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Abstract. In this paper we give an overview and a com-
parison of the possible waveforms for white space applica-
tions. Four physical layer schemes for cognitive radio are se-
lected for study: Orthogonal Frequency Division Multiplex-
ing (OFDM), DFT-Spread OFDM (DFTS-OFDM), Constant
Envelope OFDM (CE-OFDM) and Filter Bank Multicarrier
(FBMC). The comparison is mainly based on the side effects
of various non-ideal analog components (power amplifier,
local oscillator) and residual synchronization errors such as
frequency offset. As we will show, each technique has differ-
ent sensitivity to the various impairments. The comparisons
will be performed via spectral density functions and bit error
rates (BER).
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1. Introduction

Since Mitola introduced the idea of Cognitive Radio
(CR) [1] the interest has been rapidly emerging in it. The
idea of CRs in white space [2], [3] is to install an opportunis-
tic communication system in a given frequency band which
remains hidden from the incumbent system. Nevertheless,
it is also important that the opportunistic system should not
disturb the incumbent one by any means. The opportunistic
system scans the band for gaps in the spectra which could be
used for transmission. The standardization of CR for white
space has also been started by IEEE, currently it is in draft
stage [4], [5]. These systems will be especially important
with the new era of digital television which induces spectral
white spaces left behind by ceased analog transmissions [2].

Naturally, there are many difficulties which have to be
overcome such as spectral sensing, spectrum management
and band allocation. The key question is the choice of the

applied modulation scheme. Initial studies on the safe coex-
istence between incumbent TV broadcast systems and poten-
tial white space devices have recommended guard channels
to protect nearby incumbents. Furthermore, they called for
very strict adjacent channel leakage requirements on the sig-
nal emitted by the opportunistic device. These requirements
triggered intense research activities to find feasible modula-
tion techniques that exhibit very small adjacent channel leak-
age [6].

Orthogonal Frequency Division Multiplexing (OFDM)
[7] is often preferred in wideband wireless communication
systems because extensive literature is available on it. Al-
though OFDM has many advantages it also has some crucial
drawbacks: it is highly sensitive to nonlinear distortion, syn-
chronization errors and it exhibits moderate adjacent chan-
nel leakage. Due to these phenomena several multicarrier
schemes have been proposed in the recent years which could
compete with OFDM.

In this paper we selected three of the most promising
alternatives for investigation: Constant Envelope OFDM [8],
DFT-Spread OFDM [9], and the Filter Bank Multicarrier
[10], [11] system. We investigate these schemes by means
of sensitivity to nonlinear effects caused by the power am-
plifier. We also focus on various synchronization imperfec-
tions and their negative effects on the system performance.
We will show that each modulation technique has a different
sensitivity to the various effects. These parameters have to
be taken into account when designing a wireless communi-
cation system for cognitive radio in white spaces.

The paper is organized as follows. In the next Section
the four modulation schemes are described and the required
signal processing steps are explained. Then, the transmission
chain signal model is described with a detailed explanation
of both the transceiver chain and the digital baseband model
with impairments of the various analog elements. In the
fourth Section simulation results are given for various im-
pairments of the transmission path such as nonlinear power
amplifier, residual frequency offset, phase error/jitter and
IQ-mismatch. Finally, the conclusion is drawn from the re-
sults of the simulations and an overview is given for the four
modulation schemes regarding the various impairments.
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Fig. 1. Block diagram of the following modulation schemes: OFDM (a), CE-OFDM (b), DFT-OFDM (c), FMBC (d).

2. Transmitter Models

In this section we discuss and introduce the basic block
diagrams of the investigated schemes comparing also their
signal processing complexity. A general block diagram of
the four studied multicarrier modulation systems can be seen
in Fig. 1. All modulation schemes include a block perform-
ing Inverse Fourier Transform (IFFT). The difference lies
mainly in the surrounding signal processing blocks.

2.1 OFDM

The block diagram of an OFDM transmitter is depicted
in Fig. 1(a). The popularity of the system lies in the fact
that the modulation and demodulation can be performed sim-
ply by using Inverse Fast Fourier Transform (IFFT) and Fast
Fourier Transform (FFT) respectively. The time domain
samples of an OFDM symbol can be calculated using an N
point IFFT as

N-1 -om

Xn=Y X!V n=0,1,..,N—1 (1)

k=0
where X} is the complex modulation data for the subcarrier
with index k. Then, prior to transmission, a Cyclic Prefix
(CP) is added to each symbol. With the use of the CP the in-
ter symbol interference can be overcome, but it reduces the
effective data rate of the system. On the other hand, OFDM
has some well known drawbacks:

o To perform carrier interference free demodulation, the
subcarriers have to remain orthogonal, otherwise the
system performance will degrade. Therefore, OFDM is
very sensitive to the frequency offset originating from
the mismatch of transmitter and receiver local oscilla-
tors.

e The time domain OFDM signal is the sum of a large
number of complex sinusoids, which means that, ac-

cording to the central limit theorem, the amplitude dis-
tribution tends to be Gaussian, leading to a large peak-
to-average power ratio (PAPR) of the signal. Hence,
a power amplifier with a relatively large linear range is
required, otherwise nonlinear effects will severely de-
grade the system performance and out of band radiation
will apear.

2.2 CE-OFDM

CE-OFDM [8] aims to solve the high PAPR values of
the OFDM signal. The complex modulation symbols are
aligned in a complex conjugated manner to achieve a real-
valued IFFT output as depicted in Fig. 1(b). Subsequently,
phase modulation is applied to the real-valued time domain
signal and the CP is added to form the transmitted signal.
The transmitted symbol s/, before adding the CP can be ex-
pressed as:

/o j2mmxy,
S, =€ 5

n=01..N—1 )

where m is the modulation index of the phase modulator and
X, is defined in (1) but with the restriction of X = Xy _,.
A noticeable disadvantage is that the complex conjugated
pairing reduces the data rate by a factor of two. Then the
phase modulator can be driven by this real valued signal that
results in a constant envelope output signal. The power spec-
trum density (PSD) of the transmitted signal will be deter-
mined by the modulation index m of the phase modulator.

2.3 DFTS-OFDM

In case of DFTS-OFDM systems [9], the complex
modulation data set is preprocessed, the complex modula-
tion values which will be transmitted are grouped and a DFT
is applied as can be seen in Fig. 1(c). Then the output of the
DFT is used to modulate the subcarriers. This technique can
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be also considered as a single carrier modulation scheme,
where the frequency spreading is applied through all subcar-
riers. The result is a slightly lower PAPR value compared to
OFDM transmission.

2.4 FBMC

FBMC systems [10], [11] use a specially designed fil-
ter bank structure. First the complex modulation values are
spread over several carriers and filtered by a prototype fil-
ter. This implies the necessity of a larger FFT to construct
the transmission signal, which can be seen in Fig. 1(d). Due
to the advantageous properties of the prototype filter bank,
the spectral band efficiency will be more efficient than the
OFDM signal. With the use of an offset-QAM modulation,
where the real and imaginary data values are offset by half
symbol duration, no data rate loss will occur. Prior to trans-
mission the symbols are overlapped in such a way that they
can be separated at the receiver due to the fact that the filter
bank is designed to fulfill the Nyquist criterion to minimize
the inter-symbol interference. Although the symbols dura-
tion is longer compared to OFDM symbols and they overlap,
no data rate loss will occur. The other advantage of FBMC is
that no CP has to be used to compensate the channel-induced
inter-symbol interference. However, more complex signal
processing has to be applied, and the channel equalization in
the receiver chain will be more complex than in case of other
schemes. With the use of a so called polyphase filterbank
[10] the previously mentioned signal processing requirement
can be reduced.

3. Transceiver Model

In this section the transceiver model is described in de-
tails. First the transmitter — channel — receiver chain is de-
scribed from the hardware point of view, then the complex
digital baseband equivalent is given with the model for each
investigated analog component with their impairments.

3.1 Transmission Chain

A simplified model of the transceiver chain can be seen
in Fig. 2.

Modulation

(1)

Demodulation

_Receiver

Fig. 2. Model of the transceiver chain.

After the modulation, the In-phase (I) s,1 and Quadrature
(Q) s, components of the discrete complex baseband sig-
nal s, are converted to analog signals s1(¢) and sq(¢) by D/A
converters. The next step is the pass-band modulation which
is performed by a multiplication with the cosine and sine
signals generated by the transmitter local oscillator with the
frequency ®! and adding them together. The pass-band sig-
nal can be expressed as:

v(t) = R{s(t)e/™} 3)

where R{} means the real part of the argument. Next, the
pass-band signal is amplified using a high power amplifier
(HPA). The output signal u(z) is formed on the bases of the
characteristics of the amplifier:

u(t) = prA(v(t)). @

The radio channel is modeled by a tap-delay line having an
impulse-response of A(¢) representing the multipath propa-
gations and an additive white gaussian noise (AWGN) term
w(z). Having passed the channel, the signal u(r) form the
received signal y(7) as:

() = ult) xh(t) +w(r). (5)

The received signal y(¢) is converted down to the baseband
using the receiver LO with the frequency ®X. The signals I
and Q are segmented from the downconverted signal using
a low pass filter (LPF):

R{y(1)e 191, ©)
S{y(r)e /1 7

n(t) =
rQ(t)

where R{} and 3{} mean the real and the imaginary part of
the argument. The baseband I and Q signals are then sam-
pled using an A/D converter forming the signals 7,1 and r,,
which are passed to the digital demodulator and processed
according to the modulation scheme.

3.2 Digital Baseband Model with Impairments

The digital baseband transmission path can be divided
into three major parts as it is depicted in Fig. 3.
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Demodulation
Frequency
and phase
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Fig. 3. Complex discrete baseband model with impairments for
the transceiver chain.
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Every component is considered in the complex digital base-
band: the baseband equivalent of the channel is applied and
the errors caused by the up- and downconversion is shifted
to the receiver. In our model we only consider the error
caused by the nonlinear HPA at the transmitter side. The
channel consists of the channel filter and an AWGN term.
Finally, three types of errors are introduced at the receiver:
frequency and phase errors of the local oscillators and the
IQ-mismatch. The model for each error is discussed in the
following sections.

e Amplifier

The high power amplifier (HPA) is a crucial element of
the transmitter chain. These analog components are not
ideal, they have a limited linear range, which may in-
troduce nonlinear distortions. For the baseband equiv-
alent of the high power amplifier (HPA) a memoryless
Saleh-model [12] was applied which has the follow-
ing discrete amplitude transfer function Appa (|v,|) and
phase shift characteristics Oppa (|va|):

ovy

AHPA(|Vn|) = l+|[3|v|’ (8)
Vn

onen(lv) = 125 ©

where |v,| is the amplitude of the input signal v, and
o, B, p, A are the parameters of the HPA. The output
signal u,, can be expressed

p = Apipa ([va] e/ (L0n)+OrpA (7)) (10)
where <((v,) is the phase of the complex baseband sig-
nal v,.

e Channel
For the channel, the digital baseband equivalent is used.
It means that the output of the channel can be expressed
as the discrete convolution of the input signal and the
channel impulse response, and an added AWGN sam-

ple:
Yn = Up * hy +wp. (11)

¢ Frequency and Phase Errors
Frequency and phase error occurs during up and down
conversion of the baseband signal to the passband.
A detailed description is given in [15]. Frequency er-
ror A is the result of local oscillator (LO) mismatches
between the transmitter and receiver side:

Ao = o! —of. (12)

The frequency offset is measured in terms of carrier
spacing. Usually, the frequency errors are estimated
based on known preambles so in our simulation we will
only consider small residual frequency errors. We do
not consider the effect of the phase shift caused by the
frequency offset. The phase errors ¢, are caused by
the phase jitter of the local oscillators and the phase

mismatch between them. The constant phase shift can
be estimated via channel estimation and corrected at
the channel equalization. So we attempt to focus on
the phase jitter which can be modeled as a variable
© ~ N(0, G(ZP) having a normal distribution. The result-
ing signal z,, can be written as

Zn = yae/ i, (13)

e IQ-mismatch

1Q-mismatch is also an adverse consequence of down
conversion. The error is generated when an amplitude
imbalance or a quadrature error (phase difference is not
exactly 90°) occurs between the I and Q branches. The
IQ-mismatch causes in general an interference between
the I and Q branch. The IQ-mismatch can be simply
modeled according to [14] by two parameters: The am-
plitude imbalance K and the quadrature error ¢;q. The
value K represents the power mismatch between the I
and Q branches, which is represented by the constants
K1 and K. So the model can be written as

al | _ K 0 Znl (14)
n,Q —Kgsingig Kqcosoig| |z4,0 ’

4. Simulation Results

In this section the system parameters used for the simula-
tion are given, then the effect of each imperfection on the
system performance is analyzed separately. The system per-
formances are compared via the bit error rate as a function
of signal to noise ratio (SNR). In our case the SNR values
are defined as

SNRyp = 10logy, (,’;;0) (15)

E,N-M
= 10logy, <m> (1o

with E}, being the bit energy, Ny the noise variance. N is
the number of the subcarriers available and N, is the number
of subcarriers used. CP is the length of the cyclic prefix in
samples, OV is the oversampling ratio and M is the number
of bits transmitted by one subcarrier. For the simulations we
applied a 64-FFT with a cyclic prefix of 16 samples and an
oversampling ratio of 4. We applied 16-QAM on 48 subcar-
riers from the maximally available 64, leaving out the DC
subcarrier and some carriers on the edge of the transmission
band. For the DFTS-OFDM we used a 48 point DFT for pre-
processing. For the CE-OFDM modulation we have chosen
a moderate modulation index of 42 = 0.8. The bit error rates
are compared to the above mentioned simulation parameters,
plotting the values in the function of the normalized % The
results of the simulations are shown in Fig. 4.

In the absence of nonlinear distortions and synchro-
nization errors the FBMC outperforms all the other modu-
lations, due to the fact that it has no CP added to the trans-
mitted signal, resulting the best data rate. The worst bit error



RADIOENGINEERING, VOL. 19, NO. 4, DECEMBER 2010

515

] —e— oFDM

*| —8— DFTS-OFOM
...| —B—CEOFDM

] —A— FBMC

Fig. 4. Bit error rate of the four schemes over AWGN channel.
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Fig. 5. Power spectrum density function for the four modulation
schemes.

rate can be observed with CE-OFDM modulation, due to the
fact that it incurs a data rate loss of % which is significantly
smaller in comparison with the others.

Another important measure of the transmitted signal is
its spectral behavior especially regarding the out-of-channel
leakage. These measures are especially important when
dealing with white space scenarios. The power spectrum
density functions of the transmitted signal with a linear HPA
can be seen in Fig. 5. It can be observed that FBMC outper-
forms all other multicarrier schemes.

4.1 Amplifier Nonlinearity

First we have investigated the negative effects of the
nonlinear HPA. In the simulation scenario we used parame-
ters similar to [13] but with slightly smoother nonlinearity:
a=1,=0.05,p= %, A =0.125. The bit error rate results
are depicted in Fig. 6.

It can be observed that CE-OFDM is very robust
against the effects of the HPA, due to its constant envelope.

—&— OFDM
—&— DFTS-OFDM
......... | =B CE-OF DM

—&— FBMC

—& — OFDM - HPA
—& = DFTS-OFDM - HPA
=B = CE-OFDM - HPA,

| =& —FBMC - HPA

Fig. 6. Bit error rate of the four schemes over AWGN channel
with the effect of a nonlinear HPA (o0 = 1, B = 0.05,
p=75. A=0.125).
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Fig. 7. Power spectrum density function for the four modulation
schemes with nonlinear power amplifier.

On the other hand, the performance of FBMC is severely de-
graded. A slightly better performance can be observed at the
SC-FDMA system which is also outperformed after about
17 dB by OFDM. It can be concluded that with the excep-
tion of CE-OFDM, all other modulations are very sensitive
to nonlinear distortions.

An equally important measure is the occupied band-
width, which can be compared via power spectrum density
functions. The distorted spectra are depicted in Fig. 7. If we
compare it with the ideal case shown in Fig. 5 we can see
that the power spectrum density function of FBMC is highly
distorted, although the out-of-band emission is still smaller
than that of the other three schemes.

4.2 Frequency Mismatch

For the LO mismatch we choose a relatively small
residual frequency difference of Aw = 0.03 subcarrier spac-
ing. The resulting bit error rate curves are depicted in
Fig. 8. It can be seen that in this case CE-OFDM is the most
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Fig. 8. Bit error rate of the four schemes over AWGN channel
with the effect LO mismatch Aw = 0.03 subcarrier spac-

ing.

| —6— DFTS-0FOM
—8— CE-OFDM

107 | —&—FBMC

| —& —0OFDM - Phase

| —€ —DFTS-OFDM - Phase
| =B —=CE-OFDM - Phase

4|| ==& =FBMC - Phase
10 E T T
0 2 4 B 8

Fig. 9. Bit error rate of the four schemes over AWGN channel
with the effect of a phase jitter (¢ ~ N(0,6¢ = 8°)).
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Fig. 10. Bit error rate of the four schemes over AWGN chan-
nel with the effect of IQ-mismatch: K = 0.87 dB,
K1 =0.95, Kq = 1.05, ¢19 = 10°.

sensitive, it hits a bit error floor of 2- 103 above 20 dB.
Regarding the other schemes, the FBMC still performs best,
OFDM is about 1 dB and DFTS-OFDM is about 5 dB worse
in performance.

4.3 Phase Noise

The system performance in the presence of a normally
distributed (¢ ~N(0,6, = 8°)) phase jitter can be seen in
Fig. 9. As it can be suspected the performance of CE-OFDM
is affected most severely by the phase jitter. The perfor-
mance degradation of FBMC, OFDM, DFTS-OFDM is sim-
ilar to the case of the frequency mismatch of the LOs.

4.4 1Q-Mismatch

The results for IQ-mismatch are plotted in Fig. 10.
The applied parameters were: K = 0.87 dB , K1 = 0.95,
Kq =1.05, ¢1g = 10°. CE-OFDM has the largest immunity
to IQ-mismatch. The performance of OFDM is about 3 dB
and the performance of DFTS-OFDM is about 6 dB worse.
FBMC modulation reaches a bit error floor of 5-10~4, but
its performance is better than DFTS-OFDM below 19 dB.

5. Conclusion

In this paper we introduced four possible choices for
the modulation scheme for cognitive radios in white space.
A model was given for the complex discrete baseband
transceiver chain including the transmission channel. We
have compared these schemes by means of the effects of
various imperfections in the transfer chain, namely: HPA
nonlinearity, frequency offset, phase jitter and IQ-mismatch.
The influence of these errors on the bit error rate was exam-
ined and it has been shown that each modulation type has
its own strength and weakness depending on the type of in-
troduced imperfectness. An overview of the results is given
in Tab. 1. Black color means that the given scheme performs
the worst in the presence of a given error. White color means
that it has the best performance and gray shading means that
its performance is not the best, but it is just a few dBs worse
in comparison with the best.

| Modulation name | HPA | Ao | (0] | 10 |

OFDM
CE-OFDM
DFTS-OFDM
FBMC

Tab. 1. Comparison of the four modulation schemes. Best per-
formance depicted in white, the worst is given with black
color, intermediate performance is with gray color.
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