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Rezumat. Modulaţia cu simbol pilot(PSAM) este o 

metodă eficientă pentru a reduce efectul fadingului 

într-un sistem de comunicaţii mobile. În sistemele 

PSAM emiţătorul înserează periodic în fluxul de 

date simboluri pilot cunoscute, din care receptorul 

extrage amplitudinea şi faza semnalului recepţionat. 

În procesul de simulare am folosit o secvenţă de 

date generată aleator uniform distribuite şi o anumită 

secvenţă pilot (secvenţă Barker), care apoi au fost 

mapate într-un set de date 16-QAM. S-au simulat 

efectele zgomotului şi influenţa fadingului în com-

ponentele semnalului. 

Cuvinte cheie: Modulaţie cu simbol pilot (PSAM), 

constelaţia ortogonală 16-QAM, secvenţe Barker. 

Abstract. A fundamental issue of a communication 

system is the reliability and integrity of the received 

data as they are often been corrupted. Transmission 

errors may be attributed to several factors. One espe-

cially typical and important factor is the fading. PSAM 

(Pilot Symbol Assisted Modulation) is a technique to 

compensate the effects of fading in wireless mobile 

communications. With PSAM, at the transmitter a 

known set of pilot symbols are periodically inserted into 

the generated data symbol stream. The receiver is able 

to derive the amplitude and phase reference for data 

symbol detection by using these symbols. 

Keywords: Pilot Symbol Assisted Modulation 

(PSAM), 16-QAM constellation, Barker sequence. 

 

Introduction 

In most of the wireless communication channels 

there can be more than one path between the 

transmitter and the receiver antennas, making the 

reception very difficult. The channel fading not only 

degrades the bit error rate (BER), but also inhibits the 

use of multilevel modulation scheme, such as QAM, a 

modulation format that has greater spectral efficiency. 

Pilot Symbol Assisted Modulation (PSAM) can 

compensate the fading effect in land mobile com-

munication and can make the use of multilevel 

modulation format possible. To overcome the impact 

of fading and to facilitate the use of QAM schemes, 

a good way is to estimate the channel fading signal 

and use this information to reverse the effect of 

fading. The estimation of fading signal can be achieved 

with the aid of a reference signal (or a pilot signal) 

[1-4]. In Fig.1 is illustrated the idea of a PSAM 

technique, where the transmitter periodically inserts 

known symbols into the information-bearig symbol 

stream, denoted as pilot symbols, and these ones 

can be used by the receiver to estimate the fading 

distorsion. 

The paper is organized as follows. The data 

model and PSAM system are described in Section 2. 

Section 3 uses a suitable modulation scheme to 

accomplish the transmission between distant sender 

and receiver. A compressive theoretical description 

of Nyquist filtering is provided in Section 4. Since the 

transmission channel is often the limiting factor that 

influences the performance of any communication 
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system, both AWGN and Rayleigh fading channel 

are considered in Section 5. Simulation results are 

included in Section 6 and concludind remarks follow 

in Section 7. 

PSAM System Description 

The block diagram of a general PSAM scheme is 

depicted in Fig. 1, the transmitter periodically inserts 

known pilot symbols into data stream, from which 

the receiver derives its amplitude and phase 

reference. The combined pilot and data frame 

illustrated in Fig. 2 contains a specific sequence of N 

pilot symbols inserted at symbol intervals of length 

L. The composite symbol sequence s(k) is modula-

ted by a square root Nyquist pulse, p(t), and then 

transmitted over a channel characterized by flat slow 

fading and additive white Gaussian noise channel. 

Pilot symbols have the same pulse shape as the 

data symbols. The transmitted signal has a complex 

envelope given by: 

 ( ) ( ) ( )s
n

s t A s n p t nT
∞

=−∞

= −∑  (1) 

where s(k) is the input pulse signal, sT is the symbol 

time, A is an amplitude factor and p(t) is a unit 

energy pulse, which can be described in following 

equations: 

 2( ) d 1p t t
∞

−∞

=∫  (2) 

 *( ) ( ) ( )dpR p t p t t
∞

−∞

τ = − τ∫  (3) 

  ( ) ( ) ( )p p sR k R kT k= = δ  (4) 
where ( )pR τ  is the autocorrelation function of the 

pulse waveform p(t) and ( )kδ is the Kronecker delta 

function [1]. 

 

 
 

Fig. 1. PSAM transmitter and receiver structure. 
 

For channels with multi-path non-selective fading, 

the time-delay spread of the channel is much less 

than the symbol duration. When a signal pulse is 

transmitted, the mobile receives the superposition of 

many pulses approximately at the same time. 

Therefore, the frequency non-selective and slow 

Rayleigh fading channel can be aproximated into a 

multiplicative factor of the transmitted signal. The 

received signal can be expressed as : 

 ( ) ( ) ( ) ( )r t s t c t n t= +  (5) 

where r(t) is the baseband received signal, c(t) 

denotes the multiplicative fading distorsion with a 

Rayleigh distribution envelope, s(t) is the transmitted 

baseband signal, and n(t) is the additive white 



Pilot Symbol Assisted Modulation using 16-Level QAM for a Wireless System 

 
TELECOMUNICAŢII ● Anul LII, nr. 1/2009 27 

Gaussian noise with zero mean and power spectral 

density 0N . The received signal is fed to an ideal 

low-pass filter (LPF), which avoids intersymbol inter-

ference (ISI). The receiver detects the pulses using 

a matched filter with impulse response *
0( ) /p t N−  

and sampled at the symbol time st nT= : 

*( ) ( ) ( ) ( ) ( )d ( )s s s s
n

r kT A s n c p nT p kT n kT
∞∞

=−∞ −∞

= τ τ − τ − τ +∑ ∫     

(6) 
where ( )sr kT  is the response of the matched filter 

and symbol sampler. 

After matched filter detection, the receiver splits 

the symbols samples into two streams. The reference 

branch decimates the samples to extract only those 

due to the pilot symbols, and interpolates these 

symbols to form an estimate of the channel state. 

 

 
 

Fig. 2. Transmitted frame structure. 

16 State Quadrature Amplitude  
Modulation (16-QAM) 

The major difficulty of using bandwidth-efficient 

multi-level QAM schemes is that over fading channels 

the transmitted signal magnitude is modified and the 

phase is rotated, wich causes error transmission of 

QAM difficult to compensate, unless special pro-

cedures are introduced at both the transmitter and 

the receiver ends. By using a PSAM system, the 

impact of fading can be reduced and the use of AM 

becomes possible. As an illustration in this paper we 

choose 16-QAM as the modulation format. 

In the QAM system illustrated in Fig.3 it is 

assumed that the input information is a stream of 

random binary bits. This bit stream is first mapped 

into Ι and Q QAM symbols. In a 16-QAM system, the 

binary bit stream is mapped into 4-bit symbols and 

the square constellation using Gray coding is 

illustrated in Fig.4. 

For a 16-QAM constellation, each point re-

presents a 4-bit symbol, composed by two in-phase 

bits on I axis and two quadrature bits on Q axis. The 

bits 01, 00, 10, 11 are mapped to the levels 3d, d,    

-d, -3d . Such algorithm it is called Gray code. 

In Fig. 4 the distance between adjacent code 

points is always 1 and larger than 1 for the other 

cases. This is a fundamental feature of Gray coding 

process so that when a received symbol is corrupted 

by noise an it is misinterpreted as an adjacent 

constellation point, it ensures that the demodulator 

will makes a single bit error. 

Nyquist filtering (square root raised  
cosine filter) 

The input data for the 16-QAM modulator are 

rectangular pulses. If not pulse shaped appropriate-

ly, this pulse shape may cause severe intersymbol 

interference (ISI) with adjacent pulses for most 

communication channels that are bandwidth-con-

strained. 

An ideal linear low-pass filter (LPF) has a cut-off 

frequency of / 2N sf f= , where 1/s sf T=  is the 

symbol rate, sT  is the symbol interval duration and 

1/ (2 )N sf T= is the so-called Nyquist frequency. This 

filter has a (sin ) /x x  shaped impulse response with 

equidistant zero-crossing at the sampling instants 

snT . When sampled at the correct instants, this low-

pass filter avoids ISI. 
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  a) Transmitter 
 

 
 
 
 
 
 
 
 
 
 
 

 
  b) Receiver 

 
 
 
 
 
 
 
 
 

Fig. 3. A QAM scheme. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 16-QAM square constellation  
using Gray encoding. 
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A particular pulse shape that satisfies the cha-

racteristics mentioned above for an ideal low-pass 

filter and has been widely used in practice is the 

Nyquist raised cosine pulse [6]: 
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where sT  is the symbol duration and β is the roll-off 

factor which takes value in the range [0, 1]. 

The corresponding time domain impulse response 

of a raised cosine filter above is given as by [6]: 

 2
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( )

1 4

s s

s

t tc
T T

f t
t
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The raised cosine pulse spectral characteristics 

and corresponding pulses for 0,0.5β =  and 1 are 

illustrated in Fig. 5. 
 

 
 

Fig. 5. Nyquist pulse and raised cosine spectrum. 

Transmission channel 

After the baseband signals I and Q have been 

filtered, they are passed through an I-Q modulator 

with two quadrature carriers as illustrated in Fig.3. 

These two signals are transmitted and received over 

a single channel within the same bandwidth. Two 

common channel models are used: the additive 

white Gaussian noise channel and the multipath 

Rayleigh fading channel [5]. 

Additive White Gaussian Noise Channel 

The additive white Gaussian noise (AWGN) is 

assumed to have a constant power spectral density 

over the whole channel bandwidth and its amplitude 

probability density function (PDF) obeys the sta-

tistics of a Gaussian distribution. 

Multi-path Rayleigh Fading Channel 

The basic model of Rayleigh fading assumes a 

received multipath signal to consist of a (theoretically 

infinitely) large number of reflected waves with iden-

tically distributed inphase and quadrature amplitudes. 

Fading Channel Effects 

The delays associated with different signal paths 

in a multipath fading channel change in an un-

predictable manner and can only be characterized 

statistically. The effects of the channel on a trans-

mitted signal in general is represented as : 

  [ ]2( ) Re ( ) cj f t
ps t s t e π=                      (9) 

where Re[ ] is the real part of a complex signal, 

( )ps t is the bandpass transmitted signal, s(t) is the 

baseband input signal band-limited by the trans-

mitter filter and cf  is the carrier frequency. Further, if 

there are multiple propagation paths, associated 

with each path there are a propagation time delay 

( )tτ  and an amplitude attenuation factor a(t) both 

time-variant. The received bandpass signal after 

multi-path propagation may be expressed as: 

 ( ) ( ) [ ( )]n p n
n

x t a t s t t= − τ∑                  (10) 
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where ( )na t  is the amplitude attenuation factor of 

the received signal in the thn  path and ( )n tτ  is the 

propagation time delay for thn path. The equivalent 

lowpass baseband received signal is : 

 [ ]2 ( )( ) ( ) ( )c nj f t
n n

n
r t a t e s t t− π π= − τ∑               (11) 

The fading channel response can be modeled as 

a random process: 

 [ ]( )( , ) ( ) ( )nj t
n n

n
h t a t e t t− θτ = δ − τ∑             (12)           

where ( ) 2 ( )n c nt f tθ = π τ . The received signal is 

composed of different time-variant vectors that have 

different amplitude factors and phases ( ( )na t , ( )n tθ ). 

This means that the time-variant fading response 

( , )h tτ  is a random process of variable t, too. The 

random process of multi-path channel fading can be 

modeled by a Rayleigh distribution or a Rice 

distribution. 

Parameters of a fading channel 

In a typical wireless communication environment, 

multiple propagation paths often exist from a trans-

mitter to a receiver due to scattering by different 

objects. Signal copies following different paths can 

undergo different attenuation, distorsion, delays and 

phase shifts. When radio waves with different Doppler 

shifts combine destructively to cancel at one time 

and combine constructively at another time, they 

produce a time-variant channel fading. This type of 

channel is classified as fast and slow fading based 

on the normalized fading rate df  

 cosm c
d

f f vf
B Bc

α= =  (13) 

where mf  is the maximum Doppler shift, B is the 

bandwidth of the baseband signal, v  is the velocity 

of the mobile user, cf is the carrier frequency, α  is 

the arrival angle of the path that has maximum 

Doppler shift, and c is the light speed. If the fading 

rate is smaller than one, it means that the Doppler 

frequency shift is much smaller than the bandwidth 

of the signal. 

If the bandwidth of the transmitted signal is small 

compared to the coherence bandwidth of the 

channel ( .cohfΔ ), then the channel is classified as 

frequency non-selective (flat) fading. The coherence 

bandwidth of the channel can be expressed as [6]: 

 .
1

coh
m

f
T

Δ =                              (14) 

where mT  is the maximum difference of any two 

path delays in a fading multi-path channel. 

Therefore, the frequency non-selective and slow 

Rayleigh fading channel can be achieved approxi-

mating a multiplicative factor of the transmitted signal. 

The general expression of the received signal is : 

 ( ) ( ) ( ) ( )r t c t s t n t= +  (15) 

where ( )r t is the baseband received signal, ( )c t  

gives the multiplicative fading distorsion and its 

envelope has a Rayleigh distribution, ( )s t is the 

transmitted baseband signal and ( )n t  is the additive 

white Gaussian noise with zero mean and power 

spectral density 0N . The channel model is illustrated 

as in Fig. 6. 
 

 
 

Fig. 6. Transmission channel model. 

Simulation Results 

In the simulation process, data symbols and pilot 

symbols are both selected from a 16-QAM data set. 
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The insertion rate of pilot symbol is pL = 10, which 

means pilot symbol is inserted every 10 symbols 

and the first symbol each subframe is a pilot symbol. 

It is generally desirable to choose a pilot symbol 

pattern with good autocorrelation properties. In this 

paper 7, 11, 13 Barker sequence, Neuman-Hofman 

13, and PN 15(see Table 1) are used. 
 

Table 1. 

List of pilot sequence 

Sequence Bipolar Binary Sequences 
    BK7   [-1,-1,-1,1,1,-1,1] 

    BK11  [-1,-1,-1,1,1,1,-1,1,1,-1,1] 
    BK13  [-1,-1,-1,-1,-1,1,1,-1,-1,1,-1,1,-1] 
    NH13 [1,1,1,1,1,1,1,-1,-1,1,1,-1,1,-1] 
    PN15 [-1,1,1,1,-1,-1,-1,-1,1,-1,1,-1,-1,1,1] 

 
For each case, one full frame observation is thus 

70, 110, 130, and 150 symbols, respectively. A 

composite sequence of un-shaped symbols from the 

signal generator is illustrated in Fig. 7. As stated 

above, pilot symbols occur at interval of 10 symbols. 

 

 
 

Fig. 7. A composite sequence of un-shaped symbols  
from he signal generator. 

 
The composite signal is next filtered by a band-

limiting Nyquist filter using a root raised cosine filter 

(SRRC). The input signal of the transmitter filter is 

linearly modulated and upsampled by a factor of 16, 

the roll-off factor is set to 0.5. The output of SRRC filter 

is then transmitted over the communication channel. 

 

 
 

Fig. 8. Input and output signal of transmitter filter. 
 

To simulate the fading channel effects we use the 

additive white Gaussian noise, which we choosed to 

run in a signal to noise ratio mode. For the multi-

path Rayleigh fading channel case, we will consider 

both fading and additive white Gaussian noise. The 

channel is modeled as in equation described 

above: ( ) ( ) ( ) ( )r t c t s t n t= + . According to the channel 

model, additive Gaussian noise is added to the 

baseband signal after it first passes through the 

multi-path Rayleigh fading channel. 

The ideal 16-QAM constellation is simulated as 

shown in Fig.9 (a) and the received 16-QAM signal 

corrupted by a time-varying Rayleigh fading channel 

is shown in Fig.9(b). 

As indicated in Fig.9 (b), fading scales and rotates 

the signal constellation and therefore the magnitude is 

changed. In Fig.9 (b) it is clear that the transmitted 

signal is severely degraded by fading effect. 

Fig.10 shows the received signal over an AWGN 

channel still with very clear boundaries beetwen 

symbols. As the noise level increases, the symbols 

are blurred more. 

In Fig.11 after the Gaussian noise is added the 

transmitted signal is corrupted more severely. 
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(a) 

 

( b) 

Fig. 9. 16-QAM signal corrupted by multi-path  
Rayleigh fading. 

 

 
 

Fig. 10. 16-QAM signal corrupted by AWGN channel. 
 

 
 

Fig. 11. 16-QAM signal degraded by multi-path Rayleigh 
fading and AWGN. 

Conclusion 

Pilot symbol assisted modulation is relatively 

simple to implement. The transmitter just inserts 

known symbols periodically, so there is no change in 

pulse shape or peak to average power ratio. PSAM 

was tested with AWGN and Rayleigh fading land 

mobile channels. 
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