© photo f/x2

Shaping
Spectral Leakage

Image licensed by Ingram Publishing

A Novel Low-Complexity
Transceiver Architecture
for Cognitive Radio
Erdem Bala, Jialing Li,
and Rui Yang

I

n this article, we propose a transceiver architecture based on orthogonal frequencydivision multiplexing (OFDM) with transmit and receive windowing to reduce spectral leakage and reject adjacent channel interference (ACI). The transceiver enables
the utilization of unused subbands in a fragmented spectrum with low complexity,
which may be used in cognitive radio systems. We first show a multicarrier modulation
(MCM) framework and the implementation of transmit and receive windowing. The
intersymbol interference (ISI) resulting from receive windowing with a multipath channel is illustrated, and the performance of the presented transceiver architecture is evaluated and compared with several other MCM techniques. The results show that
windowing offers a simple transceiver architecture with acceptable performance and is
well suited for cognitive radio scenarios with noncontiguous spectrum fragments. Its
performance can be further improved by using more advanced receivers.
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MCM is based on the idea of splitting a high-rate wideband signal into lower-rate signals, where each signal
occupies a narrower band called the subchannel [1], [2].
OFDM has proved itself as one of the most popular MCM
techniques and is currently used in many wireless communication systems such as the Third Generation Partnership
Project (3GPP) long-term evolution (LTE) [3] and 802.11
[4]. In OFDM, a cyclic prefix (CP) is appended to the beginning of the data block before transmission. The CP, which
is discarded at the receiver, provides several advantages,
such as immunity against multipath and the possibility
of using simple one-tap equalization for each subcarrier.
In addition, OFDM enables efficient use of the available
bandwidth through overlapping subcarriers. On the other
hand, it has several disadvantages, such as spectral leakage due to large side lobes of the subcarrier frequency
response and high peak-to-average power ratio (PAPR).
The demand for higher data rates has been increasing
significantly. Several techniques have been studied and proposed to meet this demand. Among these, overlaying small
cells over macrocells to allow spectral reuse, opening new
bands to wireless communication, and using the available
bandwidth more efficiently by spectrum sharing via cognitive radio are some of the notable techniques [5]. Since
wireless systems are evolving toward a network of networks architecture where many networks are expected to
share the same spectrum, spectrally agile waveforms with
small out-of-band emission (OOBE) are very important. To
that end, the ACI created by the spectral leakage of OFDM
makes this waveform unsuitable for these networks.
As an alternative to OFDM, filter bank multicarrier
(FBMC) schemes, specifically OFDM-offset QAM (OFDMOQAM), have recently received great interest [6], [7].
OFDM-OQAM is another MCM technique where data on
each subcarrier are shaped with an appropriately designed
pulse so that side lobes are significantly reduced. A real
data symbol is transmitted in each subchannel and on
each OFDM-OQAM symbol, and consecutive OFDM-OQAM
symbols are staggered. Adjacent subchannels overlap to
maximize the spectral efficiency, creating intercarrier interference (ICI); and several consecutive OFDM-OQAM symbols interfere with each other because of the long pulse,
creating ISI. In a distortion-free channel, orthogonality can
be achieved with a proper transceiver architecture, which
can be efficiently implemented with polyphase filters. Although OFDM-OQAM offers significantly less spectral leakage, its implementation in practical systems poses several
challenges because of its complexity, latency, sensitivity to
timing errors, and complex channel estimation and equalization algorithms in doubly dispersive channels [8]. Therefore, it is desirable to design an OFDM-like but spectrally
contained waveform with improved OOBE characteristics.
One way to improve the spectral containment of
OFDM is filtering the OFDM-modulated signal, known as
the filtered OFDM (F-OFDM). However, in a fragmented
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Windowing offers a simple transceiver
architecture with acceptable performance and
is well suited for cognitive radio scenarios
with noncontiguous spectrum fragments.
spectrum where available subbands are not contiguous,
filtering becomes challenging since a separate filter needs
to be designed and used for each subband [11]. Moreover, filtering at the sampling rate results in high complexity. A
 nother method is to use pulse shaping where the
rectangular pulse shape used in conventional OFDM is
smoothed to prevent sharp transitions between consecutive OFDM symbols, resulting in lower side lobes [9]–[11].
In an OFDM-based system, the intended receiver gets a compound of the desired and interfering signal and removes the
samples corresponding to the CP as part of the receiver operation. The removal of samples creates discontinuity in the signal, resulting in an increase of the OOBE of the interfering signal
even if it had very low OOBE at the transmission point. Therefore, a mechanism is required at the receiver to reject the ACI
before the CP is removed. If filtering is used, the received signal
should be filtered for individual subbands. Similar to transmitter filtering, receiver filtering imposes challenges in dynamically available fragmented spectrum. An alternative method is to
use a nonrectangular window at the receiver, which provides
reduced side lobes while preserving orthogonality. Receive
windowing has been used to reduce the impact of ICI due to
carrier frequency offset or Doppler [13]–[16] and to suppress
radio frequency interference (RFI) in discrete multitone (DMT)
systems [17], [18].
In this article, we propose a transceiver architecture
for OFDM-based systems with pulse shaping to reduce
spectral leakage and receive windowing to reject ACI.
The transceiver is shown to provide a low-complexity
and effective way of using noncontiguous spectrum fragments in cognitive radio systems.
Starting from an MCM framework as in [9], we first show
that pulse shaping can be efficiently implemented with a
specific type of windowing. Similarly, an efficient implementation of receive windowing is presented. The resultant
architecture, called windowed OFDM (W-OFDM), brings
limited changes to a conventional OFDM transceiver and
can be easily implemented. The OFDM transmitter and receiver architecture implementations with windowing were
previously presented in [9] through a filterbank approach.
In most of the previous work, ISI due to receive windowing in multipath channels is not considered. In this article,
we also characterize the contribution of ISI due to receive
windowing and evaluate its effect. The bit error rate (BER)
performance of the presented transceiver architecture is
evaluated and compared with other MCM techniques. In
addition, a comparison of complexity and latency of different MCM techniques is presented.
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The overhead created by the CS results in
spectral loss; one method to reduce this
loss is to allow overlapping of the CP and
CS of consecutive symbols
System Model
In the following, k denotes the subcarrier index, n
denotes the time sample index, and , denotes the symbol
index. The input data sequence to be transmitted on the kth
subcarrier and ,th symbol is denoted as S k [,] . The total
number of subcarriers is N . Figure 1 shows a discrete-time
presentation of a block diagram for a general MCM scheme
applicable to FBMC and OFDM. The data on each subcarrier
are convolved by a filter p k [n] = p [n] e j2rkTfn , where p [n] is
the prototype filter, Tf is the subcarrier spacing, and
Fk = kTf. The signaling period, and transmit and receive prototype filters differ according to the specific MCM scheme.
Using the introduced notations, the critically sampled
discrete-time OFDM signal can then be written as
x [n] =

/ / S k 6 , @ p [n - ,N T ] e j2 k N (n - , ),

N-1

3

r

1

(1)

m

k = 0 , =-3

where N T = N + N CP with N CP being the number of samples in CP duration. The rectangular pulse shape p [n] is
defined as
p [n] = )

1, n = - N CP, f, 0, 1, fN - 1
0, otherwise.

(2)

Transmit and Receive Windowing
Transmit Windowing
It is known that the frequency response of the rectangular pulse used in OFDM has high side lobes contributing
to the spectral leakage to the adjacent bands. By smoothing the edges of the rectangular pulse, the spectral

leakage can be reduced. One method to achieve this is to
introduce a CP and a cyclic suffix (CS) before and after
each data block, respectively, and shape the aggregate
symbol by multiplying it with a smooth function, such as
a raised cosine function. The CP consists of the samples
at the end of the data block, while the CS consists of the
samples at the beginning of the data block. Since the CP
is multiplied with a nonunity function, orthogonality will
be in general lost in a multipath channel. To prevent this,
sometimes an extended guard interval (EGI) is added,
which is effectively equivalent to lengthening the CP, and
the original CP samples are kept outside the roll-of part of
the windowing function. A sample windowing operation
is illustrated in F
 igure 2(a) for a real signal. The overhead
created by the CS results in spectral loss; one method to
reduce this loss is to allow overlapping of the CP and CS
of consecutive symbols, as shown in Figure 2(b).
The implementation of transmit windowing can be derived from (1). Let us assume that the pulse shape p [n]
is rectangular in the middle and smoothly converges to
zero on the two sides, as illustrated in Figure 2(a). Such a
pulse shape ensures smooth continuity between adjacent
symbols, resulting in lower OOBE. One such common pulse
shape is given in (3) in which the roll-off portions are of a
raised cosine shape
Z
_
]
b
0.5 c 1 + cos ' r ` 1 + n j1 m, 0 # n 1 bN T
b
N
T
]
b
p [n] = [
1, bN T # n 1 N T
`.
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T
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In (3), 0 # b # 1 is the roll-off factor and controls the
length of the roll-off portion of p [n] , i.e., b (N + N CP) . Let
us define in (1) n = iN T + m, where m = 0, f, N T - 1 , and
i is an integer. Since for the ith block, only two symbols
overlap because of the pulse shape, we keep the terms
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Figure 1 An MCM transceiver block diagram.
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corresponding to , = i and , = i - 1 in the summation
over , . Then, we have

x [iN T + m] = p [N T + m]

M-1

/

reduce the leakage with a single windowing
operation since it is equivalent to filtering
each subcarrier individually.

1

S k [i - 1] e j2rk N (NT + m)

k=0

+ p [m]

M-1

/

1

S k [i] e j2rk N m .

W-OFDM, on the other hand, is able to

(4)

k=0

We can see from (4) that the pulse function and outputs
of the inverse fast fourier transform (IFFT) for the i th and
(i - 1) th block are pointwise multiplied, i.e., windowed, and
added. From (3), we see that the first term becomes nonzero only for m = 0, 1, f, bN T - 1, which corresponds to the
CS. Therefore, as illustrated in Figure 2(a) and (b), the windowed CS of the previous block is added to the windowed
CP of the current block. The implementation is illustrated
in Figure 2(c).
The spectral agility of an MCM scheme can be seen by
observing its OOBE. Figure 3 illustrates the power spectral densities of several MCM schemes in a noncontiguous spectrum. The two available subbands on the sides are
used by an MCM transmitter while the subband in the
middle is empty. For F-OFDM, a 35-tap root raised cosine (RRC) filter with a roll-off factor of 0.05 covering the
whole band is used. The length of the each roll-off portion of the W-OFDM is 128 samples. As shown in Figure
3, the spectral leakage of OFDM and F-OFDM into the
middle subband is similar since one filter over the whole
band cannot improve the OOBE in the middle of the
available noncontiguous spectrum fragments. W-OFDM,
on the other hand, is able to reduce the leakage with a
single windowing operation since it is equivalent to filtering each subcarrier individually with a pulse that has a
better frequency response than the rectangular pulse.

Receive Windowing
In an OFDM receiver, the CP is discarded, and the samples corresponding to the data block are kept
unchanged to go through the FFT. Therefore, this window essentially consists of N CP zeros followed by N
ones. Without proper ACI rejection, this window will
cause the ACI to grow even if the signal from the adjacent channel has low OOBE. Filtering is a common way
to reject the ACI, but it introduces large computational
complexity at the receiver. In addition, a separate filter
needs to be used for each subband in a fragmented
spectrum. Here we show that a window with a frequency
response that has lower side lobes is better to reject the
leakage from the adjacent channel. Let us define
n = iN + m, m = 0, 1f, N - 1, i as an integer, and w [n] as
the receive window where some coefficients of w [n] can
be zero. In the absence of transmit windowing, the estimate of the data symbol transmitted on subcarrier kt can
be written as
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Sr kt 6 , @ =

N-1 N-1

0

/ / /

t 1

S k [,] w [iN + m] e j2r (k - k) N (iN + m) . (5)

k = 0 m = 0 i =-1

From (5), assuming that the window is of length N + N CP
and is applied to the CP and the data block, it can be
shown that the condition to maintain the orthogonality is
0

/

w [iN + m] = constant, m = 0, f, N - 1.

(6)

i =-1

The variable constant in (6) is the amplitude of the
constant portion of the window function; the sum of
the first N CP and last N samples of the window function
should be equal to the constant portion of the window
function. Note that, in a distortion-free channel, this operation does not change the data block because the samples that are being added are the same and due to (6), the
data block is effectively just scaled with a constant. The
receive window used in conventional OFDM satisfies this
condition. However, because of the discontinuity introduced by CP removal, its interference rejection capability is poor. The receive windowing operation is illustrated
in Figure 4. Figure 4(a) shows an example of windowing
operation for a real signal, and Figure 4(b) shows the
implementation of receive windowing, which can be obtained from (5). Note that the window function in this
figure satisfies the orthogonality condition and also has
smooth transitions, providing better ACI rejection. First,
the received OFDM symbol is pointwise multiplied by the
receive window. Then, the samples corresponding to the
CP are added to the tail of the symbol. The implementation of receive windowing is illustrated in Figure 4(b). In
general, a number of coefficients of the first N CP samples
of the receive window may be zero; in this figure, the first
a samples of the receive window are zeros.

ISI Analysis
Receive windowing may introduce ISI since part of the
CP, which contains delayed copies of the transmitted
signal, is multiplied with the window coefficients and
added to the tail samples of the symbol. Figure 5 illustrates the ISI contribution with an example.
The channel in the figure consists of three paths; assume that the receiver is synchronized to the first path.
The receiver receives the transmitted signal from the
first path without delay and the two delayed copies from
the other two paths. When the aggregate signal is windowed with the function given in the figure, the delayed
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Performance Evaluation
In this section, we evaluate the BER
performance, complexity, and latency of W-OFDM, and compare it with
OFDM, F-OFDM, and OFDM-OQAM.

p[N−1]
p[N]

BER Performance

p[N + βNT −1]

SN−1[l]

x[n]

symbols arriving from the two paths
will contribute to the ISI since they
exist inside the CP. The amount of
the ISI depends on the channel delay
spread and the shape and length of
the windowing function. There are
several factors that are useful in limiting the contribution of the ISI. First,
for many channels, the power of the
paths decreases with increasing delay. Therefore, the ISI of the paths
that are potentially most harmful is
limited. Second, the roll-off portion
of the window used to weigh the CP
samples is an increasing function,
limiting the contribution from the
paths with higher power. Finally, the
samples in the CP not used for windowing serves as a buffer against the
multipath. In Figure 5, the second
path does not contribute to the ISI
since it is multiplied by zero-coefficients of the window while the contribution of the third path is limited
since it has lower power. There is a
tradeoff between ACI rejection and
ISI: a longer roll-off provides better
ACI rejection; however, it also creates
more ISI because of the increased extent of the window.
Since ISI depends on the previous
symbol, it would be possible to cancel this interference with a successive
interference cancelation (SIC)-based
receiver. As an alternative, the statistical information of the interference
can be used by an MMSE receiver.

p[NT −1]
p[NT ]

z −1

p[(1 + β )NT −1]

z −1

(c)

Figure 2 An illustration of transmitter windowing and implementation.

The performance of the W-OFDM is
evaluated and compared to the performance of OFDM, F-OFDM, and
OFDM-OQAM when ACI exists. For
the evaluation, a link-level simulation tool compliant with the 3GPP
Release 8 LTE specifications is used.
After QAM modulation, the transmit
signal is generated by using one of
the MCM schemes. The generated
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Windowing is a viable technique for
ACI rejection as well as OOBE reduction
while preserving very low complexity
and latency.
All three types of windowing techniques outperform
OFDM, F-OFDM, and OFDM-OQAM. Out of the three WOFDM types, W-OFDM/CP is the worst since the CP is
used for windowing purposes, which degrades the effectiveness of the CP against multipath. In this case, one-tap
equalizer is not optimal any more. W-OFDM with EGI is
the best. A slightly longer EGI may be used to further reduce the OOBE at the expense of a reduced spectral efficiency. Finally, the performance of W-OFDM/Rx illustrates
the effectiveness of receive windowing for interference
rejection. Although receive windowing introduces ISI, the
benefit of rejecting ACI significantly outweighs the loss
introduced by the additional ISI.
Figure 7 compares the BER performance of the MCM
schemes when ACI TP = 0 dB. The observations are
similar to those made for Figure 6 except that the performance of OFDM and F-OFDM is better because of
the reduced ACI power. OFDM-OQAM and W-OFDM still
perform better than OFDM and F-OFDM, but the performance gap is smaller. Note that all three types of windowing techniques outperform OFDM, F-OFDM, and
OFDM-OQAM.

Complexity and Latency Analysis
In this section, we compare the complexity and latency
of several MCM schemes. Complexity is evaluated in
terms of number of real multiplications, but multiplications with ! 1 and ! j are not included since they are
merely flips of sign and/or flips of real and imaginary

5
0
−20
PSD (dB)

signal goes through a frequency- selective fading channel. At the receiver side, the signal is first processed by
the appropriate multicarrier demodulation, and then
data symbols are demodulated.
A spectral hole scenario similar to the one depicted
in Figure 3 is created. The bandwidth of the whole channel is set to 10 MHz and divided into 50 resource blocks
(RBs), where one RB consists of 12 subcarriers. RBs 13–
36 are available and are used by the desired transmitter, while the remaining RBs are used by the interfering
transmitter. There is a guard band of 1 RB on each side of
the available band. In this setup, the interference created
by the OOBE of the interferer leaks to the desired band
from both sides. We assume that a 35-tap RRC filter covering the whole channel is used for both transmit and
receive filtering for the F-OFDM.
The ACI is generated using the same waveform as
the desired signal. The frequency offset between the
desired and interfering signal is set to 0.5 Tf , where
Tf is the subcarrier spacing and is equal to 15 kHz.
The power difference between the ACI and the desired
signal is a parameter denoted as TP and is set to 0 or
10 dB. An FFT size of 1,024 is used. The channel is modeled as the extended vehicular channel (EVA) with
5-Hz maximum Doppler [19]. A one-tap frequency domain equalizer is used at the receiver, and ideal channel estimation is assumed. The modulation scheme
used is 16 QAM.
Three types of windowing techniques are evaluated.
In the first type (W-OFDM), both transmit and receive
windowing are applied, and an EGI of 32 samples is
added at the transmitter, i.e., effectively, a longer CP
is used, resulting in a slight spectral efficiency loss. In
the second type (W-OFDM/CP), the EGI is not added,
and the CP is used for windowing purposes. Finally, in
the third type, only receive (Rx) windowing is used (WOFDM/Rx). The number of samples used for the roll-off
portion of the windows is 32 and 64 for the transmit
and receive windowing, respectively. The windowing
function given in (3) is used for transmit windowing.
For receive windowing, a similar function with length
N + N CP is used.
Figure 6 compares the BER performance of the various MCM schemes when ACI TP = 10 dB. We can see
from this figure that OFDM performs the worst because
of the significant leakage from the adjacent band. The
performance of the F-OFDM is similar to OFDM since
F-OFDM cannot use the spectral hole because of the filter covering the whole 10 MHz band. The performance of
the OFDM-OQAM is significantly better than both OFDM
and F-OFDM because of its spectral agility and low OOBE
characteristics. Since OFDM-OQAM does not have a CP,
a one-tap equalizer is not optimal, and its performance
may be further improved by using more complex equalizers [20].
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Figure 3 The power spectral densities of several MCM schemes in
fragmented spectrum.
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Figure 4 An illustration of the receive windowing and implementation.

parts. A single MCM transceiver transmitting over the
whole band with the parameters given in the previous
section is assumed. For the complexity analysis of
OFDM-OQAM, the implementation in [21] is assumed.
For F-OFDM, it is assumed that the transmit filtering and

addition of the CP could be combined such that the filtering is only done once for the CP samples [22]. For all
schemes, the complexity of one-tap equalizer is also
counted. The complexities normalized by the complexity
of OFDM are presented in Table 1. We observe that
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Power

compared to OFDM, both F-OFDM
and OFDM-OQAM have relatively high
(n−1)th Symbol
nth Symbol
complexity, while W-OFDM keeps the
TCP
complexity increase to a minimum.
Note that these numbers may slightly
change depending on the specific
Time
implementation; however, it is clear
Channel Power Delay Profile Delayed Version of the (n−1)th
that the complexity of W-OFDM is
Receive Window
Symbol with Lower Power
very close to that of OFDM.
Function
Latency is another important factor to be compared, and we consider Figure 5 An illustration of ISI contribution due to receive windowing.
the inherent latency introduced in
the MCM’s structure from the input
Technology of China in 2005, her master’s of science in
of a QAM symbol to the output of the estimate of the
electrical engineering from the Polytechnic University
QAM symbol. In OFDM, latency comes from the parallelin 2008, and her Ph.D. degree in electrical engineering
to-serial and serial-to-parallel conversion pair and CP
from Polytechnic Institute of New York University (forand is equal to N + N CP . Filtering or windowing does not
merly Polytechnic University) in 2011. She is currently
introduce any additional latency. The latency of OFDMa senior engineer at InterDigital Communications Inc.
OQAM, on the other hand, is ^1.5 + K o h N , where K o is
the overlapping factor and is usually set to 3 or 4 for
good OOBE performance [23]. Therefore, the latency of
OFDM-OQAM is several times larger than that of OFDM
for practical values of N CP and K o .
10

Conclusion

10−1
BER

In this article, a transceiver architecture based on transmit and receive windowing to reduce spectral leakage
and reject ACI has been presented. This architecture has
low complexity and therefore can be used to utilize noncontiguous fragmented frequency bands. The performance of the transceiver has been evaluated and
compared with other MCM schemes. The results illustrate that windowing is a viable technique for ACI rejection as well as OOBE reduction while preserving very
low complexity and latency. The performance may further be improved by using optimized window functions
and advanced receivers to mitigate the ISI.

10−2
10−3
10−4
−5

OFDM
OFDM-OQAM
M
F-OFDM
W-OFDM
W-OFDM/CP
P
W-OFDM/Rx
/
0

5

10 15 20 25 30 35 40 45
Eb/No (dB)

Figure 6 A comparison of various MCM techniques with ACI
TP = 10 dB.
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Table 1 Normalized complexity of MCM schemes.
MCM

Normalized complexity

OFDM

1.00

F-OFDM (Tx and Rx filtering)

9.87

F-OFDM (Tx filtering only)

5.28

OFDM-OQAM

4.10

W-OFDM

1.01
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