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Abstract—High-frequency (HF) band communications can be
flexibly realized using multicarrier modulation (MCM) tech-
niques. HF channels are typically characterized by severe multi-
path effects and high Doppler spreads requiring advanced esti-
mation and equalization methods as well as elaborate waveform
design for addressing these issues. This paper compares the
performance of three widely utilized MCM techniques, namely,
cyclic prefix (CP) orthogonal frequency-division multiplexing
(OFDM), filter bank multicarrier/offset-QAM (FBMC/OQAM),
and filtered multitone (FMT) in HF communications. In addition,
the filtered variant of CP-OFDM is included in the comparison.
The performance of these systems is simulated using commonly
adopted HF-channel models. Channel estimation is carried out
using scattered pilots with minimum mean-squared error based
interpolation schemes whereas the equalization is realized using
frequency-sampling based subcarrier equalizer. It is shown that
the simulated uncoded bit-error rate of CP-OFDM is superior
when compared with FBMC/OQAM and FMT even in the
case when CP-OFDM waveform is filtered for better spectral
containment. In addition, the implementation complexity and
peak-to-average power ratio performance of (filtered) CP-OFDM
compare favourable with FBMC/OQAM and FMT.

I. INTRODUCTION

High-frequency (HF) communication technology is widely
employed for military, maritime, and aeronautical systems as
well as world-wide broadcasting services [1]–[4]. It provides
the most flexible and cost effective long-range infrastructure-
independent wireless technology for organizations involved
in emergency, crisis, remote, and military communications.
On the other hand, long-distance communication over HF
channels (3 to 30 MHz band) is known to be challenging due
to rapidly changing propagation conditions and disturbances.

Single-carrier systems traditionally used for point-to-point
HF communications require highly-complex equalizers to
combat with doubly-dispersive (i.e., time and frequency
selective) communication channels. Multicarrier modulation
(MCM) schemes, in addition to their inherent flexibility,
relieve the requirements of the equalizer by transmitting the
data stream over the group of narrow-band (quasi) flat-fading
subchannels. However, in the case of time variability, each sub-
carrier experiences Doppler spreading destroying the subcar-
rier orthogonality and, consequently, resulting to degradation
of the performance. Therefore, also in the case MCM schemes,
the waveform design plays an important role for achieving

the best performance with respect to constraints dictated
by the technology requirements, e.g., configurability, spectral
efficiency, time-frequency localization, peak-to-average power
ratio (PAPR), and latency.

In this paper, the performance of the three commonly
adopted MCM techniques [5] are compared by simulat-
ing their performance with HF-channel models defined in
digital radio mondiale (DRM) standard. These techniques
are, namely, cyclic prefix (CP) orthogonal frequency-division
multiplexing (OFDM), filter bank multicarrier/offset-QAM
(FBMC/OQAM), and filtered multitone (FMT). In addition,
a spectrally well localized variant of CP-OFDM, so-called
filtered-CP-OFDM (F-CP-OFDM) is included in the compar-
ison.

The performance of these systems is simulated in three
cases. In the first case, the perfect channel knowledge is
assumed. In the second case, the channel is assumed to be
know at scattered pilot positions [6] and the interpolation in
time-frequency lattice is carried out using minimum mean-
squared error (MMSE)-based estimation methods [7]. In the
last case, least-squares (LS) estimate at pilot positions is first
derived based on the transceived pilots and then MMSE-based
interpolation is used to evaluate the channel characteristics at
data symbol positions.

It is shown that the performance of CP-OFDM is superior
with respect to FBMC/OQAM and FMT in the case of doubly-
dispersive channel models. In addition, the narrow transition-
band filtering used for improving the spectral containment
of CP-OFDM only slightly deteriorates the waveform perfor-
mance. In [8], the authors carried out the similar study using
linear interpolation for scattered pilot based channel estima-
tion, basically, showing the performance of each MCM scheme
unfeasible for the most challenging propagation conditions.
However, based on the current study, reliable high-rate com-
munication link can be established even in the case of most
severe scenarios provided that the waveform parameters, pilot
structures, and equalizer realizations are properly selected.

The outline of the paper is as follows. First, the considered
MCM waveforms are shortly introduced in Section II. Then,
Section III discusses the computational complexities and the
spectral efficiencies of these schemes. In Section IV, com-
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monly adopted HF channel models are reviewed. The scattered
pilots based channel estimation and frequency-sampling based
equalizer are discussed in Section V. Section VI describes the
waveform design, the frame and pilot structures as well as
prototype filter design. The simulation results are presented
in Section VII whereas in Section VIII the conclusions are
drawn.

II. WAVEFORM ALTERNATIVES

A. CP-OFDM

CP-OFDM is the most important MCM scheme and it
is extensively employed in modern broadband radio access
systems. CP-OFDM combines simple and robust channel
equalization, high flexibility in allocating spectral resources to
different users as well as simplicity of employing multiantenna
schemes with the core functionality [9].

The main restriction of basic CP-OFDM is the limited spec-
tral containment resulting to high sensitivity to interferences
from asynchronous spectral components and undesirable out-
of-band emissions leading to an adjacent channel leakage.
The spectral containment of the basic CP-OFDM can be
improved by straightforward windowing or filtering. However,
narrow transition-band time-domain filtering increases both
the computational complexity [10] and the time-dispersion
introduced by the channel [11].

The frequency-domain filtering scheme based on fast-
convolution (FC) processing, provides an effective way to
realize subband-filtered CP-OFDM schemes, with significantly
lower computational complexity and highly increased flexibil-
ity when compared to time-domain filtering approaches [12].
In this contribution, F-CP-OFDM waveform processing is
transparent in the sense that FC based filtering is utilized only
on the transmitter side while the receiver uses conventional
CP-OFDM processing.

B. FBMC/OQAM

Alternative MCM techniques are provided by the filter
bank based methods of waveform processing and chan-
nelization filtering [13]–[15]. One of the most studied fil-
ter bank based waveform is FBMC/OQAM (filter bank
multicarrier/offset-QAM, also known as OFDM/OQAM) [14],
[15]. FBMC/OQAM has a considerably better time-frequency
localization with respect to the basic CP-OFDM leading to
a lower out-of-band emission and making it more robust to
synchronization errors. The orthogonality of FBMC/OQAM is
reached by using so-called offset-QAM modulation where the
real and imaginary parts of the symbols are staggered at twice
the Nyquist rate with the half symbol time offset [16]. The
offset-QAM modulation introduces various challenges in de-
veloping effective pilot bases synchronization and estimation
schemes and in applying certain multi-antenna configurations.

C. FMT

Another well-known filter bank scheme is FMT (also known
as oversampled OFDM) [17]–[20]. FBMC/OQAM reaches
maximal spectral efficiency by using significantly overlapping

TABLE I
SPECTRAL EFFICIENCY OF CONSIDERED MCM SCHEMES

MCM Spectral efficiency

CP-OFDM [21] (Ts −TCP)/Ts < 1
FBMC/OQAM [22] Ts∆f = 1
FMT [17] 1/(1 + α) < 1

subcarriers, typically with the roll-off of one, whereas FMT
uses non-overlapping subcarriers, and relatively small roll-
off is chosen for reaching good spectral efficiency. The main
benefit of FMT is that basic QAM modulation with Nyquist
filtering can be used in subcarriers, which allows straightfor-
ward application of effective pilot based estimation and syn-
chronization schemes. Also the multi-antenna configurations
developed for CP-OFDM can be directly exploited.

III. WAVEFORM COMPARISON

A. Spectral Efficiency

The spectral efficiency of CP-OFDM is limited by the
required CP length and, correspondingly, the need for the
non-overlapping subcarriers restricts the spectral efficiency of
FMT. On the other hand, FBMC/OQAM can provide maximal
spectral efficiency, by utilizing the real orthogonality instead
of strict complex orthogonality. The spectral efficiencies of
these MCM schemes are collected in Table I. Here, Ts and
∆f denote the overall symbol duration and subcarrier spacing,
respectively, whereas TCP and α denote the CP duration and
roll-off factor, respectively.

B. Implementation Complexity

The focus here is on the synthesis filter bank complexity,
and the metric for the complexity is the number of real
multiplications per transmitted complex symbol. Fast Fourier
transform and inverse fast Fourier transform (IFFT) are the
core modules in efficient realization of these waveforms and
for a given transform length, FFT and IFFT have the same
complexity. For power-of-two transform lengths, the split-
radix algorithm is considered to be the most efficient one in
terms of number of real multiplications [23] as given by

C(N) = N[log2(N) − 3] + 4, (1)

where N is the transform length.
For basic CP-OFDM, only single IFFT block is required

for the modulation and the number of real multiplications per
complex symbol is thus given as

COFDM(M) = C(M)/Mact, (2)

where M is IFFT size and Mact is the number of active
subcarriers. In the case, when FC based processing is used
for filtering the CP-OFDM waveform [12], then forward and
inverse transforms of size M are required for each overlapping
processing block as well as some complex-by-real multiplica-
tions resulting to following complexity:

CF-CP-OFDM(M) = (C(M) + 2Ψ[C(M) + 2NTB]) /Mact. (3a)



TABLE II
PARAMETERS FOR THE HF CHANNEL MODELS D, E, AND F [4]

CHANNEL D Path 1 Path 2

Path delay (τk ) 0.00 ms 2.00 ms
Path gain, rms (ρk ) 1.00 1.00
Doppler shift ( fD) 0.00 Hz 0.00 Hz
Doppler spread (BD) 1.00 Hz 1.00 Hz

CHANNEL E Path 1 Path 2

Path delay (τk ) 0.00 ms 4.00 ms
Path gain, rms (ρk ) 1.00 1.00
Doppler shift ( fD) 0.00 Hz 0.00 Hz
Doppler spread (BD) 2.00 Hz 2.00 Hz

CHANNEL F Path 1 Path 2 Path 3 Path 4

Path delay (τk ) 0.00 ms 2.00 ms 4.00 ms 6.00 ms
Path gain, rms (ρk ) 0.50 1.00 0.25 0.06
Doppler shift ( fD) 0.00 Hz 1.20 Hz 2.40 Hz 3.60 Hz
Doppler spread (BD) 0.10 Hz 2.40 Hz 4.80 Hz 7.20 Hz

Here, NTB is the number of transition-band weights and Ψ ≥ 1
is given by

Ψ = (1 + MCP/M)/(1 − λ), (3b)

where MCP is the CP length and the factor λ is determined by
the ratio of the overlap between consecutive processing blocks
and the processing block length.

The implementation for the FBMC/OQAM and FMT syn-
thesis filter bank consist of a transform block and a polyphase
filter of length K M , where the overlapping factor K is the
ratio of the filter impulse response length to the multicarrier
symbol period. Therefore, the complexity for these schemes
can be expressed as

CFBMC/OQAM(M) = CFMT(M) = (C(M) + 2K M)/Mact, (4)

assuming that the filter coefficients are real valued and stag-
gering or two-times oversampling is carried out after the IFFT
as described in [24].

IV. HF CHANNEL MODELS

Digital radio mondiale (DRM) is an universal, openly
standardized digital broadcasting system defining six channel
profiles to be considered for the low frequency (LF), medium
frequency (MF), and HF [4]. These channel profiles employ
Watterson-type channel model [25], [26]. This model is a
linear time-variant model assuming that the received signal
s(t) is a linear combination of delayed versions of the input
signal δ(t) as given by

s(t) =
N∑
k=1

ρkck(t)δ(t − τk). (5)

Here, ρk is the gain of the path k, τk is the corresponding
relative delay, and the time-variant tap weights ck(t) are zero-
mean complex-valued stationary Gaussian random processes.
The magnitudes |ck(t)| are Rayleigh distributed and the phases
φ(t) are uniformly distributed. Each weight ck(t) is character-
ized by one stochastic process defined by its power spectral
density (PSD) and variance. The PSD determines the average
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Fig. 1. Lattice-type pilot arrangement.

speed of variation in time and the relative gain ρk defines the
variance of the signal, which is received through this path.
The width of PSD is quantified by the Doppler spread BD
of that path whereas a non-zero center frequency of PSD is
characterized by its Doppler shift (or Doppler frequency) fD.
The parameters for HF channel models D, E, and F used in
this contribution are revised in Table II.

V. CHANNEL ESTIMATION AND EQUALIZATION

A. Scattered Pilot based Estimation

In the scattered pilot based methods, the overall channel
estimate is obtained from the scattered channel estimates
by two-dimensional (in time and frequency) interpolation.
Fig. 1 depicts typical lattice-type pilot arrangement where
pilot symbols are inserted periodically in the time-frequency
lattice to serve as references for channel estimation. Let δt
and δf denote the spacing of pilot symbols in time and
frequency, respectively. In order estimate the characteristics
of the frequency-selective and time-varying channel, the pilot-
symbol arrangement has to satisfy [7]

δt ≤
⌈
1/(2 fDmaxTs)

⌉
and δf ≤

⌈
1/(2τmax∆f)

⌉
. (6)

Here, Ts and fDmax denote the symbol duration and the
maximum Doppler shift, respectively, whereas ∆f and τmax
denote the subcarrier spacing and maximum delay spread,
respectively.

The least-squares (LS) channel estimate at the pilot posi-
tions are obtained from transmitted and received pilot symbols
Xp and Yp, respectively, as follows:

ĤLS =
(
XH

p Xp

)−1
XH

p Yp = X−1
p Yp. (7)

The linear minimum mean-squared error (MMSE) estimate
exploits the second-order statistics of the channel transfer
function to minimize the mean-squared error (MSE). The
MMSE estimate is given as [7]

ĤMMSE = RH

(
RH + σ

2
n I

)−1
ĤLS, (8)
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Fig. 2. MMSE channel estimate evaluated in frequency direction based on
noisy pilots on HF channel model E.

where RH = E(HHH) is the channel covariance matrix with
E(·) being expected value, σ2

n is the noise variance, and I is
the identity matrix. The covariance matrix contains the corre-
lations between the subcarriers at given time- and frequency
spacing

E(hk,lhH
k̄, l̄
) = rt(k − k̄)rf(l − l̄).

For a fading channel with Jakes’ spectrum, the correlation in
time direction rt(∆k) is expressed as

rt(∆k) = J0(2π fDmaxTs∆k), (9)

where J0(·) is the Bessel function of first kind of order zero.
Meanwhile, in an exponentially-decreasing multipath power
delay profile, the correlation in the frequency direction is given
as

rf(∆l) =
1

1 + j2πτrms∆f∆l
, (10)

where τrms is the root mean squared (RMS) delay spread.
The problem with the scattered pilots based estimation is,

that at some edge subcarriers the estimation needs to be carried
out using extrapolation due to the lack of pilots symbols (cf.
Fig. 1). The extrapolation typically generates less accurate
estimates and, therefore, result in a severe degradation of the
performance. In this contribution, this problem has been solved
by employing the correlation properties of the channel estimate
by properly replicating the extrapolated parts of the channel
estimates by the interpolated ones.

Fig. 2 illustrates the extreme case for HF channel model E,
where the solid line with circle markers shows the oscillatory
estimate at the edge subcarriers and the dot-dashed line with
circle markers depicts the corrected estimate. It should be
taken into account that the number of points to be interpolated
between the pilots in frequency direction actually increases in
the case of FMT and FBMC/OQAM due to the utilized multi-
tap subcarrier-wise equalizers to be described later on. In this
figure, three-tap equalizer is assumed requiring one additional
interpolation point between the each pair of subcarriers.

The above estimator coefficients can evaluated off-line for
a set of signal-to-noise ratio (SNR) values assuming that the

expected maximum Doppler frequency and delay spread are
known beforehand [27]. In this case, the real-time imple-
mentation requires only one matrix multiplication instead of
matrix inversion and two matrix multiplications required for
the general case.

B. Frequency-Sampling based Equalizer

In the case of CP-OFDM and F-CP-OFDM, as long as
the channel delay spread and the possible synchronization
errors remain within the CP time, the channel equalization
can be straightforwardly carried out using subcarrier-wise
multiplication by a complex coefficient value. This approach is
also applicable for FBMC/OQAM and FMT, however, due to
the not-so-good time localization of the filter bank waveforms,
multi-tap frequency-sampling based subcarrier-wise equalizers
with MSE criterion are typically used [6], [28].

The transfer function of a complex non-causal three-tap
finite-impulse response (FIR) equalizer on subband m at time
instant n can be expressed as

HEQ(z) = c(−1)
m,n z + c(0)m,n + c(1)m,nz−1, (11)

where the filter coefficients c(p)m,n for p = {−1, 0, 1}, are
adjusted such that the frequency response of HEQ(z) achieves
at the desired frequency points the following target values:

χ
(p)
m,n = γ

(
Ĥ(p)m,n

)∗���Ĥ(p)m,n

���2 + ξ . (12)

Here, p ∈ {−1, 0, 1}, where p = −1 corresponds to the lower
subband edge, p = 0 to the subband center, and p = 1 to the
upper subband edge. Ĥ(p)m,n is the estimated channel frequency
response on subchannel m and time n at frequency position
given by p whereas γ and ξ are scaling factors.

Now, the filter coefficients values can be determined from
the target values as

c(−1)
m,n =

χ
(0)
m,nz−2 − χ(1)m,nz−1(z−1 + 1) + χ(2)m,nz−1

1 − z−1 − z−2 + z−3 (13a)

c(0)m,n =
−χ(0)m,nz−1 + χ

(1)
m,n(z−2 + 1) − χ(2)m,nz−1

(−1 + z−1)2
(13b)

c(1)m,n =
χ
(0)
m,nz−1 − χ(1)m,nz−1(z−1 + 1) + χ(−2)

m,n z−2

1 − z−1 − z−2 + z−3 , (13c)

where z = exp(jωc) with −ωc and ωc , respectively, being the
lower and upper subband edge frequencies.

Fig. 3 compares the bit error rate (BER) performance of
FBMC/OQAM for one- three- and five-tap equalizers in HF
channel model E with perfect channel knowledge. As seen
from this figure, one-tap equalizer is clearly insufficient for
this channel model whereas increasing the filter length to five
only slightly improves the performance when compared with
the three-tap equalizer.



4 8 12 16 20 24
10

−3

10
−2

10
−1

E
b
/N

0
 in dB

U
n

c
o

d
e

d
 B

E
R

 

 

FBMC/OQAM (1−tap equalizer) 
with perfect channel knowledge  

FBMC/OQAM (3−tap equalizer) 
with perfect channel knowledge  

FBMC/OQAM (5−tap equalizer) 
with perfect channel knowledge  

Fig. 3. Uncoded BER of FBMC/OQAM for one-, three- and five-tap
equalizers in HF channel model E with perfect channel knowledge and QPSK
modulation.

VI. WAVEFORM DESIGN

A. Subcarrier Spacing

In [8], the effect of subcarrier spacing (SCS) to the system
performance has been determined by simulations. It has been
observed that 50 Hz and 75 Hz SCSs result in a nearly identical
performance and reducing SCS to 37.50 Hz does not improve
the performance any further. Therefore, 50 Hz SCS is selected
for further simulations. These results go hand in hand with
DRM standard, where SCSs are selected to be from 47 to
107 Hz for robustness modes B to D, respectively, correspond-
ing to parameterization for HF bands [4].

In the case of CP-OFDM and F-CP-OFDM, the length of CP
is chosen to be 25 % (same as in DRM robustness mode B).
For 50 Hz SCS this corresponds to CP duration of 5.00 ms.
The roll-off factor for FMT is chosen to be α = 0.25, in order
to match the spectral efficiencies of FMT and CP-OFDM.

Fig. 4 illustrates the effect of CP length to BER performance
of CP-OFDM in HF channel model E. As seen from this figure,
CP length of 4.00 ms (20 %) would be sufficient since the RMS
delay spread of HF channel model E is exactly 4.00 ms and
the longest among the considered models. Fig. 5 illustrates
the corresponding performance of FMT as a function of
roll-off factor. It can be observed from this figure that the
performance of FMT with roll-off of α = 1.0 is approximately
the same as for CP-OFDM with CP lengths of 20 % and
25 %, however, with reduced roll-off factor the performance
gradually deteriorates. This is because the low-order time-
domain equalizer used in the simulations is not able to equalize
the considerably narrow transition-bands efficiently.

B. Frame and Pilot Structures

When designing the frame structure, some level of common-
ality with MIL-STD-188-110C [1] is also targeted. The pro-
posed frame structure is based on long-term evolution (LTE)-
like parameterization, where the subcarriers are scheduled into
physical resource blocks (PRBs). Here, we have used PRB size
of 16 subcarriers. The number of active carriers is chosen such
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that the bandwidth of the signal is around 2400 Hz e.g., for
50 Hz SCS the number of active carriers is Mact = 48 requiring
three PRBs.

The derivations in Section V and the preliminary studies
clarified that the pilot density as high as 1/4 is required for
the satisfactory performance for the most challenging channel
model E. For this pilot pattern, the pilots are included in
every subcarrier within each subframe as depicted in Fig. 1.
The transmitted burst of data is composed of frames each
consisting of four subframes. One subframe carries eight
multicarrier symbols and, overall, one frame corresponds to
the 1536 symbols (excluding the pilots).

C. Prototype Filter Design

The prototype filter design for F-CP-OFDM is carried out
using techniques described in [12]. The transition-band width
is selected to be equal to six times the subcarrier spacing.
This selection gives fairly good performance as described in
[12]. The FC block processing is carried out using overlap
of 25 percent (λ = 0.25 in (3)). Fig. 6 shows the PSDs of
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the basic CP-OFDM and F-CP-OFDM waveforms illustrating
the considerably improved spectral containment of the latter
waveform.

For FBMC/OQAM, the prototype filter design is based on
the PHYDYAS polyphase prototype filter [29]. Here, we have
used the overlapping factor of K = 4 and the design for
which the total filter bank structure based self-interference is
minimized.

The prototype filter for FMT is optimized by minimizing
the stopband attenuation subject to constraint for the filter
bank induced inter-symbol interference for a given overlapping
factor K and roll-off factor α. In this case, considerably
longer filter has to be used due to the smaller roll-off factor.
The simulation results described later on are obtained using
overlapping factor of K = 12.

VII. NUMERICAL RESULTS

A. Bit-Error Rate Performance

Fig. 7 shows the simulated uncoded BER of basic CP-
OFDM and filtered CP-OFDM systems for HF channel
model E and QPSK modulation. In this figure, results are
shown both in the case of perfect channel knowledge and in
the case when channel is known only at pilot positions. The
pilot symbols are boosted on average by 2.50 dB with respect
to data. The equalizer coefficients are updated for each symbol.
For each simulation, 1000 burst transmissions with indepen-
dent channel realizations are performed. As can be seen from
this figure, the waveform filtering only slightly deteriorates
the performance of F-CP-OFDM when compared with the
basic CP-OFDM. This performance loss can be considered
as negligible for feasible signal-to-noise ratio values.

Fig. 8 shows the simulated uncoded BER of FBMC/OQAM,
FMT, and F-CP-OFDM in the case of perfect channel knowl-
edge and the case when channel is assumed to be known
at scattered pilot positions. For FBMC/OQAM, the equalizer
coefficients are updated for each OQAM half-symbol whereas
for FMT and F-CP-OFDM they are updated for each symbol.
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The combined pilot/auxiliary pilot symbol for FBMC/OQAM
is boosted on average by 2.50 dB with respect to the data. The
FMT and F-CP-OFDM pilots are boosted by the same value
with respect to the data. As can be seen from these figures,
F-CP-OFDM clearly outperforms FMT and FBMC/OQAM in
the case of all channel models. It can also be observed that
MMSE based channel interpolation is very close to perfect
channel knowledge performance except for F-CP-OFDM and
FMT there is a slight degradation in performance in the case
of channel model F.

Fig. 10 shows the corresponding results in the case of
perfect channel knowledge and the case when pilot based
MMSE estimation employed. As seen from this figure, the
performance loss when comparing the pilot-based estimation
with the perfect channel knowledge is still tolerable for
F-CP-OFDM and FMT, however, for FBMC/OQAM, consid-
erably reduced performance is achieved. This performance loss
is due to the fact that the auxiliary pilot-based scheme required
by the FBMC/OQAM modulation is not able to provide good
estimates in the case of fast-fading channel models and its
performance is characterized by severe error floors at medium
to high signal to noise ratios [30].

Overall, F-CP-OFDM seems to be the best alternative for
HF communication with respect to its BER performance.
However, in the case of coded system, the higher spectral
efficiency of the FBMC/OQAM could be traded for increasing
the coding gain and, therefore, further studies are needed to
fairly compare these waveforms.

B. Computational Complexity

Table III gives the number real multiplications per complex
symbol for all the considered schemes in the case when the
number of subcarriers is M = 256. As seen from this table,
the complexity of F-CP-OFDM and FMT are roughly four
times that of the CP-OFDM whereas for FBMC/OQAM the
complexity is only double. For conventional time-domain filter
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Fig. 8. Uncoded BER for filtered FBMC/OQAM, FMT, and CP-OFDM in HF channel models D, E, and F. Perfect channel knowledge or MMSE estimation
using exact pilot values is used with QPSK modulation.

TABLE III
COMPLEXITY OF CONSIDERED MCM SCHEMES

MCM Real multiplications Relative complexity

CP-OFDM 37.58 1.00
F-OFDM 163.28 4.34
FBMC/OQAM 80.25 2.14
FMT 165.58 4.45
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Fig. 9. The complementary cumulative distribution (CCDF) function for the
considered MCM schemes.

realization, the impulse response length has to be 139 in order
to meet the specification of FC-based filter. Therefore, the
total number of real multiplications required for the OFDM
processing and conventional filtering is 368.51 per complex
symbol, which is more than double the complexity of FC-
based implementation.

C. Peak-to-Average Power Ratio

The complementary cumulative distribution functions
(CCDFs) of PAPR for all the multicarrier waveforms under

consideration are illustrated in Fig. 9. In this figure, PAPR is
evaluated over single frame. As seen from this figure, CCDF of
F-CP-OFDM is the same as for basic CP-OFDM whereas for
FBMC/OQAM a slight increase in PAPR is introduced. For
FMT, the PAPR is reduced as the roll-off factor is reduced
and for roll-off factor of α = 0.25, the PAPR is approximately
0.50 dB larger than that of the CP-OFDM and F-CP-OFDM.

VIII. CONCLUDING REMARKS

We have compared the performance of three multicar-
rier modulation techniques with commonly adopted high-
frequency channel models. It is shown that cyclic prefix
orthogonal frequency-division multiplexing has clearly the
best performance with doubly-dispersive channel models, also
in the case when the waveform has been filtered for better
spectral containment. The coded system performance remains
as an important issue for further studies. In addition, the future
work is devoted in comparing the performance of the studied
multicarrier waveforms with the corresponding single-carrier
waveforms.
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