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ABSTRACT 

This paper deals with the communication system that uses M-ary Phase-Shift-Keying (M-PSK) and M-ary Quadrature Amplitude 

Modulation (M-QAM) to transmit information using OFDM technique over Rayleigh communication channel. In terms of Symbol 

Error Rate (SER), the performance of different modulation schemes using OFDM techniques in Rayleigh channel is analyzed. For 

different types of modulation schemes (QPSK, 16-QAM, 16-PSK, 64-QAM, 64-PSK) gray coded bit mapping has been used with 

OFDM techniques. So, better performance is shown in different modulation scheme by using gray coded bit mapping. Here in this 

paper, it is our goal to show the way through which the SNR result varies between M-PSK and M-QAM.   

 

Keywords: OFDM, Gray Coded Bit Mapping, SER, Rayleigh fading, M- ary PSK, M- ary QAM 

 

https://doi.org/10.14331/ijfps.2011.330006 

 

 

INTRODUCTION 

In recent years high speed wireless data communications have 

found many application areas like Orthogonal Frequency 

Division Multiplexing (OFDM) (R. D. Van Nee and R.Pras ).The 

principles of OFDM modulation have been used since the 1960s. 

But in recent years, this technology has crossed the limitations 

into the real world of modern communication systems to combat 

Inter Symbol Interference (ISI) through multicarrier modulation 

(John A.C Bingham, Mehul Jain and et al).  

OFDM has proved to be very effective in mitigating adverse 

multipath effects of a broadband wireless channel. Counteracting 

the frequency selectivity of multipath channels by multiplexing 

information on different orthogonal carriers is the key to the 

OFDM success. Indeed, if a cyclic prefix is inserted between 

successive OFDM symbols, the overall system can be viewed as 

composed of N parallel frequency flat channels (Z.Wang and G. 

B. Giannakis and  L. J. Cimini Jr).  

So, now it becomes the underlying technology for various new 

applications such as digital audio broadcast (ETSI), digital video 

broadcasting-terrestrial (DVB-T) (ETS), wireless LAN 

(802.11a&g, 802.16a&b and Hiper LAN-2(ETSI)), broadband 

wireless (MMDS, LMDS), xDSL, and home networking. 

Actually, as of today, OFDM has replaced DSSS for 802.11a and 

802.11g wireless LAN application. In 802.11 and 802.16, there 

are several data modulation schemes that are used with OFDM, 

such as Binary Phase Shift Keying (BPSK), quadrature 

amplitude modulation (QAM) to cover data rates for different 

needs. The bit error rate (BER) performance of these systems 

evaluated in additive white Gaussian noise (AWGN) channel 

(Nor  K. Noordin et. al). In this technique, modulation, mapping 

rate are dynamically adapted based on channel condition to 

increase the system performance in terms of Bit Error Rate 

(BER) and throughput (bps) in various conditions such as 

channel mismatch, Doppler spreads, fading, etc.  

By using gray bit mapping in different types of modulation 

schemes, bit constellation is rearranged where every adjacent bit 

constellation differ by only one bit. Symbol energy and symbol 

error rate also converted into bit energy and bit error rate to 

reduce bit error rate for different types of modulation schemes. 

In this paper, we are trying to figure out the way, which is 

Rayleigh fading channel for improving the performance of 

transmitting information.  

We present the average SER performance for different M-PSK 

and M-QAM and use gray coded bit mapping for different 

modulation schemes to get BER performance with OFDM 

technique in Raleigh fading channel. The numerical results are 

computed and plotted for M=16 and 64.  

The rest of the paper has been organized as follows: In section 

II, OFDM system and Rayleigh fading channel have been 
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described. In section III, simulations and results are presented. 

Finally, we conclude the paper in the last section. 

SYSTEM MODEL, (A. CHANNEL MODEL) 

In a multipath environment, it is reasonably intuitive to visualize 

that an impulse transmitted from the transmitter will reach the 

receiver as a train of pulses. When there are large numbers of 

paths, applying Central Limit Theorem, each path can be 

modeled as circularly complex Gaussian random variable with 

time as the variable. This model is called Rayleigh fading 

channel model. A circularly symmetric complex Gaussian 

random variable is of the form, 

 

𝑍 = 𝑋 + jY   (1) 

 

where real and imaginary parts are zero mean independent and 

identically distributed Gaussian random variables. For a 

circularly symmetric complex Gaussian random variable 𝑍, 

 

𝐸[𝑧] = 𝐸[ 𝑒𝑗𝜃𝑍] =  𝑒𝑗𝜃 𝐸[ 𝑍].   (2) 

 

The statistics of a circularly symmetric complex Gaussian 

random variable is completely specified by the variance, 𝜎2 =
𝐸[ 𝑍2 ]. Now, the magnitude |𝑍| which has a probability density, 

𝑝(𝑧) =
𝑧

𝜎3   𝑒
−𝑧2

2𝜎2  𝑧 ≥ 0   (3) 

is called a Rayleigh random variable. This model, called 

Rayleigh fading channel model, is reasonable for an environment 

where there are large number reflectors. 

 

B. OFDM transceiver: 

Before transmitting information bit in Raleigh fading channel 

through the OFDM transmitter we use different modulation 

schemes and also gray bit mapping, which is shown in Fig.1. 

And information data are modulated in a baseband fashion by the 

IFFT. Then the data is transmitted to the channel.  The receiver 

performs the inverse process of the transmitter. 

 

 

In Orthogonal Frequency Division Multiplexing, multiple 

sinusoidal with frequency separation 
1

𝑇
 is used where 𝑇  is the 

symbol period. The sinusoids used OFDM can be defined as 

(John-R-Barry  et al): 

𝑔𝑘(𝑡) =
1

√𝑇 
𝑒

𝑗2𝜋𝑘𝑡

𝑇 𝑤(𝑡)    (4) 

Where 𝑘 = 0,1, … 𝐾 − 1 correspond to the frequency of the 

sinusoidal and 𝑤(𝑡) = 𝑢(𝑡) − 𝑢(𝑡 − 𝑇) is a regular window 

over [0 T]. OFDM uses multiple sinusoidals having frequency 

separation 
1

𝑇
 where each sinusoidal gets modulated by 

independent information. The information is multiplied by the 

corresponding carrier signals. Mathematically, the transmit 

signal is, 

 

𝑠(𝑡) = 𝑎0𝑔0(𝑡) + 𝑎1𝑔1(𝑡)+.  .  . +𝑎𝐾−1𝑔𝐾−1(𝑡) 

= ∑ 𝑎𝑘𝑔𝑘(𝑡)

𝐾−1

0

 

=
1

√𝑇
 

∑ 𝑎𝑘 𝑒
𝑗2𝜋𝑘𝑡

𝑇  𝑤(𝑡)𝐾−1
0   (5) 

 

The interpretation of the Eq. (5) is as follows:  

(a) Each information signal 𝑎𝑘 multiplies the sinusoidal 

having frequency of 
𝑘

𝑇
 . 

(b) Sum of all such modulated sinusoidal are added and the 

resultant signal is sent out as 𝑠(𝑡).  The sampled version of the 
above equation is, 

𝑠(𝑛𝑇) =
1

√𝑇
∑ 𝑎𝑘 𝑒

𝑗2𝜋𝑘𝑛𝑡

𝑇  𝑤(𝑛𝑡)𝐾−1
0   (6) 

 

This operation corresponds to an inverse Discrete Fourier 

Transform (IDFT) operation. For different modulation selected 

parameters of the OFDM system based on IEEE 802.11a 

specifications are tabulated in Table-I.  

 

Table-I: Selected Simulation Parameters 

Parameter 
 

Value 

Modulation 
QPSK/16-QAM/64-QAM/16-

PSK /64-PSK. 

FFT size. nFFT 64 

Number of used subcarriers. nDSC 

 
52 

FFT Sampling frequency 20MHz 

Subcarrier spacing 312.5kHz 

Used subcarrier index {26 to 1, +1 to +26} 

Cylcic prefix duration, Tcp 0.8us 

Data symbol duration, Td 3.2us 

Total Symbol duration, Ts 4us 

 

 

From Table-I, we can see that the symbol duration   𝑇 = 3.2𝜇𝑠. 

This implies that the used subcarriers are 
±𝑘

𝑇
=

±312.5𝑘𝐻𝑧, ± 625𝑘𝐻𝑧 .  .  . and so on. The available bandwidth 

of 20MHz is split into 64 subcarriers. Out of the 64 subcarriers 
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Fig. 1: Block diagram of OFDM transceiver in 

Rayleigh Fading channel. 
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having indices 𝑘 = [−32.  .  .  . +31], the number of used 

subcarriers is 52. The used subcarriers having indices 
[−26.  .  . −1 + 1.  .  . +26] are used for transmitting information 

sequence 𝑎1𝑡𝑜 𝑎52. Once the bits in each symbol are assigned to 

appropriate IDFT (Weinstein, S.B., Ebert, P.M) inputs or IFFT 

(inverse fast Fourier Transform) inputs, which is mathematically 

equivalent to IDFT operations, it transforms the frequency 

domain inputs into time domain signals . The length of the 

OFDM symbol is 𝑁𝑇, where 𝑇 is the IFFT input symbol period 

mentioned above and 𝑁 is number of subcarriers of the system. 

After some additional processing, the time domain signal is 

transmitted across the channel. At the receiver, an FFT block is 

used to process the received signal and bring it into the frequency 

domain. When the output samples of the FFT are plotted in the 

complex plane, it forms a constellation, such as 16-QAM. 

 

C. Cyclic prefix 

In an OFDM transmission, we know that the transmission of 

cyclic prefix does not carry extra information. The signal energy 

is spread over time Td+Tcp whereas the bit energy is spread over 

the time Td i.e. Es. (Td+Tcp) = Eb.Td. Simplifying, 

 

Es= 
𝑇𝑑

(𝑇𝑑+𝑇𝑐𝑝)
 Eb    (7) 

 

 

D. Relation between Eb/No and Es/No in OFDM 

 

The relation between symbol energy and the bit energy is as 

follows: 

 
𝐸𝑠

𝑁0
=

𝐸𝑏

𝑁0
(

𝑛.𝐷𝑆𝐶

𝑛.𝐹𝐹𝑇
)(

𝑇𝑑

𝑇𝑑+𝑇𝑐𝑝
)   (8) 

 

Expressing in decibels, 

 
𝐸𝑠

𝑁0
𝑑𝐵=

𝐸𝑏

𝑁0
𝑑𝐵 + 10𝑙𝑜𝑔10(

𝑛.𝐷𝑆𝐶

𝑛.𝐹𝐹𝑇
)+ 10𝑙𝑜𝑔10( 

𝑇𝑑

(𝑇𝑑+𝑇𝑐𝑝)
)  

      (9) 

 

E. M-ary PSK Modulation in OFDM Model 

 

The general analytic expression for M-ary PSK waveform is: 

 

𝑠𝑖(𝑡) = 𝐴. cos(𝑤𝑐𝑡 + ∅𝑖(𝑡)) ;   𝑖 = 0,1,2, . 𝑀 − 1        (10) 

 

 Where  = √
2𝐸𝑆

𝑇𝑠 
 , ∅ =

2.𝜋.𝑚

𝑀
 , 𝑚 = 0,1,2, 𝑀 − 1 

 

The parameter 𝐸𝑆 is symbol energy, 𝑇𝑠 is symbol time duration, 

and 0 ≤ 𝑡 ≤  𝑇𝑠.For BPSK modulation, 𝑀 = 2, and for QPSK 

modulation 𝑀 = 4, and the modulation data signal shifts the 

phase of the waveform, 𝑠𝑖(𝑡).  
The BPSK bandwidth efficiency is 1 bit/Hz, while QPSK 

bandwidth efficiency is 2 bits/Hz.  

 

1.  SER calculation for M-ary PSK in Rayleigh fading 

channel  

The error rates of binary modulation schemes in a Rayleigh 

fading environment are available in closed form (John Proakis 

1983). Closed-form expression for symbol error rate of M-ary 

Coherent Phase Shift Keying (CPSK) signals over Rayleigh 

fading channel can be expressed in terms of a single integral as 

Coherent PSK (Pawula, R.F et al): 

 

𝑃𝑒(𝛾) =  
1

𝜋
 ∫ exp (−𝛾 𝑠𝑖𝑛2𝛼 𝑠𝑒𝑐2

𝜋

2
−𝛼

−
𝜋

2

𝜃) 𝑑𝜃   (11) 

 

where 𝛾 is the signal o noise power ratio, M is the number of 

modulation level and 𝛼 = 
𝜋

𝑀
. In Rayleigh fading channel the 

signal envelop is Rayleigh distributed and the instantaneous SNR 

is Chi-square (John Proakis 1983), so the probability density 

function of SNR , 𝛾 has the form  

 

𝑝(𝛾) =
1

𝜌
exp (−

𝛾

𝜌
)      𝛾 ≥ 0      (12) 

 

Where 𝜌 is the average SNR. The average conditional error rate 

over the random variable 𝛾 𝑖𝑠    

    

 𝑃𝑒 = ∫ 𝑃𝑒(𝛾)𝑝(𝛾)𝑑𝛾    
∞

0
    (13) 

  

To obtain the error rate using Eq. (13), a double integral must be 

evaluated. Interchanging the order of integration with respect to 

the variable 𝛾 can be carried out first   

 

PSK: 𝑃𝑒 =
1

𝜋
 ∫

𝑐𝑜𝑠2𝜃

𝑐𝑜𝑠2𝜃+ 𝜌𝑠𝑖𝑛2𝛼

𝜋

2
−𝛼

–
𝜋

2

𝑑𝜃  (14) 

 

The remaining single integral can evaluate with the aid of 

integration table [15] yielding PSK: 

 

𝑃𝑒 =
𝑀−1

𝑀
 -

1

𝜋
√(

𝜌 𝑠𝑖𝑛2𝛼

1+𝜌 𝑠𝑖𝑛2𝛼
) × {

𝜋

2
+ 𝑠𝑖𝑛−1 [√(

𝜌 

1+𝜌 
)  𝑐𝑜𝑠𝛼]}   

     (15)  

For binary modulation, the Eq. (15) can be reduce to the 

following result (John Proakis 1983)   
 

    𝑃𝑒 =
1

2
[1 − √(

𝜌 

1+𝜌 
)  ]    (16) 

 

After simplification and substituting =
𝜋

𝑀
 , the error rates at high 

SNR (𝜌 > 10dB) assume the form PSK: 

 

𝑃𝑒 ≈ (
𝑀−1

𝑀
) {1-√[

𝜌𝑠𝑖𝑛2(
𝜋

𝑀
)

1+𝜌𝑠𝑖𝑛2(
𝜋

𝑀
)
] }       (17) 

 

2. 16-PSK (Phase Shift Keying) Modulation Schemes 

 

It is a one type of M-ary PSK where M=16. In 16-PSK 

modulation scheme we can send (k=𝑙𝑜𝑔2 𝑀 = 𝑙𝑜𝑔2 16 = 4) 4 bit 
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information per symbol. In Fig. 4 and Fig. 5, symbol 

constellation and gray coded bit mapping for 16-PSK is shown 

respectively. 

 

 
Figure 2: 16-PSK constellation plot 

 

 
Figure 3: Gray coded bit mapping for 16-PSK 

 

F. M-ary QAM Modulation in OFDM Model 

 

The general analytic expression for M-ary QAM waveform is: 

𝑠𝑖 (𝑡) = 𝐴 𝑚𝑐cos𝜔𝑐𝑡 – 𝐴 𝑚𝑠si𝑛𝜔𝑐  𝑡    ,0 ≤ 􀂔𝑡 ≤ 􀂔𝑇𝑠 

     18) 

 ,where  𝑖 = 0,1,2, … , 𝑀 and  𝑇𝑠 is the symbol interval, which 

is related to the bit interval by 𝑇𝑠 = 𝑚𝑇𝑏, where 𝑚 =
log2 𝑀 represents the number of bits per symbol. The 

quadrature amplitudes 𝐴 𝑚𝑐 and 𝐴 𝑚𝑠 range over a set of 

{±𝑑, ±3𝑑, ±5𝑑, …  . },  in which 2𝑑, represents the minimum 

Euclidean distance of constellation points, and 𝑑 can be 

calculated as: (H. G . Yeh and H. S. Seo) 𝑑 = √
3𝑚𝐸𝑏

2(𝑀−1)  
  

𝐸𝑏: average energy bit. As a result, the 16-QAM bandwidth 

efficiency is 4 bits/Hz and 64-QAM bandwidth efficiency is 6 

bits/Hz.  

 

 

1. SER calculation for M-ary QAM in Rayleigh fading 

channel 

 

Communication system used in this paper employs M-ary 

signaling over a Rayleigh fading channel. Besides the fading, the 

signal is also perturbed by AWGN with two sided Power Spectral 

Density (PSD) 
 𝑁0

2
. For a digital receiver (J. Sun, et al) which 

makes its decision based on the output of a linear filter operating 

on an undistorted symbol waveform, it is well known that the 

probability of symbol error caused by stationary AWGN depends 

only on the instantaneous SNR 𝛾𝑠 associated with each symbol. 

In fading, 𝛾𝑠 become a random variable and its PDF for Rician 

channel is [18], 

 

𝑝(𝛾𝑠 ) = (
1+𝐾

𝛾𝑠 ̅̅̅̅
) exp [−

(1+𝐾)𝛾𝑠 + 𝐾𝛾𝑠 ̅̅̅̅

𝛾𝑠 ̅̅̅̅
] . 𝐼0 (2√

𝐾(1+𝐾)𝛾𝑠 

𝛾𝑠 ̅̅̅̅
 )   

     (19) 

 

Once the PDF of 𝛾𝑠 is known, the average SER in fading can be 

calculated by averaging the conditional (on 𝛾𝑠 ) SER over the 

PDF 𝛾𝑠 i.e. 

 

𝑃𝑠 (𝑒) = ∫ 𝑃𝑠 (
𝑒

𝛾𝑠 

∞

0
)𝑝(𝛾𝑠 )𝑑𝛾𝑠         (20) 

 

Where 𝑃𝑠 (
𝑒

𝛾𝑠 
) is the conditional (on 𝛾𝑠 ) SER in non fading 

channel corrupted by AWGN. Using an alternate representation 

for the square of the Gaussian Q-function (M. K. Simon and D. 

Divsalar 1998), the conditional SER for the fading channel is 

given by (M. K. Simon and M. S. Alouini 1999), 

 

𝑃𝑠 (
𝑒

𝛾𝑠 
) =

4𝐵

𝜋
. ∫ exp (−

 g𝛾𝑠 

sin2 𝜃
) 𝑑𝜃 − 

𝜋

2
0

4𝐵2

𝜋
. ∫ exp (−

 g𝛾𝑠 

𝑠𝑖𝑛2 𝜃
) 𝑑𝜃

𝜋

4
0

       

(21) 

 

where g=3/[2(𝑀 -1)] and 𝐵 = 1 − 1/√𝑀. Now the substitution 

of (19) and (20) into (21) and considering 𝐾 = 0 yields the 

average SER of M-QAM over a Rayleigh fading channel, which 

is given as, 

 

Ps(e) =
4𝐵

π
. ∫

sin2 θ

sin2 θ+g𝛾𝑠 ̅̅̅̅
dθ − 

4𝐵2

π

π

2
0

. ∫
sin2 θ

sin2 θ+g𝛾𝑠 ̅̅̅̅

π

4
0

dθ  (22) 

 

2. 16-QAM (Quadrature Amplitude Modulation) 

Modulation scheme  

 

It is a one type of M-ary QAM, where M=16. In 16-QAM 

modulation scheme we can send (k=𝑙𝑜𝑔2 𝑀 = 𝑙𝑜𝑔2 16 = 4) 4 

bit information per symbol. In Fig. 4 and Fig. 5, symbol 

constellation and gray coded bit mapping for 16-QAM is shown 

respectively. 
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Figure 4: 16-QAM constellation 

 
Figure 5: Gray coded bit mapping for 16-QAM 

RESULT AND SIMULATION 

To analyze the performance of different modulation schemes 

with gray coded bit mapping and without using gray coded 

mapping with OFDM technique in Rayleigh fading channel, 

we perform simulations using MATLAB. 

 
Figure 6: SER curve for different modulation  

scheme using OFDM technique 

 

From Fig.6 we can see that after performing MATLAB 

simulation for 64 PSK the signal to noise ratio is 64dB and for 64 

QAM it is 58dB. Again for 16 PSK the signal to noise ratio is 

52dB and for 16 QAM it is 48dB. 

 

 
Figure 7: BER curve for different modulation  

Scheme using OFDM with gray coded bit mapping. 

 

From Fig.7 we can see that after performing MATLAB 

simulation with gray bit mapping for 64 PSK the signal to noise 

ratio is 48dB and for 64 QAM it is 45 dB. Again for 16 PSK the 

signal to noise ratio is 38 dB and for 16 QAM it is 35 dB.  The 

gain from SER and BER in different modulation scheme is 

summarized in Table-II 

 

Table-II: SER and BER for different modulation scheme 

 

Different modulation 

scheme 

SER 

at 10−4 

BER 

at 10−4 

Gain from 

SER & 

BER 

64-PSK 64 dB 49 dB 13 dB 

64-QAM 58 dB 45 dB 12 dB 

16-PSK 52 dB 40 dB 12 dB 

16-QAM 48 dB 37 dB 11 dB 

QPSK 40 dB 34 dB 6  dB 

CONCLUSION 

Here we have analyzed the performance of different modulation 

schemes with OFDM technique in Rayleigh fading channel with 

gray coded bit mapping and without gray mapping. By using 

higher order modulation scheme (like 16-QAM, 64-QAM, 16-

PSK, 64-PSK) with OFDM technique in Rayleigh channel, we 

can transmit more data rate. In both the cases we get better 

performance for QAM modulation scheme. So, at this stage we 

can easily conclude that QAM has got better performance than 

PSK and use of gray bit mapping enhances this performance even 

more.  
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