
Increasing the Performance of OFDM-OQAM

Communication Systems through Smart
Antennas Processing

Nizar Zorba1, Stephan Pfletschinger2, and Faouzi Bader2

1 University of Jordan
EE department

11942 Amman, Jordan
n.zorba@ju.edu.jo
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Abstract. A novel filter bank based multicarrier (FBMC) transmission
scheme is proposed, where the transmit antennas are employed to sub-
stantially reduce the inherent inter-carrier and inter-symbol interference.
Since FBMC systems do not apply a guard interval, they can achieve
higher spectral efficiencies than OFDM systems, although at the cost
of additional inter-symbol interference (ISI). In this paper, we present
a method which reduces the number of interference terms by employ-
ing a multiantenna precoding scheme based on spatial diversity, and the
system can benefit from the multiuser gain, through an opportunistic
scheduler at the transmitter side.

Keywords: OFDM, OFDM-OQAM, Multiple Antennas, Filterbank,
MIMO.

1 Introduction

Very high communication rates in wireless systems can be achieved by multicar-
rier techniques, that can be further combined with the Multiple-Input-Multiple-
Output (MIMO) technology to provide both efficiency and Quality of Service
to the system. The channel in these broadband systems is typically frequency
selective and one of the best multicarrier techniques that can be jointly used
with MIMO is the Orthogonal Frequency Division Multiplexing (OFDM), that
converts the frequency selective channel into a set of parallel frequency-flat chan-
nels. Such great characteristic made OFDM to be included in several communi-
cation standards as the IEEE 802.11n WLAN standard, while its OFDM Access
(OFDMA) version is considered for the IEEE 802.16e WiMAX standard.

However, OFDM has a number of drawbacks that decrease its efficiency. One
of these drawbacks is the need of a Cyclic Prefix (CP) to deal with the channel
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impulse response, which leads to an efficiency decrease of 10% - 20% that rep-
resents a huge amount of misuse in the invested resources [1]. It also requires
a block processing to maintain orthogonality among all the carriers, which is a
serious handicap for scalability, as it is impossible to introduce, in a block of car-
riers, one or several signals that are not synchronous with the rest of the block.
Keeping in mind the heterogeneous nature of modern communications with users
running different applications characterized by various rates, initialization times
and QoS demands; OFDM can create a problem of synchronization over the
system. Clearly, OFDM is already implemented in a lot of communication stan-
dards and it is attractive due to its low complexity, and it is now familiar to
both the academia and industry; but to further increase the system efficiency,
further research is developed in the communications arena to find alternative
multicarrier schemes.

One of most promising proposals is the Filter Bank based Multicarrier
(FBMC) transmission [2], that shows both enhanced performance and oper-
ational flexibility by exploiting the spectral efficiency of filter banks and the
independence of the subchannels. While in OFDM, the subcarrier spectra have
a strong overlap with adjacent subcarriers, in FBMC the transmission chan-
nel is divided into subchannels, providing a control over the allocation process,
together with the scalability advantage. FBMC benefits from the OFDM advan-
tages and combines them with the Offset Quadrature Amplitude Modulation
(OFDM-OQAM), where no CP is needed, achieving higher spectral efficiency
than the classical CP-OFDM as all the system resources are devoted to increase
the whole system throughput.

As OFDM-OQAM (i.e. FBMC) does not use the CP, then the main complex
task in this technique resides in the combat of the InterSymbol Interference (ISI)
and the InterCarrier Interference (ICI), where these tasks are usually performed
by the receiver through some complex operations, that have handicapped its
implementation. The study of OFDM-OQAM was initially proposed more than
25 years ago [3], and its complexity was the main drawback behind the consider-
ation of FBMC in realistic systems. But current processing capabilities at both
the transmitter and the receiver make the objections to the FBMC approach to
be unfounded. And recently, an increasing interest in FBMC has again emerged
[2][4][5].

With the implementation of MIMO in almost all commercial standards, the
system designer has an additional resource that can be employed to cancel the
interference terms, and therefore to decrease the complexity related to FBMC
schemes. Moreover, the availability of multiple users in the system is beneficial
to enable the transmitter to select the user with the best channel conditions at
each time, and by this way to increase its sum rate. This scheme is known as
the Opportunistic scheduler [6], which has been commercially introduced in the
UMTS-HSDPA standard.

Therefore, the objective of this paper is to propose a spatial diversity scheme
through MIMO to cancel the ISI and ICI in the system, so that the implemen-
tation of the FBMC technique can be possible. In other words, MIMO will be
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in charge of the required interference mitigation in the system. Besides that,
the system multiuser gain [6][7] is employed to increase the rate behaviour. To
the best of the authors’ knowledge, no such scheme is previously proposed in
literature, so that the result of our work will be a communication technique that
provides all the advantages of MIMO and FBMC with a complexity that enables
for its consideration in practical systems.

2 System Model

We focus on the Downlink channel where V receivers, each one of them equipped
with a single receiving antenna, are being served by a transmitter at the Base
Station (BS) provided with nt transmitting antennas. The case of nt = 2 is
considered along the paper for easiness in the results presentation and to align
with all commercial implementations of the IEEE 802.11 pre-n and the proposals
for all LTE systems, where its upgrade to any number nt is straightforward. A
wireless multiantenna channel h[1×nt] = [h1(t) h2(t)] is considered between the
transmitter and each one of the users, where a quasi-static block fading model is
assumed, which keeps constant through the coherence time, and independently
changes between consecutive time intervals with independent and identically dis-
tributed (i.i.d.) complex Gaussian entries ∼ CN (0, 1). Let x(t) = [x1(t) x2(t)]T

be the nt × 1 transmitted vector, while denote rv(t) as the received signal at the
vth receiver as

rv(t) = hv(t)x(t) + zv(t) = h1(v)(t)x1(t) + h2(v)(t)x2(t) + zv(t) (1)

where zv(t) is an additive Gaussian complex noise component with zero mean
and a variance of σ2. The transmitted signal x(t) is a coded version of the i.i.d.
data symbols si(t) with E{|si|2} = 1. For ease of notation, both the user and
time indexes are dropped whenever possible.

3 Opportunistic Transmission

One of the main transmission techniques in multiuser scenarios is the opportunis-
tic technique [6][7], where during the acquisition step, a known training sequence
is transmitted for all the users in the system, and each one of the users calcu-
lates the received SNR, and feeds it back to the BS. The BS scheduler chooses
the user with the largest SNR value for transmission to benefit from its current
channel situation, and therefore improving the global system performance. This
opportunistic strategy is proved to be optimal [6][7] as it obtains the maximum
rate point.

4 OFDM-OQAM

In conventional OFDM systems each carrier from a total of M carriers is modu-
lated using QAM, where a rectangular window is employed to shape each QAM



318 N. Zorba, S. Pfletschinger, and F. Bader

Fig. 1. System model for FBMC

symbol. To avoid ISI in the system a CP is used, so that thanks to the CP, no
complex channel equalizers are needed at the receiver side, thus decreasing the
system complexity, but at expenses of a lower system efficiency due to the 10%
- 20% of resources that are employed for CP.

OFDM-OQAM is an alternative modulation that introduces an efficient pulse
shaping in its modulation scheme through the use of accurately non-rectangular
pulse shaping and thus, it generates less out-of-band radiation and provides bet-
ter frequency localization. Therefore it can be employed without the need of a
CP, so that it overcomes the loss of resources of conventional OFDM. But to em-
ploy non-rectangular pulse shaping, the OQAM is needed, where this modulation
introduces through each of the carriers, a time offset between the real part and
the imaginary part of the sent symbols. Removing the CP increases the system
performance, but it requires for an alternative processing to remove ISI, which
together with the accurate pulse shaping requirement, drives some complexity
in the system that has been considered excessive for its implementation.

But thanks to current receivers processing capabilities, the complexity in-
crease is affordable, so that along the complexity-performance tradeoff, the opti-
mization goes to the performance side, which motivates the recent large interest
in FBMC systems in realistic systems [2][4]. Remember that such employment
of OFDM-OQAM also enables the system administrator to benefit from other
advantages, mainly in terms of scalability and synchronization.

Fig. 1 shows a schematic of the FBMC system where two PolyPhase Networks
(PPN), with a total of N = 2 × M subchannels, are included in the processing
at both the transmitter and the receiver. The PPN is composed of a set of filters
that are obtained by shifting the response of a low pass filter on the frequency
axis; where the low pass filter is named the Prototype Filter in the research
community [5][8]. As previously commented, the OQAM accomplishes a signal

Table 1. Example of OQAM symbols mapping to the PPNs

subchannel\time t t+1 t+2 ...

SubChn.1 (PPN1) Re. part Img. part Re. part ...

SubChn.2 (PPN2) Img. part Re. part Img. part ...

SubChn.3 (PPN1) Re. part Img. part Re. part ...

... ... ... ... ...
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separation between the real and the imaginary parts of the signal and performs
an offset on them, so that 2 PPNs are employed in the transmission process, one
for transmitting the real part of the symbol and the other one for the imaginary
part, and performing a continuous switch between their roles, thus making the
transmitted data along the PPNs to be as shown in Table 1. A main characteristic
of OFDM-OQAM is that the data are transmitted as real numbers at twice the
conventional Nyquist rate associated with the prototype filter. Therefore, the
number of PPN subchannels (i.e branches) are twice that of OFDM carriers to
separately account for both the real and imaginary parts of the symbol. The
output of each two adjacent subchannels (over one time instant) are added and
transmitted over a single OFDM carrier.

However, large values of ICI and ISI are generated in the system, and some
processing at the transmitter and/or the receiver side must be accomplished to
mitigate them. In addition, two neighbouring subchannels overlap, in order to
fully exploit the available frequency spectrum. The consequence is an interference
pattern between the subchannels as follows

Table 2. Example of an OFDM-OQAM interference pattern

t-1 t t+1

SubChn.1 Interference Interference Interference

SubChn.2 Interference Desired signal Interference

SubChn.3 Interference Interference Interference

As just commented, in the current State of the Art related to OFDM-OQAM
(only with a single antenna), a symbol s is decomposed into its real part d1 =
Re{s} and imaginary part d2 = Im{s}, so that two adjacent subchannels are
employed for its transmission in the same time instant, as follows:

Table 3. OFDM-OQAM setup in a single antenna scenario

subchannel 1 subchannel 2

antenna1 d1 on PP N1 d2 on PP N2

In the following time instant the order is reversed, so that the real part of
the next symbol is transmitted in subchannel 2 and its imaginary part in the
subchannel 1, to comply with the Offset philosophy.

To the best of the authors’ knowledge, such interference mitigation is only
proposed through some processing over different time samples [2], which beyond
the introduced time delay, it does not show attractive results. In [2], an initial
study of two transmitting antennas is performed, but the final result is still
time dependant. In the current paper, we will propose some spatial interference
mitigation that is jointly performed with a selection of the most appropriate user
through the Opportunistic scheduler, as now shown in the next section.
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5 Spatial Diversity in OFDM-OQAM

One of the drawbacks for the consideration of OFDM-OQAM in current com-
mercial systems is the generated interference in the system due to the non-
employment of the CP. On the other hand, the MIMO technology is already
available in almost all OFDM-based wireless standards (e.g. IEEE 802.11n and
IEEE 802.16e). Joining the two factors, notice that MIMO can be employed
to carry out some interference mitigation in the system, which has its chal-
lenges when applied to the OFDM-OQAM interference pattern in Table 2, but
such interference mitigation stands as one of the main milestones to make the
OFDM-OQAM to be attractive, and to reduce its complexity as it avoids extra
interference cancellation mechanisms at the receiver side, that use to be very
complex.

Thanks to the consideration of MIMO, two simultaneous symbols can travel
in the channel at the same time and through the same subchannel, so that a
possible setup for the OFDM-OQAM transmission over the subchannels and on
a single time instant is shown in Table 4, where the PPN order is switched over
the two antennas.

Table 4. OFDM-OQAM setup in a two antennas scenario

subchannel 1 subchannel 2

antenna1 d1 on PP N1 d2 on P PN2

antenna2 d1 on PP N2 d2 on P PN1

The two antennas are employed to provide the system with a Space Time
scheme to enable interference mitigation at the receiver side through some signal
processing. It is worth noting that with this approach, the second antenna is
employed to transmit the same information as in the first antenna, implementing
the same principle as the very well-known Alamouti scheme [9], but with some
modification to enable its application to the OFDM-OQAM technology with all
the challenges behind its consideration, mainly the large amount of generated
interference in OFDM-OQAM.

Considering this setup, the received signal r1 in the first subchannel states as

r1 = (d1 + jf1)h1 + (d1 + jf1)h2 + z1 (2)
where z1 is the noise term received in the subchannel 1, and f1 accounts for
all the interference components [8] that arise from the filterbank usage at the
first subchannel, where as shown in Table 2 this interference comes from the two
adjacent subchannels and time instants. On the other hand, the received signal
in the second subchannel is as

r2 = (jd2 + f2)h1 + (jd2 + f2)h2 + z2 (3)
with f2 as the interference terms in the second subchannel.

The reader can wonder that if h1 and h2 are equal in magnitude and op-
posed in phase, then no signal will reach the receiver, but this is a hypothetical
case with negligible probability. Even that, this case fails in the system outage
consideration, exactly as the Alamouti scheme does [9].
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5.1 Receiver Processing

The receiver now has two different arriving signals r1 and r2, one on each sub-
channel. Notice that two antennas operating on two subchannels (i.e. one single
OFDM carrier) and on one time instant are employed to transmit a whole symbol
(i.e. both its real and imaginary parts), then a full diversity rate [9] is obtained.
The antennas are efficiently employed in the system with their diversity gain to
help mitigating the generated OFDM-OQAM interference, thus decreasing the
OFDM-OQAM complexity.

At the receiver side, some processing can be accomplished to obtain the fol-
lowing expression from r1, as follows

y1=Re{h∗
1 r1+h2 r∗1}=

(
|h1|2+2Re(h∗

1h2)+|h2|2
)

d1+Re(h∗
1z1)+Re(h2z

∗
1) (4)

where we can see that all the interference terms f1 are removed thanks to the re-
ceiver processing. This is actually a great step for OFDM-OQAM as 8 interfering
terms have disappeared. The price for that is some dependence on the channel
phase due to the 2Re(h∗

1h2) term, that can show positive and negative values de-
pending on the instantaneous channel conditions of both h1 and h2. Notice that
the information in d1 is received with a great spatial antenna gain as it benefits
from both h1 and h2. Moreover, the data component d1 is received without any
other data components, so that with the simple Matched Filter (MF) receiver,
the data can be efficiently extracted. Obviously, this single equation is enough
for the detection of d1 but we still need another one for d2. Remind that d1 and
d2 are the real and imaginary parts of the same symbol, so that the symbol is
correctly received only if its both parts are properly detected.

Thus we need for an additional equation for d2, and applying a different
processing for subchannel 2 at the receiver side, we get the following expression

y2=Im{h∗
1 r2+h∗

2 r2}=
(
|h1|2+2Re(h∗

1h2)+|h2|2
)

d2+Im(h∗
1z2)+Im(h∗

2z2) (5)

where we also notice that there is not any interference term in the equation.
From the previous two equations, the detection of d1 and d2 seems to be

solved as no more OFDM/OQAM interfering terms are shown in the equations.
The problem that remains to be solved is the channel phase effect due to the
Re(h∗

1h2) term. Notice that the channel phase effect can be positive or negative,
where the receiver is interested in a positive value for the channels phase effect,
so that the decoding process is improved.

To increase the performance of any wireless communication system, the Mul-
tiuser gain has to be taken into consideration [6], so that the system admin-
istrator can benefit from the channel conditions of the available users in the
system to select the user with the best channel conditions. As OFDM/OQAM is
targeted to high data rate systems, then it seems straightforward to tackle the
opportunistic scheduling in its operation. This objective can be accomplished
if we define the user with the best channel conditions as the one who shows a
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positive and high value for the Re(h∗
1h2) term, so that its selection enables the

following condition
(
|h1|2+2Re(h∗

1h2)+|h2|2
)

>

(
|h1|2+|h2|2

)
(6)

to guarantee that the phase channel effect is always beneficial to the system
performance. Therefore, the opportunistic scheduling is looking for scheduling
the user showing

max
v=1:V

(
|h1(v)|2+2Re(h∗

1(v)h2(v))+|h2(v)|2
)

(7)

which is later shown to offer higher multiuser gain than the standard Alamouti
scheme. The latter can be also operated with an opportunistic scheduler, where
the selected user will be the one showing

max
v=1:V

(
|h1(v)|2+|h2(v)|2

)
(8)

where the Alamouti scheme is shown [10] to highly benefit from the multiuser
gain.

6 Simulations

The performance of the studied scheme is presented by Monte Carlo simulations,
where the objective is to see the sum rate behaviour of the proposed scheme. We
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Fig. 2. Rate performance of Classical OFDM and OFDM-OQAM, both operated in
the spatial diversity philosophy
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consider a wireless scenario with nt = 2 transmitting antennas, and a variable
number of users each one equipped with a single-antenna. The transmitter runs
a spatial diversity scheme over OFDM-OQAM, where a total transmitted power
Pt = 1 is assumed with noise power σ2 = 1. A total system bandwidth of 20MHz
is considered in this scenario.

In Fig. 2, a scenario with a variable number of users is simulated, where the BS
carries out the scheduling of the user with the best channel conditions following
the selection algorithms in section 5.1. The comparison between the classical
Alamouti scheme and our proposed multiuser OFDM/OQAM shows the better
performance of or proposal, showing a higher benefit from the multiuser system
capabilities. Remind that the OFDM-OQAM system operates without CP, then
an additional 10%-20% gain is presented in the system and it is not included
in the plots. Obviously, this gain comes at expenses of a higher complexity for
the OFDM-OQAM strategy through its prototype filtering, but as we already
commented along this paper, this complexity increase is more than affordable in
current communication systems.

7 Conclusions

The paper proposed a spatial diversity scheme over OFDM-OQAM, where the
generated interference is cancelled through some processing mainly at the re-
ceiver side of the communication process. The transmitter accomplishes a user
scheduling to select the user with the best channel conditions to increase the
systems performance. To the authors’ knowledge, no previous proposals have
been presented in the literature to deal with such scenario setup.

The obtained results show that OFDM-OQAM stands as a potential alterna-
tive to the classical OFDM, as its presents better rate behaviour thanks to the
opportunistic scheduler to select the user with good phase component at each
instant. Moreover, the proposed scheme does not employ the CP, which is a fur-
ther increase in the system efficiency. Its advantages in terms of scalability and
synchronization can be also attractive for the system. Therefore, OFDM-OQAM
can be employed in certain scenario upon the requirements and restrictions for
the system designer.
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