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Abstract— This work addresses the issue of interference gener-
ated by co-channel users in downlink multi-antenna multicarrier
systems with frequency-packed faster-than-Nyquist (FTN) signal-
ing. The resulting interference stems from an aggressive strategy
for enhancing the throughput via frequency reuse across different
users and the squeezing of signals in the time-frequency plane
beyond the Nyquist limit. The spectral efficiency is proved to
be increasing with the frequency packing and FTN acceleration
factors. The lower bound for the FTN sampling period that
guarantees information losslesness is derived as a function of the
transmitting-filter roll-off factor, the frequency-packing factor,
and the number of subcarriers. Space-time-frequency symbol-
level precoders (SLPs) that trade off constructive and destructive
interblock interference (IBI) at the single-antenna user terminals
are proposed. Redundant elements are added as guard interval
to cope with vestigial destructive IBI effects. The proposals can
handle channels with delay spread longer than the multicarrier-
symbol duration. The receiver architecture is simple, for it
does not require digital multicarrier demodulation. Simulations
indicate that the proposed SLP outperforms zero-forcing precod-
ing and achieves a target balance between spectral and energy
efficiencies by controlling the amount of added redundancy from
zero (full IBI) to half (destructive IBI-free) the group delay of
the equivalent channel.

Index Terms— Symbol-level precoding (SLP), multiuser inter-
ference (MUI), intercarrier interference (ICI), intersymbol inter-
ference (ISI), interblock interference (IBI), faster than Nyquist
(FTN), frequency packing, multiple-input single-output (MISO)
multicarrier (MC) systems, frequency-selective channels.

I. INTRODUCTION

HE fundamentally limited physical resources of wireless
communication systems are the wireless spectrum and
transmit power. The exact resource which plays the main role
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in a specific system design depends largely on the applica-
tion goals and constraints. In the context of multiuser (MU)
multiple-input single-output (MISO) downlink transmissions,
targeting higher data rates is the most common trend, which
requires an efficient usage of the available wireless spectrum.
From a physical-layer viewpoint, the aggressive frequency
reuse across different users as well as the packing of the
transmitted signals in the time-frequency plane [1], [2] are
amongst the most promising forms of increasing spectral
efficiency.

When a multi-antenna base station serves several user ter-
minals, the capacity gains stemming from full frequency-reuse
downlink transmissions are greatly affected by the under-
lying multiuser interference (MUI). Symbol-level precoding
(SLP) [3], [4] encompasses a set of techniques that can benefit
from the otherwise harmful MUI effects by shaping the trans-
mitted waveforms so as to induce constructive interference at
the user terminals [S5]—[8]. SLP is a non-linear technique that
employs channel-state information (CSI) along with users’
data to form the precoder. Several SLP schemes exploiting
different properties of the communication environment have
been proposed [9]-[12]; the reader is referred to [13] and [14]
for further details on SLP.

Besides aggressive frequency reuse, faster-than-Nyquist
(FTN) signaling [15] has recently been considered as a viable
alternative for enhancing spectral efficiency by accelerating the
transmission of symbols beyond the Nyquist limit [16]-[18].
Although most FTN schemes focus on compensating the intro-
duced intersymbol interference (ISI) at the receiver end [2],
some recent works tackle the ISI using precoding tech-
niques [19]-[23] at the transmitter side, which is the focus
of our work. When multicarrier (MC) systems are employed,
one can squeeze the signals in both time and frequency
domains [1] via frequency-packed FTN signaling, and very
few works have exploited this fact along with precoding
designs [21], [22]. The authors in [21] have proposed an
MU-MISO spectrally efficient frequency division multiplex-
ing (SEFDM) scheme comprising a two-stage waveform and
space precoding architecture for frequency-packed MC sys-
tems. The waveform precoding pre-equalizes the self-created
intercarrier interference (ICI) within the waveform due to
frequency-packing, whereas the space precoding pre-cancels
the spatial MUI. The authors in [22] have proposed a linear
precoding scheme to be used in point-to-point scenarios, but
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its generalization to MU communications is still an open
problem.

It is worth noting that MC-modulated signals are commonly
used in broadband communications to overcome the challenges
imposed by frequency-selective channels. MC systems usually
employ variations of the well-known orthogonal frequency-
division multiplexing (OFDM) [24]. Although most OFDM-
based schemes focus on compensating ISI at the receiver end,
it is possible to adapt well-known precoders, such as maximum
ratio transmitter (MRT) [25] and zero-forcing (ZF) [26], to the
multicarrier case, considering the equivalent model of parallel
flat-fading channels obtained from a convenient introduction
of guard intervals. In this case, the guard-interval length is
larger than the equivalent channel order.

Conventional precoders usually handle MUI only in the
spatial domain. This also applies to OFDM systems thanks to
their equivalent parallel flat-fading model. When such a model
is not suitable, the users’ data, which are split into subcarriers
(frequency domain) and are transmitted using an antenna
array (spatial domain), may experience both spatial interfer-
ence and ICI, besides ISI stemming from FTN accelerated
transmissions. Space-time-frequency precoding is, therefore,
called for. In fact, the design of space-time-frequency SLP
techniques that induce constructive interference at the receivers
is an open problem as of yet. A key aspect in such an open
problem is to address how these schemes can cope with the
interblock interference (IBI) inherent in frequency-selective
channels.

In this work, we address this open problem by proposing
a new MU-MISO system model that tackles the frequency-
selectivity-related IBI, ISI, and ICI effects using space-time-
frequency SLPs. We adapt to the non-linear setup some ideas
from reduced-redundancy linear transceivers [27]-[33], and
design redundant space-time-frequency SLPs that minimize
the total transmit power while allowing for the trade-off
between constructive and destructive IBI effects. Redundant
elements are added as guard interval to cope with vestigial
destructive IBI effects. In order to reduce the impact on
spectral efficiency, the amount of added redundancy may vary
from zero (full IBI) to half (destructive IBI-free) the group
delay of the equivalent channel model. Thus, in addition to
saving bandwidth as compared to conventional OFDM-based
systems (since the group delay is usually much smaller than
the channel order, and we use at most half the group delay
as guard-interval length), the proposed precoders also simplify
the receiver architecture by relieving it of performing discrete
Fourier transform (DFT) computations, as it will be further
detailed. We also characterize mathematically the behavior of
the spectral efficiency (i.e., the achievable data rate, or maxi-
mum throughput, normalized by the bandwidth) showing its
monotonicity with respect to the sampling time and frequency-
packing factor. We derive the minimum admissable sampling
time that allows for information losslessness [23] as a function
of the frequency-packing factor, the number of subcarriers, and
the roll-off factor of the transmiting/receiving filters. We also
provide the relations among important variables, like the min-
imum guard-interval length that enables destructive IBI-free
transmissions as a function of the group delay of the effective
channel, as well as the exact number of backward and forward
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IBI-related blocks affecting the signal reconstruction at the
receiver end.

The paper is organized as follows. An MU-MISO system
model of a multicarrier linear ZF precoder is described in
Section II. A set of new results along with detailed discussions
regarding frequency-packed FTN signaling are provided in
Section III. A new MU-MISO multicarrier system is proposed
in Section IV along with the non-linear space-time-frequency
SLP. The performance of the proposed precoders is assessed
through numerical experiments in Section V. The concluding
remarks are in Section VI.

Notation: Scalars are denoted by italic letters, whereas
vectors and matrices are denoted by boldface letters (low-
ercase for vectors and uppercase for matrices). Calligraphic
letters denote sets. Discrete-time signals are expressed with
brackets and continuous-time signals with parentheses; §[n] is
the Kronecker discrete-time pulse, whereas 6(¢) is the Dirac
continuous-time impulse. The Fourier transform of f(t) is
denoted as F(jw), wherein j> = —1. The symbols = and *
denote definition assignment and linear convolution, respec-
tively, whereas ® and ® denote Kronecker and Hadamard
products, respectively. The notations (-)T and (-)" stand for
transpose and Hermitian transpose operations on (), respec-
tively. The real and imaginary parts of a complex number
z = a + jb are respectively denoted by R{z} = a and
3{z} = b. If z is a vector, then [z], denotes its n'" entry.
Given a real number z, || and [x] respectively stand for
the largest integer smaller than or equal to x and the smallest
integer greater than or equal to z.

II. MULTICARRIER PRECODING PRELIMINARIES
A. System Model

Consider the base-band MU-MISO system model of a
downlink multicarrier transmission to K single-antenna user
terminals via N > K antennas illustrated in Fig. 1.

For the precoding design, we will assume perfect CSI
knowledge at the transmitter side. The system works in a
block-based manner, so that the data stream to be deliv-
ered to the k' user is divided into non-overlapping blocks
with M symbols from a complex-valued constellation C. Let
sglm] € C, with m € .# = {0,1,...,M — 1}, denote the
constellation symbols of one block to be transmitted to the
k'™ user, and s, denote a vector gathering the M symbols of
the block. All vectors s, with k € # = {0,1,..., K — 1},
are linearly processed jointly by the zero-forcing precoder to
yield the precoded vectors d,, € CM*!, with n € 4 £
{0,1,..., N —1}. Each precoded vector d,, passes through a
digital multicarrier modulator implemented via an inverse DFT
(IDFT) operation, followed by a redundancy insertion block,
thus generating the vector x,, € CP*! in which P £ M + R,
with R denoting the number of redundant elements added as
guard interval in the form of zero padding (ZP).

The continuous-time signal Z,,(t) that feeds the RF chain
of the n'" antenna element is the output of a digital-to-analog
converter (DAC) with sampling time 7; thus, by defining the
index set & £ {0,1,..., P — 1}, one has

jn(t) £ Z xn[p] f(t —pTS) = (v % f) (t),

peEP

(1
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Fig. 1. Multiuser MISO base-band model of a linear zero-forcing precoder.

where f(t) denotes the transmitting pulse (e.g., a square-root
raised cosine—SRRC) and

2a(t) £ > walp] - 0(t — pTo). )

pEP

Let us assume a frequency-selective channel whose coher-
ence time is longer than the duration for transmitting one block
of signals, and let Ay, (t) denote the impulse response of the
base-band physical link between the n'" transmitting antenna
and the k" user terminal. The base-band signal received by
the k'" user is

G 2 D7 (B x 80 ) (1) + B(2), 3)

neN

in which 0 (¢) is an additive noise signal.
The signal at the output of the receiving filter g(t) is

w2 >0 D walpl hen(t — pT2) +vi(t), @)

neN pe P
in which vy (t) £ (g * 01,) () is the equivalent noise and
T (t) = (i % g F)(1) 5)

is the equivalent base-band channel model. After sampling the
signal yi(¢), the resulting samples are collected in the vector
Yy, € CP*1 and then processed via a redundancy removal
step, followed by a multicarrier demodulation implemented
via a DFT operation, before the actual symbol detection.

B. Linear ZF Precoder

When dealing with standard linear ZF precoders, it is
implicitly assumed that R is sufficiently large so that the
redundancy addition at the transmitter and removal at the
receiver are able to eliminate IBI as well as to induce a
circulant-channel structure for each equivalent link between
transmitting antennas and user terminal.

At the receiver side, after the redundancy removal the result-
ing signal is multiplied by the M -dimensional unitary DFT
matrix W, which combined with the IDFT in the transmitter,
is able to diagonalize the corresponding equivalent channel

Multicarrier Redundancy i N { _ |Redundancy| Multicarrier
d—Ni Modulation —+| Addition L2 DAC v -1(t) Jr-1(t) ADC &»1 Removal — Demod.
wh A 1) g(t) R W
151(71
SKk_1
«+— Detector
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«—— Detector
s
ADC Yo Redundancy) Multicarrier
—> Removal — Demod.
9(t) R w

matrix [24]. Hence, one can write the estimated symbols of
the k" user as

8= Apndn+ 2, (©)
neN

where Ay, is an M x M diagonal matrix containing the
frequency response of the equivalent channel between the n*"
antenna element and the k' user terminal [24], and zj, is the
equivalent additive noise.

Thus, one has the following complete model:

S0 Ao Ao N1 dy
Sk Arx_1p0 Ag_in-1| |dNn—1
L5cCME XL LAHcCMKXMN L4dcCMNx1
20

+ : (7

ZK—1
éze(CZWle
or, simply,

§=Hd-+ z. (8)

The ZF precoded signals are therefore obtained as [26]
-1
d— HY (HHH) s, 9)

wherein s £ [sg e Sk } T Note that, due to the structure
of H, the signals s;[m] modulating the m'" subcarrier are
spatially combined for all users & € J# without exchanging
data among subcarriers (spatial-domain precoding). In other
words, this multicarrier model is equivalent to M parallel
single-carrier precoded transmissions. Indeed, the m'™ entry
of vector S; in (7) can be written as

Sulm] = (A7) d") 4 zfm), ¥me.#,  (10)
where )\Sn’) € CNV*1 collects the m™ diagonal entry of all
the N matrices Ay, with n € .4, whereas d™ ¢ cNx1
collects the m'™" entry (corresponding to the m'" subcarrier) of
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all the N precoded vectors d,,, with n € .4". Now, considering
all the K users, one gets

N A(m) T
So[m] 0 zo[m)|
: = E d(m) + : ,Vm S %7
§K,1[m] (A%njl)T szl[m]
L5(m)cCcKx1 — 2 ,(m)cCKx1
2 fp(m) cCK XN
(11)
or, simply,
g = H™ "™ 4 2(M ) vm e . (12)

Therefore, the (per-subcarrier) ZF precoded signals can alter-
natively be written as

g — (H(m>)H [H(m (H(m>)H} s, Vme .
(13)

wherein s(™ £ [so[m] - sx_1[m]].

C. Remarks

Usually, (f *g)(t) is a T1-Nyquist filter with roll-off factor
p € (0,1] and period Ty > 0, so that no additional ISI
is induced as long as: (i) Tg = T7i; (ii) the received signal
employs the same sampling time 73; and (iii) there is no
time offset. Indeed, (f * ¢)(pT1) o d[p — do], where &y is
a discrete-time delay; this means the transmitting/receiving
filters spread the signal in time without inducing interference
among the samples spaced apart at multiples of 77. However,
when attempting to increase throughput by increasing the
baud-rate making Ty < 77, one may end up with an equivalent
channel for which the number of redundant elements R is not
sufficient to guarantee complete IBI elimination. In fact, the
residual interference might be significant enough to impair
the overall system performance in terms of bit-error rate or
throughput.

The next section addresses the case in which the trans-
mission of signals are frequency-packed by using frac-
tional Fourier transform and accelerated by using a sampling
time Ty < T7.

III. FREQUENCY-PACKED FASTER-
THAN-NYQUIST SIGNALING

Let us start by analyzing the spectrum of the transmitted
signals for the system model in Section II-A. The Fourier
transform of the base-band transmitted signal in (1) is

Xn(jQ) = X, (%) F(j9),

where X, (ej“’) is the discrete-time Fourier transform (DTFT)
of the sequence x,[m], with m € .#. When expressing the
corresponding continuous time Fourier transform, one has that
X, (ejQTS) 7--periodic, so that one can state that the entire
information about the signal is, for instance, within the low-

pass band [0, 7

(14)

) rad/s. Being more specific, one has

X (04) = X e gl |DTET { oo 15)
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and by defining the window w[m] = \/%, for all m € .,
and w[m] = 0 otherwise, then one can write

DTFT {w[m]ej%mm/} =W (eJ(“’fim )), vm' € A,

(16)
where
. —jw(#5) gin (@M
W () £ 2 (%) (17)
s1n(%)

Although the support of the 27-periodic function W (ej‘*’)
spans, for instance, the whole interval [0, 27) rad/sample, let
us assume for the sake of discussion that the main lobe of
W (ej‘*’) essentially defines its bandwidth, which is there-
fore QM’T Thus, the bandwidth of X, (ej‘”) in terms of nor-
malized frequency in the range [0, 27) rad/sample is

21 2
i (M —1)+ U 2,
which shows that, no matter the number of subcarriers M,
the MC-modulated signal is full-band and, therefore, the
continuous-time signal before the pulse shaping, x,(t),
0, 2T—”) rad/s.

(18)

occupies the entire band

A. Frequency-Packed Transmissions

One can attempt to increase the spectrum efficiency of the
MC-modulated scheme in Fig. 1 by replacing the IDFT matrix
in the transmitter side with the so-called inverse fractional
Fourier transform (IFrFT) matrix Wg [34]—see the proposed
transmitter structure in Fig. 2 on p. 8666. The entry (m, m’) €
M of the TFrFT matrix is i3 ™™ | wherein 3 € (0,1] is
a parameter that controls the frequency packing. In addition,
considering a post-IFtfFT modulation by w[m]e ™ (%)m,
the entry (m,m) of the diagonal matrix ¥z in Fig. 2, which
shifts the frequency-domain content so that the center fre-
quency is now at 0 rad (instead of 7 rad),' then one has

X () = Y dulm
m' M
DTFT {w[m]efj’rﬁ(Mf‘/;l)mej%mm/}, (19)
where

DTFT {w[m]efj’rﬁ( W
=W (ej(“_

so that the bandwidth of X, (¢/) in
[—7, 7) rad/sample is now

2 2 (M —

1)mej%mm'}
B%(nm'—(M—l)/Q))), vm' e A, (20)

the range

B M —1)+ 57 =2m

i) =27 (8),

2em(B)
(2D

M—-1
IThe modulation by e i ’8( )m is particularly important when accel-
erating the transmissions via FTN, since the magnitude response of the
transmitting filter, |F'(j§2)|, is symmetric around the origin.



8664

in which &y(8) < 1 for any 5 € (0,1) as long as
M > 1, whereas &y (1) = 1 for any M > 1. Therefore,
the continuous-time signal before the pulse shaping, x,(t),

; ; mém(B) mEnm(B)
essentially occupies the band [— Z{ ,]”T;) rad/s. The

transmitting and receiving filters can thus be chosen as iden-
tical pulses (i.e., g(t) = f(t)), such that |F(j2)|? satisfies the
Ts-Nyquist ISI-free property [35], with

Ty
T = ——, (22)
P (B
and with frequency support
1+p)mém (B) (A+p)ménm (B
[_( p)TlM( ),( p)TlM( )) rad/s.

B. Faster-Than-Nyquist Transmissions

When Ty = oIt < T = T1/&m(B), the transmissions
of samples are accelerated using an FTN signaling [2]. This
happens when a&/(3) € (0,1). In this case, the equivalent
channel h,(f Z(t) in (5)—now with the explicit dependency
on the factor f3, since (f  g)(t) is a T3-Nyquist filter—
accounts for the ISI induced by the fact that the Nyquist pulse
assumption is no longer valid, thus potentially impacting the
parameters’ choice of the system, such as the guard-interval
length R defined in Section II-A.

On the one hand, o should be made small to accelerate as
much as possible the transmissions aiming to achieve higher
data rates. On the other hand, o < 1 should be made large to
reduce the harmful ISI effects over the transmissions; notice
also that, when there is significant ISI, bandwidth resources
could also be spent in the transmission of redundant elements
to cope with the underlying IBI, thus decreasing the spectral
efficiency [24]. Hence, it is not straightforward to guarantee
that, by decreasing «, one has spectral efficiency gains for the
system model in Section II-A; nor is clear to which extent o
can be decreased without significantly harming the transmis-
sion performance. These aspects will be further investigated
in the next section.

C. Theoretical Analysis

Assume that Ty = o7} and that the discrete-time equivalent
channel model of the MU-MISO system in Section II-A
is parameterized by the coefficients hy ,[0], hin[l], ...
hinlva,s] € C, for all (k,n) € & x A, wherein

{vo € N i aluo] | = B2 (aroT) [ > < |

A
Vo, = n

sup
(kn)et x N

(23)

for a given threshold ¢ > 0.2 In this case, Ve, denotes
the order of the MU-MISO channel for the sampling time
Ts = T} and T3-Nyquist filter (f = g)(%).

Note that, for another sampling time 7. =

/

o’ € (0,1], one has v, g = (%

OélTl, with
“ Vo 3. As the number of

redundant elements R, g—now with the explicit dependency
on the factors o and —is usually proportional to v, g [24],

/

[28], let us assume that R, g = L% 'R(y/7BJ, with | -] standing

Note that Vq, < oo for physically meaningful channel models, otherwise
one would end up with 3, |hg,n[V]|? = oo.
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for the floor function. Intuitively, the tendency is that when
transmissions are accelerated, the channel order increases
along with the corresponding guard-interval length.> Also,
when more symbols are packed in the frequency domain (i.e.,
when [ decreases), the effect of the underlying 73-Nyquist
filter (f * ¢)(t) upon the physical channel hy ., (t) in (5) is to
focus on a narrower channel band, thus potentially yielding
discrete-time channel models with lower orders, requiring less
redundant elements in the transmission.

Furthermore, consider the following definition correspond-
ing to the achievable data rate (or maximum throughput)
normalized by the bandwidth.

Definition 1: The spectral efficiency is

N M 1 b-re
SEo(e:8) = 3R aem () 20+ p)

[bit/s/Hz],
(24)

in which /() is defined in (21), b is the number of bits
per constellation symbol, r. is the channel coding rate, and
p € (0,1] is the roll-off factor.

We note that Definition 1 does not take into account pos-
sible errors in the transmission/reception process.* With this
definition, one has the following result.

Proposition 1: Given 8 € (0,1], SEo(«, ) is a decreasing
Sunction of o € (0, 1].

Proof: The proof is given in Appendix A. 0

Remark 1: In fact, from the proof of Proposition 1, one can
be more precise and state that the relative gain in the spectral
efficiency that one can get from decreasing o’ to « is

SEo(«, 5) — SEg(e/, ) - [1_ (g)} M

SE()(O/, ﬂ) B o M + Ra/ﬁ.

Proposition 2: Given o € (0, 1], SEq(«, B) is a decreasing
Sunction of (8 € (0, 1].

Proof: This follows straightforwardly from R, g being a
monotonic non-increasing function of 5 and &£y (/) being a
monotonic decreasing function of /3. 0

Remark 2: Note that the results in Propositions 1 and 2
still hold when R, g is constant (i.e., independent of « and
(). This case is also common in some practical systems that
define a fixed guard-interval length based on CSI statistics,
instead of optimizing it for the instantaneous CSIL.

These results suggest that one should decrease Ty as much
as possible or increase T as much as possible; yet, when
doing so, the channel taps hy ,[p] also change (even if the
physical link is kept the same). This eventually means one
cannot discard the possibility of having an equivalent channel
more favorable to the transmission (performance-wise, so to
speak) when using, for instance, a larger 7j, which eventu-
ally might impact the effective spectral efficiency—the one
considering transmission errors. In fact, one can already infer
that the degree of acceleration is a function of the roll-off
factor p € (0,1], considering that |F(jQ2)|? is a Ts-Nyquist
pulse. Indeed, F(jQ2) preserves the signal spectrum X, (e!*’+)

(25)

3In other words, in order to save bandwidth for useful data, one parsi-
moniously increases the amount of redundant elements—hence the use of the
floor function to obtain an integer value—when accelerating the transmissions
using 0 < a < & < 1.

4In Section V, we shall measure the “effective” spectral efficiency by taking
into account possible errors in the transmission/reception process.
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_{d=pm (d-p)7
T[j ? T[-;
Ty = Ty, which means that virtually the transmitting pulse
does not introduce frequency selectivity in the process for
small p, as long as the signal is frequency packed by a
factor §. Now, if an acceleration factor @ € (0,1) is
employed, then the information in X, (ejaQT) is within the
band [ Em(B) w7 Em(B) w

- T TTT) rad/s, which means that there is
an expansion of its analog frequency range. This means that
part of the frequency content will be attenuated by the low-
pass filter F(j?). The smaller the value of «, the greater
the induced frequency selectivity. Similarly, the smaller the
value of 3, the greater the induced ICI due to the loss of
orthogonality among subcarriers. If « is too small, parts of
the signal spectrum X, (/') may be lost due to the low-
pass filtering, since the output of the DAC is ideally zeroed for
| > w. This confirms that one might accelerate
the transmissions and still be able to reconstruct the signal,
as long as it is above a given lower-bound, amin € (0, 1], for
« to guarantee information losslessness [23] in the following
sense.

Definition 2: The pair (f(t),Ts) yields an information-
losslessness transmission if, given Z,(t) in (1), there exists
a receiving filter g(t) such that &,[p] = #,(pTs) = =, [p],
Vp € P, with 2,(t) £ (T, * g) (t).

The following lemma characterizes the transmitting filters
that enable information-losslessness transmissions.

Lemma 1: The information-losslessness condition in Defi-
nition 2 is met if and only if

unchanged within the band { ) rad/s when

AN (2
2
3 F(JW)‘ >0, YweR. (26)
i€Z s
Proof: See Lemmas 5.1 and 5.2 in [35]. O

Assuming a square-root T3-Nyquist transmitting filter with
roll-off factor p € (0, 1], one has the following result.
Proposition 3: Given 3 € (0,1] and M > 1, one has
o ,
Proof: The proof is given in Appendix B. (]
The next section describes how the redundancy addi-
tion/removal can deal with IBI effects.

IV. MULTICARRIER SYMBOL-LEVEL PRECODING

As explained in Section II-C, the guard interval that is
usually considered for block-based transmissions might not
be long enough to deal with the IBI effects stemming from
accelerated signaling. As a matter of fact, even the wide-
spread assumption that a given received data block suffers the
interference from up two adjacent transmitted blocks is usu-
ally unrealistic for delay-constrained applications—i.e., those
employing small to moderate block lengths P, g = M +R,, 3,
as compared to the channel order v, g—in which typical
transmitting/receiving filters, like SRRC, are used. For this
reason, we shall first propose an appropriate model for sequen-
tial transmissions, and then move on to the proposed system
architecture for multicarrier SLP.
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A. Sequential Transmissions
In sequential transmissions, the 0 received block after

sampling, synchronization, and buffering can be written as

S| Hisyzald+ D Hi) blaall b
neN beB®

Yl =

+ >0 HE, bleall+0] | + sl
be B®)

where z,[(] = [2,[0+(—1)P] -+ x,[P — 1+ (¢—1)P]]",
the index sets () and 2() contain positive integer numbers,
whereas the ISI and forward/backward IBI° matrices are P x P
Toeplitz matrices, in which, for a given group delay® § € N
and a given pair of row-column indexes (p;,p.) € Z2, one

27)

[HISIk " ] Pr,Pe
A { hk,n[pr_pc+6]; 0< pr._pc‘f'é <v, (282)
0, otherwise.
£
Hip, 0]
A hk,n[bp+pr_pc+5]v 0 § bP+Pr—Pc+5 é v,
0, otherwise.
(28b)

b
(=]
Pr;Pec
A hk,n[_bp+pr_pc+6]; 0 S_bP+pr_pc+5 <v,
0, otherwise.

(28¢)

In this context, it is important to determine how many blocks
affect the ¢*" received block and classify them as forward and
backward IBI, i.e., to characterize the index sets 2D and
(™). The following result addresses this problem.

Proposition 4: Let the group delay be written as

d=qsP+ ps <v, (29)
with qs € N and ps € &, and consider the integer number
a[¥
B2|Z]+2, (30)

with [-] standing for the ceiling function. The maximum num-
ber of blocks that may affect the reception of the (*" data
block in the sequential (streaming-like) transmission in (27) is
either
e B when ps € {1,2,...,
o B — 1 otherwise.

v—(B—-3)P—1}, or

STaking £ as the time index of the current data block, the forward IBI
corresponds to the interference coming from previous data blocks toward
the current block (“¢—b ~» £7), whereas the backward IBI corresponds to
the interference that, for instance, the current block will generate toward
previously transmitted blocks (“4 ~~ £ — b”).

6We employ the term “group delay” in the conventional signal processing
sense, meaning the time delay of a wideband signal that is processed by a
linear time-invariant filter. When working with accelerated transmissions, it is
important to take into account this parameter to avoid ill-conditioned effective
channel matrices.

7For notation clarity’s sake, the dependency on a and 3 will be omitted in
this discussion.



8666

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 21, NO. 10, OCTOBER 2022

& Detector
[
Multicarrier Frequency Redundancy Redundancy]
ﬂ» Modulation —  Shifter |— Addition ﬂb DAC ADC ﬂb Removal
H
Space Ws 5 A f() g(t) R
. Time . .
Frequency . .
L] L]
dy_| Multicarrier Frequency Redundancy 2 DAC }; o) . ADC Y1 Redundancy]
=% Modulation —{ Shifter f— Addition |~ TN-1 gre—1(?) > Removal
Wi Rl A Ji0) 9(1) R
léK—l
Sk
4+— Detector

Fig. 2. Proposed multiuser MISO base-band model of a space-time-frequency symbol-level precoder.

Moreover, the index sets for the forward and backward data
blocks are respectively given by

BN ={1,....B—2—¢qs} and B ={1,...,¢;+1}.
(31)

Proof: The proof is given in Appendix C. (]

B. Proposed System Model

We propose the multiuser system architecture depicted in
Fig. 2. As compared to Fig. 1, the main differences are: (i) the
amount of redundancy added at the transmitter; (ii) the way
the redundancy is removed at the receiver; (iii) the absence
of a multicarrier digital demodulator at the receiver; (iv) the
substitution of the IDFT by the IFrFT as multicarrier mod-
ulator, followed by a frequency shifter; and (v) the use of a
space-time-frequency SLP.

The primary goal of symbol-level redundancy is combating
IBI. However, interference plays a twofold role in symbol-
level precoders, which are able to partially benefit from
constructive interference—IBI included. More specifically,
considering the model in (27) and the signal-processing flow
depicted in Fig. 2, as

BI= Y > RHi [AZ;Wid,[¢—0]

neN pe B
forward IBI
+ 3 > RHE) [HAS;WHd, [0+,
neN be B®)

backward IBI

(32)

the forward IBI from the previous blocks is already known
while designing a given block and can be used as a basis
for constructive interference. However, the backward IBI of
the current block toward the previous one is still destructive
since the previous one has been already designed.

Thus, in order to deal with the backward IBI harmful
effects, we propose the use of redundant zero-padding zero-
Jjamming (ZP-ZJ) transceivers [24], [28], [30], [32], [33] with
an adjustable amount of redundant elements which are added

and removed through the multiplication by the matrices

AL [ORWXM}, (33a)
Iy
R 2 Iy Onxr, - (33b)

As the amount of added redundancy has a direct impact on
the spectrum efficiency of the communication system, R, g
should be as small as possible. In this context, given the pair
(A, R) in (33), the following result holds.

Proposition 5: The minimum guard-interval length that
enables backward-IBI-free transmissions is

0
Ry5™ 2 H (34)
Proof: The proof is given in Appendix D. 0

It is worth questioning whether the amount of redundant
elements inserted in the transmission is reasonably small or
not. In this context, consider the following definition.

Definition 3: The pair (M, R, g) yields an efficient trans-
mission if M /(M + Rq.3) > 50%.

In plain text, Definition 3 states that efficient transmissions
are those where the useful data symbols in a block are more
than the redundant symbols. With this definition in mind, the
following result comes as a consequence of Proposition 5.

Corollary 1: For backward-IBI-free efficient transmissions
one must have § € 2.

Proof: For backward-IBI-free efficient transmissions one
must have 2R, 3 > 6 and M > R, g. Thus, P, g = M +
Rag > Rapg+ Rapg > 0. O

Remark 3: From (29) and Corollary 1, backward-IBI-free
efficient transmissions are possible only when ¢s; = 0, which
means that there is only one backward IBI block to be elimi-
nated through the ZP-ZJ process, since (") = {1}.

We propose employing an adjustable reduced amount of
redundant elements

Rap € Rap = {0,1,--  RYG*}, 35)

which allows us to control the degree of remaining
backward IBI.

Note that the pair (A, R) in (33) does not induce a circulant
structure in the matrix RHisy, ,A. This means that, even
if a DFT matrix were to be used at the receiver side, as in
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Fig. 1, no diagonalization of the effective channel matrix
would be obtained. For this reason, we propose simplifying
the receiver while letting the symbol-level precoder to deal
with the resulting effective channel model.

The reconstructed signals §i[¢] at the receiver end,
Vk € o, are obtained from the received block y,[¢] in (27)
by discarding the last R, g samples of the received block,
i.e., 81[¢] = Ry, [l].® Considering the signal-processing flow
depicted in Fig. 2, one can write x,[¢] = AEgW?dn[é],
Vn € 4, and therefore the reconstructed signals of all users
can be written as (36), shown at the bottom of the page, where
the interference-plus-noise component due to the remaining
backward IBI components is (37), shown at the bottom
of the page.

Note that the term Hisid[{] + >, 5w Hisi[bld[{ — b]
in (36) is a model for the reconstructed signal §[¢]; the
model fits perfectly the reconstructed signal in the ideal case
where backward IBI and noise are not present (i.e., when
Z'[¢] = 0). This destructive-interference-plus-noise-free model
will be used in Section I'V-C for the definition of the proposed
SLP scheme.

C. Non-Linear Space-Time-Frequency Symbol-Level Precoder

We propose using a space-time-frequency SLP scheme
accounting for MUI and frequency-selective-related
interference—in the form of ISI, ICI, and IBI. The idea
is to exploit the interference in space, time, and frequency
domains in a constructive manner. Inspired by the dirty paper
coding (DPC) principle [36], the knowledge of the forward

8From the reconstructed signals §[¢] one can detect the symbols by means
of a conventional single-user hard or soft detection, or directly reconstruct the
bits using hard or soft decoding schemes.
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IBI ), v Hipi[b]d[¢ — b] can be taken into account in the
transmission, whereas the remaining backward IBI in z’[/]
tends to degrade the system performance.

A possible cost function is related to the minimization of
total transmit power. If only one block were to be transmitted
as in (1), then the corresponding total energy (i.e., considering
all transmit antennas) would be

EéZ]O

|Zn ()2
nZ dt = Zio Soney THC fxy,,  (38)
neN " 0
in which Zy; > 0 denotes the antenna impedance,

|Z,,(t)|?/Zo is the instantaneous power, and [Cil,, .

(f % f) ((pr — pe)Ts), for all py, p. € P. As mentioned before,
f(t) is assumed to be a square-root 7j3-Nyquist filter with even
symmetry around the origin ¢ = 0. Since T # T} in general,
then the temporal correlations of the transmitting pulse must
be taken into account when modeling the transmission power,
which is proportional to the total energy.

Once again, recalling that x,, = AZQngn (see Fig. 2),
one can rewrite (38) as (39), shown at the bottom of the next
page, and therefore, by using the model for the reconstructed
signal (cf. the end of Section IV-B), the proposed SLP convex
optimization problem is’

minimize d" [¢(|T'd[(]
d[é] e(CNZW x 1
subject to Hysid[(] + Y Hi[bld[l —b] & q @ s[(],
be B
(40)

9The problem is strictly convex, since T is a positive-definite matrix. One
can use the CVX software [37] to solve such a problem.

o[(] RH gy, AX ;W) RHgy, , AXsW} do[/]
§K*1[£] RHISIK_LOAEBWE RHISIK-l,N—lAzﬁwg dN*l[g]
=3[/ AH g €CKMXNM 24d[0]
RH(Y, [DAS; W} RH{, . [DJAZ WG | [ dolt — 0]
+ : : :
A0 \RHY | DAS;WH RHY), . [AS;WH| [dy-a[l -]
éHIBI[b]E(C}(J\/IXNZW
z'o[(]
+ :
2’k 1]/
N————
22/[0)
= Hisid[(] + Y Hupi[bld[¢ - b] + 2'[4], (36)
beB®
b b
RH [0 AS; W RH() - [DJAS WG ] [ dolt +1] Rl
2= : : : + : (37)
eV |\ RHE), | [MAS;WY RHY) . [lAS;W]| ldvll+Y) Rvg_4[(]



8668

Fig. 3. QPSK constellation (symbols in black big dots) with the correspond-
ing CI regions (in gray).

in which s[¢] € CEM>*! contains the actual intended symbols
for all K users, ¢ € CHKMx*1 collects quality-of-service-
related parameters, such as target signal-to-interference-plus-
noise ratio (SINR) v, > 0 and noise variance o7 > 0,
with £k € ., and ® denotes point-wise product between
vectors. The operator > denotes that each entry of the vector
in the L.H.S. of the constraint in (40)—i.e., the model for
the clean reconstructed signals—belongs to the constructive
interference (CI) region of the corresponding intended symbol
in the vector s[¢], as explained below. The constraint in (40)
is responsible for shaping the precoded signals so that the
corresponding communication signals are added constructively
at the receiver end.

Fig. 3 illustrates the CI regions for a QPSK constellation.
As an example, assume that the intended symbol for the k'
user at the m'" subcarrier of the ¢*® block is sx[m + (£ —
1)M] = (14j)/+/2, i.e., the black big dot in the first quadrant
of Fig. 3. Then, having the corresponding reconstructed signal
sp[m 4+ (¢ — 1)M] with R {&x[m + (- 1DM]} > q/V2
and 3 {5x[m + (¢ — 1)M]} > qx/+/2 means that constructive
interference has taken place. Indeed, in this example, the
reconstructed signal §[m+ (¢—1)M] belongs to the unlimited
gray region in the first quadrant of Fig. 3, which means it has
been pushed further deeper into the proper decision region

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 21, NO. 10, OCTOBER 2022

of the scaled constellation symbol g - si[m + (¢ — 1)M]—
the scaling factor qr = o/, guarantees that the desired
quality-of-service is satisfied for the k' user. Hence, for a
QPSK constellation and for each (m, k) € .# x ., one can
define my £ m + (£ — 1)M so that the constraint in (40) can
be detailed as follows (41), shown at the bottom of the page.
The above discussion exemplifies how to define the operator
> related to the CI regions of a given constellation. Such
definition can be generalized to higher-order constellations.
Since this generalization has been extensively described in
the literature [9]-[11], [13], [38]-[40], we shall omit further
details on it. In all cases, the operator > defines a convex set.
While channel-level precoding techniques (e.g., the scheme
described in Section II or the MU-MISO-SEFDM scheme pro-
posed in [21]) deal with interference as an undesired received
signal component that should therefore be suppressed—for
instance, by targeting the exact constellation symbols (black
big dots in Fig. 3)—, SLP approaches interference by manip-
ulating it in such a way that it constructively contributes to
the desired signal of each user. This simultaneously confers
more degrees of freedom for minimizing the total trans-
mit power—directly related to the cost function in (40)—,
while also enhances the detection performance, since the
clean reconstructed signals are placed farther apart from the
decision boundaries, allowing for stronger perturbations. These
advantages come at a price of higher computational burden.
The aforementioned high computational complexity stems
from two reasons. Firstly, the term “symbol level” refers to
the fact that in order to induce and exploit CI, one needs to
redesign the precoder for each new symbol vector s[¢]. This is
in contrast to channel-level precoding that requires redesigning
of the precoder only when the effective CSI is updated, which
happens less often than the MC-symbol rate either due to
changes in the physical channel or to modifications in the
frequency-packing FTN parameters. Secondly, computing the
precoded vectors is more complex for SLP, since those vectors
are the solutions—through iterative numerical processes—to
the optimization problem in (40), whereas linear channel-level

ZoE =Y diWSjATC AN Wiid,
newN
WsE5ATC AW do
=gy dh ] ;
WsSEATC AT W | [dy—1
=IN®(W522;ATCfA2BW;I)éI‘e(CNJ\/I><NZW
= d''rd, 39)
| | R{sklme]}>0
RS Hisid[()+ Y Hipi[bld[¢ — b] = R {selmal}, (41a)
L be B i (mg-ﬁ-k’]\l) %{S;&mg]}(@
[ i S{sk[me]}>0
S Higid[)+ Y Higi[bld[¢ — b] = oS {sklmd}. (41b)
L be B 1 (metknn) S{sk[me]}<0
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precoding has its complexity defined by conventional matrix-
vector multiplications.

The precise computational complexity of the proposed SLP
approach depends on the specific iterative algorithm employed
to solve problem (40). An efficient way to solve it is to use the
accelerated projected gradient descent algorithm [41] and the
resulting computational complexity is (cf. Section 4.5 of [40]
for further details)

#FLOPs = 2ANK2M?3 + 16 K3 M3 4+ 12N K M*>

1

—2K*M?—3KM + (8K*M*+6K M) LTW :
€

(42)

where the parameter € > 0 defines the accuracy of the solution
with respect to the actual optimal point. The above complexity
is much higher than, for instance, the complexity for imple-
menting (13), which is #FLOPs = 2NKM — NM. On the
one hand, the higher computational burden of the proposal
impacts the base-station, which tends to be a much more
computationally powerful unit; on the other hand, the receiver
processing is actually simplified as compared to the ZF scheme
described in Section II or the MU-MISO-SEFDM [21].

V. NUMERICAL RESULTS

The performance of the proposed space-time-frequency
symbol-level precoders is assessed via four experiments. The
first one focuses on a conventional multicarrier signaling
without neither frequency packing nor FTN capabilities; the
main objective of this experiment is to compare the pro-
posed SLP approach against the conventional OFDM-based
linear ZF precoder for multipath-fading channels across dif-
ferent number of users. The second experiment focuses on
channel-coded frequency-packed multicarrier signaling over
flat-fading channels across different SINRs; the main goal here
is to benchmark the proposal against the state-of-the-art MU-
MISO-SEFDM scheme proposed in [21]. The third numerical
experiment focuses on frequency-packed FTN multicarrier
signaling over flat-fading channels across different SINRs; the
main objective here is to explore the underlying trade-offs
while varying the acceleration and packing factors, o and f3
respectively, in terms of data rate, transmit power, as well as to
showcase the interplay between spectral and energy efficien-
cies. The forth experiment focuses on frequency-packed FTN
multicarrier signaling over multipath-fading channels across
different values of « and 3. The main goal here is to verify
some of the theoretical predictions regarding o and 3 in a
realistic scenario.

For all experiments, the transmitting/receiving filters are 13-
SRRC pulses, for a fixed basic Nyquist period 77 = 100 ns,
and with roll-off factor p = 1/4 for Experiments 1, 3, and 4,
or p = 1/10 for Experiment 2. The additive noise is white
Gaussian with variance fixed at o2 = 1, and the antenna
impedance employed for power calculations is Zy = 50 (2.

The figures of merit are:

(i) effective sum rate (or throughput) given by SR

K -4 - & - (1 - SER) [bit/s], in which SER
% Doher SER™ is the average symbol error rate and
b is the number of bits per constellation symbol.

1> >
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(i1) time-averaged total transmit power, Py, computed as the
total analog power [W] feeding the transmitting antennas
averaged over the interval PT,. Here we consider the
actual analog power including the cross-power terms
resulting from the sequential block-based transmission.
effective  system  spectral  efficiency, SE =
% [bit/s/Hz], wherein BW = Q(IT—ZP) is the
bandwidth of the base-band transmitted signal.
(iv) channel-coded bit-error rate, named Coded BER.
(v) overall energy inefficiency, E1 £ é% [J/bit].

(iii)

Note that all figures of merit take into account the added
redundancy.

A. Experiment 1

We first study the performance of the proposed SLP
approach with respect to different number of users K €
{4,..., N}, for a downlink transmission using N = 8 anten-
nas. In this experiment, no frequency-packed FTN signaling
is considered, i.e., (a, ) = (1, 1). The number of subcarriers
is fixed at M = 64, the constellation C is 16-QAM, and
the base-band multipath-fading models correspond to Rayleigh
channels with exponentially decaying power profile and with
resulting order varying around v = 24. As there is no
time acceleration (o« = 1), § = 0 yielded well-conditioned
effective channel matrices. The quality of service vector is
q = /7021 i prx1, where the target SINR ~ corresponds to
15 dB. The guard-interval length is chosen as: (i) R = 0,
called ‘No red. SLP’ for the proposed space-time-frequency
SLP,!'0 and (ii) R = v, called ‘Full red. ZF’, for the baseline ZF
precoder using full redundancy, which is able to both eliminate
IBI and induce a circulant effective channel matrix.

Fig. 4 depicts the results. Fig. 4(a) lets clear that the
proposed SLP scheme outperforms the ZF precoder in terms
of effective sum rate. Note that the IBI had no harmful effect
whatsoever on the non-redundant precoder. The scenario with
a higher number of users tends to be more challenging, but the
SLP is able to gain more with the interference exploitation. For
K =8, the throughput gap drops a bit at the cost of a much
higher transmit power for the ZF precoder. Indeed, Fig. 4(b)
shows that, although the ZF precoder requires slightly less
transmit power than the proposed SLP for K < 7, it requires
much more power in a fully-loaded system (K = N = 8).
Fig. 4(c) shows the superior performance of the proposed
SLP when both spectral and energy efficiencies are taken into
account for all considered K € {4,...,N}.

B. Experiment 2

We now benchmark the proposed SLP approach against
the state-of-the-art technique for MU-MISO frequency-packed
MC signaling proposed in [21]. We consider the same setup
for which the MU-MISO-SEFDM scheme [21] was originally
devised, namely: frequency-packed MC signaling (i.e., o = 1
and 0 < 1) over flat-fading channels. This benchmark com-
prises a two-stage waveform and space precoding architec-
ture. The waveform precoding pre-equalizes the self-created
ICI within the waveform due to frequency-packing, whereas

108ince § = 0, one has %, 5 = {0} in (35).
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(b) Time-averaged total transmit power.

(c) Spectral efficiency vs. energy inefficiency
for K € {4,...,8}.

(Experiment 1) Performance comparison between the ZF precoder with full redundancy and the proposed space-time-frequency SLP with no

redundancy, as function of K and for («, 3) = (1, 1). The legend in (a) applies to all figures.
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Fig. 5.
SEFDM [21]. The legend in (a) applies to both figures.

the space precoding pre-cancels the spatial MUI. We con-
sider delay-constrained applications with a short multicarrier-
symbol duration (i.e., with a small number of subcarriers,
M = 16) for a QPSK constellation, in a fully-loaded system
with N = K = 4. In addition, we use a Reed-Solomon error
correction scheme with parameters (8,4) in the Galois field
GF(2%). This choice of parameters stems from the option to
encode each multicarrier symbol separately.!! In order to get
maximum packing capability, the frequency-packing factor 3
is set as small as possible while satisfying the theoretical
bound in Proposition 3, i.e., 8 &~ 0.9093, which represents
about 10% of bandwidth savings. In this comparison, we con-
sider only the ‘No red. SLP’ across different SINR values.

Fig. 5 depicts the results. It is clear that the proposed SLP
scheme outperforms the benchmark in terms of both channel-
coded BER and total transmit power. Note that the IBI had
no harmful effect whatsoever on the non-redundant precoder.
This significant performance enhancement comes at a cost
of entailing a higher computational burden for precoding the
signals at the base-station, since the benchmark from [21]
is a channel-level linear precoder, whereas our proposal is a
symbol-level non-linear precoder.

C. Experiment 3

We now address the following questions: Is it really neces-
sary to use frequency-packed FTN? Why not simply increasing
the constellation size (e.g., from QPSK to 8PSK)? What
are the trade-offs when we change the parameters o and
(7 In order to answer these questions, we study the SLP
performance for frequency-packed FTN transmissions over
flat-fading channels. Once again, we consider M = 16 in

" Considering M = 16 QPSK symbols, each multicarrier symbol comprises
32 bits (= 8 x 4) for each codeword; the codewords are associated with 16-bit
(= 4 x 4) messages, resulting in rc = 1/2.
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(b) Time-averaged total transmit power.

(Experiment 2) Performance comparison between the proposed space-time-frequency non-redundant SLP and the baseline scheme MU-MISO-

a fully-loaded system with N = K = 4, but now for both
QPSK as well as 8PSK constellations.

For the sake of clarity, we consider only the ‘No red. SLP’
for different values of « and /3. More specifically, («, 5) €
{(0.90,0.88), (0.80, 1), (1,0.79), (1,1)}.1

Fig. 6 depicts the results. Fig. 6(a) shows that, as expected,
if we jump from QPSK to 8PSK with no frequency packed
FTN signaling, i.e. with (a, ) = (1, 1), we can obtain higher
spectral efficiency at a cost of lower energy efficiency (i.e.,
higher energy inefficiency). There is a region in the SE x EI
plane, however, where it is better to use QPSK rather than
8PSK. This happens for sufficiently small target SINR. On the
other hand, when @« < 1 or § < 1, we find a region
in the SE x EI plane where it is better to use frequency
packing and/or FTN signaling as compared to not using it. For
example, at EI = 0.6 nJ/bit, there is about 12% improvement
in the SE when o« < 1 and/or § < 1 as compared to a
QPSK transmission with («, ) = (1,1). Again, this holds
for sufficiently small target SINR, since one can get higher
spectral efficiency with 8PSK without packing nor acceleration
with the same energy efficiency of the other techniques for
sufficiently large target SINRs. Fig. 6(a) also lets clear the
equivalence among the different techniques with oz < 1 and/or
[ < 1 in the SE x EI plane. The same virtual equivalence
is observed in terms of SER performance'?® in Fig. 6(b); but

2Note that, when (a, 3) € {(0.90,0.88), (0.80, 1), (1,0.79)}, one has
a-Ep(B) = ﬁ; see also Proposition 3.

3Note that when a < 1 and/or 3 < 1 the SER reaches a floor value as
the SINR increases. This stems from the destructive effect of the backward
IBI that is not eliminated by the non-redundant (R, 3 = 0) SLP scheme.
Note that, when (a, 3) = (1,1), there is no IBI (keep in mind that in this
experiment we consider flat-fading channels) and the SER tends to zero as
the SINR grows. One could decrease the SER floor level down to zero by
increasing R, 3.
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Fig. 6.
SINR values. The legend in (a) applies to all figures.

these techniques differ in other figures of merit, as explained
in the following discussion.

Fig. 6(c) shows that the effective sum rate of the accelerated
schemes (« < 1) is superior than the non-accelerated ones. For
example, at SINR = 4 dB, there is about 20% improvement
in the effective sum rate when (o, 5) = (0.80,1) and about
8% improvement when («,5) = (0.90,1), as compared to
a QPSK transmission with («, 5) = (1,1). It is interesting
to note that the frequency-packed non-accelerated transmis-
sion with (a, ) = (1,0.79) achieves virtually the same
throughput of the QPSK with («, 5) = (1,1) but using only
& (B) = 80% of its bandwidth. Fig. 6(d) shows that the
technique that requires more transmit power is the one with
(o, ) = (0.80,1), which partially explains from where it
comes its outstanding throughput performance. We therefore
note that, although the techniques with o < 1 and/or § < 1 are
virtually equivalent in the SE x EI plane, there is a trade-
off among bandwidth usage, transmit power consumption, and
throughput; this trade-off is controlled by the parameters o and
(3, which confer added flexibility to the system designer.

D. Experiment 4

We now study the SLP performance for FTN signaling
with and without frequency packing and our main goal is to
verify the theoretical prediction in Proposition 3. We consider
M = 32 subcarriers, N = 4 transmitting antennas, K = N
users, a QPSK constellation, and a target SINR ~ of 6 dB.
Besides the baseline ZF linear precoder with full redundancy
R = v, two space-time-frequency SLP precoders are employed
according to the following guard-interval lengths: (i) R = [%] ,
called ‘Quarter-delay red. SLP’ and (ii) R = [%1 , called ‘Half-
delay red. SLP’. In the simulations, we consider multipath-
fading physical channels and the resulting effective channel
order v was around 25, whereas the group delay ¢ was around
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Target SINR [dB]

(b) Symbol error rate.

Transmit power [dBm]
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(d) Time-averaged total transmit power.

(Experiment 3) Performance comparison between different versions of the proposed space-time-frequency non-redundant SLP across different target

10, depending on the specific values of o and 5. We consider
6 € {0.80,0.90,1}. According to Proposition 3, for each
value of 3, one has a specific value for ay,;,; in this case,
amin € {0.99,0.89,0.80}. We therefore chose a range of
values for o according to these minimum values.'*

Fig. 7 depicts the spectral efficiency results. First of all,
notice that the ZF precoder is quite inefficient since it is spend-
ing too much bandwidth resources with redundant signals
(guard interval) that do not carry information. The proposed
redundant precoder with R = [4/4] attains the highest spectral
efficiency among the tested schemes. The peak of the spectral
efficiency is always achieved at the point o = ayi,. From
Fig. 7(b), one can see that the SE increases about 25% (for
R = [6/2]) and 22% (for R = [§/4]) at @ = Omin,
as compared to the SE value obtained for non-accelerated
transmissions (i.e., « = 1). From Fig. 7(c), one can see that
the SE improves about 11% (for R = [§/2]) and 16% (for
R = [0/4]) at @ = amin When compared to o = 1. It is worth
mentioning that the spectral efficiency enhancement of the
proposed SLP when compared to the baseline scheme comes
at a price of higher computational burden.

Fig. 8 shows the energy inefficiency results. The pro-
posed redundant precoders are the most energy efficient ones,
wherein the minimum-redundancy scheme with R = [46/2]
attains the highest energy efficiency (lowest inefficiency).
Looking at the ZF curves, one can see that when trying to
accelerate below the minimum value of « that guarantees
information losslessness, the scheme starts to spend signifi-
cantly more transmit power without having gains in spectral
efficiency (see Fig. 7). Although less noticeable in this particu-

4Unfortunately, it was not possible to go much below the minimum value
of o that guarantees information losslessness without facing some numer-
ical issues, which limited the range of values that could be tested for the
acceleration factor.
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(Experiment 4) Energy inefficiency comparison between the ZF precoder with full redundancy and the proposed space-time-frequency SLPs with

half-delay ([6/2]) and quarter-delay ([§/4]) redundancies, as function of « and for different values of 3. The legend in (a) applies to all figures.

TABLE I

(Experiment 4) SER OF THE PROPOSED
REDUNDANT SPACE-TIME-FREQUENCY SLPS

(a,B) = [9/4] = [5/2]
(1.00, 0.80) 1.92% 2.98%
(0.89,0.90) 1.76% 3.47%
(0.80, 1.00) 5.46% 152%

lar experiment, the same behavior is observed for the proposed
non-redundant systems.

Table I shows a numerical comparison of the SER corre-
sponding to the peak values of SE in Fig. 7 for the proposed
redundant SLPs. As expected, one can clearly notice that the
SER decreases when R increases.

VI. CONCLUDING REMARKS

This paper addressed the problem of jointly han-
dling multiuser, intersymbol, and intercarrier interference in
downlink multi-antenna multicarrier transmissions through
frequency-selective channels. More specifically, controlled
intersymbol and intercarrier interference were introduced via
frequency-packed faster-than-Nyquist signaling. In this con-
text, redundant block-based space-time-frequency symbol-
level precoding schemes were proposed. The introduction
of redundancy in the block-based transmissions achieved a
trade-off between constructive and destructive interference
effects at the user terminals. A complete characterization of
the interblock interference (IBI), taking into account that the
resulting effective channel models can generate interference
across many multicarrier symbols (not only two adjacent
symbols), was provided considering the resulting group delay
and its relationship with the minimum redundancy required for
destructive IBI-free transmissions. Theoretical results showed
the monotonicity of the spectral efficiency with respect to
the sampling time, as well as the minimum sampling time to
guarantee information-losslessness transmissions as a function
of the roll-off factor of the transmitting filter, the frequency-
packing factor, and the number of subcarriers. Numerical

results corroborated the theoretical predictions and showed that
the proposed schemes can outperform zero-forcing precoders
in terms of achieving a better balance between spectral and
energy efficiencies. Future works include formulating and
efficiently solving the problem of optimally setting the group
delay of the effective channel model, analyzing the achievable
rate of the proposed transceivers through an information-
theoretic approach, as well as clarifying the relationship
between the number of redundant signals and an achievable
symbol error rate performance.

APPENDIX A
PROOF OF PROPOSITION 1

For fixed 3,0, rc, p, M, as SEq(«, 5) m— and

M1 M
M+ Ropga oM+« |2 R 5]
M 1

> -
- (%)M+Ra ﬁOé

M 1 1

= — , (43
M+ FRapa | oG | @
J\IJ’_RO’,['I
then, when a < o, one has % < 1, thus implying
that M+R 1 M+]\z§a/ﬁ L < SE¢(a, 3) > SEo(c/, ).
APPENDIX B

PROOF OF PROPOSITION 3

From Lemma 1, we note that the necessary and sufficient
condition for information losslessness can be rewritten as

F2(jw) > 0,Yw € R, for F2(jw) £ 3, ‘F J(“’+2m)
As f(t) is a square-root Ts-Nyquist filter with roll- off

p, then F(‘]%) F(é%) = 0 for w ¢

(_ adm(B)Atp)m _ 2mi afm(B)(A+p)w @) In this case
1 9
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F2(jw) > 0,Yw € R iff the intersection of the adjacent

supports of F' (J%ﬂ) and F' (J%) is nonempty;
iff: _afkf(5%1(1+l))ﬂ _ QTﬂ;z < afkf(5%1(1+9)7 _ 27"%{;"‘1) o
a-ex(B)-(1+p) > 1.

APPENDIX C

PROOF OF PROPOSITION 4

Based on (29) and (28c¢), the entries of the backward IBI
matrices (H %g)lk n[b]) will be zero when —bP+p, —p.+qs P+
ps <0< pr—ﬁc < (b—qs)P — ps for all pair (p,, p.) € P2.
As pr —pc € {—(P —1),....,(P—1)} and ps € &, the
former inequality certainly holds when b > ¢s + 1, and it
may hold when b = g5 + 1 (whenever ps = 0, i.e., whenever
0 is a multiple of P). In other words, H%E)Ik [b] = Opxp
for b > g5 + 1 or (b, ps) = (g5 + 1,0), thus implying that
#A®) = {1,...,q; + 1} in general. Similarly, noticing that,
based on (30), one can write v = (B — 3)P + p, + 1,
with p, being an integer number in the set &7, then it fol-
lows from (28b) that the entries of the forward IBI matrices
(H%Ik _[6]) will be zero when bP+py —pe+qs P+ps > (B —
3)P+bv+1 & pe—pr < [b—(B—3—¢s)|P—(1+p,—ps) for
all pair (py,pc) € 2% As pc—py € {—(P—1),...,(P—1)}
and 1+ ps — p, € {—(P —2),..., P}, the former inequality
certainly holds when b > B — 2 — g5, and it may hold when
b = B — 2 — g5 (whenever ps > p,; in this case, J is not a
multiple of P). In other words, Higlk ﬂ[b] = 0pyp for b >
B—2—qs,orb=B—2—qsand ps > p, = v—(B-3)P-1,
thus implying that (%) = {1,..., B — 2 — ¢5} in general.
Note that, from (29), the group delay satisfies § < v, which
implies (B — 2 — ¢s)P > P — (1 + p, — ps) > 0, thus
yielding B — 2 — g5 > 1, so that the set A is well-defined.
From (27), the number of data blocks contributing to the ¢!
received block after sampling, synchronization, and buffering
isup to 1+ |BD| + |2")| = B whenever § is such that
ps € {1,2,...,p,}, or otherwise (i.e., d = ¢sP + ps, with
gs €Nand ps € 2\ {1,2,...,p,}) upto B — 1.

APPENDIX D
PROOF OF PROPOSITION 5

Firstly, note that RH S;)Ik [bJA is an M x M matrix com-

prised of the entries {H%)Ik,[b]} , with p, € {0,---,
R

M—1}and p. € {P—M,--- ,P— 11}1.)13r0m (28c¢), backward-
IBI-free transmissions are possible when —bP +p, —p.+0 <
0 for all b € B®), p, € {0,---,M — 1}, and p. €
{P—-M,---,P — 1}. The maximum value that the L.H.S.
of the former inequality can assume occurs when (b, p;, p.) =
(1, M — 1, M — P). Thus, recalling that P = M + R, one
must have —(M + R)+ (M —1)-R+§ <0< 2R >0 -1,
from which (34) follows.
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