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Abstract— This work presents an effi-
cient implementation of subcarrier allocation
schemes in compliance with several orthogonal
frequency division multiplexing (OFDM) stan-
dards such as LTE. The considered schemes
were chosen for OFDM systems owing to its
capabilities to overcome certain practical limi-
tations, e.g. improving the required sampling
rate or the coding performance. However, they
imply an increased computation load based on
the large number of subcarriers present in cur-
rent and future standards. Then it is shown
that by means of vector reordering, the fast
Fourier transform (FFT) algorithm may be
used to avoid the implementation of compu-
tationally demanding matrix-vector multiplica-
tions derived from the required domain trans-
formation, from frequency to time. The pro-
posed strategy is used in a digital transmit-
ter to obtain a continuous signal, whose first
N derivatives are also continuous to reduce the
out-of-band power emission. Since a digital sig-
nal generation is considered, these results em-
power hardware reconfigurable applications.
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1 INTRODUCTION

Orthogonal frequency division multiplexing (OFDM)
is an efficient multicarrier modulation which has prop-
erties that make it attractive in many high speed com-
munication systems. OFDM is included in many stan-
dards such as digital subscriber line (DSL) [1], digital
audio broadcasting (DAB) [2], digital video broadcast-
ing (DVB) [3], wireless local area networks (WLAN)
[4], and has also been considered for fourth generation
(4G) cellular systems such as WiMAX [5] and LTE [6].
OFDM has the attractive ability of compensating the
dispersion by means of a simple single-tap equalizer
[7] and the use of a cyclic prefix (CP) [8]. Another

important property is the possibility of being imple-
mented by the discrete Fourier transform (DFT) and
the efficient algorithms known as fast Fourier trans-
form (FFT) [9].

The OFDM signal is a sequence of OFDM symbols,
each one consisting in the modulation of a collection
of orthogonal subcarriers. These subcarriers are indi-
vidually modulated by a conventional complex mod-
ulator, e.g. QAM, QPSK. Thus, the phase and am-
plitude of the subcarriers can be considered to be sta-
tistically independent, and also OFDM symbols are
statistically independent [8]. In this way the concate-
nation of OFDM symbols may generate time discon-
tinuities in the signal. In turn, these discontinuities
yield high out-of-band energy emission. Current stan-
dards use filtering techniques to limit the out-of-band
emission despite the fact that this techniques reduce
the effectiveness of the CP [10]. In contrast, a novel al-
ternative to reduce out-of-band emissions is proposed
in [11], called N-Continuity. This technique consists
in the use of precoding to force continuity in the sig-
nal and its N first derivatives in the limits of every
OFDM symbol. One drawback of this alternative is
the use of a memory-based precoding since knowledge
of two consecutive OFDM symbols is required. Then
a complex iterative receiver becomes necessary. Later,
this problem was solved in [12], where precoding is
turned memoryless by a simple reformulation.

There are two important reasons for selecting a sub-
carrier allocation scheme with beneficial features. On
one hand, to avoid the usage of the central subcar-
rier allows a sampling rate which is not forced to op-
erate at the symbol rate of the complex modulator
of the OFDM system. On the other hand, an allo-
cation scheme with positive and negative frequencies
enhances the numerical behavior of the N-continuity
algorithm, especially in the case of a large number
of subcarriers. Given an appropriate subcarriers al-
location scheme, in [12] a theoretical approach to the
precoder and the signal obtained is explained. In a
previous work we considered a digital signal generator



[13] and showed that the continuity condition can only
be correctly represented if oversampling is used in the
transmitter.

In this work, we consider the discrete-time signal
representation of the continuous-time approach given
in [11] and [12]. We develop an algorithm to deal
with the desired subcarriers scheme replacing a strong
resource-demanding operation by a simpler one, based
on the FFT algorithm.

The rest of the paper is organized as follows. In
Section 2 a system model and previous works are pre-
sented. Section 3 explains the proposed algorithm,
and obtained results are shown in Section 4. Finally,
conclusions are given in Section 5.

2 SYSTEM MODEL

A conventional continuous-time baseband OFDM sig-
nal s(t) is given by

s(t) =
∑
i

si(t− iT ), (1)

where si(t), is the ith OFDM symbol in the ith interval
of length T . Every OFDM symbol is obtained as the
summation of K orthogonal subcarriers:

si(t) =
K−1∑
k=0

di,kpk(t) = pT(t)di, (2)

each one with phase and amplitude determined by the
kth complex symbol di,k obtained from a prior com-
plex modulator. Complex symbols are grouped into
the K-element column vector di. The K-element col-
umn vector p(t) contains at each entry the correspond-
ing subcarrier signal pk(t) given by

pk(t) = ej2π
k

Ts
t ; t ∈ T . (3)

The interval T is defined by [−Tg, Ts). Cyclic prefix
duration is denoted by Tg, and Ts is related to the
global symbol rate as K/Ts, consequently T = Tg+Ts.

OFDM acceptance was primarily supported by the
fact that practical transmitters can obtain the out-
put signal digitally by means of the IDFT instead of
deploying K synchronized oscillators. In that case, a
sampled version of the output signal without CP can
be stated as

si =
1
K

FHdi, (4)

where F = {Fn,k} represents the discrete Fourier
transform by means of a matrix with elements
Fn,k = exp

(
− j2πknK

)
for n, k = 0, . . . ,K − 1. So, (4)

represents the minimum-sampling discrete-time signal
for (2), with samples collected in the column vector si.

2. 1 N-CONTINUOUS OFDM

As already mentioned in Section 1, one of the most
novel approaches to reduce the out-of-band power
emission in OFDM systems is N-continuous OFDM

[11]. This technique is supported by a precoder in-
troduced into the conventional OFDM system before
the IDFT block of the transmitter. By considering the
continuity condition for consecutive OFDM symbols,

dn

dtn
si(t)

∣∣∣∣
t=−Tg

=
dn

dtn
si(t)

∣∣∣∣
t=Ts

(5)

is stated for n = 0, . . . , N and for all i. According to
[12], a transformation based on an orthogonal projec-
tion, and related to the points t = −Tg and t = Ts,
is possible. Consequently, a 2(N + 1) × K constraint
matrix

B =
(

AΦ
A

)
, (6)

where

A =


1 1 · · · 1
k0 k1 · · · kK−1

...
...

...
kN0 kN1 · · · kNK−1

 , (7)

and Φ = diag(ejφk0 , ejφk1 , · · · , ejφkK−1) is com-
posed for φ = −2π Tg

Ts
and {k0, k1, . . . , kK−1} =

{0, 1, . . . ,K − 1}. Finally, an orthogonal projection as
defined in [14] is represented by

G = I−BH(BBH)−1B (8)

where I represents the K×K identity matrix. Precoded
symbols in frequency domain are obtained as

di = Gdi (9)

and must be introduced into (2) and (4). For the sake
of clarity, we use di instead of di in the rest of this
work.

3 EFFICIENT IMPLEMENTATION FOR
DISCRETE-TIME

Every OFDM symbol is represented in (2) as a sum-
mation of continuous-time subcarriers with frequencies
corresponding to the set K = {k0, k1, . . . , kK−1}. As
mentioned in Section 1, some constraints in the K set
are inroduced in [15]. Then it is defined as

K = {−K/2, . . . ,−1, 1, . . . ,K/2} (10)

for K ∈ {300, 600, 900, 1200, 2400}.
Although (4) holds for the natural case in the DFT,

i.e. K = {0, 1, . . . ,K− 1}, it does not remain valid if
(10) is employed. Nevertheless, a matrix-vector mul-
tiplication may be used for representing (2) in the
discrete-time case. So, it is expressed as

sKi =
1

K + 1
QHdKi , (11)

where dKi = (di,0, . . . , di,K/2−1, 0, di,K/2, . . . , di,K−1)T,
Q = {Qn,k} is a (K + 1) × (K + 1) matrix with el-

ements Qn,k = exp
(
− j2πρnk

K+1

)
for n, k = 0, . . . ,K



and ρ = {ρn} represents a vector with entries
(−K/2, . . . ,−1, 0, 1, . . . ,K/2).

In order to represent adequately the continuity con-
straint induced in the precoder, an oversampling fac-
tor η is introduced in a previous work of the authors
[13]. The oversampled discrete-time signal may be ex-
pressed as

sKηi =
1

K + 1
QH
η dKi . (12)

In this case, Qη = {Qηn,k} is a (K+1)×(K+1)η rect-

angular matrix with elements Qηn,k = exp
(
− j2πρnk

K+1

)
for n = 0, . . . ,K and k = 0, . . . , (K + 1)η − 1.

Although the previous representation is analytically
correct, it is supported by a very high computational
load, which may be expressed as O

(
K2η

)
in terms of

multiplication counts.
Then, we focus on obtaining the discrete-time sig-

nal by means of the FFT algorithm. First, a simple
transformation is applied on dKi ,

uKi = circshift(dKi ,K/2). (13)

where circshift(a, b) represents a cicular up-shifting of
b positions applied on the column vector a. Finally we
can state

sKi = IFFT
(
uKi ,K + 1

)
, (14)

where a b-point inverse fast Fourier transform al-
gorithm applied on the a vector is represented by
IFFT(a, b). This representation is numerically equiv-
alent to (11).

Furthermore, the targeted oversampled signal in
(12) may be similarly computed as in

sKηi = η IFFT
(
uKηi , (K + 1)η

)
, (15)

where uKηi can be taken as a conventional zero padded
version of uKi ,

uKηi = (uKi,0, . . . , u
K
i,K/2, zeros ((K+1)(η-1)) , uKi,K/2+1, u

K
i,K)T,

(16)
whether zeros(a) represents an all-zeros column vec-
tor with a elements. In this scheme, complexity is
derived from the FFT algorithm. If radix-2 is consid-
ered, the complexity to compute (15) may be defined
by O

(
(K+1)η

2 log2((K + 1)η)
)

. If radix-4 is used, com-

plexity is O
(

3
8 (K + 1)ηlog2((K + 1)η)

)
.

4 RESULTS

4. 1 COMPLEXITY COMPARISON

By considering the complexity expressions obtained in
the above sections, we analyze some typical settings in
standards like IEEE 802.11a/g [4] (64 subcarriers) and
IEEE 802.16 [16] (128, 256, 512, 1024, 2048 subcarri-
ers). Digital television systems employ higher subcar-
rier numbers [3]. Note that the mentioned settings are
constrained to be a power of two (or four). However,

N-continuity is focused on LTE, where the specified
subcarriers numbers are 300, 600, 900, 1200 and 2400.
Since the efficient implementation considered in this
work is based on the radix-2 and radix-4 FFT algo-
rithms, an IFFT calculation with additional points is
necessary, then Kmin points are indicated. In this sit-
uation, complexity depends on Kmin, which is defined
by the minimum power of two (or four) greater than
the specified subcarriers count in the standard.

For a radix-2 implementation of FFT, complexity is
drawn in Fig. 1 where oversampling is omitted (η=1).
The complexity obtained with the matrix-vector mul-
tiplication discrete-time signal generation is also plot-
ted. For the considered LTE parameters, complexity is
indicated by circles in Fig. 1. Note that complexity is

Figure 1: Complexity in logarithmic scale for various
values of K, η=1. Radix-2.

strongly reduced by means of the FFT approach. Even
in the case of LTE settings where a calculation with a
length greater than the necessary is used, an improve-
ment is still shown. In Fig. 2 we plot the complexity
ratio for the LTE configurations, where the measure

(K+1)η
2 log2((K + 1)η)

Kminη
2 log2(Kminη)

(17)

is taken. Then, complexity ratio is approximately
50%, except for K=900, where Kmin=1024 and effi-
ciency is enhanced by the closeness of both values. In
turn, Fig. 3 and Fig. 4 represent the obtained behav-
ior with the radix-4 algorithm. In this case, complexity
ratio is similarly defined as

3
8 (K + 1)ηlog2((K + 1)η)

3
8Kminηlog2(Kminη)

. (18)

Based on this, Fig. 4 exhibits a penalty for K=300 and
K=1200. It derives from the big difference between
the possible IFFT lengths in the radix-4 alternatives,
compared to the required one.



Figure 2: Complexity ratio for various values of K in
LTE, η=1. Radix-2.

Figure 3: Complexity in logarithmic scale for various
values of K, η=1. Radix-4.

Figure 4: Complexity ratio for various values of K in
LTE, η=1. Radix-4.

When oversampling is considered, a different Kmin

must be found. Based on the requirement of 8192 sam-
ples for an OFDM symbol with 600 subcarriers, η is
fixed at 14. Complexity is presented in Fig. 5 for
radix-2, and its complexity ratio is shown in Fig. 6.
By considering radix-4 algorithm, Fig. 7 and Fig. 8
are included. Complexity ratios for both radix-2 and
radix-4 present a pattern similar to the achieved with
η=1. Nevertheless, absolute values for the complex-
ity ratios show a diminished performance. In this case
the proposed approach is still less complex than the
matrix multiplications alternative (see Fig. 5 and Fig.
7).

Figure 5: Complexity in logarithmic scale for various
values of K, η=14. Radix-2.

Figure 6: Complexity ratio for various values of K in
LTE, η=14. Radix-2.

4. 2 NUMERICAL SIMULATION

The calculation an oversampled discrete-time signal
with the subcarriers allocation scheme described be-
fore is addressed in this work. The output signal must
be compliant with the LTE standard. Also, digital



Figure 7: Complexity in logarithmic scale for various
values of K, η=14. Radix-4.

Figure 8: Complexity ratio for various values of K in
LTE, η=14. Radix-4.

signal generation is considered. Then, an additional
requirement is achieving a good numerical behavior
for the N-Continuity precoding. In this context, spec-
tral performance for the complete system is given in
this section.

An OFDM transmission with K=600 subcarriers
is selected, where K = {−300, . . . ,−1, 1, . . . , 300}.
A 16-QAM complex modulation is employed and an
equal portion of 46 dBm total average power is as-
signed to each subcarrier. Timing is defined by
Ts = 1

15 ms and Tg = 9
128Ts . A sampling time

Tsample = Ts

8192 is used. Power spectra are estimated
by Welch’s averaged periodigram method with a 8192-
sample Hanning window and a 1024-sample overlap for
a 1 sec. observation time. Results are given in Fig.
9, where different curves indicate the performance for
continuity orders ranging from 0 to 3, and the conven-
tional case (without N-Continuity). In Fig. 9, contin-
uous lines represent the performance of the proposed
algorithm while dashed lines correspond to the ma-

trix multiplication approach. It is showed an identical
behavior for both methods, matrix- and FFT-based.

Figure 9: Spectrum for various values of N .

Finally, symbol error rate (SER) performance is pre-
sented in Fig. 10 for different signal-to-noise ratios.
A conventional Rayleigh channel is considered. A fi-
nite impulse response with 42 taps represents the chan-
nel. Gaussian noise with zero mean is employed. Set-
tings in this simulation defined 120000 complex sym-
bols. The picture refers to a high distortion case where
N = 3. According to [15, 12], error-vector magnitude
(EVM) is higher in this situation, compared to lower
N settings. It is observed that the curve slope is not
affected by SNR values less than 35 dB. However, the
last point in the curve suggest the presence of an error
floor, which is similar to the results in [11]. Neverthe-
less, a good performance is achieved.

Figure 10: Symbol error rate for a Rayleigh fading
channel, N=3.

5 CONCLUSIONS

Efficient implementation of subcarriers allocation
schemes as defined in LTE is considered. These sub-



carriers mapping strategies allow enhancing the per-
formance of the analog-to-digital converter at the re-
ceiver. Also, an improved numerical behavior of the
N-Continuity precoder may be achieved. However,
if digital signal generation is considered, the matrix-
vector multiplication approach to implement the do-
main transform requires a large computation load. In
this context, an FFT-based algorithm is proposed, and
its reduced complexity with equivalent performance is
shown.
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