 

 

    
 

Notice that the spectral efficiencies, which are 
being discussed, are very low. 

Cavg/W 
(bps/Hz) 

Eb/N0, dB 


