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Abstract—In this study, we investigate the system perfor-
mance of multiple-input multiple-output (MIMO) faster-than-
Nyquist (FTN) signaling in the context of power amplifier
(PA) non-linearity under multipath fading channels. We apply
a more general MIMO-FTN precoded orthogonal frequency
division multiplexing (OFDM) system model and provide the
corresponding input-output relationship. For the PA model, the
Rapp model is adopted to characterize the effect of non-linear
distortion. We intend to investigate system performance through
simulations under the following conditions: employing the MIMO
configuration, utilizing the FTN signaling scheme, operating in
a multipath environment, and accounting for PA non-linearity.
This aspect has received relatively limited attention thus far. The
simulation results reveal that FTN signaling still performs better
than Nyquist signaling under the fixed transmission rate. For
more comprehensive research, the effects of PA non-linearity are
also simply demonstrated.

Index Terms—Faster-than-Nyquist (FTN) signaling, multiple-
input multiple-output (MIMO), power amplifier (PA) non-
linearity, colored noise, multipath channel.

I. INTRODUCTION

Recently, the standards for sixth-generation wireless com-
munication (6G) are in ongoing discussion and envisioned to
support Tbps-level peak data rates to fulfill the exponentially
increasing traffic demand for mobile broadband services [1],
[2]. Generally, conventional wireless communication systems
frequently adopt the Nyquist criterion in the system design
to achieve inter-symbol interference (ISI)-free transmission.
Under the Nyquist criterion, the symbol period is lower-
bounded by a specific value T0, which is the reciprocal of the
system bandwidth. To break the limitation and achieve higher
data rates and spectral efficiency, a concept called faster-than-
Nyquist (FTN) signaling has gradually come into researchers’
view since the 1970s [3]–[6].

In FTN signaling, the symbol period of the data transmis-
sion is chosen as a compressed one of T = ζT0, where ζ
represents the compression factor (or symbol packing ratio) in
the time domain. By relaxing the orthogonality characteristics
and allowing ISI intentionally, the data rate is expected to
be improved without the bandwidth expansion compared to

Nyquist signaling [3], [4]. However, in exchange for the
transmission rate, ISI will lead to performance degradation
in the FTN systems.

Aside from squeezing the transmitted data, applying mul-
tiple antennas at the transceiver side is another well-known
method to realize a higher transmission rate effectively. Con-
sequently, over the past few decades, FTN signaling under
multiple-input multiple-output (MIMO) configuration has at-
tracted significant attention [7]–[11]. First, the Mazo limit of
a MIMO channel was investigated in [7]. The authors in [8]
proposed a MIMO-FTN-single carrier (SC) signaling method
and a low-cost decision feedback and frequency domain equal-
ization (FDE) algorithm. The authors in [9] considered the
MIMO-FTN systems employing SC-FDE, where the equaliza-
tion matrices included the impact of colored noise and were
approximated to reduce the computational complexity. In [10],
[11], capacity expressions for MIMO-FTN-SC systems under
frequency flat and frequency selective channels were derived
and the superiority of the MIMO technique was also verified.

As mentioned previously, ISI induced by FTN signaling
is inevitable, which will also influence the peak-to-average-
power ratio (PAPR) of the transmitted signal. Meanwhile,
when the signal is transmitted in practical systems, higher
PAPR might probably suffer from amplitude distortion owing
to the nonlinear region of power amplifiers (PA), which was
not considered in the above MIMO works. In [12], the impact
of non-linearities was shown and FTN signaling was regarded
as a promising solution to reduce the PAPR under a constant
transmission rate by utilizing lower-order modulation schemes.
Based on the aforementioned pioneering work, the authors
in [13] investigated the performance of single-input single-
output (SISO)-FTN signaling considering PA non-linearity
under multipath fading channels.

Distinct from the above literature, this work extends the
current research to MIMO schemes and studies the perfor-
mance evaluations of FTN signaling in the presence of PA
non-linearity. We adopt a more general MIMO-FTN system
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Fig. 1: The MIMO-FTN signaling system block diagram.

to support the most widely-used waveforms like SC-FDE. To
characterize the PA non-linearity, the Rapp model [14], [15] is
used in our computer simulations. With such imperfection, the
performance comparisons between FTN and Nyquist signaling
are revealed assuming the same-bit transmission, which clari-
fies the effectiveness of MIMO-FTN signaling under multipath
fading channels.

The rest of the paper is organized as follows. Section II
introduces a MIMO system utilizing FTN signaling, followed
by the mathematical analysis including spatial and spectral
precoding, and the expressions of equalizers considering the
colored noise are introduced. Simulation results reveal the
advantages of MIMO-FTN signaling in terms of bit error
rate (BER) and normalized throughput under multipath fading
channels and PA non-linearity in Section III. Finally, this study
concludes in Section IV.

II. SYSTEM MODEL

First, we introduce a more general MIMO-FTN system
model in this study. The transceiver block diagram of a
MIMO-FTN-SCFDE can be schematized in Fig. 1. The
transmitter and the receiver are equipped with Nt and Nr

antennas, respectively. For the p-th data stream (0 ≤ p ≤
Nt − 1), an N -length complex-valued symbol vector sp =
[sp,0, · · · , sp,N−1]

T ∈ CN with zero mean and unit variance
is transmitted. At the transmitter, each symbol vector is multi-
plied by a precoding matrix P followed by an N -point inverse
discrete Fourier transform (IDFT) matrix FH

N , whose (m,n)-th
entry is ej2πmn/N/

√
N . Next, a G-length cyclic prefix (CP) is

inserted in front of the information-bearing signal xp to avoid
inter-block interference (IBI):

xcp,p = AcpF
H
NPsp, Acp =

[
0G×(N−G) IG

IN

]
. (1)

After the CP insertion, a pulse-shaping filter g(t) is applied to
the CP-inserted signal xcp,p of length N +G with n-th entry
[xcp,p]n in the time domain. Throughout this study, we assume
g(t) is a root-raised cosine (RRC) filter with a roll-off factor
α and unit energy [16]. To realize the FTN transmission, the

symbol is sampled by the interval T to generate the pulse-
shaped FTN signal:

xcp,p(t) =

N+G−1∑
n=0

[xcp,p]ng(t− nT ), T = ζT0, (2)

where T0 is the minimum symbol interval under the Nyquist
criterion, and ζ, 0 < ζ ≤ 1 represents the compres-
sion/squeezing factor in the time domain. We assume each
pulse-shaped FTN signal stream is sent over a frequency-
selective channel with channel order L hq,p ∈ CL between
the p-th transmit antenna and the q-th receive antenna (0 ≤
q ≤ Nr − 1), where the channel coefficients are denoted by
[hq,p]l (l = 0, 1, · · · , L− 1).

At the receiver, a matched filter g∗(−t) is adopted to
maximize the received signal-to-noise ratio (SNR) [17], [18],
and the resultant signals are also sampled at interval T .
Therefore, the filtered signal of the q-th receive branch yq(t)
can be represented as [9]

yq(t) =
Nt−1∑
p=0

L−1∑
l=0

∑
n

[hq,p]l[xcp,p]nγ(t− (l + n)T ) + ηq(t),

(3)

where

γ(t) =

∫ ∞

−∞
g(ξ)g∗(t− ξ)dξ, ηq(t) =

∫ ∞

−∞
nq(ξ)g

∗(t− ξ)dξ,

(4)

and nq(t) represents a complex additive white Gaussian noise
(AWGN) of q-th receive antenna with variance N0. Then, the
CP removal is performed, and the N -length received time-
domain signal a ∈ CN can be obtained as

aq =

Nt−1∑
p=0

RcpHISI,q,pxcp,p + ηq,

Rcp =
[
0N×G

2
IN 0N×G

2

]
,

(5)

where Rcp denotes the CP removal matrix, HISI,q,p ∈
C(N+G)×(N+G) describes the channel matrix including the
effects of ISI induced by FTN signaling and the multipath
fading, and ηq is the sampled version of ηq(t). Specifically,
the (k,m)-th entries of HISI,q,p can be calculated by

[HISI,q,p]k,m =

L−1∑
l=0

[hq,p]lγ(kT − (m+ l)T ). (6)

Moreover, in this study, we assume the CP length is sufficiently
long as G > 2L and g(kT ) = 0, |k| > G

2 . Under these
assumptions, the approximated channel matrix Hq,p,approx =
RcpHq,p,ISIAcp will become circulant, and the input-output
relationship is given by [18]

aq ≈
Nt−1∑
p=0

Hq,p,approxxp + ηq. (7)
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Fig. 2: Illustration of the spatial and spectral precoding.

where xp denotes the signal vector of p-th transmit antenna
after CP insertion. Based on the circularity above, Hq,p,approx
can be diagonalized by the DFT matrices Hq,p,approx =
FH

NΛq,pFN . When G is not long enough, Hq,p,approx will no
longer be circulant. In such a condition, the off-diagonal terms
in Λq,p appear and will consequently be detrimental to the
detection performance.

Subsequently, we turn to analyze the overall input-output
relationship based on the MIMO systems. The precoding
procedures of a MIMO system can be divided into spectral and
spatial modulation [19] as Fig. 2 shows, corresponding to the
frequency and spatial domain, respectively. With the derivation
given in [19, Lemma 1], an overall effective channel matrix
Heff can be defined:

Heff = Wspec ◦ (HWspat) (8)

where Wspec ∈ CNrN×NtN represents the extended spectral
precoding matrix calculated by P in (1), ◦ symbolizes the
Hadamard product, H ∈ CNrN×Nt collects MIMO channel
coefficients, and Wspat ∈ CNt×NtN concatenates the spatial
precoded matrices on the subcarrier level, i.e., Wspat =
[W0,spat, · · · ,WN−1,spat]. To simplify the analysis, we choose
the case with Wn,spat = INt , n = 0, · · · , N − 1 in this study,
and the comparisons between different spatial precoders will
be left for future work.

On the other hand, because each coefficient of the precoding
matrix P will affect all the Nr ×Nt MIMO channel matrices
equivalently for each subcarrier, the spectral precoding matrix
Wspec is obtained by

Wspec = P⊗ 1Nr,Nt (9)

where ⊗ denotes the Kronecker product and 1Nr,Nt
denotes

an all-ones matrix with size Nr ×Nt.
Finally, for the collection of MIMO channels H, it is

acquired by rearranging the diagonal matrices Λq,p based on
the subcarrier index as

Hn =

 [Λ0,0]n,n · · · [Λ0,Nt−1]n,n
...

. . .
...

[ΛNr−1,0]n,n · · · [ΛNr−1,Nt−1]n,n

 ∈ CNr×Nt

(10)

and channels per-subcarrier Hn further comprise H =
[HT

0 , · · · ,HT
N−1]

T . Next, we also need to rearrange other re-
lated vectors in a similar way. Here, we define the overall input

data vector as t = [tT0 · · · , tTn · · · , tTN−1]
T ∈ CNtN , tn =

[sn,0 , · · · , sn,Nt−1]
T , and the received signal aq , noise vector

ηq in (7) as r,η. The overall transmission from t to r can be
expressed as an single MIMO transmission:

r = Hefft+ η. (11)

After clarifying the input-output relationship, the next step
is signal recovery by frequency domain equalization (FDE).
An N -point DFT converts the received signal of each antenna
to the frequency domain followed by a FDE matrix in the
minimum mean square error (MMSE) sense, which is mathe-
matically equivalent to [6], [20]:

WMMSE =

HH
eff(HeffH

H
eff +

1

Es
(FH

N ⊗ INr
)E[ηηH ](FN ⊗ INr

))−1.

(12)

where Es represents the power of the transmitted signal.
However, because the sampling rate at the receiver is set
to be faster than the Nyquist rate, the noise at each receive
antenna ηq would become colored noise, whose corresponding
covariance matrices are computed by

E[ηqη
H
q ] = N0Γ ∈ RN×N ,

[Γ]k,m = γ((k −m)T ).
(13)

If the covariance matrix is far from diagonal, the term E[ηηH ]
will break the subcarrier-wise calculation and lead to high
computation complexity when one computes the inverse oper-
ation in (12). Thus, to maintain the diagonality of E[ηηH ], [6]
proposed that the noise-related term FH

NE[ηqη
H
q ]FN in (13)

can be approximated by a diagonal matrix N0Φq to reduce
the computation loading, whose n-th diagonal entry is

[Φq]n =
1

N

N−1∑
k=0

N−1∑
m=0

g((k −m)T )e(
j2π(k−m)n

N ). (14)

Finally, we can linearly obtain the time-domain estimated data
vector t̂ by t̂ = WMMSE(FN ⊗ INr

)r.

III. SIMULATION RESULT

Computer simulations by MATLAB are performed in this
section to demonstrate the effectiveness of MIMO config-
uration with FTN signaling and compare the performance
difference between SC-FDE (P = FN ) and OFDM (P = IN )
systems under multipath fading channels and PA non-linearity.
The data block, CP, and channel lengths are set to be N = 128,
G = 30, and L = 30, respectively. The constellation pattern
for 16APSK with unit average power is [4, 12], of which 4
inner points are concentric with inner/outer radius ratio = 2.57.
Moreover, we assign the channel coefficients [h]l of an L-tap
fading channel with the distribution CN (0, 1/L) and assume
the channel estimation is ideal. To acquire more accurate
results, at least 5000 Monte Carlo trials are conducted for
each parameter setting.
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Fig. 3: The input/output relationship of the Rapp model.
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Fig. 4: PAPR performance of systems with α = 0.5 employing 8PSK (ζ =
0.75), 16QAM (Nyquist), and 16APSK (Nyquist) before the PA.

To describe the effect of PA non-linearity, the Rapp model
is adopted. The input-output relationship of a PA employing
the Rapp model can be expressed as [14], [15]

Aout(t) =
νAin(t)

[1 + (Ain(t)
Asat

)2ρ]
1
2ρ

, (15)

where ν is the small signal gain, Ain(t) and Aout(t) are the
amplitudes of input and output signals, respectively, and Asat
is the saturation amplitude determined by the input back-
off (IBO) ξ = |Asat|2/E{|yq(t)|2}. When ξ → ∞, the
PA non-linearity will be absent, and (15) becomes a linear
operation (i.e., ideal PA). The effect of the Rapp model on
the input/output amplitudes of a PA is simply depicted in Fig.
3. Herein, the nonlinear factor ρ is chosen as 0.81 [15] and
without loss of generality, ν is set to be 1.

First, the PAPR performance before the PA is shown in Fig.
4. In the simulation, the compressing factors are chosen based
on the criterion of same-bit transmission. For example, the 4-
bit transmission considered in Fig. 4 corresponds to Nyquist-
16APSK, Nyquist-16QAM, and FTN-8PSK with ζ = 0.75 de-
cided by the factor (log2M)/ζ. It can be found that for pulse-
shaping SC-FDE systems, FTN-8PSK is slightly better than

Nyquist-16APSK/16QAM due to the symbol compression of
FTN, which allows a lower level of modulation scheme, but
all of them still outperform OFDM cases as expected.

Hereafter, signals go through the Rapp model and expe-
rience the potential distortion. For the value of IBO, [15]
suggests 0.5dB for SC-FDE and 8dB for OFDM. To take a
balanced value for the comparisons, we consider ξ = 5dB
for PA non-linearity unless otherwise specified. Besides, in
this study, system throughput is also selected as one of the
performance metrics. To calculate the system throughput,
we approximate it by a binary entropy function H(x) =
−xlog2x − (1 − x)log2(1 − x), which is given by [6], [9],
[21]

Throughput =
N

N +G

Nt−1∑
p=0

log2M
ζ(1 + α)

(1−H(Pe,p)) (16)

where M and Pe,p denote the constellation size of the modu-
lation scheme and the bit error rate (BER) of the p-th stream
obtained by the numerical simulations, respectively.

Next, we reveal both BER and throughput performance
when α = 0.5 and Nt = Nr = 2. In every case, the carrier-to-
noise ratio (CNR) is defined as CNR = Eb/N0× log2M (dB),
where Eb represents the energy per bit. In Fig. 5, one can

-15 -10 -5 0 5 10 15 20 25 30 35 40
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

4-bit, Nt=2, IBO=5dB

(a) BER

-15 -10 -5 0 5 10 15 20 25 30 35 40
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

T
h

ro
u

g
h

p
u

t 
(b

p
s
/H

z
)

4-bit, Nt=2, IBO=5dB

(b) Throughput

Fig. 5: Performance comparisons between 2 × 2 MIMO-FTN and Nyquist
signaling under 4-bit transmission with ξ = 5 dB.
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observe that FTN signaling accompanies better performance
than conventional Nyquist signaling. This is also because the
modulation scheme of lower order is utilized when the symbol
period is compressed but the transmission rate is still retained.
In both FTN and Nyquist signaling, SC-FDE outperforms
OFDM from approximately CNR = 15 dB (M = 8) and
CNR = 20 dB (M = 16), which results from better frequency
diversity exploited by MMSE-SCFDE [22, Chap. 6, 7].

Finally, in Fig. 6, we provide a comparison including
the impact of PA non-linearity on the BER performance.
As expected, performance degradation appears when IBO is
introduced and becomes more severe with decreasing ξ. This
phenomenon originates from the fact that the distorted signals
might invoke probable detection errors. FTN-8PSK has better
asymptotic performance than others because the distortion
induced by PA non-linearity has less influence on the signal
employing a lower level of modulation scheme, which has a
larger minimum Euclidean distance (MED). Moreover, it can
be seen that increasing IBO leads to less improvement for
OFDM cases because of the inter-carrier interference (ICI)
caused by signal compression.
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Fig. 6: BER performance of 2 × 2 MIMO-FTN signaling under 4-bit
transmission with and without PA non-linearity when Eb/N0 = 20 dB.

IV. CONCLUSION

In this study, the performance of MIMO-FTN systems in
the context of PA non-linearity was investigated. We intro-
duced a MIMO-FTN system model and included SC-FDE and
OFDM systems for the comparisons, where spatial and spectral
precoding procedures formulated the overall modulation. To
reveal the effectiveness of FTN signaling, we focus on fixed-
bit transmission with higher-level modulation schemes. Simu-
lation results demonstrated the effectiveness of FTN signaling
in 4-bit transmission. Besides, we verified the performance
degradation resulting from PA non-linearity by modulating the
value of IBO, where the error floor is higher for OFDM cases
because they suffer from ICI and lack of frequency diversity.
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