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Abstract—Pilot Symbol Assisted Modulation (PSAM) channel
estimation techniques over Rayleigh fading channels have been
analysed in recent years. Fluctuations in the Rayleigh fading
channel gain degrades the performance of any modulation
scheme. This paper develops and analyses a PSAM Polynomial
interpolation technique based on Least Square (LS ) approxi-
mations to estimate the Channel State Information (CSI) for
M-ary Quadrature Amplitude Modulation (M-QAM) over flat
Rayleigh fading channels. A Sliding window approach with
pilot symbol adjustment is employed in order to minimize the
computational time complexity of the estimation technique. The
channel estimation performance, and its computational delay
and time complexity is verified for different Doppler frequen-
cies ( fd), frame lengths (L), and Polynomial orders (P-orders).
Simulation results show that the Cubic Polynomial interpolation
gives superior Symbol Error Rate (SER) performance than the
Quadratic Polynomial interpolation and higher P-orders, and the
performance of the Polynomial estimation techniques degrade
with increase in the P-orders.

Keywords—Channel estimation; Doppler frequency; frame 
length; interpolation; polynomial order

I. Introduction

Channel estimation assuming a Rayleigh fading channel
with Additive White Gaussian Noise (AWGN) is an essen-
tial aspect of wireless communication. Most especially if
Orthogonal Frequency Division Multiplexing (OFDM) or M-
ary Quadrature Amplitude Modulation (M-QAM) is adopted
as the modulation scheme in conveying information between
the transmitter and receiver. Rayleigh channel gain variations
result in degradation in the performance of the modulation
scheme, more significantly at low Signal-to-Noise Ratio (SNR)
[1]. Therefore, channel estimation is required to obtain a
rough estimate of the Channel State Information (CSI), and
compensate for such channel errors.

Pilot Symbol Assisted Modulation (PSAM) channel es-
timation techniques have been proposed in literature using
Gaussian, Wiener, Sinc, Linear interpolations, and many more
interpolation techniques to analyse and compensate for the
effect of fading errors in order to improve the performance
of the modulation scheme [2]–[8]. The major focus has been
on the trade-off between the computational time complexity

and gain performance of these channel estimation techniques
over Rayleigh fading channels.

This paper proposes a Polynomial interpolation channel
estimation technique based on Least Square (LS ) approxima-
tions for M-QAM assuming a flat Rayleigh fading channel.
The Polynomial estimation technique offers a balance between
the performance and implementation time complexity in esti-
mating the CSI. Simulations are provided to verify the opti-
mal performance of the interpolation technique for different
Polynomial orders (P-orders), while increasing the Doppler
frequency fd, and frame length size L. Result is also shown
comparing the developed Polynomial interpolation technique
with some existing channel estimation techniques found in
[4], [7] and [9]. The simulation results are shown assuming
rectangular 16-QAM, although the estimation technique can
be extended to other M-QAM schemes as well.

The remainder of this paper is structured as follows.
Section II gives a brief explanation of the system model and
notations. In section III, the PSAM Polynomial interpolation
technique is developed and analysed for different P-orders.
Discussions and result comparisons are presented in Section
IV. Finally, the paper is summarised and concluded in Section
V.

II. SystemModel

Fig. 1 shows a pilot symbol assisted modulation system
model. The input data is mapped to rectangular 16-QAM
complex data symbols with the real and imaginary components
taken from the set (±1c,±3c, .... ± (m − 1)c), where m is
of the form M=m2 [10]–[12]. Pilot symbols are periodically
inserted to the transmitted 16-QAM complex data symbols.
The transmitted QAM symbols are divided into frames of size
L, with each frame starting with a known symbol called the
pilot symbol, and subsequently L-1 data symbols. The frame
structure is transmitted over a flat Rayleigh fading channel
with Doppler frequency fd.

After down-converting and matched filtering, the faded
received signal corrupted with AWGN in the current p-th frame
is defined as:

r̄ l
p = Ēl

p t̄ l
p + Np, l = 1, ...., L − 1, (1)
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Fig. 1: PSAM system model.

where Np is the complex AWGN with variance No/2, t̄ l
p is the

transmitted QAM symbols, and Ēl
p is the complex zero mean

Gaussian variables denoting the fading distortion at the data
symbol positions.

Similarly, the faded received pilot symbol corrupted with
AWGN in the current p-th frame is defined as:

r̂p = Êp t̂p + Np, (2)

where Êp is the complex zero mean Gaussian variables denot-
ing the fading distortion at the pilot symbol positions, t̂p and
r̂p are the transmitted and received pilot symbols respectively.
Thus, the noisy fading estimates at the p-th pilot symbol
positions is obtained as:

Ep = Êp +
Np

t̂p
. (3)

The fading estimates El
p in the current p-th frame at the

data symbol position is obtained by interpolating the pilot
symbol fading estimates Ep. The received data symbol r̄ l

p is
scaled (dividing the received data symbol r̄ l

p by the estimated
fading distortion El

p) to compensate for the channel error in
a process called Automatic Gain Control (AGC). The scaled
received data symbol r l

p is demodulated to obtain a copy of
the transmitted data.

III. PSAM Polynomial Interpolation

The Polynomial interpolation channel estimation technique
maintains a balance between the performance and implemen-
tation time complexity in estimating the CSI. The fading
distortion in the current p-th frame at the data symbol position
is estimated by interpolating the current p-th frame pilot
symbol fading estimate Ep and the nearest pilot symbol fading
estimates Ep+i to the p-th frame. The number of the nearest
pilot symbol estimates used for the interpolation process
depends on the P-order.

Consider the complex data and pilot symbols frame
structure at the output of the matched filter as shown in
Fig. 2. Given that (Ep, Ep+1, . . . , Ep+i) are the nearest pi-
lot symbol fading estimates to the l-th data symbol and
(Kp,Kp+1, . . . ,Kp+i) are the known positions of the pilot sym-
bols in the received frame structure of Fig. 2. The fading
distortion is computed in the current p-th frame as:

El
p =

L−1∑
l=1

γ1(l)0 + γ2(l)1 + . . . + γi+1(l)i, (4)

L

p p+1 p+2 p+n

Pilot symbols Data symbols

Fig. 2: Data and pilot symbols frame structure.

where i is the P-order, and (γ1, γ2, ..., γi+1) are the Polynomial
interpolation coefficients which is define as:

Ep
Ep+1

...

Ep+i

 =



1 Kp . . . Ki
p

1 Kp+1 . . . Ki
p+1

...
...

. . .
...

1 Kp+i . . . Ki
p+i




γ1
γ2

...

γi+1

 . (5)

This estimation technique experiences delay with increase
in the frame length size L but the computational time complex-
ity remains the same. Thus, the computational time complexity
of the Polynomial interpolation technique is independent of L.
However, as the P-order increases, the estimation technique
experiences delay and the computational time complexity
increases at a linear rate, (O(n)) → (O(ni)). In order to reduce
the computational time complexity of this estimation technique
from (O(ni)) → (O(ni−1)), a sliding window approach is as-
sumed in computing the Polynomial interpolation coefficients.

The nearest pilot symbol positions are fixed as
(K1,K1+L, . . . ,K1+iL), while the fading estimates at the
pilot symbol positions are shifted from Ep to Ep+1 when
computing the Polynomial interpolation coefficients from
frame p to p + n. Therefore, Eqn. 5 is modified as:

Ep
Ep+1

...

Ep+i

 =


1 1 . . . 1
1 K1+L . . . Ki

1+L

...
...

. . .
...

1 K1+iL . . . Ki
1+iL




γ1
γ2

...

γi+1

 . (6)

The transmitted frame structure starts with a pilot symbol
and subsequently L-1 data symbols, so K1 is always equal
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(a) Frame length L=4 and Doppler frequency fd=200Hz
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(b) Frame length L=6 and Doppler frequency fd=150Hz
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(c) Frame length L=8 and Doppler frequency fd=100Hz
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(d) Frame length L=10 and Doppler frequency fd=50Hz

Fig. 3: SER performance comparison for different P-orders i and Doppler frequencies fd assuming rectangular 16-QAM over
flat Rayleigh fading channels.

to one (K1=1). Applying Eqns. 6 and 4, computing the fading
estimates at the data symbol positions in the current p-th frame
is straightforward.

IV. Results and Discussion

The performance analysis of the Polynomial based channel
estimator is carried out assuming a 16-QAM scheme over flat
Rayleigh fading channel. The estimator is applied for different
values of Doppler frequency fd; from 50Hz which denotes
a practical slow-varying flat Rayleigh fading channel to a
fast-varying flat Rayleigh fading channel (100Hz-200Hz). The
performance of the polynomial channel estimator is also tested
for increase in P-order and frame length size L as shown in
Fig. 3, in order to verify the optimal P-order for real time
channel estimations. Note that a different frame length size
L is used as the Doppler frequency is increased from 50Hz
to 200HZ. This is because the performance of most channel

estimator plummets as L increase. Thus, in order to achieve a
reasonable Symbol Error Rate (SER) performance for higher
Doppler frequency, a smaller L is used in the simulation set-up
as fd increases.

The Polynomial estimator provides a practical computa-
tional time complexity of (O(ni−1)) to the overall system model
of Fig. 1 for large input data size. This implies that the
computational time complexity of the Polynomial estimator
increases with increase in the P-order.The Polynomial esti-
mator provides a practical computational time complexity of
(O(ni−1)) to the overall system model of Fig. 1 for large input
data size. This implies that the computational time complexity
of the Polynomial estimator increases with increase in the
P-order.The Polynomial estimator provides a practical com-
putational time complexity of (O(ni−1)) to the overall system
model of Fig. 1 for large input data size. This implies that the
computational time complexity of the Polynomial estimator
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increases with increase in the P-order.The Polynomial esti-
mator provides a practical computational time complexity of
(O(ni−1)) to the overall system model of Fig. 1 for large input
data size. This implies that the computational time complexity
of the Polynomial estimator increases with increase in the P-
order. Thus, the Quadratic polynomial interpolator (i=2) offers
the minimum computational time complexity compared to all
other P-orders (2 ≤ i ≤ ∞), and it experiences the lowest
computational delay.

However, as shown in Fig. 3, the Cubic polynomial in-
terpolator (i=3) yields better SER performance compared to
the Quadratic interpolator, and higher Polynomial interpolator
orders. It is also observed from Fig. 3 that as the P-order
increases from i=3→ i=6→ i=∞, the SER performance of the
Polynomial interpolator degrades, and the computational delay
and time complexity increases as well. The Cubic interpolator
gives a SER gain of +1.5dB over the Quadratic interpolator at
SNR >15dB as shown in Fig. 3(a)-(c), and it offers moderate
computational time complexity. Hence, the Cubic polynomial
estimator provides a balance between the performance of the
channel estimation technique and its implementation time com-
plexity. The Cubic estimator therefore produces the “optimal”
performance among all Polynomial estimation technique of the
form of Eqns. 6 and 4 over flat Rayleigh fading channels.

The optimal performance of the Polynomial channel es-
timation technique (i = 3) is compared with two existing
channel estimation techniques in literature. Fig 4. shows the
SER performance of the Cubic estimator with the Sinc inter-
polator proposed be Kim et al. [4], and the Linear interpolator
analysed in [7] and [9]. The estimators are applied assuming a
fast-varying flat Rayleigh fading channel (Doppler frequency
fd = 100Hz), and for frame length sizes L = 4 and L = 6.
The Cubic interpolator yields a significant SER performance
of +1.5dB over the Linear, and Sinc channel estimators at
SNR >15dB. Also, Fig. 4 shows that the Cubic interpolator
at frame length L = 6 outperforms the Sinc, and Linear
interpolators at frame length L = 4. Although, the proposed
Polynomial estimation technique has the price of increased
computational time complexity compared to the Sinc, and
Linear estimators, it is a useful channel estimation technique
and can be implemented for real time systems over Rayleigh
fading channels.

V. Conclusion

A pilot symbol assisted modulation Polynomial channel es-
timation technique has been developed and analysed assuming
rectangular 16-QAM over a flat Rayleigh fading channel. The
performance of the Polynomial channel estimation technique
is tested for different P-orders, while increasing the Doppler
frequency fd and frame length L in order to find out the
practical optimal performance of the proposed estimator. The
estimator technique attains its optimal performance at P-order
i=3, whereby it maintains a balance between the performance
of the channel estimation technique and its computational time
complexity. The optimal performance (i=3) of the Polynomial
channel estimation technique gives better SER performance
than the Sinc, and Linear estimators over fast flat Rayleigh fad-
ing channel. It is noted that the developed Polynomial channel
interpolator evinces considerably higher computational time
complexity compared to the Sinc, and Linear interpolators;
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Fig. 4: SER performance comparison for the Cubic, Sinc, and
Linear estimators assuming rectangular 16-QAM over a fast
flat Rayleigh fading channel. Doppler frequency, fd = 100Hz.

however, it offers significant SER performance gain and can
be implemented for real time systems. Results provided in Fig.
3 and 4 affirm these analysis.
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