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Abstract— This paper proposes a novel ultra-dense non-
orthogonal frequency-division multiplexing (NOFDM) transmis-
sion, where subcarrier spacing is set significantly lower than that
of orthogonal frequency-division multiplexing (OFDM). In order
to eliminate the detrimental effects of NOFDM-specific inter-
carrier interference and correlated additive noises, eigenvalue-
decomposition-aided precoding is conceived. The classical
capacity formula is extended to one supporting our precoded
NOFDM scheme. Optimal power allocation (PA) is developed in
order to maximize the derived capacity of the proposed scheme.
Furthermore, truncated PA is developed to combat the limitations
due to significantly low eigenvalues, which are specifically
imposed by the proposed ultra-dense NOFDM. Through ana-
lytical and numerical results, we demonstrate that the proposed
NOFDM schemes with optimal and truncated PA outperform
the conventional NOFDM and the classical OFDM schemes.

Index Terms— Capacity, eigenvalue decomposition, faster-than-
Nyquist signaling, information rate, information-theoretic analy-
sis, non-orthogonal frequency-division multiplexing, orthogonal
frequency-division multiplexing, power allocation, spectrally effi-
cient frequency-division multiplexing, truncation.

I. INTRODUCTION

NON-ORTHOGONAL resource allocation in the time [2],
frequency [3], [4], and spatial (power) domains [5]

has the potential of significantly improving the performance
attainable by the orthogonal resource allocation counterparts.
In general, the benefits of non-orthogonal resource allocation
are achieved at the cost of additional detection complexity,
induced by the presence of inter-channel interference.
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Non-orthogonal resource allocation in the frequency domain
has been developed in several different contexts, such as non-
orthogonal frequency-division multiplexing (NOFDM) [6],
[7], generalized frequency-division multiplexing (GFDM) [8],
[9], and spectrally efficient frequency-division multiplexing
(SEFDM) [10–15], in contrast to the classical orthogonal
frequency-division multiplexing (OFDM) counterpart [16].1

In NOFDM, by allowing the introduction of inter-carrier
interference (ICI) between non-orthogonally overlapped
subcarriers, more flexible resource allocation becomes
realistic relative to in OFDM. Furthermore, in addition
to the scenario of microwave communications, NOFDM
was experimentally investigated in the context of the
optical fiber communications [17], [18], the visible
light communications [19], and the E-band wireless
transmission [20]. In [21], the precoded NOFDM scheme
was presented for decoupling ICI effects between substreams,
while any power allocation (PA) onto a substream is not
incorporated. However, information-theoretic analysis of
the explicit merits attained by NOFDM has not been well
investigated. The only exception is that in [22], where the
potential capacity gain of NOFDM was shown in a scenario
of NOFDM transmission without any precoding and PA.

Time-domain non-orthogonal resource allocation has been
developed as faster-than-Nyquist (FTN) signaling. FTN signal-
ing was first introduced in the early 1970s [23], [24] and relies
on the transmission of non-orthogonal pulses whose interval is
shorter than that defined by the inter-symbol interference (ISI)-
free Nyquist criterion. Additionally, the combination of time-
and frequency-domain resource allocation was also developed
as multi-carrier FTN (MC-FTN) signaling [25], [26] and FTN-
NOFDM [27]. The theoretical information rate of conventional
FTN signaling was analyzed in [28], [29], where a perfor-
mance gain of the FTN signaling scheme over the Nyquist-
based counterpart was shown to be attained owing to the
exploitation of the excessive bandwidth under the assumption
of the use of a root raised cosine (RRC) shaping filter. How-
ever, the benefits of FTN signaling over the Nyquist counter-
part were not clarified in the absence of the excess bandwidth.

Most recently, in [30], singular value decomposition (SVD)-
precoded FTN signaling with optimal and truncated PA was
proposed, where the classical Shannon limit is extended to one

1In this paper, we refer to the family of the non-orthogonal resource
allocation techniques in the frequency domain as NOFDM.
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supporting non-orthogonal symbol transmissions in the time
domain. However, in general, the unprecoded and precoded
FTN signaling schemes typically assume block transmissions,
and rate loss induced due to inter-block interference (IBI) is
unavoidable. However, in most previous studies, the benefits
of FTN signaling were verified by ignoring the IBI effects.

Against this background, the novel contributions of this
paper are as follows.

• Motivated by the recent concept of SVD-precoded
FTN signaling [30], we propose a precoded ultra-dense
NOFDM transmission, where the subcarrier spacing is set
lower than that of OFDM. Information symbols, modu-
lated onto non-orthogonal subcarriers, are precoded with
eigenvalue decomposition (EVD) as well as linear PA.

• The classical capacity formula is generalized to support
the proposed NOFDM, based on an ICI-free equivalent
system model of NOFDM aided by EVD. The PA
coefficient for each NOFDM subcarrier is optimized
to maximize the derived capacity, with the aid of the
Lagrange multiplier method.

• In order to combat the limitations imposed by the
significantly low eigenvalues of the proposed scheme
with optimal PA, we introduce the concept of truncated
PA. This enables us to operate the proposed scheme in
an ultra-dense NOFDM scenario, where the subcarrier
spacing is ultimately low.

• Our analytical and numerical results demonstrate that
the proposed precoded NOFDM scheme with optimal
and truncated PA outperforms the conventional NOFDM
and the classical OFDM counterparts, without imposing
any substantial bandwidth broadening.

The remainder of this paper is organized as follows.
In Section II, we provide the system model of the general
NOFDM scheme, and in Section III, we propose our EVD-
precoded NOFDM architecture. In Section IV, the capacity
of the proposed NOFDM scheme is derived as an extension
of the classical OFDM limit. In Section V, truncated PA
of the proposed NOFDM scheme is introduced. Further-
more, in Section VI, we evaluate the power spectral den-
sity (PSD) and the peak-to-power average ratio (PAPR), while
in Section VII, the numerical BER results of the channel-
encoded near-capacity NOFDM scheme are provided. Finally,
we conclude this paper in Section VIII.

II. SYSTEM MODEL

In this section, we introduce the general system model
of the precoded NOFDM architecture. Then, we review the
conventional EVD-precoded NOFDM that does not rely on
PA [21], and the associated capacity is formulated.

A. System Model of Precoded NOFDM

At the NOFDM transmitter, information bits are modulated
onto N complex-valued symbols sl = [sl,0, · · · , sl,N−1]T ∈
CN , where l is the frame index, and N is the number of
subcarriers. The power constraint of E[sH

l sl] = N is imposed
on sl, where E[·] represents the expectation operation. Then,
the modulated symbol block sl is linearly precoded by a

complex-valued matrix F ∈ C
N×N , in order to obtain the

precoded symbol block of

xl = [xl,0, xl,1, · · · , xl,N−1]T ∈ C
N (1)

= Fsl. (2)

The precoding matrix F is designed for maintaining the power
constraint of E[xH

l xl] = N . Then, the precoded symbols
xl are multiplied by non-orthogonal subcarriers in the lth
NOFDM frame, which are placed at closer spacing than the
OFDM counterpart. More specifically, given T is the frame
duration, the subcarrier spacing of NOFDM is expressed as
Δf = α/T , where α (0 < α ≤ 1) is a compression factor.

The modulated NOFDM signals in the time-domain are
represented by [31]

x(t) =
√

αE0

∞∑
l=−∞

N−1∑
n=0

xl,ng(t − lT )ej2πnΔf(t−lT ), (3)

where g(t) ∈ R is the impulse response of a shaping filter.
In the proposed scheme, an RRC shaping filter with a roll-
off factor β ∈ R is employed for g(t), similar to filter
bank multicarrier transmission [32], where each subcarrier,
rather than the whole bandwidth, is bandlimited by an RRC
shaping filter. Note that a rectangular pulse is used for g(t)
in the conventional OFDM. As shown in (3), the signal
power decreases, upon decreasing the compression factor α.
Furthermore, E0 ∈ R is the transmit energy per subcarrier in
the equivalent OFDM transmitter.

For the sake of simplicity, we consider the scenario of a
single-frame transmission, and hence let us denote (sl,n, sl,
xl,n, xl) as (sn, s, xn, x) in the rest of this paper. The
coefficient

√
α (≤ 1) in (3) is added to normalize the transmit

power of each NOFDM frame per unit bandwidth E
[|x(t)|2].

Note that the special case of F = I corresponds to the
unprecoded NOFDM scheme, where I ∈ CN×N is the identity
matrix.

When considering a specific available bandwidth, the rela-
tionship between the number of subcarriers of NOFDM and
that of OFDM NOFDM is given by

N =
⌊

NOFDM − 1
α

⌋
+ 1. (4)

If the available bandwidth is sufficiently wide, i.e.,
NOFDM � 1, N is approximated as

N � NOFDM

α
. (5)

Under the assumption of an additive white Gaussian
noise (AWGN) channel, the received signals are represented
by

r(t) = x(t) + n(t) ∈ R, (6)

where n(t) is a complex-valued AWGN with zero mean and
a noise variance of N0. The received signals are first passed
through a matched filter g∗(−t), and then the filtered outputs
are projected onto the NOFDM subcarriers. More specifically,
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the received sample corresponding to the ith subcarrier is given
by

yi =
∫ ∞

−∞
r(t)g∗(−t)e−j 2πiΔftdt ∈ C, (7)

which also has the block representation

y = [y0, y1, · · · , yN−1]T ∈ C
N (8)

=
√

αE0Hx + η, (9)

=
√

αE0HFs + η, (10)

where the matrix H ∈ CN×N represents the effects of ICI,
and its ath-row and bth-column element is denoted by [22]

ha,b =
∫ ∞

−∞
g(t)g∗(−t)ej2π(b−a)Δftdt. (11)

Note that for a finite number of subcarriers N , the ICI
matrix H is positive semidefinite, hence having N non-zero
eigenvalues. Furthermore, η = [η0, η1, · · · , ηN−1]T are the
correlated noises, each formulated by

ηi =
∫ ∞

−∞
n(t)g∗(−t)e−j 2πiΔftdt. (12)

Here, the correlation matrix of the noises is calculated by

E[ηηH ] = N0H. (13)

Note that only in the NOFDM case with α = 1 and a rectangu-
lar pulse, corresponding to the classic OFDM, the ICI matrix
H becomes the identity matrix I, owing to the orthogonality of
subcarriers, and hence the noises η are uncorrelated. However,
in general, NOFDM with α < 1 suffers from the effects of
correlated noises, due to the non-diagonal ICI matrix H.

B. Conventional EVD-Precoded NOFDM

We review the conventional EVD-precoded NOFDM
scheme [21]. Since H is a Toeplitz and Hermitian matrix, the
ICI matrix H is diagonalized with the aid of EVD as follows:

H = UΛUT , (14)

where U ∈ RN×N is a real-valued unitary matrix satis-
fying the relationship UUT = UTU = I, and Λ =
diag{λ0, λ1, · · · , λN−1} ∈ RN×N is a diagonal matrix that
contains N non-zero eigenvalues λi (i = 0, · · · , N − 1),
arranged in ascending order. Therefore, from (10) and (14),
the received sample block is expressed as

y =
√

αE0UΛUTFs + η. (15)

Then, by setting F = U at the transmitter, (15) is simplified
to

y =
√

αE0UΛs + η. (16)

Moreover, by multiplying the weights UT by the received
sample block y, we arrive at

yd = [yd,0, · · · , yd,N−1]T ∈ C
N (17)

= UT y (18)

=
√

αE0Λs + ηu, (19)

where ηu = [ηu,0, · · · , ηu,N−1]T = UT η. Since the correla-
tion matrix of ηu is given by

E
[
ηuη

H
u

]
= UT

E
[
ηηH

]
U (20)

= N0UTHU (21)

= N0Λ, (22)

ηu are uncorrelated noises, and the variance of ηu,i is denoted
by

E

[
|ηu,i|2

]
= N0λi. (23)

In (19), since Λ is diagonal, the N weighted received samples
yd are equalized to the N ICI-free parallel substreams with
uncorrelated noises as follows:

yd,i =
√

αE0λisi + ηu,i (i = 0, · · · , N − 1). (24)

where the equivalent gain associated with the ith subchannel
is represented by

√
αE0λi. This allows the use of maximum-

likelihood (ML) detection for each substream with low com-
plexity. Note that the calculations of the precoding matrix U
are implemented offline in advance of NOFDM transmission,
since H is determined uniquely by the parameters of α, β,
and N .

A further note regarding (19) is that the equivalent chan-
nel gain of the ith substream is λi. Hence, substream-
wise rate adaptation is typically needed for the conventional
EVD-precoded NOFDM scheme.

C. Capacity of the Conventional EVD-Precoded NOFDM
Without PA

In this section, we derive the capacity of the conven-
tional EVD-precoded NOFDM, motivated by an information-
theoretic analysis conducted for precoded FTN signaling [30].2

Mutual information between yd and s is given by

I(s;yd) = h(yd) − h(yd|s) (25)

= h(yd) − h(ηu) (26)

≤ log2(|Cyd |det) − log2(|N0Λ|det) (27)

= log2

( |Cyd |det

|N0Λ|det

)
[bits/frame], (28)

where h(·) denotes differential entropy. Here, we assume that
the information symbols s and the received samples yd are
random variables, each obeying a Gaussian distribution [22].
Moreover, Cyd represents the covariance matrix of yd, which
is calculated by

Cyd = E
[
ydyH

d

]
(29)

= E

[(√
αE0Λs + ηu

)(√
αE0Λs+ηu

)H
]

(30)

= E
[
αE0ΛssHΛ

]
+ E

[
ηuη

H
u

]
(31)

= αE0Λ2 + N0Λ, (32)

2Information-theoretic analysis of the conventional EVD-precoded NOFDM
scheme [21] has not been carried out before, and hence its derivation is also
one of our main contributions.
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where E[ssH ] = I. From (28) and (32), mutual information
I(s;yd) is upper-bounded as

I(s;yd) ≤ log2

( |αE0Λ2 + N0Λ|det

|N0Λ|det

)
(33)

= log2

(∣∣∣∣IN +
αE0

N0
Λ
∣∣∣∣
det

)
(34)

=
N−1∑
i=0

log2

(
1 +

αE0λi

N0

)
[bits/frame]. (35)

By ignoring the effects of inter-frame interference (ε = 0),
the capacity of the conventional EVD-precoded NOFDM
scheme, normalized by the frame duration, is formulated by

CF,conv =
1
T

N−1∑
i=0

log2

(
1 +

αE0λi

N0

)
[bps]. (36)

The bandwidth consumed in the NOFDM scheme, employing
the RRC filter with a roll-off factor β, is calculated by

W =
(N − 1)α + 1 + β + ε

T
[Hz], (37)

where ε corresponds to a bandwidth penalty imposed by time
limiting [33]. Furthermore, under the assumption of Nα � 1,
(38) is approximated by

W � Nα

T
[Hz]. (38)

Finally, the average capacity normalized by the bandwidth is
given as follows:

C̄F,conv =
CF,conv

W
(39)

=

∑N−1
i=0 log2

(
1 + αE0λi

N0

)
(N − 1)α + 1 + β + ε

[bps/Hz]. (40)

For Nα � 1, (40) is approximated by

C̄F,conv � 1
Nα

N−1∑
i=0

log2

(
1 +

αE0λi

N0

)
[bps/Hz]. (41)

As seen in (40), the capacity of the conventional EVD-
precoded NOFDM depends on the eigenvalue distribution.
Note that the capacity of the conventional EVD-precoded
NOFDM scheme is identical to that of the conventional unpre-
coded NOFDM scheme, since precoding based on the unitary
matrix U at the transmitter does not change the system model
in the AWGN channel. Throughout this paper, we employed
the definition of the signal-to-noise ratio (SNR) as E0/N0,
which remains unchanged regardless of α.

III. PROPOSED EVD-PRECODED NOFDM WITH

OPTIMAL PA

In this section, we introduce PA on the subcarriers in the
EVD-precoded NOFDM scheme, and the PA coefficients are
optimized to maximize the capacity.

A. System Model

The transceiver model of the proposed EVD-precoded
NOFDM scheme with PA is depicted in Fig. 1. At the
transmitter, a PA coefficient

√
qi ∈ R is multiplied by the

ith information symbol si. Then, power-allocated symbols√
qisi (i = 0, · · · , N − 1) are precoded by the unitary

matrix U, which yields

x = UQs, (42)

where

Q = diag{√q0,
√

q1, · · · ,
√

qN−1} ∈ R
N×N . (43)

From (15) and (42), the received sample block of the proposed
EVD-precoded NOFDM with PA, transmitted over the AWGN
channel, is represented by

y =
√

αE0UΛQs + η. (44)

Then, in a similar manner to (19), the weighs of UT are
multiplied by the received sample block y as follows:

yd = [yd,0, · · · , yd,N−1]T ∈ C
N (45)

= UTy (46)

=
√

αE0ΛQs + ηu (47)

=
√

αE0P
1
2 Λ

1
2 s + ηu, (48)

where we have

P = diag{p0, · · · , pN−1} ∈ R
N×N , (49)

pi = λiqi (> 0). (50)

Furthermore, the ith substream of yd is formulated by

yd,i =
√

αE0λi
√

qisi + ηu,i, (51)

where the equivalent average SNR is calculated by

γi =
E

[∣∣√αE0λi
√

qisi

∣∣2]
E

[
|ηu,i|2

] (52)

=
αE0λiqi

N0
(53)

=
αE0pi

N0
. (54)

Hence, the equivalent energy allocated to the ith sub-
stream (subcarrier) in our optimal PA is αE0pi, rather than
αE0qi.

B. Derivation of Optimal PA Coefficients

We derive the optimal PA matrix Q of the proposed scheme
by maximizing the capacity with the aid of the Lagrange
multiplier method. Since the additive noises ηu in (48) are
uncorrelated, mutual information of the proposed scheme is
upper-bounded by [30]

I(s;yd) ≤
N−1∑
i=0

log2

(
1 +

αE0λiqi

N0

)
[bits/frame]. (55)



OSAKI et al.: EIGENVALUE-DECOMPOSITION-PRECODED ULTRA-DENSE NOFDM 8169

Fig. 1. Transceiver model of the proposed EVD-precoded NOFDM scheme with PA.

The transmit energy per frame in the conventional
EVD-precoded NOFDM scheme without PA is given by

EN = E

[∫ ∞

−∞
|x(t)|2dt

]
(56)

= αE0E
[
xHHx

]
(57)

= αE0E
[
sHΛs

]
(58)

= αE0

N−1∑
i=0

λiE
[|si|2

]
(59)

= αE0N, (60)

where
∑N−1

i=0 λi = trace{H} = N since each diagonal
element of H is unity. Furthermore, the transmit energy per
frame in the proposed scheme is calculated by

ĒN = E

[∫ ∞

−∞
|x(t)|2dt

]
(61)

= αE0E
[
sHQUT HUQs

]
(62)

= αE0E
[
sHQΛQs

]
(63)

= αE0

N−1∑
i=0

λiqiE
[|si|2

]
(64)

= αE0

N−1∑
i=0

λiqi. (65)

Note that the proposed EVD-precoded NOFDM scheme
with PA subsumes the conventional EVD-precoded NOFDM
scheme in its special case with the parameters of q0 = · · · =
qN−1 = 1, i.e., Q = I. Naturally, the total transmit energy has
to be unaffected by the presence or absence of PA. Hence, in
order to maintain the equal transmit energy in the two schemes,
we arrive at the following constraint:

ĒN = EN (66)

⇔
N−1∑
i=0

λiqi = N. (67)

Next, in order to obtain the optimal qi values, mutual
information of (55) is maximized with respect to qi under
the energy constraint of (67). Let us consider the following
Lagrange function:

J =
N−1∑
i=0

log2

(
1 +

αE0λiqi

N0

)
− ξ

(
N−1∑
i=0

λiqi − N

)
, (68)

where ξ is the Lagrange multiplier. Here, to maximize J with
respect to qi, we consider

∂J

∂qi
= 0, subject to qi ≥ 0, (69)

yielding

qi =
1

αλiE0

(
αE0

(ln 2)ξ
− N0

)
. (70)

By substituting (70) into (67), we have

ξ =
1

(ln 2)
(
1 + N0

αE0

) . (71)

Finally, by substituting (71) into (70), we obtain

qi =
1
λi

, (72)

which corresponds to p0 = · · · = pN−1 = 1. Note that (72)
satisfies the condition of qi ≥ 0 in (69), since λi > 0 is
guaranteed. Hence, with the proposed scheme, it is ensured
that each substream encounters an identical equivalent SNR
of γ0 = · · · = γN−1 = αE0/N0 in (54). Note that our optical
PA solution is different from the well-known water-filling
solution, which was developed for PA of OFDM transmission
experiencing the frequency-selective fading channel [33]. In
the water-filling solution of OFDM, higher power and data rate
is assigned over the channels having higher SNRs. Further-
more, while a cut-off value exists for water-filling of OFDM,
it does not in the proposed optimal PA solution. These are
mainly induced from the difference of the energy constraints
between the proposed NOFDM scheme in the AWGN channel
and the conventional OFDM scheme in the frequency-selective
channel.

C. Capacity of the Proposed Scheme

The capacity of the proposed scheme is maximized by
substituting (72) into (55), which is formulated by

I(s;yd) ≤
N−1∑
i=0

log2

(
1 +

αE0

N0

)
(73)

= N log2

(
1 +

αE0

N0

)
[bits/frame]. (74)



8170 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 12, DECEMBER 2020

Also, the capacity normalized by the frame duration is given
by

CF,opt =
1
T

I(s;yd) (75)

=
N

T
log2

(
1 +

αE0

N0

)
[bps]. (76)

The capacity normalized by the bandwidth W is given by

C̄F,opt =
CF,opt

W
(77)

=
N log2

(
1 + αE0

N0

)
(N − 1)α + 1 + β + ε

[bps/Hz]. (78)

Moreover, under the assumption of Nα � 1, (78) is simplified
to

C̄F,opt =
1
α

log2

(
1 +

αE0

N0

)
[bps/Hz]. (79)

As formulated in (78), the capacity of the proposed scheme
with optimal PA is given in closed form and does not include
the eigenvalues λi, owing to the relationship of (72). Addi-
tionally, in the OFDM case with α = 1 and a rectangular
pulse, (78) corresponds to the classical Shannon capacity in
the AWGN channel.3 More specifically, in (79), the proposed
NOFDM suffers from the power penalty of α in terms of
the SNR E0/N0, in comparison to the OFDM counterpart,
whose effects increased upon decreasing the compression fac-
tor α. However, owing to the explicit benefits of the NOFDM
scheme’s bandwidth compression, shown as the multiplication
of 1/α, the resultant capacity C̄F,opt increases upon decreasing
the α value as demonstrated in Section IV.

Moreover, we formulate the capacity in the limit of α → 0,
similar to [30]. More specifically, by applying l’Hôpital’s
rule [34] to (79), we arrive at

lim
α→0

C̄F,opt = lim
α→0

∂
∂α log2

(
1 + αE0

N0

)
∂

∂αα
(80)

= lim
α→0

E0
N0

(ln 2)
(
1 + αE0

N0

) (81)

=
1

ln 2
· E0

N0
[bps/Hz]. (82)

This implies that even if the compression factor is set infini-
tesimally low, the associated capacity is bounded by (82).

IV. ANALYTICAL PERFORMANCE RESULTS

This section presents the analytical results of the proposed
EVD-precoded NOFDM scheme with optimal PA, which
is compared with the conventional EVD-precoded NOFDM
without PA and the classical OFDM. Here, the derived capac-
ities of (40) and (78) are used for the evaluations.

3The capacity formula (78) of the proposed NOFDM scheme is derived
motivated by that of the time-domain counterpart, i.e., the SVD-precoded FTN
signaling scheme [30]. Hence, both the NOFDM and FTN schemes exhibit
comparable information rates, although there is a difference in the eigenvalue
distributions, as mentioned in Section IV. Note that the recent SVD-precoded
FTN signaling of [30] subsumes the conventional FTN signaling scheme [29]
in its special case, hence exhibiting a higher achievable performance.

Figs. 2(a) and 2(b) show the capacities of the conventional
EVD-precoded NOFDM scheme without PA and the proposed
EVD-precoded NOFDM scheme with optimal PA, respec-
tively, each employing the RRC shaping filter with the roll-
off factor of β = 0.22. The compression factor was given by
α = 1.0, 0.5, 0.2, 0.1, 0.05, and 0.01. The frame duration and
the energy factor were set to T = 1 and E0 = 1, respectively.
The benchmark curve associated with the classic OFDM based
on a rectangular pulse was also plotted. Observe in Fig. 2(a)
that the conventional EVD-precoded NOFDM scheme with
α < 1 exhibited a higher capacity than the OFDM counterpart.
More specifically, upon decreasing the compression factor α,
its performance gain over OFDM increased up to α = 0.1.4

However, a further decrease of α resulted in the increase
of ratio of the number of significantly low eigenvalues over
N , which will be shown in later in Fig. 3. Hence, the
capacity did not substantially increase anymore. As shown
in Fig. 2(b), it was found that the proposed EVD-precoded
NOFDM scheme with optimal PA achieved a significantly
high capacity, outperforming the conventional EVD-precoded
NOFDM without PA and the OFDM. Furthermore, upon
decreasing the compression factor, the capacity of the proposed
scheme asymptotically approached the limit of α → 0 in (82).
Moreover, it can also be seen that the performance advantage
of the proposed NOFDM (Fig. 2(b)) over the conventional
NOFDM (Fig. 2(a)) was owing to optimal PA, where the
performance gap increased upon decreasing the compression
factor α. To be more specific, the proposed NOFDM scheme
is capable of exploiting the subchannels, which is achieved as
a result of maximizing mutual information with respect to the
PA factors Q.

Since the eigenvalues λi are not explicitly included in (78),
it is readily possible to calculate the capacity of the proposed
scheme even when there are significantly low eigenvalues.
However, in practice, the proposed NOFDM transmitter has
to accurately calculate all N eigenvalues to generate a frame
x(t), based on the precoded symbols x in (42). More specif-
ically, according to (72), the optimal PA coefficient is given
by the inverse of the associated eigenvalue, i.e., qi = 1/λi.
For example, when λi is too small to be accurately calculated
in the standard double-precision environment, the calculated
eigenvalue λ̂i tends to contain a significantly high calculation
error, such as λ̂i/λi � 1 or λ̂i/λi 
 1.5 Hence, the calculated
PA coefficient q̂i = 1/λ̂i suffers from an enhanced error
by several orders of magnitude. In our extensive simulations,
it was found that in such a scenario, where there are signif-
icantly low eigenvalues, the average power per frame of the
generated signals was far from ĒN , and the associated PSD
was unexpectedly broadened.

4These results agree with those in [22], where the capacity gain of the
unprecoded conventional NOFDM scheme was derived with EVD. This is
because the precoding matrix U used at the transmitter in the conventional
EVD-precoded NOFDM scheme does not change the system model for the
scenario of the AWGN channel, in comparison to that of the unprecoded
NOFDM scheme.

5A particular positive define Toeplitz matrix of arbitrary order is referred to
as a prolate matrix [35], where the eigenvalues cluster exponentially to the
limits zero. The same limitation is imposed on the recent SVD-precoded FTN
signaling scheme with optimal PA in [30].
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Fig. 2. Capacities of (a) the conventional EVD-precoded NOFDM scheme without PA and (b) the proposed EVD-precoded NOFDM scheme with optimal
PA, each employing the RRC shaping filter with a roll-off factor of β = 0.22. The compression factor was given by α = 1.0, 0.5, 0.2, 0.1, 0.05, and 0.01.
The frame duration and the energy per subcarrier were fixed to T = 1 and E0 = 1, respectively, while the number of the NOFDM subcarriers was fixed to
N = 1000. The benchmark curve associated with the classic OFDM based on a rectangular pulse was also plotted.

Fig. 3. Eigenvalues of the correlation matrix H, where we considered the
RRC shaping filter with β = 0.22 and the N = 1000 subcarriers. The
compression factor was given by α = 0.5, 0.2, 0.1, 0.05, 0.03, 0.02, and
0.01. The curve associated with the classic OFDM with a rectangular pulse
was also plotted.

In order to elaborate on this issue, in Fig. 3, we show the
eigenvalues of the ICI matrix H in the proposed scheme,
where the roll-off factor of the RRC shaping filter was set
to β = 0.22, and the compression factor was given by
α = 0.5, 0.2, 0.1, 0.05, 0.04, 0.03, 0.02, and 0.01. The curve
associated with the classic OFDM with a rectangular pulse
was also plotted, where all the eigenvalues were λi = 1 (i =
0, · · · , N − 1). The number of subcarriers was given by
N = 1000. Observe in Fig. 3 that some of the eigenvalues
of the proposed NOFDM scheme exhibited significantly low
values, such as λ < 10−16, where upon decreasing the α
value, the fraction of significantly low eigenvalues increased.
More specifically, for α < 0.05, some of the eigenvalues
were lower than 10−16. Such significantly low eigenvalues
are not accurately calculated in the standard double-precision

environment. This implies that accurate PA coefficients qi

cannot be calculated, since the PA coefficients include the
inverse of the eigenvalues, according to (72). The use of such
inaccurate PA coefficients imposes bandwidth broadening and
detection errors. For α ≥ 0.05, all the eigenvalues were higher
than 10−6, so they were tractable in the double-precision
environment.

The problem associated with significantly low eigenval-
ues arises in the case of the SVD-precoded FTN signal-
ing scheme in [30], similar to the proposed EVD-precoded
NOFDM scheme because both the schemes have to calculate
the inverses of eigenvalues of interference matrix G when
employing optimal PA. However, since the effects of interfer-
ence in the time domain and that of the frequency domain
are not identical, the resultant eigenvalue distributions are
also different. More specifically, the ratio of significantly low
eigenvalues in our EVD-precoded NOFDM with optimal PA is
typically lower than that of the FTN signaling counterpart. For
example, when considering the specific compression ratio α =
0.1 for the NOFDM and FTN signaling schemes, employing
the RRC shaping filter with β = 0.22 and the block length
of N = 1000, the minimum eigenvalue in the NOFDM was
mini(λi) = 8.5 × 10−5, while that of FTN signaling was as
low as mini(λi) 
 10−16.

V. EVD-PRECODED NOFDM WITH TRUNCATED PA

A. System Model

In order to combat the limitations imposed by significantly
low eigenvalues, we conceive the concept of truncated PA by
introducing a threshold th for significantly low eigenvalues.
More specifically, instead of (72), the truncated PA factors
are given by

qi =

⎧⎨
⎩

k

λi
, (λi ≥ th)

0, (λi < th),
(83)
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where k = N/M is a scaling factor used for satisfying the
power constraint of (67), and M(≤ N) is the number of
activated substreams. Here, the threshold th is determined
such that the minimum eigenvalue mini(λi) is calculated in
the standard double-precision environment. From (65), the
transmit energy per frame in the proposed EVD-precoded
NOFDM with truncated PA is calculated by

ẼN = αE0

N−1∑
i=0

λiqi (84)

= αE0kM (85)

= αE0N, (86)

which is maintained to be equal to that of the proposed scheme
with optimal PA in (60).

B. Capacity of the Proposed Scheme With Truncated PA

Mutual information of the proposed EVD-precoded
NOFDM with truncated PA is derived by substituting (83)
into (55) as follows:

I(s;yd)trun ≤
N−1∑
i=0

log2

(
1 +

αkE0

N0

)
(87)

= M log2

(
1 +

α(N/M)E0

N0

)
[bits/frame].

(88)

Hence, the capacity of the proposed scheme with truncated
PA, normalized by the frame duration T , is given by

CFw,trun =
1
T

I(s;yd)trun (89)

=
M

T
log2

(
1 +

α(N/M)E0

N0

)
[bps]. (90)

The capacity normalized by the bandwidth W is formulated
by

C̄Fw,trun =
CFw,trun

W
(91)

=
M

(N − 1)α + 1 + β + ε

· log2

(
1 +

α(N/M)E0

N0

)
[bps/Hz]. (92)

Under the assumption of αN � 1, the capacity normalized
by the bandwidth W is simplified to

C̄Fw,trun � M

Nα
log2

(
1 +

α(N/M)E0

N0

)
[bps/Hz]. (93)

Here, (93) indicates that the capacity of the proposed scheme
with truncated PA monotonically decreases upon decreasing
the number of truncated substreams, i.e., upon increasing the
thresholding value th. Note that since M is a function of α,
it is a challenging task to derive the capacity in the limit of
α → 0 for the proposed scheme with truncated PA, unlike in
the proposed scheme with optimal PA.

Fig. 4 compares the capacities of the proposed
EVD-precoded NOFDM schemes with optimal and truncated
PA, where the threshold for truncation was given by

Fig. 4. Capacity of the proposed EVD-precoded NOFDM schemes with
optimal and truncated PA, where the threshold for truncation was given by
th = 10−4, and the roll-off factor of an RRC shaping filter was set to
β = 0.22. We considered the compression ratio of α = 0.01 and N = 1000
subcarriers. The benchmark curve associated with the classic OFDM based
on a rectangular pulse was also plotted.

th = 10−4, and the roll-off factor of an RRC shaping
filter was set to β = 0.22. We considered the compression
ratio of α = 0.01 and N = 1000 subcarriers.6 Observe in
Fig. 4 that the proposed scheme with truncated PA exhibited
a performance loss over the optimal-PA counterpart. The
performance gap increased upon increasing the SNR value,
while it was not substantial in the low SNR regime, i.e., SNR
< 10 dB.

Furthermore, in Fig. 5 we investigated the effects of the roll-
off factor β on the capacity of the proposed EVD-precoded
NOFDM scheme with truncated PA, where we considered the
compression ratio of α = 0.01, the threshold of th = 10−4,
and the N = 1000 number of subcarriers. Here, the roll-
off factor of an RRC shaping filter was given by β =
0.01, 0.22, 0.5, and 0.999. Observed in Fig. 5 that the capacity
of the proposed scheme with truncated PA increased, upon
decreasing the roll-off factor β.

Fig. 6 shows the calculated average power of transmit sig-
nals E[|x(t)|2] in the proposed NOFDM scheme with optimal
and truncated PA, which is designed to be unity in our model.
The compression factor was varied from α = 0.01 to 1, while
the roll-off factor was set to β = 0.22. The threshold of the
truncated PA scheme was given by th = 10−8, 10−7, 10−6,
and 10−4. Observe in Fig. 6 that the truncated PA scheme
with th = 10−4 attained the accurate unity average power in

6The simulation parameters used in Fig. 4 corresponded to those of Fig. 2,
except that the curves associated with relatively high α values (i.e., α =
0.5, 0.2, 0.1, and 0.05) were not shown in Fig. 4. This is because in a
relatively high α value, all of the eigenvalues are typically higher than a
threshold th. Hence, the truncation does not have to be activated in such a
high-α scenario.
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Fig. 5. Capacity of the proposed EVD-precoded NOFDM scheme with
truncated PA, where the threshold for truncation was given by th = 10−4 ,
while considering the roll-off factor of β = 0.01, 0.22, 0.5 and 0.999, the
compression ratio of α = 0.01, and N = 1000 subcarriers. The benchmark
curve associated with the classic OFDM based on a rectangular pulse was
also plotted.

the entire τ range, since the significantly low eigenvalues were
omitted for the generation of transmit signals. By contrast, for
the scenarios of th ≤ 10−6 in the truncated PA scheme, the
average transmit power became higher than unity when α <
0.05, due to the unignorable errors in calculating the inverse
of significantly low eigenvalues. Hence, the transmit signals
were not correctly generated. Furthermore, in the optimal PA
scheme, the average transmit power cannot be calculated in the
wide compression-factor range of α < 0.04. This is because
as shown in Fig. 3, the part of the eigenvalues was too small
to be tractable in the standard double-precision environment
employed in our simulations.

VI. EFFECTS OF PSD AND PAPR

As mentioned in Section IV, it is a challenging task to calcu-
late significantly low eigenvalues, and inaccurate eigenvalues
tend to cause the generation of inaccurate transmit signals
x(t). This tends to increase the PSD and the PAPR. Hence,
in this section, we investigate the PSDs and the PAPRs in the
proposed schemes.

A. PSD

Fig. 7(a) shows the PSDs of the conventional NOFDM
scheme without PA, while Fig. 7(b) shows those of the
proposed EVD-precoded NOFDM schemes with optimal and
truncated PA. The benchmark curve of the classic OFDM
using a rectangular pulse was also plotted. Note that the PSDs
of the conventional EVD-precoded NOFDM scheme coincided
with those of the conventional unprecoded NOFDM scheme

Fig. 6. The calculated average power of transmit signals E[|x(t)|2] in the
proposed NOFDM scheme with optimal and truncated PA, which is expected
to be unity in our model. The compression factor was varied from α = 0.01
to 1, while the threshold of the truncated PA scheme was given by th =
10−8, 10−7, 10−6, and 10−4. The roll-off factor was set to β = 0.22.

in Fig. 7(a). The RRC shaping filter with a roll-off factor of
β = 0.22 was employed for all the schemes, except for the
classic OFDM scheme. The compression factor was given by
α = 0.5, 0.2, 0.1, 0.08, 0.05, 0.04, 0.02, and 0.01. The frame
duration and the transmit energy were set to T = 1 and
E0 = 1, respectively. In order to calculate PSDs, each of
the generated frames was sampled with the interval of 0.01T .
The threshold of our truncated PA was set to th = 10−4.
In Fig. 7(b), the PSDs of the proposed scheme with optimal PA
are plotted for α ≥ 0.05, while those of the proposed scheme
with truncated PA are plotted for α < 0.05. This is because,
in the proposed scheme with optimal PA, accurate transmit
signals x(t) cannot be generated in the low α regime, due to
the effects of significantly low eigenvalues, as mentioned in
Section IV. Additionally, the number of subcarriers was set to
N = NOFDM/α = 10/α, such that the same total bandwidth
was maintained to be approximately 10 [Hz], implying that
the number of subcarriers of NOFDM was 1/α times higher
than that of OFDM. The simulation settings were considered
for demonstrating that the proposed NOFDM signal is strictly
band-limited.

Observe in Fig. 7(a) that the PSD of the conventional
NOFDM scheme sharply dropped at the frequency of [−5, 5]
[Hz], regardless of the α value. A similar trend can be seen
in the proposed scheme from Fig. 7(b); i.e., the PSDs of the
proposed scheme with optimal PA (α ≥ 0.05), as well as
those of the proposed scheme with truncated PA (α < 0.05),
were strictly bandlimited, as expected. Note that the spectral
side-lobe level of the PSDs slightly increased upon decreasing
α. Hence, the transmit signals of the proposed schemes are
strictly bandlimited by appropriately introducing the truncated
PA concept, depending on the α value.

Furthermore, Fig. 8 shows the PSDs of the proposed
EVD-precoded NOFDM scheme with truncated PA, where
the threshold was varied from th = 10−4 to 0.1 while
maintaining the compression factor of α = 0.01. The other
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Fig. 7. PSDs of (a) the conventional EVD-precoded and unprecoded NOFDM schemes and (b) the proposed EVD-precoded NOFDM schemes with optimal
and truncated PA. The number of subcarriers was set to N = NOFDMα = 10/α. The RRC filter with a roll-off factor of β = 0.22 was employed, and the
compression factor was given by α = 1, 0.5, 0.2, 0.1, 0.08, 0.05, 0.04, 0.02, and 0.01.

Fig. 8. PSDs of the proposed EVD-precoded NOFDM with truncated PA.
The compression factor was fixed to α = 0.01, while the threshold th was
varied from 10−4 to 1.

system parameters are the same as those used in Fig. 7(b). For
comparison, the PSD curve associated with the conventional
NOFDM scheme (α = 0.01) is also plotted. Observe in Fig. 8
that each PSD of the proposed scheme was cut off outside the
bandwidth of [-5,5] [Hz]. Here, the spectral side-lobe level of
the proposed scheme increased upon increasing the threshold
th, although it remained sufficiently low in the simulated
range, maintaining a lower level than that of the conventional
NOFDM scheme.

In order to provide further insights, in Fig. 9, we plotted
the PSDs of the NOFDM and OFDM signals, where the
number of subcarrier was fixed to N = 1000. The RRC
shaping filter with the roll-off factor of β = 0.22 was used
for NOFDM, and the rectangular pulse was employed for
OFDM. The compression factor of NOFDM was given by
α = 0.5, 0.25, 0.125 and 0.1 in Figs. 9(a), 9(b), 9(c), and 9(d),
respectively, where all the N eigenvalues were used without
truncation. Observe in Fig. 9 that in each α scenario, the total
signal power of NOFDM was α (< 1) times that of OFDM.

B. PAPR

The PAPR is defined as the ratio of the maximum to the
average power of the transmitted signals as follows: [33]

ζ =
max |x(t)|2

E

[
|x(t)|2

] , (94)

where max |x(t)|2 denotes the peak power of the transmitted
signals in each frame, and E[|x(t)|2] represents the average
power.

Fig. 10 compares the complementary cumulative distribu-
tion functions (CCFD) of the PAPR in the proposed NOFDM
schemes with optimal and truncated PA and the conventional
NOFDM scheme without PA, where the roll-off factor was
set to β = 0.22, while the compression factor was given by
α = 1.0, 0.5, 0.1, 0.05, and 0.01. The QPSK modulation was
considered for all the schemes. In order to avoid the effects
of significantly low eigenvalues emerged in the proposed
NOFDM scheme, the proposed scheme with truncated PA,
employing the threshold of th = 10−4 was considered only
for α = 0.01. Furthermore, the number of subcarriers was
given by NOFDM = Nα = 100, and hence we had the
same bandwidth and average power for all the schemes.
Let us observe in Fig. 10 that the proposed scheme tended
to exhibit a higher PAPR than the conventional NOFDM
scheme without PA and the classical OFDM scheme using
a rectangular pulse, where the gap between the proposed and
other benchmark schemes was lower than 0.4 dB for α = 0.5.
Upon decreasing the α value, the performance loss increased.
Hence, the slightly high PAPR of the proposed scheme was
at the cost of achieving a higher information rate than other
benchmark schemes.

VII. BER RESULTS

In this section, we provide our BER performance results
based on Monte Carlo simulations, in order to numerically
verify the capacity results of Section IV. We considered a
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Fig. 9. The PSD comparisons between NOFDM and OFDM, where the number of subcarrier was fixed to N = 1000. The RRC shaping filter with the
roll-off factor of β = 0.22 was used for NOFDM, and the rectangular pulse was employed for OFDM. (a) α = 0.5, (b) α = 0.25, (c) α = 0.125, and
(d) α = 0.1.

Fig. 10. PAPRs of the proposed EVD-precoded NOFDM schemes with
optimal and truncated PA and the conventional NOFDM scheme without PA,
where the number of subcarriers was given by NOFDM = Nα = 100,
while employing QPSK for all the schemes. The compression factor was
set to α = 0.5, 0.2, 0.1, 0.05, and 0.01, and the roll-off factor of an RRC
shaping filter was given by β = 0.22. The benchmark curve associated with
the classic OFDM based on a rectangular pulse was also plotted.

three-stage serially concatenated turbo-coded architecture [36],
which is portrayed in Fig. 11. At the transmitter, information
bits are encoded by a half-rate recursive systematic cod-
ing (RSC) encoder, and the RSC-encoded bits are interleaved
by an outer interleaver Π1. Then, the interleaved bits are
encoded by the unity-rate coding (URC) encoder. Furthermore,
the URC-encoded bits are interleaved again by an inner inter-
leaver Π2, in order to obtain channel-encoded bits. The same
near-capacity three-stage turbo architecture was also employed
for the conventional NOFDM and OFDM benchmark schemes.

At the receiver, extrinsic information in the form of log-
likelihood ratios (LLRs) is exchanged between the three soft
decoders, i.e., the LLR calculator, URC decoder, and RSC
decoder. The number of inner iterations and that of outer
iterations are denoted Iin and Iout, respectively.

In our simulations, the number of subcarriers in NOFDM
was maintained as N = 1000, and the interleaver length was

given by 20000. Therefore, a total of 20000 channel-encoded
bits were transmitted by 20 NOFDM frames in each Monte
Carlo simulation. As mentioned, in this paper, the effects of
inter-frame interference were ignored, such that ε = 0. The
number of inner iterations and that of outer iterations were
set to Iin = 2 and Iout = 40, respectively.7 Moreover, the
normalized transmission rate R is calculated by

R =
1
2
·

∑N−1
i=0 Ri

(N − 1)α + (1 + β + ε)
[bps/Hz], (95)

where Ri denotes the bit rate of the ith subcarrier. Note that
the bit rate associated with the truncated subcarrier becomes
Ri = 0. Furthermore, under the condition of Nα � 1, R is
approximated by

R � 1
2
·
∑N−1

i=0 Ri

Nα
[bps/Hz]. (96)

Fig. 12 compares the BERs of the proposed EVD-precoded
NOFDM scheme with optimal PA and the conventional
EVD-precoded NOFDM scheme without PA, each employing
BPSK, where the roll-off factor of an RRC filter was given
by β = 0.22. The compression factor was set to α =
0.5, 0.25, 0.125, and 0.1, which corresponded to normalized
transmission rates of R = 1.00, 1.99, 3.97, and 4.94 bps/Hz,
respectively. For comparison, we also plotted the BER curves
of the classical OFDM benchmark schemes with a rectangular
pulse and an RRC-shaped pulse, employing QPSK, 16-QAM,
256-QAM, and 1024-QAM, which exhibited the rates similar
to those of the proposed and conventional NOFDM schemes,
i.e., R = 1.00, 2.00, 4.00, and 5.00 bps/Hz. Also, the SNRs
associated with the capacities of the three schemes were
included, which were calculated from 2(a) and 2(b). Since the
eigenvalues were sufficiently high in the simulated range of
0.1 ≤ α ≤ 0.5, truncation does not have to be activated in the
proposed scheme. Moreover, given an SNR E0/N0, the trans-
mit power of the NOFDM scheme was 2, 4, 8, and 10 times

7In our extensive simulations, it was confirmed that the iterations of Iin =
2 and Iout = 40 were sufficiently high, and any substantial performance
improvement may not be attained with further increase of (Iin, Iout).
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Fig. 11. Transceiver architecture of the proposed three-stage-concatenated turbo-coded EVD-precoded NOFDM with truncated PA.

Fig. 12. BER comparisons of the proposed EVD-precoded NOFDM scheme with optimal PA, the conventional EVD-precoded NOFDM scheme without PA,
and the classical OFDM, each employing the three-stage-concatenated turbo-coded architecture. The compression factor was set to α = 0.5, 0.25, 0.125, and
0.1, while maintaining the roll-off factor of β = 0.22. The proposed and the conventional NOFDM schemes employed BPSK, while the OFDM employed
QPSK, 16-QAM, 256-QAM, and 1024-QAM. The target rates are given by (a) 1 bps/Hz, (b) 2 bps/Hz, (c) 4 bps/Hz, (d) 5 bps/Hz.

lower than that of the OFDM benchmark in Figs. 12(a),
12(b), 12(c), and 12(d), respectively. A further note is that the
PSDs of NOFDM and OFDM in the scenarios of Figs. 12(a),
12(b), 12(c), and 12(d) corresponded to those of Figs. 9(a),
9(b), 9(c), and 9(d), respectively. Observe in Fig. 12 that the
proposed scheme outperformed the conventional NOFDM and
the OFDM schemes for R ≥ 2 bps/Hz, as expected from the
capacity results (Figs. 2(a) and 2(b)). The performance gain
increased upon increasing the transmission rate. By contrast,
the conventional EVD-precoded NOFDM scheme failed to
outperform the OFDM benchmark for each R scenario. This
is caused by the detrimental effects of low channel gains
associated with low eigenvalues. Note that in Fig. 12 both
the proposed NOFDM and the conventional OFDM schemes
exhibited the near-capacity performance, where the BER cliffs

were seen close to the associated capacity bounds. Hence,
the performance advantage of the proposed NOFDM remains
unchanged even if the OFDM attained further performance
improvement by optimizing the channel-coding and modula-
tion schemes.

Fig. 13 shows the BERs of the proposed EVD-precoded
NOFDM with truncated PA in the ultra-dense subcarrier
scenario of α = 0.01, while varying the roll-off factor of
an RRC shaping filter as β = 0.01, 0.22, 0.5, and 0.999.
Here, the constellation sizes used for substreams were adapted
in each β scenario. The threshold was given by th =
10−4. More specifically, the normalized transmission rates
were R = 45.49, 44.60, 43.52, and 41.70 bps/Hz for β =
0.001, 0.22, 0.5, and 0.999, where the ratios of activated
substreams were M/N = 30.3%, 27.0%, 20.2%, an 14.3%,
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Fig. 13. BER performances of the proposed EVD-precoded NOFDM with
truncated PA, where the roll-off factor was set to β = 0.001, 0.22, 0.5, and
0.999. Here, the compression factor was maintained as α = 0.01, and the
threshold was set to th = 10−4.

respectively. Hence, in the simulated scenarios, the lower
the roll-off factor β, the better the achievable BER per-
formance. Additionally, the associated capacity limits were
plotted, according to Fig. 5. It is observed in Fig. 13 that the
gaps between the error-free SNRs and the associated capacity
limits were lower than 2 dB, for β = 0.001, 0.22, and 0.5.

In this paper, we focused our attention on the investigations
of the achievable bound of the NOFDM scheme. To pro-
vide further insights, the proposed NOFDM scheme faces
several challenges and open issues as follows. In this paper,
we assumed the AWGN channel for simplicity. This assump-
tion allows us to carry out the eigenvalue decomposition of
ICI matrix offline. However, in a realistic frequency-selective
fading channel, the results of the eigenvalue decomposition
has to be updated every channel’s coherence time. Further-
more, the associated calculation complexity is significantly
high, especially for a high number of subcarriers N . Next,
in the NOFDM scheme, the sampling rate at the receiver is
1/α (≥ 1) times higher than in the OFDM counterpart. Such
a high sampling rate may not be intractable in the current tech-
nology, especially for a low-α and broadband scenario. Also,
in the proposed NOFDM scheme with truncation, the threshold
that truncates a significantly low eigenvalues depends on the
calculation precision. Hence, there is a tradeoff between the
achievable performance and the calculation precision, similar
to precoded FTN signaling [37].

VIII. CONCLUSION

In this paper, we have proposed EVD-precoded NOFDM
with optimal and truncated PA. Based on the eigenvalue-
decomposed independent parallel substreams, the capacities
of the conventional and proposed EVD-precoded NOFDM
schemes were derived as extensions of the classical capacity
of the OFDM counterpart. The derived capacities were used
for optimizing the PA coefficients of the proposed scheme.
Our theoretical analysis showed that the proposed scheme
achieves higher performance than the conventional NOFDM
scheme and the classical OFDM. To eliminate the limitations
imposed by significantly low eigenvalues on our optimal PA,

we introduced the concept of truncated PA into our scheme.
Numerical simulation results demonstrated that the proposed
schemes outperformed the conventional scheme and OFDM,
without imposing any substantial spectrum broadening or any
excessive PAPR increase.
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