
Comparison of CP-OFDM and OFDM/OQAM in Doubly Dispersive Channels

Jinfeng Du, and Svante Signell, Senior Member, IEEE
Department of Electronic, Computer, and Software Systems
KTH - Royal Institute of Technology, Stockholm, Sweden

{jinfeng, srs}@kth.se

Abstract

In this paper we compare the performance of cyclic pre-
fix based OFDM (CP-OFDM) systems and OFDM/offset
QAM (OFDM/OQAM) systems in doubly dispersive chan-
nels, by investigating the signal reconstruction perfectness,
time and frequency dispersion robustness, and sensitivityto
frequency offset. Both analysis and simulation results show
that various parameter adaptations can be made with re-
spect to the channel state information to improve the system
performance.

1. Introduction

Multicarrier communication technologies are promising
candidates to realize high data rate transmission in Beyond
3G and further wireless systems where the channel is mostly
doubly dispersive. In the classic orthogonal frequency divi-
sion multiplexing (OFDM) transceiver the IFFT/FFT block
are used together with a cyclic prefix to partition the fre-
quency selective channel into a large number of parallel flat
fading channels as long as the time spread does not exceed
the length of the cyclic prefix. Such a cyclic prefix, how-
ever, fails to combat ICI caused by frequency dispersion and
costs loss of energy and spectral efficiency.

OFDM/OQAM systems [1] which can achieve smaller
ISI/ICI without using the cyclic prefix compared to clas-
sic OFDM systems utilize well designed pulse shapes that
satisfy the perfect reconstruction conditions [2, 3]. Perfor-
mance evaluation of OFDM/OQAM has already illustrated
promising advantage [4, 6] and it has already been intro-
duced in the TIA’s Digital Radio Technical Standards [5]
and been considered in WRAN (IEEE 802.22) [6], where
the robustness of OFDM/OQAM to frequency dispersion is
not taken into account. Equalization has to be introduced in
OFDM/OQAM systems in presence of a dispersive channel
and therefore either increases the complexity or degrades
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its advantage against CP-OFDM. The purpose of this paper
is to take a close look at the integration issue of CP-OFDM
and OFDM/OQAM systems and investigate how the system
parameters affect the performance.

The rest of this paper is organized as follows. Section 2
presents the system model and several prototype functions.
The effect of time and frequency dispersion is analyzed in
Section 3. Simulation results are presented in Section 4 and
conclusions are drawn in Section 5.

2. System Model and Pulse Shapes

2.1. System Model

The transmitted signal in CP-OFDM and OFDM/OQAM
systems can be written in the following analytic form

s(t) =
+∞
∑

n=−∞

N−1
∑

m=0

am,ngm,n(t), (1)

wheream,n(n ∈ Z,m = 0, 1, ..., N − 1) denotes the sym-
bol conveyed by the sub-carrier of indexm during the sym-
bol time of indexn, andgm,n(t) represents the synthesis
basis which is obtained by time-frequency translation of the
prototype functiong(t). In CP-OFDM systems

gm,n(t) = ej2πmFtg(t − n(T + Tcp)), TF = 1 (2)

whereT and F are the symbol duration and inter-carrier
frequency spacing respectively,am,n are complex valued
symbols andg(t) is the rectangular function

g(t) =

{

1√
T+Tcp

, −Tcp ≤ t ≤ T

0, elsewhere

In OFDM/OQAM systems

gm,n(t) = ej(m+n)π/2ej2πmν0tg(t − nτ0), ν0τ0 = 1/2 (3)

wheream,n are real valued symbols with symbol duration
τ0 and inter-carrier spacingν0 respectively. The prototype
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Figure 1. OFDM/OQAM system diagram.

pulse shapeg(t) is supposed to be a real and even function
which can satisfy the perfect reconstruction condition in the
absence of a channel. When there is a channel present,
equalization has to be introduced to maintain the orthog-
onality between different bases.

To make a fair comparison, the sampling frequencyFs is
assumed to be identical in CP-OFDM and OFDM/OQAM
systems. This also makes it easier to switch between these
two systems. One can either setν0 = F and shorten symbol
duration [7], or setτ0 = T and double the number of sub-
carriers [8]. We use the former approach.

An efficient implementation method by direct discretiza-
tion of the continuous time model has been derived in [9]
and implemented in the Matlab/Octave Simulation Work-
bench for Software Defined Radio [10]. The system dia-
gram is shown in Fig. 1. Note that pulse shaping is real-
ized by cooperation of the IFFT/FFT block and the bank of
component filters. Using only the bank of component fil-
ters cannot achieve perfect or near perfect reconstruction.
The equalization block is exactly the same as in the classic
CP-OFDM system (one-tap zero-forcing frequency domain
equalizer (FDE)) to reduce complexity. This will largely
degrade the system performance in certain scenarios [11],
as we will see later.

It is not a good idea to introduce cyclic prefix in the
OFDM/OQAM system. If it is introduced near the chan-
nel (i.e., after the bank of component filters), removing the
cyclic prefix at the receiver before passing through compo-
nent filters will introduce discontinuity in the pulse shaping
and therefore seriously degrade the orthogonality between
the transmit and receive pulse shapes, which will conse-
quently cause extra distortion. If cyclic prefix is introduced
near IFFT/FFT blocks (i.e, the same as in OFDM systems),
it will be no longercyclic after passing through the bank of

component filters and therefore cannot help to diagonalise
the multipath channel. On the other hand, however, it will
increase the symbol duration and therefore loosen the TFL
requirement for pulse shape design.

2.2. Prototype Functions

Three kind of prototype functions will be considered in
the following analysis, namely the Extended Gaussian func-
tion (EGF) [12], the half cosine function

g(t) =

{ 1√
τ0

cos πt
2τ0

, |t| ≤ τ0

0, elsewhere
(4)

and its frequency dual

G(f) =

{

1√
ν0

cos πf
2ν0

, |f | ≤ ν0

0, elsewhere
(5)

Actually (5) is a special case of the square-root raised-
cosine pulse in the frequency domain with roll-off factor
ρ = 1, therefore it will be referred as RRC from now on.

3. Time and Frequency Dispersion Immunity
Analysis

Let Ts = 1/Fs be the sampling interval and assume
that the time and frequency dispersive channel hasQ re-
solvable pathshq, q = 0, 1, 2, ..., Q − 1, each with time
spreadǫqTs, Doppler shiftfd(q), power amplitudeαq and
random phase shiftϕq. τd = maxi,j |ǫi − ǫj | ∗Ts is defined
as the delay spread andBD = maxi,j |fd(i)− fd(j)| as the
Doppler spread. The frequency response of the of thekth

sub-channel (regardless of the noise) can be written as

Hk(f) =

Q−1
∑

q=0

αqejϕq e−j2πǫq(f+kF+fd(q))/Fs

=

Q−1
∑

q=0

αqejϕq e−j2π(k+
f+fd(q)

F
)

ǫq
N

(6)

whereF = Fs/N is the bandwidth of each sub-channel.
If we want to decrease the distortion from the time spread
we have to increase the FFT sizeN since a sufficiently
small value of τd

NTs
will make the multipath effects trivial

and therefore insure a flat fading channel where the one-
tap equalizer is sufficient. On the other hand, an increased
N will decrease the sub-channel bandwidthF = Fs

N ac-
cordingly, which in turn increases the sensitivity to Doppler
spread (BD

F increases). Therefore a trade-off between small
equalization loss and small Doppler spread distortion has to
be taken into consideration in adaptation of system parame-
ters with respect to different channel conditions. When the
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Figure 2. Pulse shape spectrum.

distortion caused by Doppler shift is dominating (compared
to time dispersion and noise), using a smaller FFT size will
increase the overall performance, and vice versa.

The equivalent channel transfer function between thekth

sub-channel at the transmitter and thelth sub-channel at the
receiver can be written as

H̃l,k(f) = G(f)Hl−k(f)G∗(f) = |G(f)|2Hl−k(f) (7)

whereG(f) is the Fourier transform ofg(t). Suppose the
strongest pathh0 is perfectly synchronized, i.e.ǫ0 = 0
andfd(0) = 0, the pulse shape whose overall power spec-
trum |G(f)|2 has a narrow main lope with flat top and
fast decay side lope will be optimal to minimize the inter-
ference from neighboring sub-channels. Unfortunately it
is not realistic as such a band limited function will have
a large spread in time domain, which means a consider-
ably long filter or large truncation error. Fig. 2 shows the
spectrum amplitude|G(f)| for the rectangular function, the
half cosine function and its dual RRC, and EGF functions
with factor α = 1 and α = 2 in the Gaussian function
gα(t) = (2α)1/4e−παt2 , α > 0.

For different channels, the optimal pulse shape is nor-
mally different. A widely used parameter to measure the
time frequency localization of the pulse shape is the Heisen-
berg parameter [2]ξ = 1

4π∆t∆f ≤ 1 with its maximum
achieved by the Gaussian function.∆t is the mass moment
of inertia of the prototype function in time and∆f in fre-
quency, which indicates how the energy (mass) of the pro-
totype function spreads over the time and frequency plane.

{

(∆t)2 =
∫

R
t2|g(t)|2dt

(∆f)2 =
∫

R
f2|G(f)|2df (8)

Hereg(t) is assumed to be origin-centered with unity en-
ergy [3] for simple expressions.

4. Numerical Results

Two kinds of channels are used in the following simula-
tion, with the channel parameters in Table 1. In both of the
two channels the delay spreadτd = 14Ts and the Doppler
spreadBD = 10−5Fs. For a carrier frequencyfc = 2GHz
and sampling frequencyFs = 7.68MHz, the normalized
Doppler spreadBD/Fs = 10−5 is equivalent to a moving
speed of41.5km/h.

Table 1. Channel parameters

paths 1 2 3 4 5 6
A Delay [Ts] 0 2 4 7 11 14

Power [dB] 0 -7 -15 -22 -24 -19
Doppler Doppler spreadBD/Fs = 10−5

paths 1 2 3 4 5 6
B Delay [Ts] -3 0 2 4 7 11

Power [dB] -6 0 -7 -22 -16 -20
Doppler Doppler spreadBD/Fs = 10−5

4.1. TFL and Orthogonality

Table 2 lists the Heisenberg parameterξ and orthogonal-
ity parameterγ2

I =
∑

|ãm,n − am,n|2 for different pulse
shapes, wheream,n is the transmitted symbol and̃am,n is
the reconstructed signal, as shown in Fig. 1.γ2

I is actu-
ally the distortion power introduced by non-perfect recon-
struction through an ideal channel. The OFDM system is
used for the rectangular pulse and OFDM/OQAM is used
for others withτ0

T = 1
2 and ν0

F = 1. 12 time and frequency
intervals are used and each interval contains 32 samples.

Table 2. TFL (ξ) and orthogonality (γ2
I )

pulse
OFDM

rect* halfcosine RRC
EGF
α = 1

EGF
α = 2

TFL ξ 0.178 0.895 0.888 0.874 0.977
γ2

I [dB] -314 -309 -69 -96 -178
* for rectangular pulse,(∆f)2 =

∫

f2sinc2(wf)df = ∞
and thereforeξ = 0 in theory.

CP-OFDM and OFDM/OQAM with the half cosine
function can achieve perfect reconstruction in the absence
of a channel as the level of distortion power reaches the res-
olution limit of a double precision number (≈ 10−15). For
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Figure 3. CP-OFDM signal reconstruction
with channel B with BD = 0 used in (a), (b)
and channel A used in (c), (d).

other pulses, the introduced distortion power is also lim-
ited. Note that EGF withα = 2 achieves the best TFL
among pulse shapes and better reconstruction than EGF
with α = 1, we will therefore useα = 2 for EGF in the
following.

4.2. Signal Reconstruction in Doubly Dis-
persive Channel

In this section we present various simulation results for
signal reconstruction in doubly dispersive channels. Noise
is not introduced so that all the distortion comes either
from time spread or frequency spread. A cyclic prefix with
lengthTcp = 16Ts is used in the CP-OFDM system, un-
less mentioned otherwise. Each component filter in the
OFDM/OQAM system has maximum 12 taps.

Fig. 3 presents the reconstructed signal constellation in
CP-OFDM systems. When there is no frequency disper-
sion, as in Fig. 3 (a,b), increased FFT sizeN decreases the
distortion power. While for the purely frequency dispersive
channel, as in Fig. 3 (c,d), increased FFT size significantly
enlarges distortion. This confirms our analysis in Section 3.

Fig. 4 shows the signal reconstruction in OFDM/OQAM
systems with EGF through doubly dispersive channel A.
With the FFT size equals to 32, the one-tap FDE is far from
perfect and therefore causes large distortion which is domi-
nated by multipath fading. WhenN becomes large enough,
the performance loss of one-tap FDE tends to be negligi-
ble while the distortion from frequency dispersion becomes
large asBD

F increases. The system finally becomes fre-
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Figure 4. OFDM/OQAM signal reconstruction
with EGF (α = 2) through channel A.

quency dispersion dominated where increasing the FFT size
will only degrade the system performance.

Fig. 5 displays the frequency offset robustness of CP-
OFDM and OFDM/OQAM systems with different FFT size
over an ideal channel with only frequency offset added.
These parallel curves have a similar slope which indicates
that no matter in OFDM or OFDM/OQAM systems, the dis-
tortion caused by frequency synchronization imperfectionis
proportional to the normalized frequency offset with certain
exponential order. In this figure, it is observed that the or-
der is around 2, i.e.γ2

I ∝ (∆f
Fs

)2. With any FFT size, the
OFDM/OQAM system always outperforms the CP-OFDM
by about1.5 dB.

4.3. Uncoded transmission

Fig. 6 illustrates the Bit Error Rate (BER) performance
of uncoded transmission over doubly dispersive channels
A and B with FFT sizeN = 256 and 4000 channel real-
izations. Cyclic prefix with lengthTcp = 16Ts are used
in CP-OFDM and maximum 12 taps for each pulse shap-
ing component filter are used in OFDM/OQAM systems.
In channel A where all the multipath interference can be
fully removed by cyclic prefix, CP-OFDM performs a little
better than OFDM/OQAM systems (about0.2 dB in high
SNR region). However, when channel B is used, cyclic pre-
fix alone cannot combat interference from “early” arrived
paths, and therefore significantly degrades the performance
of CP-OFDM. While OFDM/OQAM systems with differ-
ent pulse shapes shows much stronger immunity and better
performance. Besides, a considerable power and spectral
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Figure 5. Frequency offset robustness for
CP-OFDM (dotted line, Tcp

T = 1/8) and
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efficiency gain is achieved in OFDM/OQAM by not using
cyclic prefix.

5. Conclusions

The signal reconstruction perfectness in both CP-OFDM
and OFDM/OQAM systems over time and frequency dis-
persive channels has been analyzed and simulation results
confirm relationship between FFT size and system interfer-
ence characteristics, i.e., the interference is dominatedei-
ther by delay spread or frequency spread. The simulation
results showed that in interference dominated scenarios, it
is necessary to carefully choose an appropriate transmission
scheme with pulse shapes and FFT size to obtain desired
performance. By using the same sampling frequency and
sharing most of the common blocks, the integration of CP-
OFDM and OFDM/OQAM becomes practical and straight-
forward.
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