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Abstract - In this paper, we investigate the phase
noise properties and the impacts caused by phase
noise on an OFDM system, we derive the
approximate expressions for BER performance in
AWGN channel with various modulations techniques.
The performance degradation is analyzed by graphs
of BER against the number of sub-carriers. Thus the
choice of the number of sub-carriers involves a
tradeoff between mitigation of multi-path delay
spread and reducing phase noise effects. Simulation
results also show that phase noise effects
performance for BPSK, QPSK & 16PSK
constellation which lead to the conclusion that a
phase noise mitigation mechanism is needed to
obtain acceptable performance.
Key Words: OFDM, Phase Noise, ICI, BER,
CPE, AWGN.

1. Introduction
Orthogonal frequency division multiplexing
(OFDM) is a multicarrier transmission technique,
which divides the available spectrum into many
carriers, each one being modulated by a low rate data
stream. Practical implementations of OFDM
technology use an inverse fast Fourier transform
(IFFT) to generate a digitized version of the
composite time domain signal. OFDM has been
widely adopted and implemented in wire and
wireless communication, such as digital subscriber
line (DSL), digital terrestrial TV broadcasting (DVBT), IEEE 802.11a wireless local area networks
(WLANs), European high performance local area
network (HIPERLAN/2) and possibly future 4G
networks [1]–[4]. The disadvantage of OFDM,
however, is its sensitive to both carrier frequencies
offset and phase noise [5]–[6].

Frequency offset is a deterministic phenomenon,
which is usually caused by the different carrier
frequencies of the transmitter and the receiver, or by
Doppler shift. On the other hand, phase noise is a
random process caused by frequency fluctuation at
the receiver and transmitter oscillators. Phase noise
causes leakage of DFT which subsequently destroys
the orthogonalities among subcarrier signals, leading
to significant performance degradation. The
principles of analyzing the frequency offset effects
have been described in many papers [5], [7], hence in
our contribution, only the performance analysis of
OFDM systems with phase noise problem will be
discussed.
Phase noise causes significant degradation of the
performance of OFDM systems. The effects of phase
noise on OFDM systems have been intensively
investigated in the literature [5], [8]–[9]. Phase noise
is normally modeled as an ideal phase modulation in
the oscillator’s signal. Phase noise in an OFDM
system results from the instabilities in both
oscillators of the transmitter and receiver. Without
loss of generality, in this study the local oscillator in
the receiver will be considered as the phase noise
source.
Because of the random nature of phase noise, its
effect is harder to be analyzed. In the literature, we
will focus on the Wiener process assumption. The
effect of Wiener phase noise has been expressed as a
loss in the ratio between the signal power and the
statistical average of the ICI [5]–[6], [10], wherein
AWGN channel was considered in [10], while [5]–
[6] included fading channel. However, it is both
interesting and useful to find the precise relation
between the bit error rate (BER) or symbol error rate
(SER) and the phase noise. The original work done
by Tomba [11], which is based on [12], considers
only the BER for the AWGN channel and ignores the
comparison with simulation results.
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In this paper, we propose a new method to derive
the expressions for BER performance in AWGN
channel with the presence of phase noise. Simulation
results validate all expressions we have derived and
show clearly the necessity of phase noise mitigation
mechanism.
The rest of the paper is organized as follows. We
describe the system model in section 2, where phase
noise and OFDM system models are presented. In
section 3, different effects of phase noise are
discussed. In Section 4, numerical simulation results
are presented. Finally we draw some conclusions in
section 5.

φ 0 ( n) =

n

∑ u (i ) for m = 0( φm(n)=0, when m<0 ).

i = −Ng

B. OFDM System Model
Since the effects of phase noise on OFDM systems
are particular interest, perfect frequency and timing
synchronizations are assumed. Thus, in the presence
of phase noise, the OFDM system model is shown in
figure 1.
Figure 1.
1 OFDM system model in the presence of

2. System Model
A. Phase Noise Model
Phase noise φ (t ) , generated at both transmitter
and receiver oscillators, can be described as a
continuous Brownian motion process given by
t

φ (t ) = ∫ u (t )dt

(1)
phase noise

0

with

zero

mean

and

variance 2 πβ t ,

where β denotes the phase noise linewidth, i.e.,
frequency spacing between 3dB points of its
Lorentzian power spectral density function [5], [12].
Such noise has independent Gaussian increments
[12], which, from a spectral point of view, can be
presented as a Wiener process [8], [13]. To better
characterize phase noise, Demir et al. [14] developed
a unifying theory using a nonlinear method that
provides more accurate description. With such a
method [14, Remark 7.1], phase noise φ (t ) is shown
to converge, asymptotically with time, to a Gaussian
random process having a constant mean, a variance
increasing linearly with time, and a correlation
function that satisfies

E{[φ (t ) − φ (t + τ ) ] } = 2πβ τ
2

(2)

Furthermore, as indicated in [15], the
aforementioned properties suggests a discrete
Markov process which, in an OFDM system, can
describe the phase noise on the nth sample of the mth
symbol as

φm (n) = φm−1(N −1) +

n

∑u[m(N + N ) + i]

m( N+Ng )+Ng +n

=

i=0

where u(i)’s denote mutually independent Gaussian
random variables with zero mean and variance

σ u = 2πβT / N ,and T denotes the OFDM symbol
length. In particular, (3) reduces to

0 ≤ n ≤ N -1

l =0

(4)
where hl’s 0 ≤ l ≤ L − 1 are complex-valued
Rayleigh fading random variables, and n(n)’s ( 0 ≤ n
≤ N-1) are independent complex-valued Gaussian
random variables with zero mean and variance for
both real and imaginary components, while are the
time domain transmitted symbols. L is the length of
the time-domain channel impulse response (CIR).
After discarding the cyclic prefix (CP) and
performing an FFT at the receiver, we obtain the
received data frame in the frequency domain:
Ym(k) = Xm(k)Hm(k)Cm(0) + ICIm(k) + N(k) (5)

with

1
C m (k ) =
N
N −1

(3)

∑u(i)

2

L−1

ym (n) = e jφ (n) ∑hl xm (n − l) + n(n)

N −1

∑e

 2πnk

+φm ( n ) 
j
 N


(6)

n=0

ICIm(k) is defined as

g

i=−Ng

The OFDM system model over a slowly time
varying multipath fading channel with phase noise
can be described as

∑X

m

(l ) H m (l )C m (k − l ) ,and N(k) is the DFT

i =0 , j ≠ k

transform of n(n). Since DFT is linear and does not
change the noise energy, N(k) is still a Gaussian
random variable with zero mean and variance σ n .
Note that common phase error (CPE) and ICI are
represented by Cm(0) and ICIm(k) respectively. If
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phase noise does not exist, Eqations (5) and (6)
reduce to

B. The Effect on ICI

Ym (k) = X m (k)Hm (k) + N(k) andCm (k) = δ (k)

ICI plays an important part in BER analysis. It is
usually treated in AWGN channel as a Gaussian
distributed random variable [11]–[12], whereas in
fading channel, such approximation is not
appropriate in some scenario.

respectively.

3. Effects of Phase Noise
The effect of phase noise leads to significant loss
of OFDM systems. Phase noise destroys
orthogonalities among OFDM subcarrier signals.
There are two major problems affected by phase
noise: phase shift and ICI. For the purpose of
convenience, we will drop the subscript m, i.e., our
discussion is restricted in one OFDM symbol. The
effects of phase noise on OFDM signals are
illustrated in figure 2, where phase noise corrupts the
16-QAM constellations with both CPE and ICI. It’s
shown that phase noise forces the desired signal into
a wrong decision area, and worsens the BER
performance accordingly.

(a)

Figure

(b)

2.

Phase noise effects on16-QAM
modulated OFDM signals (a) original 16-QAM
constellations (b) 16-QAM constellations corrupted by
phase noise

4. Simulation Results
To demonstrate the performance analysis of OFDM
systems with phase noise, computer simulations were
performed. A very powerful and useful engineering
software package is Matlab by MathWorks [16]-[17].
It has many useful digital signal processing functions
and features, which will prove to be useful in an
OFDM simulation. An OFDM system was modeled
using Matlab to allow various parameters of the
system to be varied and tested.

A. BER Performance in AWGN Channel
In this section, We study the performance analysis
in the presence of phase noise for OFDM in AWGN
channel, i.e., H(k) = 1 for all k. When we transmit the
signal through an AWGN channel, receive it and
check the errors. The simulation is based on multiple
signal-to-noise-ratio (SNR); meaning that the signal
is received for various SNR values and error check is
performed. The following figure shows BER VS.
SNR graph under the AWGN channel conditions the
results from the simulations. The simulations were
performed using 200 carriers and generated using a
512-point IFFT.
0.08

A. The Effect on Phase shift
BPSK

where

σ θ2 =

7
7
Nσ u2 = πβΤ.
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Common Phase Error (CPE), indicated by C(0),
causes the rotation of the desired signals, is invariant
within one OFDM symbol, although it is varying
from symbol to symbol. From Equation (6), we have,
1 N −1 jφ ( n )
jθ
(7)
C (0) =
= Ae
∑ e
N n =0
where A denotes the amplitude of CPE and θ is a
random variable denoting phase shift, which is the
major effect of CPE when phase noise is small. The
probability density function (pdf) of θ which will be
needed for analyzing its effect on BER performance,
as
− ( x 2 / 2σ 2 )
1
θ
fθ ( x ) ≈
e
(8)
2πσ θ
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The BER vs. SNR for OFDM using
BPSK, QPSK, 16PSK respectively

The results show that using QPSK the transmission
can tolerate a SNR of >11-13 dB. The bit error rate
BER gets rapidly worse as the SNR drops below 6
dB. However, using BPSK allows the BER to be
improved in a noisy channel, at the expense of
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transmission data capacity. Using BPSK the OFDM
transmission can tolerate a SNR of >7-8 dB. In a low
noise link, using 16PSK can increase the capacity. If
the SNR is >24 dB 16PSK can be used, doubling the
data capacity compared with QPSK.
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The BER performance is much dependent on the
choice of number of sub-carrier On the other hand,
phase noise effects are worse as the number of subcarriers is increased. Thus the need for a tradeoff was
realized and was examined using the simulation runs.
BER vs. number of sub-carriers curves have been
provided. Figure 4 shows the simulation result for the
effect of the number of sub-carriers on the BER
performance due to phase noise. This shows the
concrete relationship between the number of subcarriers and phase noise effects on system
performance.
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5 Received BPSK constellation for corresponding SNR values of 2dB, 4dB and 7dB
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The Additive White Gaussian Noise (AWGN) and
the presence of phase noise corrupted the transmitted
signal and this resulted in a different received
constellation than the original constellation. For
small SNR values the calculated error rate was quite
large and ISI was produced due the relative high
power of noise. The following figure shows the
simulation results for phase noise effects. The
received BPSK, QPSK & 16PSK constellation is
shown in Figure 5, Figure 6 and Figure 7.
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6 Received QPSK constellation for corresponding SNR values of 6dB, 10dB and 12dB
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Received 16PS K Constellation for S NR 10dB
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7 Received 16PSK constellation for corresponding SNR values of 10dB, 15dB and 20dB

It is clear that as the SNR is increased the received
constellation gets less affected by the noise; hence
there will be fewer errors. The error, which is a
symbol error, is calculated by comparing the original
constellation with the received constellation.
However, for low values of SNR we have ISI
introduced by the noise at the receiver side. As SNR
was increased the error rate was decreasing, as
expected. In fact, for a SNR value greater than 8dB
for BPSK, the error was zero.

5. Conclusions
Phase noise causes significant degradation of the
performance of OFDM systems. The effects of phase
noise on the performance of OFDM systems have
been analytically evaluated. The expressions for CPE
and ICI caused by phase noise have been derived. It
is shown that both CPE and ICI depend on the
overall spectrum of each weighted group of
subcarriers rather than on the spectrum of each
individual subcarrier. Simulation results show that
the methodology presented in this work is accurate
and can be used as references in practice.

References
[1] J. Bingham, “Multicarrier modulation for data
transmission: an idea for whose time has come,”
IEEE Commun. Mag., vol. 28, pp. 5 –14, May 1990.
[2] ETSI EN 300 744 v1.5.1., Digital Video Broadcasting
DVB: Framing
Structure, Channel Coding and
Modulation for Digital Terrestrial Television.
http://www.etsi.org, Jun. 2004.
[3] IEEE Std 802.11a-1999, Supplement to IEEE standard
for information technology - telecommunications and
information exchange between systems - local and
metroplitan area networks - specific requirements.
Part 11: wireless LAN medium access control (MAC)
and physical layer (PHY) specifications: high-speed
physcial
layer
in
the
5GHz
band.
http://www.ieee.org, Dec. 1999.
[4] ETSI TS 101 475 V1.3.1 (2001-12), Broadband radio
access networks (BRAN); HIPERLAN
type 2;
physical (PHY) layer. http://www.etsi.org, Dec. 2001.
[5] T. Pollet, M. Bladel, and M. Moeneclaey, “BER
sensitivity of OFDM systems to carrier frequency

offset and Wiener phase noise,” IEEE Trans.
Commun., vol. 43, pp. 191 –193, Feb. 1995.
[6] S. Wu and Y. Bar-Ness, “OFDM systems in the
presence of phase noise: consequences and solutions,”
IEEE Trans. Commun., Oct. 2004.
[7] P. H. Moose,“A technique for orthogonal frequency
division multiplexing frequency offset correction,”
IEEE Trans. Commun., vol. 42, pp. 2908 –2914, Oct.
1994.
[8] A. G. Armada, “Understanding the effects of phase
noise in orthogonal frequency division multiplexing
(OFDM),” IEEE Trans. Broadcast., vol. 47, pp. 153 –
159, Jun. 2001.
[9] J. Stott, “The effects of phase noise in COFDM,” BBC
Research and Development EBU Technical Review,
1998.
[10] S. Wu and Y. Bar-Ness, “Performance analysis on the
effect of phase noise in OFDM systems,” in Proc.
ISSSTA’02, (Prague, Czech), pp. 133 –138, Sep. 2002.
[11] L. Tomba, “On the effect of wiener phase noise in
OFDM systems,” IEEE Trans. Commun., vol. 46, pp.
580 –583, May 1998.
[12] G. J. Foschini and G. Vannucci, “Characterizing
filtered light waves corrupted by phase noise,” IEEE
Trans. Inform. Theory, vol. 34, pp. 1437 –1448, Nov.
1988.
[13] A. G. Armada and M. Calvo, “Phase noise and subcarrier spacing effects on the performance of an
OFDM communication system,” IEEE Commun.
Lett., vol. 2, pp. 11 –13, Jan. 1998.
[14] A. Demir, A. Mehrotra, and J. Roychowdhury, “Phase
noise in oscillators: a unifying theory and numerical
methods for characterization,” IEEE Trans.
Fundamental Theory and Applications., vol. 47, pp.
655–674, May 2000.
[15] K. Nikitopoulos and A. Polydoros, “Compensation
schemes for phase noise and residual frequency offset
in OFDM systems,” in Proc. GLOBECOM’ 01, (San
Antonio, TX), pp. 331 –333, Nov. 2001.
[16] Rudra Protap, “Getting Started with MATLAB”,
Oxford University Press 2004.
[17] http://www. mathworks.com.

6th IEEE/ACIS International Conference on Computer and Information Science (ICIS 2007)
0-7695-2841-4/07 $25.00 © 2007

