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Pruned DFT Spread FBMC: Low PAPR,
Low Latency, High Spectral Efficiency
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Abstract—We propose a novel modulation scheme which com-
bines the advantages of Filter Bank Multi-Carr ier (FBMC)-Offset
Quadrature Amplitude Modulation (OQAM) and Single Carr ier
- Frequency-Division Multiple Access (SC-FDMA). On top of
a conventional FBMC system, we develop a novel precoding
method based on a pruned Discrete Four ier Transform (DFT) in
combination with one-tap scaling. The proposed technique has
the same peak-to-average power ratio as SC-FDMA but does not
require a cyclic-prefix and has much lower out-of-band emissions.
Fur thermore, our method restores complex or thogonality and
the ramp-up and ramp-down per iod of FBMC is dramatically
decreased, allowing low latency transmissions. Compared to pure
SC-FDMA the computational complexity of our scheme is only
two times higher. Simulations over doubly-selective channels val-
idate our claims, fur ther suppor ted by a downloadable MATLAB
code. Note that pruned DFT spread FBMC can equivalently be
interpreted as a modified SC-FDMA transmission scheme. In
par ticular, the requirements on the prototype filter are less str ict
than in conventional FBMC systems.

Index Terms—FBMC, OQAM, DFT-s-OFDM, Windowed
OFDM

I . INTRODUCTION

F ILTER Bank Multi-Carrier (FBMC) with Offset Quadra-
ture Amplitude Modulation (OQAM), in short just

FBMC, isan interestingmodulation schemefor futurewireless
systems because it has much lower Out-Of-Band (OOB)
emissions than Orthogonal Frequency Division Multiplexing
(OFDM) [1]. This improves the performance in asynchronous
transmissionsand allowsan efficient time-frequency allocation
for different use cases [2]. Additionally, FBMC typically
does not require a Cyclic Prefix (CP), further increasing the
throughput. To fulfill the Balian-Low theorem [3], FBMC
replaces the complex orthogonality condition with the less
strict real orthogonality condition. This causes intrinsic in-
terference, concentrated on the imaginary part, which makes
channel estimation [4] andMultiple-Input andMultiple-Output
(MIMO) [5], [6] more challenging. Several methods have
been proposed to deal with those challenges [2], [7], [8]. For
example, by spreading symbols in time or frequency complex
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orthogonality can be restored in FBMC, allowing to straight-
forwardly employ almost all detection methods from OFDM
[2]. This works as long as the channel is approximately flat
within the spreading length. The spreading itself can be based
on Discrete Fourier Transform (DFT) spreading in time, as
proposed in [6]. However, if the channel is approximately flat,
our investigations in [9], [10] indicate that Walsh-Hadamard
spreading [5], [11] is a better option than DFT spreading
because it perfectly restores complex orthogonality within one
block and hasa lower computational complexity. Nonetheless,
DFT spreading has advantages when it comes to shaping
the transmit signal in time and reducing the Peak-to-Average
Power Ratio (PAPR).
Besides the intrinsic interference, nonlinearities such as

a limited Digital-to-Analog-Converter (DAC) resolution or a
nonlinear power amplifier impose an even greater challenge
in practical systems because they destroy the superior spectral
confinement of FBMC [2], [12]. Thus, FBMC is only useful
if operated in a sufficiently linear regime. In multi-carrier
systems this is hard to achieve because of the poor PAPR.
To reduce the PAPR in OFDM, several techniques have been
suggested such as selective mapping [13] or partial transmit
sequences [14]. Those methods can be extended to FBMC as
shown in [15]–[17]. However, all those techniques require a
high computational complexity and side information. Those
drawbacks explain why they are not employed in practical
systems. Instead, Long Term Evolution (LTE) uses Single
Carrier - Frequency-Division Multiple Access (SC-FDMA) in
the uplink [18], essentially a DFT precoded OFDM system.
The same technique will also be included as an additional
option in the uplink of the Fifth Generation (5G) of mobile
communication systems (besides CP-OFDM) [19].
Unfortunately, simply combining FBMC and aDFT, similar

as in SC-FDMA, performs poorly in FBMC [20]–[22]. To
improve the performance, authors in [20] propose precoding
by a filter bank instead of a DFT. While such method reduces
the PAPR it still does not perform as well as SC-FDMA and
has the additional disadvantagesof an increased overhead and
a higher computational complexity. Authors in [22] showed
that, in contrast to conventional FBMC, the phase term has an
influence on the PAPR performance of a simple DFT spread
FBMC scheme. However, even by considering an optimal
phase term the PAPR is still not as good as in SC-FDMA.
Authors in [22] therefore propose a selection scheme. This,
however, requires side information and increases the overall
complexity as well as the latency. To overcome all those
drawbackswe proposea novel modulation scheme based on a
pruned DFT in combination with one-tap scaling. Our method
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even restorescomplex orthogonality in FBMC. Theadvantages
and possible disadvantages of our method can be summarized
as follows:
Advantages:

• Low PAPR, same as in SC-FDMA.
• Low OOB emissions, comparable to FBMC.
• The ramp-up and ramp-down period of FBMC is dramat-
ically reduced, allowing low latency transmissions.

• Complex orthogonality is restored, enabling efficient
multi-user uplink transmissions.

• Maximum symbol density, same as in FBMC.
• Low-complexity one-tap equalizers can be used.
• Relatively high robustness in doubly-selective channels.
• In contrast to conventional FBMC a better compatibility
to MIMO, but only if the channel is approximately flat
within the spreading interval, see disadvantages.

Possible disadvantages:

• Slightly higher computational complexity, approximately
two times that of SC-FDMA.

• Only quasi-orthogonal, that is, some small residual inter-
ference remains. This, however, is usually not a problem.
Furthermore, an additional frequency CP can reduce this
interference.

• Low-complexity Maximum Likelihood (ML) MIMO de-
tection only works if the channel is approximately flat
within the spreading interval (same drawback as in
SC-FDMA).

• Throughput is usually slightly lower than in multi-carrier
systems because of spreading (same drawback as in
SC-FDMA).

• Alamouti’s space timeblock codeonly works if the chan-
nel is approximately flat within the spreading interval.

There exist two equivalent interpretations of our novel trans-
mission scheme (transmitter side):

1) Modified FBMC-OQAM: The complex-to-real trans-
formation of a conventional FBMC-OQAM system is
replaced by a pruned DFT in combination with one-tap
scaling. Furthermore, the prototype filter is reduced to a
time-length of approximately 1 5

F , with F denoting the
subcarrier spacing.

2) Modified SC-FDMA: Half of the input data symbols of
aconventional SC-FDMA system areset to zero (pruned
DFT) and one-tap scaling is applied on the other half
of the input data symbols. Furthermore, the InverseFast
Fourier Transform (IFFT) output, including the CP, is
multiplied by an approximately 1 5

F length window func-
tion, and the time spacing between SC-FDMA symbols
is reduced from T = 1

F + TCP to T = 1
2F .

We will mainly consider the FBMC interpretation because it
is well-known that one-tap equalizers often perform close to
the optimum in FBMC, while in windowed OFDM without
CP this is not clear.

A. Related Work

Pruned DFT spread FBMC has a lower PAPR than the
method in [20]. Furthermore, compared with [22], our method

does not require any side information. Similar as in [5], [6],
[9], [10] we perform precoding to restore complex orthogo-
nality in FBMC. However, in contrast to [5], [6], [9], [10], our
method also reducesthePAPR andweconsider equalization in
the multi-carrier domain so that, in contrast to those previous
papers, the channel must not necessarily be flat within the
spreading length. Moreover, compared with [6], we spread in
frequency instead of time, include pre-equalization, employ a
modified prototype filter, and focus on thePAPR performance
aswell as the latency. Compared with [5], [9], [10], we spread
with a pruned DFT instead of a pruned Walsh-Hadamard
transform, improving the PAPR. With respect to the pruned
DFT, a related concept is also zero-tail DFT spread OFDM
[23]. However, our method has much lower OOB emissions
and typically does not require any overhead.

B. Outline

In Section II we provide a short overview of conventional
FBMC and describe our transmission system model. The idea
of pruned DFT spread FBMC is then presented in Section III,
where we also discuss the OOB emissions, latency and the
computational complexity. In Section IV we quantify the
orthogonality approximation error and propose a frequency
CP to reduce it. In Section V we investigate the effect of
one-tap equalization in doubly-selective channels. Moreover,
we discuss how spreading can be utilized to enable MIMO
in FBMC. Finally, in Section VI we present Monte Carlo
simulations and discuss the performanceof the PAPR, the Bit
Error Ratio (BER) and the throughput.
Notation: matrices are denoted by bold upper-case letters,

vectors by bold lower-case letters and scalars by non-bold
letters. The i -th row and j -th column element of matrix M
is denoted by [M ]i j . Matrix I N represents an identity matrix
of size N , 0N × M an all zero matrix of size N × M , W L a
DFT matrix of size L and W L × L 2 a pruned DFT matrix of
size L × L 2, that is, a conventional DFT matrix where L 2
columns are canceled.
To support reproducibility our MATLAB code can be

downloaded at https://www.nt.tuwien.ac.at/downloads/

I I . FBMC-OQAM

Weconsider the transmission of K FBMC symbols in time,
each consisting of L subcarriers. The transmitted signal in the
time domain, s(t), can then be expressed by [2]

s(t) =
K

k= 1

L

l= 1

gl k (t) xl k (1)

where xl k represents the transmitted symbol at subcarrier
position l and time position k, and is usually chosen from
a Pulse-Amplitude Modulation (PAM) signal constellation.
Basis pulse gl k (t) in (1),

gl k (t) = p(t − kT) ej2π lF ( t − kT ) ej
π
2 ( l + k) (2)

is, essentially, a time and frequency shifted version of pro-
totype filter p(t), with T denoting the time spacing and
F the frequency spacing (subcarrier spacing). We assume
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that prototype filter p(t) is zero outside the time interval
− OT ≤ t < OT, where O represents the overlapping
factor. Furthermore, in FBMC, the prototype filter must be
a real-valued even function, p(t) = p(− t), and orthogonal
for a time-frequency spacing of T × F = TF = 2. To
improve the spectral efficiency in FBMC, the time-spacing
as well as the frequency spacing are both reduced by a
factor of two, leading to TF = 0 5. This causes intrinsic
interferencewhich, however, is concentrated on the imaginary
part because of the phase term ej

π
2 ( l + k) in (2). Thus, the

interference can easily be canceled by taking only the real
part. Note that only real-valued data symbols are transmitted
in such a system and that two real-valued data symbols are
required to transmit one complex-valued data symbol. Thus,
the time-frequency spacing of TF = 0 5 corresponds to an
equivalent time-frequency spacing of TF = 1 for complex-
valued symbols. Very often, the real part of a complex-valued
symbol is mapped to the first time-slot and the imaginary part
to the second time-slot, thus the name offset-QAM. However,
such self-limitation is not necessary. One can equivalently
perform this mapping over subcarriers or directly consider
PAM symbols instead of “staggered” QAM symbols.
To simplify analytical investigations we consider a matrix-

based systemmodel [2]. Thebasis pulses in (2) aresampled at
rate f s = 1 ∆ t = FNFFT and stacked in a basis pulse vector
gl k ∈ CN × 1 according to

[gl k ]i =
√
∆ t gl k (t)

t = ( i − 1)∆ t − (O− 1)T
(3)

for i = 1 2 N , where the total number of samples is
given by N = ONFFT + N FFT

2 (K − 1). The interpretation of
overlapping factor O and Fast Fourier Transform (FFT) size
NFFT ≥ L becomes more clear later in this section when we
discuss an efficient FFT implementation. Note that practical
systems never operateat a critically sampling rate (NFFT = L )
because this would lead to largeOOB emissions. This is even
more true in FBMC, asa critically sampled FBMC system has
the same poor OOB emissions as OFDM.
Utilizing (3) we define the basis pulse matrix at time posi-

tion k by Gk = g1 k gL k ∈ CN × L , and the overall
basis pulse matrix by G = G1 GK ∈ CN × L K .
The sampled transmit signal in (1), s ∈ CN × 1, can then be
expressed by

s =
K

k= 1

Gkxk = G x (4)

with xk = x1 k xL k
T ∈ CL × 1 denoting

the transmitted symbols at time position k and x =
vec{ x1 xK } ∈ CL K × 1 all transmitted symbols in
vectorized form. We model the transmission over a doubly-
selective channel by a banded time-variant convolution matrix
H ∈ CN × N , defined as [H ]i j = hconv [i i − j ] with time-
variant impulse response hconv [i mτ ], together with an ad-
ditive white Gaussian noise vector n ∼ CN (0 Pn I N ) where
Pn denotes the noise power in the time domain, so that the
received signal r ∈ CN × 1 can be described by,

r = H s + n (5)

The whole transmission system, after demodulation by GH,
can then be expressed as,

y = GHH G x + GHn (6)

≈ diag{ h} GHG x + GHn (7)

where y ∈ CL K × 1 denotes the received symbols. If the delay
spread and theDoppler spread aresufficiently low, thechannel
induced interference can be neglected [2]. This allows us to
factor out the channel in (6) according to (7), where h ∈
CL K × 1 describes the one-tap channel, that is, the diagonal
elements of GHH G. To be specific, the one-tap channel at
subcarrier position l and time-position k is given by

hl k = gHl kH gl k ≈ H (kT lF ) (8)

and can be interpreted as the sampled time-variant transfer
function H (kT lF ). Note that FBMC experiences imaginary
interference, described by the off-diagonal elements of GHG
in (7), and only the real orthogonality condition holds true,
that is, ℜ{ GHG} = I L K .
FBMC signals can be efficiently generated by an IFFT

together with a polyphase network [24]. However, in contrast
to the conventional multi-rate interpretation of a polyphase
network [25], we consider a vector based description [2], [26],
[27]. Such interpretation is important for understandingpruned
DFT spread FBMC so that we briefly repeat our results from
[2] with some small modifications.
Without loss of generality we consider only time-position

k = 0 (slight abuse of notation) and K = 1 FBMC symbol.
Any other time-position can easily be obtained by time-
shifting this special case in combination with time-domain
overlapping. Themain idea for an efficient IFFT implementa-
tion is to factor out prototype filter p(t) so that the sampled
signal in (1) becomes,

s(i ∆ t) = p(i ∆ t)
L

l= 1

ej2π l i
N FFT xl 0 e

j π2 ( l + 0) (9)

for i = − ON FFT
2

ON FFT
2 − 1. The summation in (9) corre-

sponds to an NFFT point IFFT for which the input arguments
are { 0 x1 0 ej

π
2 (1+ 0) · · · xL 0 ej

π
2 (L + 0) 0 0 · · · } . Fur-

thermore, because l is an integer, thesummation in (9) isNFFT

periodic with respect to i . Thus, the IFFT has to be calculated
only for NFFT samples. Those samples can then be copied
O-times followed by an element-wise multiplication with the
prototype filter p(i ∆ t). Such copy operation also appears in
windowed CP-OFDM [28], as illustrated in Figure 1. Thus,
from a conceptual point of view, there is no difference in the
signal generation between windowed CP-OFDM and FBMC.
One can easily transform OFDM into FBMC simply by, 1)
Removing the CP. 2) Changing the window function. 3)
Reducing the time-spacing from T = TW + TCP + 1

F to
T = 0 5

F . 4) Transmitting only real-valued data symbols and
fulfilling the phase pattern ej

π
2 ( l + k) . This observation will

later be used in our pruned DFT spread FBMC transmission
scheme. Note that in Figure 1 we consider an overlapping
factor of four (FBMC), acommonvalue in literature. However,
the overlapping factor must not necessarily be an integer,
implying that at the edges only some samples of the IFFT


