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ABSTRACT

In the context of spectrum sharing, a loss in spectral efficiency

is incurred due to required guard bands needed for a desired

co-channel interference level between systems. Our main in-

terest is to show whether FTN signaling can recover the loss

of spectral efficiency (SE) due to guard bands by adjusting the

symbol duration and tolerating ISI in practical coexistence

scenarios. In this paper, the SE of FTN signaling is inves-

tigated taking into account a practical multi-access channel,

where a single-carrier system based on Nyquist or FTN sig-

naling shares spectrum with a multi-carrier system. A single-

user based on OQAM/OFDM system is considered as refer-

ence system. Simulation results show that by choosing an

appropriate symbol duration, FTN signaling can recover the

loss of SE at high SNRs. Furthermore, in coexistence scenar-

ios with small guard bands, using FTN the SE curve is very

close to that of the single-user reference system.

Index Terms— Faster than Nyquist (FTN) signaling;

Spectral efficiency; Multi-access channel

1. INTRODUCTION
FTN signaling is considered as a promising technique to im-

prove the bandwidth efficiency of conventional Nyquist rate

modulation schemes in future communication systems. In

FTN signaling systems, information symbols are transmitted

at a rate higher than that suggested by the Nyquist theorem

for having an ISI free transmission. As a result, inter-symbol

interference (ISI) is induced.

The concept of FTN signaling was proposed and evalu-

ated first by Mazo in 1975, [1]. In this study, the minimum

Euclidean distance at the receiver of a single-carrier FTN sig-

naling system using the sinc pulse shape is investigated. It

is shown that the information symbols can be transmitted at

a rate up to 25% higher than Nyquist signaling without hav-

ing any loss in the Euclidean distance resulting in the same

BER. Accordingly, a symbol duration of 0.802T is specified

as Mazo limit for the sinc pulse shape with binary input.

The constrained Shannon capacity of FTN signaling was

investigated first by Rusek and Anderson in [3]. They prove

that the loss in capacity due to the excess bandwidth can be

regained using FTN signaling. Therefore, using non-sinc

pulse shaping FTN delivers higher capacities compared to

the Nyquist signaling. Furthermore, the study in [6] confirms

the results of FTN capacity presented in [3] and additionally

indicates that the asymptotic capacity gain achieved by FTN

tends to be equal to the excess bandwidth for high SNRs.

However, in practice the asymptotic region (for large SNRs)

is not of main interest. It is much more important to consider

the SNR region (operational SNRs), where a given system is

able to achieve a target Block Error Ratio (BLER).

In this paper, we consider a coexistence scenario, where

multiple heterogeneous devices communicate with the base

station, including mobile services and machine-type commu-

nication (MTC) devices. A certain fraction of the frequency

band is allocated to each user/service. Due to low complexity

and low peak-to-average power ratio, single carrier technique

is a promising candidate for MTC. In in-band coexistence sce-

narios, where a single carrier system is operated in a band ad-

jacent to a multicarrier system, a loss in spectral efficiency is

incurred due to a required guard band needed to keep the co-

channel interference under a predefined level. In our work,

we focus on the question whether FTN signaling can recover

loss of SE caused by guard bands and excess bandwidth by

adjusting the data rate higher than the rate known from the

Nyquist criterion under practical conditions of use.

The rest of this paper is organized as follows. In Section

II, we describe the considered system models. An overview

of the considered pulse shaping filters is given in Section III.

The considered scenarios and related performance evaluation

are described in Section IV. Section V presents the simulation

results and finally a conclusion is drawn.

2. SYSTEM MODEL

In this section, we provide first a description of a single-

carrier system model, followed by the OQAM/OFDM system

model.

2.1. Single Carrier System Model
At the transmitter side, after the modulation block the FTN

mapper is applied. The discrete transmit signal for a single-
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carrier FTN system is given as follows

s(n) =
∑
m

dmp(n−mτP ), 0 < τ ≤ 1 (1)

with the oversampling factor P = TFs. Here, T and Fs are

the symbol period and the sampling frequency, respectively.

p(n) stands for a real-valued discrete pulse shape having unit

energy. A system with τ = 1 corresponds to the Nyquist

signaling for an orthogonal transmission scheme. For FTN

signaling τ < 1 and the pulse shapes are no longer orthogo-

nal.

In the considered system model, the signal is transmitted

through an AWGN channel, so that the received signal y(n)
is given by

y(n) = s(n) + w(n), (2)

where w(n) is the noise signal. At the receiver side, the re-

ceived signal y(n) passes through the FTN demapper, which

consist of a matched filter p∗(−n) having the same pulse

shape used at the transmitter side and a pre-whitening fil-

ter applied to decolor noise. To eliminate the ISI resulted

by FTN, a FTN detection based on the Viterbi algorithm is

applied after the FTN demapper. Finally, the deinterleaving

and channel decoder blocks are deployed. Since Nyquist sig-

naling guarantees an ISI free transmission, the pre-whitening

process and FTN detection are not required at the receiver

side in the case of Nyquist signaling over AWGN channel.

2.2. OQAM/OFDM System Model
A multi-carrier based on OQAM/OFDM technology is con-

sidered as a promising candidate for future communication

system due to better spectral properties compared to OFDM

technology. In OQAM/OFDM systems, the discrete transmit

signal s(n) can be expressed as

s(n) =
∞∑

m=−∞

k=K/2−1∑
k=−K/2

jm+kdk,mpk(n−mτ0K), (3)

where dk,m is a real valued OQAM/OFDM symbol, which is

mapped to the kth subcarrier at the mth OQAM/OFDM sym-

bol. The parameter K represents the total number of subcar-

riers and pk(n−mτ0K) is the real valued and even transmit

pulse shape modulated to subcarrier k at the mth symbol. In

general, the transmit pulse shape pk(n) is given by

pk(n) = p(n)e−2jν0k
n
K . (4)

Here, the normalized symbol duration τ0 = 0.5 and the

normalized subcarrier spacing ν0 = 1 are specified for the

OQAM/OFDM system. At the receiver side, after apply-

ing the modulated receiver pulse shape q
˜k(n) = p∗

˜k
(−n) =

p
˜k(n), the estimated real-valued OQAM symbol d̂

˜k,m̃ can be

calculated using

d̂
˜k,m̃ = �

{
j−(˜k+m̃)

∞∑
n=−∞

r(n)q
˜k(n− m̃τ0K)

}
, (5)

where r(n) is the received signal. More detail information

about the OQAM/OFDM transmission scheme and related

implementation structures are presented in [5] and [7].

3. PULSE SHAPING OVERVIEW
In a single-carrier system, a pulse shape g(n) is used to min-

imize ISI that meets the Nyquist criterion. In practical im-

plementations, g(n) is the convolution of the transmitter side

pulse shaping filter p(n) and related matched filter at the re-

ceiver side p∗(−n), i.e. g(n) = p(n) ∗ p∗(−n). Based on

the characteristics of the mobile radio channel, pulse shap-

ing filters can be designed and optimized to minimize ISI and

intercarrier interference (ICI).

In this paper, we consider the Nyquist pulse shapes such

as the rRC, Phydyas and extended Gaussian Functions (EGF)

pulse shapes. The Phydyas and EGF pulse shapes are under

discussion for future wireless communication systems. More

descriptions about these pulse shapes are presented in [8].

The excess bandwidth of a pulse shape indicates how much

the spectrum of a pulse shape extends over a given Nyquist

bandwidth W0 = 1
T and is defined as W − W0, whereby

W is the total bandwidth of the pulse shape. Therefore, the

excess bandwidth factor can be expressed as follows:

β =
W −W0

W0
. (6)

The related equivalent excess bandwidth factor of the applied

pulse shapes is evaluated and summarized in [8].

4. CONSIDERED SCENARIOS
In this section, we provide a description of the considered co-

existence scenarios and derive the metrics for analyzing the

coexistence performance. The considered coexistence sce-

nario is illustrated in Fig. 1, assuming that the multi-carrier

system occupies a frequency band of bandwidth WMC . A

frequency band of bandwidth Wsc = B −WMC is allocated

for the single-carrier system including the guard band (GB)

between the two systems. The available frequency band B is

divided into K virtual subcarriers with a carrier spacing of

Δf , and Kac subcarriers are active for the multi-carrier sys-

tem. The following scenarios are considered:

• Scenario 1: the frequency band B is occupied completely

by an OQAM/OFDM system with Kac = K

• Scenario 2: the frequency band B is occupied by an

OQAM/OFDM and a single-carrier Nyquist system

• Scenario 3: the frequency band B is occupied by an

OQAM/OFDM and a single-carrier FTN system

In scenario 1, we assume that the multi-carrier system

achieves the maximum SE for a given bandwidth B. In sce-

nario 2 and 3, a guard band is required between the two

systems to keep the co-channel interference under a given

level. As a result, the SE decreases with increasing the re-

quired guard band. The main aim of this study is to show

whether FTN signaling can compensate the SE loss, so that
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Fig. 1. Coexistence Scenarios

scenario 3 achieves the same SE as in scenario 1. In the

following, the analysis of the co-channel interference is pre-

sented first, followed by the SE analysis of the considered

scenarios.

4.1. Analysis of Multi-access Interference
In the coexistence scenarios 2 and 3, the received signal at the

OQAM/OFDM receiver for the ideal transmission is given by

roqam(n) = soqam(n) + ssc(n) + w(n), (7)

where soqam(n) and ssc(n) are the transmit OQAM/OFDM

and single-carrier signals, which are given by (3) and (1),
respectively. The signal w(n) stands for the noise at the

OQAM/OFDM receiver. In order to determine the required

guard band between the two systems, we are interested in the

interference caused from the single-carrier system to the edge

subcarrier of the OQAM/OFDM system, which is denoted

as the neighbor subcarrier of the single-carrier system. As-

suming that fsc is the center frequency of the single-carrier

system and that it corresponds to the lth subcarrier in the

virtual subcarrier grid of K carriers and k̃ is the neighbor

subcarrier of the single-carrier system, the transmit signal of

the single-carrier system can be expressed as

ssc(n) = sftn(n)e
−j2πn l

K (8)

where the signal sftn(n) is given by (1). Inserting (3) and

(8) into (7) results in the following general expression for the

estimation of the received OQAM/OFDM symbol d
˜k,m̃

d̂
˜k,m̃ = �

{
j−(˜k+m̃)

∞∑
n=−∞

roqam(n)q
˜k(n− m̃τ0K)

}
. (9)

Consequently, the caused interference power from the single-

carrier system to the estimated real-valued OQAM/OFDM

symbol d̂
˜k,m̃ is determined using

Ire(m̃)=

∣∣∣∣∣�
{
j−(˜k+m̃)

∞∑
n=−∞

ssc(n)q˜k(n−m̃τ0K)

}∣∣∣∣∣
2

(10)

where ν = l− k̃ is the subcarrier offset, which corresponds to

the frequency distance between the two coexisting systems.

Inserting (1) and (8) into (10), we obtain

Ire(m̃)=

∣∣∣∣∣�
{
j−(˜k+m̃)

∞∑
n=−∞

∑
m

dmp(n− μ)q(n)e−j2πn ν
K

}∣∣∣∣∣
2

,

(11)

where μ = mτP − m̃τ0K represents the time offset between

the two systems. Assuming E{|dm|2} = 1 and utilizing the

cross-ambiguity function A(μ, ν) given by

A(μ, ν) =
∞∑

n=−∞
p(n− μ)q∗(n)e−j2πn ν

K , (12)

equation (11) can be rewritten as

Ire(m̃) =
∣∣∣�{

j−(˜k+m̃)A(μ, ν)
}∣∣∣2 (13)

Since transmitted symbols of the single-carrier system are

complex and the transmitted PAM symbol of the OQAM/OFDM

system is either in-phase (real part) or the quadrature (imag-

inary part) components of complex QAM symbols, the inter-

ference power is calculated using

I(m̃) = max {Ire(m̃), Iim(m̃)} , (14)

where Iim(m̃) =
∣∣∣�{

j−(˜k+m̃)A(μ, ν)
}∣∣∣2.

4.2. Spectral Efficiency Analysis
For a given allocated bandwidth [−W,W ], the optimal

Nyquist pulse shape is a sinc pulse shape with a symbol

duration of T = 1/2W . However, a sinc pulse shape is im-

practical and typically the rRC pulse shape with the excess

bandwidth factor β is used. If an rRC pulse occupies the same

bandwidth [−W,W ], a symbol duration of T = (1+ β)/2W
can be chosen for having ISI free transmission. Thus, in com-

parison to sinc pulse, the rRC pulse suffers a loss in SE of

1/(1+β). In FTN signaling, by setting τT < (1+β)/2W the

loss may be reduced. For a given bandwidth B, the achieved

SE (the normalized data rate) at high SNRs is calculated

according to

η =
R

B
=

Rc log2 M

TB
, (15)

where R stands for the achieved sum rate and Rc represent the

channel code rate. The parameters M and T are the modula-

tion order and the symbol duration, respectively. In scenario

1, where only an OQAM/OFDM system operates in the whole

frequency band B, the SE is given as

η1 =
KRc log2 M

ToqamB
. (16)

Here, Toqam is the OQAM/OFDM symbol duration. Assum-

ing that B = K
Toqam

and Δf = B
K , we obtain

η1 = Rc log2 M. (17)

In the coexistence scenario 2 and 3, it is assumed that both

systems have the same code rate and modulation order, the

achieved sum rate at high SNRs is calculated using

R =

(
K − KWsc

B

)
Rc log2 M

Toqam︸ ︷︷ ︸
Rate of OQAM system

+
Rc log2 M

τTsc︸ ︷︷ ︸
Rate of SC system

. (18)
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where Wsc = B − WMC is allocated bandwidth for the

single-carrier system including the required guard band, and

Tsc is the Nyquist symbol duration of the single-carrier sys-

tem. Inserting (18) into (15) with B = Fs and Tsc = PFs

results in

ηC =

(
1− Wsc

B
+

1

τP

)
Rc log2 M, (19)

where ηC with τ = 1 and τ < 1 stand for the SE of scenario

2 and 3, respectively. According to (19), it can be seen that in

the considered multi-access channel a loss in SE is incurred

due to the guard band between the two systems using Nyquist

signaling. In scenario 2 the loss in SE increases with increas-

ing the guard band. Furthermore, in the single-carrier system

the excess bandwidth of the used pulse shape also results in a

SE loss. In scenario 3 by choosing an appropriate FTN factor

τ , the loss in SE may be compensated.

5. SIMULATION RESULTS

To evaluate the coexistence performance in terms of co-

channel interference and SE, all simulations are performed

for 1000 frames, each consisting of 104 bits, and different

modulation pulse shaping filters are used. For the single-

carrier system an oversampling factor of 8 is considered for

the used pulse shapes. All pulse shapes have an overlapping

factor of 4. The whole frequency band B is divided into 128

virtual subcarriers. We assume that both systems use the

same modulation scheme, channel coding and pulse shape. In

the following, the simulation results are shown and discussed

in depth.

5.1. Coexistence Performance in term of Interference
In this section, the interference from the single-carrier Nyquist

signaling system to the edge subcarrier of the OQAM/OFDM

system depending on the frequency distance ν is investi-

gated. Fig. 2 depicts the coexistence performance in terms of

interference leakage for different pulse shapes, where the fre-

quency distance ν is counted in number of virtual subcarriers.

It can be seen that the frequency distance and the required

guard band between the two systems scales with the excess

bandwidth of the applied pulse shape. More specifically,

for an interference value of around -22 dB the frequency

distance ν is equivalent to
(1+β)K

2P , which corresponds to

WSC = (1+β)K
P .

5.2. Spectral Efficiency
For the SE evaluation, both systems use a convolutional

coder (177, 131). The achieved SE, η = R/B is calculated

by η = (1 − BLER)Rc log2 M . In order to perform the

spectral efficiency improvement achieved by FTN signaling,

a single user based on OQAM/OFDM system is considered

as the reference system (scenario 1). Assuming that in the

single user system, the OQAM/OFDM system achieves the

maximum SE, our goal here is to investigate whether FTN

Frequency distance [number of subcarrier]
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Fig. 2. Interference power versus frequency distance

can enable achieving the same SE given by the single-user

OQAM/OFDM system. Note that for any WSC , in order

to compensate the SE loss in coexistence scenarios we have

to adjust the FTN factor τ according to (19). For keeping

the interference power below -22 dB, in order to recover the

SE loss we have to set the FTN factor τ = 0.7692 ≈ 0.75
and τ = 0.5 for the case of using an rRC pulse shape with

β = 0.3 and β = 1, respectively.
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Fig. 3. SE of three considered scenarios at an interference

power of -22 dB with a code rate of 0.5

Fig. 3 illustrates the SE for the cases that both system use

an rRC pulse shape of β = 0.3 and β = 1, respectively. Here,

a code rate of 1/2 is used. Fig. 3 indicates that in coexistence

scenario 2 the excess bandwidth and guard band result in SE

loss. Furthermore, in scenario 3 FTN signaling can recover

completely the loss in SE at high SNRs. An interesting obser-

vation is that FTN signaling can start to recover the SE loss

from a SNR value of 6 dB and 7 dB for the case of β = 0.3
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and β = 1, respectively, and after that the spectral efficiency

loss is completely recovered. More specifically, the SE loss

and the corresponding equivalent guard band at a SNR value

of 7 and 8 dB are given in Table 1. It can be seen that in

the case of β = 0.3, due to small guard band the SE curve

of scenario 3 is very close to that of scenario 1, and from a

SNR value of 7 dB, where the OQAM/OFDM system starts

to achieve the maximum SE (operational SNR), the loss is al-

ready recovered. However, in case of β = 1, due to large

guard band at a SNR value of 7 dB only 1% the SE loss can

be recovered using FTN. The reason for this is that for large

guard band, in order to recover the SE loss we have to set

a smaller value for τ , which leads to more ISI in the FTN

system. This in turn leads to poor BLER performance of the

system.

Table 1. SE loss and related equivalent guard band of coexis-

tence scenarios
Pulse shape Performance Scenario 2 Scenario 3

rRC SNR 7 dB 8 dB 7 dB 8 dB

β = 0.3 SE loss ≈ 4% 4% 0% 0%

Eq.Guard band (nCarr) ≈ 6 ≈ 6 0 0

rRC SNR 7 dB 8 dB 7 dB 8 dB

β = 1 SE loss 13% 12.5% 12% 0.6%

Eq.Guard band (nCarr) ≈ 17 ≈ 16 ≈ 15 ≈ 1

We consider now the SE performance at an interference

power of -15 dB. At this interference level, the frequency

distance ν is about 13 virtual subcarriers (see Fig. 2) cor-

responding to Wsc ≈ 29 subcarriers. According to (19), in

order to recover the SE loss we have to set FTN signaling fac-

tor τ = 0.552 ≈ 0.6. The SE for this case is shown in Fig.

4. It can be seen that due to the smaller guard band corre-

spondingly a larger τ is needed, thus the SE curve of scenario

3 is close to that of scenario 1. However, due to the rounding

applied for factor τ FTN does not fully achieve the maximum

SE.
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Fig. 4. SE of three considered scenarios at an interference

power of -15 dB using a rRC pulse shape β = 1 with a code

rate of 2/3

6. CONCLUSION
In this paper, we investigated spectral efficiency of coexis-

tence scenarios, where a single-carrier system using Nyquist

or FTN signaling shares spectrum with a multi-carrier system.

Simulation results show that FTN signaling can recover com-

pletely the loss of SE due to guard bands between systems

and excess bandwidth of the applied pulse shape in high SNR

regime. For any other operational SNR, the spectral efficiency

loss can be regained by choosing an appropriate FTN rate.

Furthermore, in coexistence scenarios with small guard band

and excess bandwidth, using FTN signaling the SE curve is

close to that of the single-user reference system. This leads

to the conclusion that FTN signaling technique is able to im-

prove the overall spectral efficiency in coexistence scenarios.
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