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1 Background and objectives
In parallel with the spreading of wireless communications, the users' need for higher data
rates also increases. The amount of available frequency bands, however, is limited. Mitola
attempts to resolve this contradiction in his paper published in 1999 [1], in which he
introduces the concept of cognitive radio. This is essentially a secondary (opportunistic)
wireless communications system, which intelligently and adaptively utilizes the selected
frequency bands without disturbing the primary (incumbent) users of the respective range.
To this end, an opportunistic system must perform data transfer and detect the transmissions of the incumbent systems in the free bands nearly simultaneously [2]. Also the norm
IEEE 802.22 aims to standardize the systems operating on the basis of these principles
[3].
Cognitive radio technology might play an important role also in Hungary in the future.
Digital systems will fully replace analog television broadcasting from 2015 in Hungary,
which require less specic bandwidth. According to the plans, intelligent radio systems
communicating opportunistically may use the free channels for data transfer after the
switchover. Fig. 1 shows the result of a preliminary 24-hour spectrum observation in the
range 450 MHz to 550 MHz. The temporarily free and unused bands are well visible.
Since broadcasting systems remain the primary users of the frequency range in question,
the opportunistic radios communicating in this domain must feature a high degree of
intelligence and rapid spectrum detection to avoid interference [5]. The physical layer of
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Figure 1: 24-hour spectrum measurement in the region of Szolnok, Hungary.

communication (including the applied modulation as well) must fulll special requirements. I investigated and compared the multicarrier modulation schemes aimed to opportunistically utilize the analog broadcast bands, as well as I elaborated modulation
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and demodulation related digital signal processing methods. In case of high speed digital transfer, application of Orthogonal Frequency Division Multiplexing (OFDM) [6] , a
widely used multicarrier technique, seems to be obvious. This method is used in various
wireless telecommunications systems, such as DVB-T (terrestrial digital television), DAB
(digital radio) and WLAN (wireless network).
In case of OFDM, the digital data are represented by the amplitudes and phases of
the individual subcarriers. With properly selected frequency spacing the subcarriers are
independent of each other, therefore no crosstalk will occur between them. The subcarriers
can easily be modulated by Inverse Fast Fourier Transform (IFFT), and demodulated
using FFT. Depending on the application, an OFDM symbol may contain several hundreds
th
or even thousands of subcarriers. The discrete samples of the m
OFDM symbol are
represented by the following equation in the time domain:

xm [n] =

N
−1
∑

2π

Xk [m]ej N kn ,

n ∈ 0, 1, . . . , N − 1,

(1)

k=0

Xk [m] is the complex
amplitude of subcarrier k in the symbol m, N is the number of
√
subcarriers and j =
−1. Prior to transmission, every symbol is extended by a so-called
Cyclic Prex (CP), by copying P samples from the end of the symbol to its beginning.
where

The receiver skips the CP and demodulates the symbol by FFT. While the CP is longer
than the impulse response of the channel, every received symbol has a section free of
inter symbol interference, where the linear distortion of the channel can be compensated.
Otherwise inter symbol interference occurs, severely degrading the bit error ratio of reception. Assuming a linear channel and Gaussian noise, the demodulated subcarriers on
the receive side can be expressed as follows:

X̂k [m] = Xk [m]Hk + Wk ,
where

Hk

k ∈ 0, 1, . . . , N − 1,

the channel's transfer function at subcarrier

k,

and

Wk

(2)

is the Gaussian noise.

Besides its many advantages, one of the shortcomings of an OFDM system is that, due
to the CP, a shoulder attenuation of maximum -35 to -30 dB can only be achieved [7]. For
cognitive radio applications, the communications authorities (Oce of Communication
in Britain and Federal Communications Commission in the USA) specify a suppression
level of at least -50 dB. By various procedures [8] the shoulder attenuation can be further
increased at a given number of subcarriers, but these degrade the performance of the
system and increase its complexity. Another drawback of OFDM systems is their high
Peak-to-Average Power Ratio (PAPR), which may severely increase the probability of
transmission errors and also the adjacent channel leakage caused by nonlinear distortions
resulting from the small dynamic range of ampliers. Besides, an OFDM system is also
sensitive to the frequency dierence of the transmit and receive side mixing oscillators.
Without the compensation of this, the performance can degrade due to crosstalk between
the subcarriers. Because of the shortcomings mentioned, not OFDM is the ideal choice
for the cognitive radios in many aspects, therefore I investigated three other multicarrier
modulation schemes besides OFDM as possible alternatives.
The basic concept of the DFT-spread OFDM scheme (DFTS-OFDM) [9] is to spread
the data between multiple subcarriers by an additional DFT operation. DFTS-OFDM
signals have similar spectral properties as OFDM with the dierence that the modulated
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signal has a smaller PAPR, therefore it is less sensitive to nonlinear distortions. This technique is used also by the state-of-the-art LTE (Long Term Evolution) fourth generation
mobile transmission standard.
The Constant Envelope OFDM (CE-OFDM) [10] scheme aims to severely reduce the

x[n] using the
signal x[n] is lead

PAPR. Besides halng the data rate, it generates a purely real signal
complex conjugates of the modulation values

Xk .The

obtained real

to a phase modulator where the output real signal of the IFFT stage - multiplied by a

2πh - inuences the phase of the time domain signal, which is essentially a
constant phase modulation. The output signal z[n] of the phase modulator in the function
of the input signal x[n] is:
weight factor of

z[n] = ej2πhx[n] ,

n ∈ 0, 1, . . . , N − 1.

(3)

The drawback of the CE-OFDM technique is that, since it requires also the complex
conjugate pairs besides the original symbols, it oers half the data rate achievable with
OFDM. The big advantage of this scheme is that it features the smallest PAPR value
among the procedures presented. The power density function of the modulated signal is
inuenced by the phase modulator's weight factor

h.

The Filter Bank MultiCarrier (FBMC) scheme [11] is essentially a generalized OFDM
method. The subcarriers are ltered by a rectangular window in OFDM systems, while
in case of the FBMC scheme a special lter bank is applied, which is based on an appropriately designed prototype lter. The time domain FBMC signal can be expressed using
the samples

p0 [n]

of the prototype lter as follows:

x[n] =

∞
N
−1
∑
∑

2π

(Xk [m]p0 [n − mN ]) ej N k(n−mN ) ,

(4)

m=−∞ k=0
Thanks to the features of the prototype lter, the spectral properties of FBMC are far
better than those of the previous procedures, yielding a much smaller adjacent channel
leakage. To avoid inter symbol interference, the FBMC procedure could only use real
modulation values

Xk [m]

in this case, resulting a halved data rate, just like CE-OFDM.

However, by separating the I and Q components (the real (ℜ) and (ℑ) parts) of the
complex baseband signal using OQAM (oset-QAM), a data rate identical to that of
OFDM can be achieved while maintaining the advantageous spectral properties. This
procedure is called Staggered Multitone (SMT) modulation. In this case equation (4) is
modied as follows:

x[n] =

∞
N
−1
∑
∑
(

θk ℜ{Xk [m]}p0 [n − mN ] +

m=−∞ k=0

) 2π
θk+1 ℑ{Xk [m]}p0 [n − mN − N/2] ej N k(n−mN ) ,

where

π

θ k = ej 2 k .

(5)

(6)

In case of FBMC/SMT the adjacent symbols overlap in time. This phenomenon can be
eliminated in the receiver by designing the prototype lter in such a way that it enables
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separation on the basis of the Nyquist criterion. Despite of its extended symbol duration and the overlap between its adjacent symbols, this signal arrangement maintains a
high degree of shoulder attenuation. Due to the lter bank based implementation, the
FBMC/SMT schemes cannot use CP. Although this may lead to an increased data rate
compared to OFDM, the delays of the radio channel may result inter symbol interference, leading to a more complicated equalization procedure in the receiver. The biggest
drawback of SMT is that its FFT/IFFT operations require more points than the previous
solutions, and, due to the lter bank, more computational resources are necessary for
its signal processing. The computational power requirements can be severely reduced by
applying polyphase lters.

2 Investigation methods
The prime objective of my research was to investigate and implement the procedures presented in the previous chapter, as well as to elaborate the related digital signal processing
methods.

2.1 Simulation Environment
Prior to the hardware based implementation of the dierent modulation schemes, I presented the expected results by computer simulations. I rst created a modular simulation
software package in Matlab environment, which enabled the analysis of various properties
of the modulation methods on both the receive and transmit side. In addition, the eects
resulting from the nonlinear distortions in the signal path, the synchronization errors,
the linear distortion caused by the radio channel and the Gaussian noise can also be investigated with it, as well as the digital signal processing algorithms can be tested and
checked with it easily and rapidly. The impacts of dierent disturbances can be visualized
by bit-error rate curves.
In the frequency domain, the eect of nonlinear distortions is reected by the increased power density at the band boundaries. Besides the simulation of the processes,
the hardware implementation thereof and the measurement of the generated signals are
also important. The nal step is the comparison and evaluation of the simulations and
the measured results.

2.2 Hardware implementation
Following the simulations, the tried transmit and receive algorithms can be easily and
swiftly tested by a software radio device (Universal Software Radio Peripheral, USRP  see
Figure 2.) Two USRP modules are responsible for the up- and down conversion, therefore
only the processing of the digital samples must be solved on the transmit and receive
sides. The generated signals were measured by a spectrum analyzer type R&S FSH3.
Fig. 3. shows the detected spectra for OFDM and SMT systems. The nal step will be a
LabView-based realization for a USRP device manufactured by National Instruments.
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Figure 2: The hardware test environ-

Figure 3: The measured OFDM and

ment during a measurement.

SMT spectrum.
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3 New scientic results  Theses
Thesis I.: In case of Staggered MultiTone (SMT) systems highly advantageous

spectral properties can be achieved by a specially chosen prototype lter. Since the
individual symbols overlap in the time domain in SMT systems, the cyclic prex
used in Orthogonal Frequency Division Multiplexing (OFDM) systems cannot be
applied, otherwise the orthogonality between the symbols would be violated. The
absence of cyclic prex may cause severe diculties especially when the duration of
the radio channel's impulse response is comparable with the length of the symbol
period. In such cases inter-symbol interference may occur in SMT systems, resulting
a degraded bit error rate.
I investigated the eciency of the channel equalization methods used in SMT systems. I have proven via simulations that the bit error rate of conventional channel
equalization methods (i.e. which compensate individually per subcarrier) dramatically degrades in case of impulse responses whose length is comparable to the duration of the symbol period. Due to inter symbol interference the bit error rate could
not be further improved beyond a certain limit by increasing the signal-to-noise
ratio. I elaborated new methods to improve the eciency of channel equalization in
SMT systems. I compared these methods with each other by simulations for channel
proles B and C dened in the standard IEEE 802.22 [4].
I. a)

I made a recommendation to consider inter symbol interference as noise in
case of conventional systems, which enables the channel equalization procedure
to yield better bit error rates.

I. b)

I propose an averaging-based channel equalization method, which further improves the bit error rate. To reduce the computational requirements of this
procedure, I recommended the application of an observer-theory based recursive DFT algorithm, which is also advantageous for cognitive radio applications
in case of continuous spectrum monitoring.

I. c)

To further increase the eciency of channel equalization, I elaborated an
iterative decision feedback procedure. Regarding the bit error rates, a further
improvement can be achieved with this method.

Related own publications: J2, C4, C7.
Thesis II.: One of the disadvantageous features of OFDM systems is their high

peak-to-average ratio. The nonlinearities of power ampliers may severely distort
the signal, leading to interference between the subcarriers and degrading the eciency of the system. A possible method to overcome this problem is to limit (clip)
the baseband signal samples. This clipping causes nonlinear distortion, which may
reduce the bit error rate. To eliminate these negative eects, the Bussgang Noise
Cancelation (BNC) receive procedure, which operates on an iterative basis, was
elaborated for power-limited and coded OFDM signals [13,14]. The convergence of
iterative decoding procedures is characterized by the Extrinsic Information Transfer
(EXIT) functions of the decoders, which enables an ecient tracking of the iterative
process [15].
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II. a)

I have proven that the EXIT function of the BNC detector is not ascending

monotonously, which leads to divergence (degradation of the bit error rate)
during the iterative decoding procedure in case of certain signal-to-noise ratios
and code rates.
II. b)

I further improved the receive procedure, obtaining a monotonously ascend-

ing EXIT function for it, making it convergent for any signal-to-noise ratio and
code rate.
Related own publications: J4, C1, C8.

Thesis III.: Just like OFDM modulation, SMT signals are also sensitive for nonlin-

ear distortions and may have a large dynamic range, therefore their dynamic range
must be reduced at a given amplier gain. To this end, I investigated the opportunities of reducing the crest factor of modulated signals in SMT systems. I elaborated
crest factor reduction methods suitable for SMT signals, on the basis of techniques
applied in OFDM systems [16] and procedures used in measurement technology for
the reduction of the crest factor of multi-sine signals [17]. I investigated the eciency and applicability of power-limiting based procedures for SMT modulation. I
elaborated three possible methods by adopting techniques used in OFDM:

•

A technique applying iterative compensation in the receiver to counteract
power limiting,

•

A carrier-allocation based procedure,

•

A procedure using active constellation extension.

III. a)

I adopted the modied BNC receiver procedure (presented in Thesis II.) to

SMT systems. I have proven that it is convergent not just for channels with
only additive white Gaussian noise but also for channels with Rayleigh signal
paths. The bit error rate increases after each iteration step during iterative
decoding.
III. b)

I have shown that the lowest crest factor can be attained by power limiting

and ltering. In this case, however, compensation is necessary in the receiver.
If the intention is to achieve the same bit error rate without modifying the
receive algorithms, then the lowest crest factor can be ensured by the simultaneous application of carrier-allocation and active constellation extension. The
results were veried through simulations. I dened a metric which enables the
determination of the optimal iteration number of the iterative crest factor reduction procedures in the transmitter.
Related own publications: J4, C8, C10.
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4 Utilization of the results and outlook
Due to its advantageous spectral properties, SMT modulation is an obvious solution for
cognitive radio applications. In my view, this modulation scheme might be the choice
also of the standardization bodies as a result of the stringent requirements set out by the
communication authorities. To adopt this promising development, however, some SMT
specic issues must be solved. I provided solutions for some of these, like the elimination of
problems originating from nonlinear distortions as well as the improvement of the eciency
of channel equalization techniques. Besides of all these, I recommended the application of
the observer based Recursive Discrete Fourier Transform (R-DFT) algorithm for spectral
measurements in cognitive radios, which requires signicantly less computational resources
than the conventional FFT, while it is also suitable for channel equalization purposes.
With this procedure the changing spectral environment can be continuously monitored,
enabling the opportunistic system to react rapidly in case the primary users appear.
Besides computer simulations, I also used a hardware implementation to prove that
the shoulder attenuation necessary for cognitive radios can be achieved by SMT modulation. This USRP environment is suitable for verifying further simulation results, and,
simultaneously with the birth of this thesis book, a close cooperation with National Instruments is established to make it available for the industry. In addition, it will also be
deeply involved in the education of the specialists of the future in the framework of laboratory measurements, aimed to try and demonstrate wireless data transmission systems
as well as state-of-the-art modulation procedures.
Still there are several open questions related to the SMT modulation scheme and its
hardware implementation, which require further research to be answered: it is important
to elaborate procedures for clock-, frequency- and phase error synchronization that can be
used during transmission, and to develop ecient channel estimation methods. Furthermore, the R-DFT operation is likely to be ecient for synchronization purposes besides
spectrum measurement and channel estimation.
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