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Novel MIMO Technique for Wireless Terabits
Systems 1n sub-THz Band

Majed Saad, Nour Al Akkad, Hussein Hijazi, Ali Chamas Al Ghouwayel, Faouzi Bader and Jacques Palicot.

Abstract—In this paper, a generalized MIMO Spatial Multi-
plexing (SMX) system with a new Index Modulation (IM) domain
called filter IM domain is proposed. This filter domain generalizes
the time and frequency IM domains. In particular, a Filter Shape
IM (FSIM) is used to virtually transmit a part of the information
bitstream by indexing the filter shape varying at the symbol rate.
This scheme permits to achieve high Spectral Efficiency (SE) since
it uses all the available time, frequency, and spatial resources. The
proposed transceiver can be easily reconfigured to operate as a
conventional MIMO SMX transceiver. Compared to the existing
systems, the proposed system achieves the highest SE gain with
the help of IM and MIMO multiplexing gain. The theoretical
lower bound is derived to characterize the SMX FSIM system
performance. The results reveal that SMX FSIM with 2 filter
shapes only outperforms by 3.5 dB up to more than 12 dB the
equivalent SMX QAM system at the same SE. Furthermore, a
complete analysis in the sub-THz indoor environment with RF
impairments is provided for the proposed system, SMX QAM,
and Generalized Spatial Modulation. Finally, the results show
that SMX FSIM with a linear receiver has better performance
and robustness to phase noise, lower transceiver cost, higher
SE/energy efficiency gain, and lower power consumption.

Index Terms—Index Modulation (IM), Filter Index Modula-
tion, Filter Domain (FD), Filter Shape Index Modulation (FSIM),
pulse shaping filter, joint maximum likelihood detector, matched
filter detector, spectral efficiency, energy efficiency, SISO.

I. INTRODUCTION

The wireless data traffic is expected to increase by more than
10000-fold by the year 2030 [1]. Correspondingly, the data
rates required are increasing continuously towards Terabits per
second (Tbps). To accommodate this enormous expected boost
in traffic demand, either shrinking cell sizes, dramatically
increasing spectral efficiency, acquiring extra bandwidth, or
having a mixture of all three, will improve the throughput per
square meter in a wireless network that 5G cannot cope with
[1]. The millimeter-wave and sub-TeraHertz (THz) bands can
provide a huge bandwidth, but more challenges and limitations
appear in the path towards beyond 5G systems. In the context
of BRAVE project [2], [3], we target to define new wireless
technologies for sub-THz bands that can achieve ultra-high

M. Saad, J. Palicot are with SCEE-Signal, Communication & Embedded
Electronics research group, CentraleSupélec\IETR-Campus of Rennes,
Cesson-Sévigné, 35510 Brittany-France e-mail: majed.saad @ieee.org,

jacques.palicot@supelec.fr.
N. Al Akkad and H. Hijazi are with CCE department, Lebanese In-

ternational University, Lebanon email: 31530088 @students.liu.edu.lb, hus-

sein.hijazi @liu.edu.lb.

A. Chamas Al Ghouwayel is with the School of Engineering EFREI, 94800
Villejuif-Paris, France email: ali.ghouwayel @efrei.fr

Faouzi Bader is with Institut Supérieur d’Electronique de Paris, 75006 Paris,
France email: carlos.bader @isep.fr.

data rates in the order of Tbps. The exploitation of the sub-
THz bands mainly between 90 and 200 GHz with a 58.1 GHz
total available bandwidth can help to reach Beyond 5G data
rate requirements with current electronics technology.

Multiple-Input-Multiple-Output (MIMO) technology and
mainly Spatial Multiplexing (SMX) is a key enabler for high
data rate applications that was combined with high order
QAM in recent standards for high data rate. MIMO systems
caught significant attention because of their superiority in
exploiting spatial resources, improving system capacity, and
increasing the Spectral Efficiency (SE). However, increasing
the order of QAM modulation in the sub-THz band is limited
by the RF impairments and limitations (e.g., Phase Noise (PN),
low output power, hardware non-linearity,...) [4]. Thus, better
exploitation of MIMO technology is required to enable a low-
power ultra-high data rate system in sub-THz bands while
surviving with the Radio Frequency (RF) impairments and
sub-THz limitations.

Index Modulation (IM) has attracted considerable attention
in the last decades due to significant enhancement in the
system Energy Efficiency (EE) and/or spectral efficiency,
which is beneficial for low-power and/or ultra-high data rates
applications. IM’s general concept is to encapsulate additional
information bits (Virtual Bits (VB)) in an index of an element
that can be detected at the receiver side to recover these bits.
Basically, the three main IM domains are: spatial, time, and
frequency domains where the indexation is applied by activat-
ing one or more antenna(s) [5]-[9], time slot(s) [10], [11], and
subcarrier(s)/frequency band(s) [12]-[14] respectively.

The spatial IM domain can provide high SE gain, mainly
when it also exploits the multiplexing gain. For instance, Gen-
eralized Spatial Modulation (GSM) conveys the information
bits in the index of the activated Transmit Antenna Combina-
tion (TAC) and in the N, simultaneously transmitted symbols
[7]. Note that GSM generalizes several existing schemes such
as Space Shift Keying (SSK) [6] (and its generalized version
GSSK [15]) with single (multiple) active Transmit Antenna
TA(s) without any Amplitude Phase Modulation (APM) sym-
bol, also Spatial Modulation (SM) [5] with APM symbol and
single active TA. It is worth mentioning that GSM system
with power-efficient modulation (e.g. QPSK) is a promising
candidate for the sub-THz system even with a medium PN
level when the optimal detection is considered [4], [16].
However, it has some performance degradation with highly
correlated channels like those in sub-THz bands, but it can
be reduced by an efficient legitimate TAC set selection and
spatial bit-mapping [17].

In the Single-Input-Single-Output (SISO) context, the fre-



quency and time IM domains suffer from low SE gain
and even loss with high order modulation scheme due to
discarding some time/frequency resources. For clarification,
the Orthogonal-Frequency-Division-Multiplexing OFDM-IM
technique [12], [13] in frequency IM domain conveys the VB
in the combination of activated sub-carries while providing
better performance at low data rates and lower complexity at
the price of SE loss with high order modulation. In addition,
some extensions in this domain try to recover some of the
SE loss by using a variable number of activated subcarriers
and/or separate indexation for the in-phase and quadrature
components [14]. However, all these schemes suffer from
high Peak-to-Average Power Ratio (PAPR) and SE loss with
high modulation order compared to conventional systems with
APM (e.g., QAM, PSK). Similarly, Single-Carrier-IM (SC-IM)
in time IM domain that conveys the VB through the com-
bination of activated time slots [10] has the same drawback
in SE but with a lower PAPR and substantial EE gain. For
better compensation of SE loss, non-orthogonal schemes are
explored in time and frequency IM domains (SC Faster-Than-
Nyquist IM SC-FTN-IM [11], and Spectral Efficient FDM-IM
(SEFDM-IM) [18] respectively). These schemes are similar to
their orthogonal version but in a compressed form in time or
frequency dimension that leads to inherited interference.

Recently, a novel domain for IM named “Filter domain”
is proposed in [19]. This new dimension generalizes many
existing modulations and SISO-IM domains (e.g., time and
frequency IM domains described previously). The frequency
IM domain can be seen as a special case of the filter IM
domain because the activation/deactivation of a frequency
band or a subcarrier is just an application of a bandpass/zero
filter. Similarly, the time IM domain counterpart and many
other existing modulation schemes can also be considered as a
special case of the filter IM domain, as discussed in [19]. The
filter IM domain also allows us to achieve the highest SE gain
in SISO since it can be configured to fully use all the available
time and frequency resources. A Filter Shape IM (FSIM) was
also proposed in [19], where the information bits are emitted
through APM symbol and index of a transmit filter that can
be changed at the symbol rate. At the transmitter side, a filter
bank with NV different pulse shaping filters is used to explore
the indexation gain that leads to log, N as SE enhancement
in SISO-FSIM.

In this paper, a generalized SMX system is proposed mo-
tivated by the different advantages of FSIM scheme and its
generalizations for various existing IM schemes. Thus, this
system includes different existing schemes as special cases
(e.g., SMX with conventional APM, MIMO-OFDM-IM [20],
and SMX with any time/frequency IM), since filter IM domain
can be configured to change the emitted symbol [19]. The
transmission of different FSIM symbols from the TAs allows
achieving a higher SE and EE gain. In other words, any small
SE enhancement by FSIM in SISO has a tremendous impact
when it is extended to MIMO system, where the overall SE
gain by SMX FSIM compared to SMX QAM is N;log, N
for N; < N,. In addition, a simple receiver for SMX-FSIM
is presented in this paper, where a sample level equalization
is performed, and followed by a parallel Matched Filter (MF)
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based detector. Moreover, the theoretical system performance
is derived and validated by Monte Carlo simulations and then
compared with other equivalent systems.

The main contributions are summarized as follows:

1) A generalized MIMO SMX system is proposed by incor-
porating FSIM scheme to achieve high SE and EE gain.
The proposed SMX-FSIM system conveys information
bits in the signal and filter IM domains. The VBs are
encapsulated by the different filter shapes indices that
are used for pulse shaping of the N, simultaneously
transmitted APM symbols. Note that the transmit spatial
IM (e.g., GSM system) conveys all the VBs by a single
index (index of activated TAC), and its misdetection
leads to bit errors in most of the VBs and also in the
real bits of all transmitted APM symbols (i.e., N, APM
symbols in GSM will be most probably mis-detected
when an error occurs in the TAC index detection).
However, the decentralization of VBs encapsulation in
SMX-FSIM avoids the highlighted single point of failure
in GSM system.

2) A simple receiver for SMX-FSIM is presented, which
is based on Zero-Forcing (ZF) sample level equalizer
followed by a parallel MF-based detector. The proposed
parallel detection for SMX-FSIM provides good perfor-
mance with prominent complexity reduction compared
to the joint Maximum Likelihood (ML)-based detector.

3) The analytical performance of SMX-FSIM using ZF
equalizer is derived and validated by Monte Carlos
simulations. Then, they are compared to those of the
conventional SMX QAM system of the same SE. The
results show an important SE and EE gain can be
achieved even with a low number of filter shapes.

4) The performance of the proposed SMX FSIM scheme is
evaluated under sub-THz channels with RF impairments,
then compared to the existing ultra-high data rate can-
didates (GSM and conventional SMX QAM [4]).

5) These sub-THz candidates are compared and analyzed
from different perspectives (performance, robustness to
PN, SE/EE, cost, PAPR, and power consumption). The
results reveal that the spectrally efficient SMX-FSIM
with power-efficient APM is the best promising candi-
date for such systems in sub-THz bands because it has
better performance and robustness to PN, higher SE and
EE gain, lower power consumption and cost, as well as
it avoids the RF switching problem that appears with
transmitter spatial IM (e.g., GSM).

This paper is organized as follows. In Section II, the SMX-
FSIM system model is described, whereas the theoretical
performance derivations and analysis of the lower bound
is presented in section III. Section IV firstly presents the
comparison of the proposed system with the widely used
existing equivalent MIMO systems based on numerical and
theoretical results. Afterward, the system evaluation in the
sub-THz environment is also provided in Section IV, along
with a complete analysis of the considered candidates. Finally,
Section V concludes the paper.

The notations adopted in this paper are as follows. Bold
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lower (upper) case is used for vectors (matrices). The character
% denotes the convolution. ()7, ()7 and (.)~! are used to
denote respectively the Hermitian transpose, the transpose and
the inverse of a matrix. (x,y) stands for the dot-product.
CN (i, o) denotes the complex normal distribution of a
random variable having mean p and variance 2. |z| ([z])
denotes the floor (ceil) function that means the largest (small-
est) integer less (greater) than or equal to x. ||.|| stands for
the Frobenius norm. The probability of an event is denoted by
P(.) and the Probability Density Function (PDF) is denoted
by p(.). E[.] denotes the expectation. C¥ (n choose k) denotes
the binomial coefficient.

II. SYSTEM MODEL: MIMO SPATIAL MULTIPLEXING
WITH FSIM

In the design of the novel FSIM based MIMO transceiver
and its analysis, we considered most of the sub-THz band’s
peculiarities. In particular, the following points technological
limitations, RF impairments, and sub-THz channel characteris-
tics are considered in the waveform and system design phase:

« Low output transmit output power with limited achievable
SNR [4]. Thus, the new sub-THz waveform should be
energy efficient to maintain good performance.

o Important RF impairments such as carrier frequency off-
set (CFO) and phase noise of the oscillator that increase
at higher frequencies [21]. The CFO can be estimated
and canceled, but the PN’s dominant term in a wide sub-
THz band that cannot be completely compensated is the
random Gaussian process. This random term of the PN
has the highest impact on performance degradation [22].
Thus, a waveform robust to PN is required to maintain a
good performance with the residual PN.

o A low data converters resolution (quantization levels) is
preferred to avoid the high cost and power of the ultra-
high sampling rate data converters (ADC/DAC) with high
resolution.

o The efficient wireless link in sub-THz bands is com-
posed of the Line-of-Sight dominant path in most cases
with/without few survival non-line-of-sight paths.

Therefore, in our approach to design the proposed novel
MIMO transceiver, we insist on using a power-efficient single
carrier modulation with low order modulation to provide
better robustness for sub-THz bands and survive with these
limitations. However, to reach ultra-high data rates in the order
of Terabits per second, a spectral efficient IM technique is
required even with the large available bandwidth, and thus
we exploited our novel Index Modulation domain “Filter
IM domain”. The proposed system will enhance the SE by
exploiting all available time, frequency, and spatial resources
in contrast to most IM domains. Moreover, the proposed SMX-
FSIM transceiver will also enhance the EE because the VBs, in
general, can be detected at lower SNR, as it will be confirmed
in Section IV.

A. SMX FSIM Transmitter

Consider a N; x N, MIMO-SMX system (N; < N,.),
where N; and NV, are the number of transmit and receive

— x Yy —
by z R FSIM %
FSIM j P #! Controlled-IST Iz—l
bR Modulator — . bR
1 a / cancellation and | b1
A z Detection
by } FSIM BY
|2 | - . $2 2
s FSIM Y H i vvo || contolieasst [T 5
b—/ bR Modulator | . — . BRI T
pl22 2) i Equalizer | | cancellationand |02 | s
( z : Detection
| | FSIM Y Nt FSIM by,
" Modulat z | Controlled-ISI I~ |
by, 013 ator cancellation and |Dn,
L | No) Ne Ny Detection L
Fig. 1. System model of N; x N, SMX-FSIM transceiver.

antennas respectively. In this paper, FSIM scheme that conveys
information bits by the index of the different filter shapes and
the APM symbols is considered to achieve high SE and EE
gain. Note that this system SMX-FSIM in the filter IM domain
allows to use all available resources in contrast to other IM
domains (time, frequency, antennas, etc.).

The input bitstream b is divided into N, sub-streams
b1, ba,..by,, as shown in Figure 1, and passed through its
corresponding FSIM modulator.

Each sub-stream b; contains the real and virtual information
bits denoted by bf’ and b}/ respectively. The former is mapped
using the M-ary APM (e.g., QAM, PSK), while the latter is
translated to an index i/, which represents the index of the
selected filter f,; at the j** TA. Then, the APM symbol ¢’ is
pulse shaped, as depicted in Fig. 2, using the filter f;;[m] of
length L samples with m is the sample index from 0 to L —1.
Note that the filter is truncated in the time domain to n APM
symbols, and it is sampled at a rate of A samples per symbol,
which yields L = n.A+1. Then, the FSIM modulators’ outputs
are transmitted simultaneously from the N; TAs.

The filter bank for each FSIM modulator shown in Fig. 2
includes N different filter shapes where IV is a power of 2.
Without loss of generality, we consider that SMX-FSIM uses
the same filter bank and APM for all TAs. Subsequently, the
total number of bits per SMX-FSIM symbol SEgyx.psiv can
be expressed as:

Lsmx-rsiv = Ni(logy N + logy M)
= N¢logy N + Lsmx-Qam, (D

where Lsmx-gam = Nilogy M is the number of transmitted
bits of a conventional MIMO-SMX system with N, TAs and
M-ary APM. It is clear that the SE gain increases linearly
with the number of TAs, and it is NV; logy IV higher than that
of the conventional MIMO-SMX system with the same M -ary
APM.

The output of the filter bank s7 [m] for the n*" APM symbol
c) at the j*" TA is:

slm] = (£, + i) Im] = e fiy I, @
where c{L/ is the up sampled copy of ¢/, by a factor L.

Then, the signals s/ [m] are passed through the Overlap and
Add (OLA) block as shown in Fig. 2 to generate the emitted
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Fig. 2. System model of FSIM Modulator with M-ary APM mapping and

a filter bank of N filters.

signal 2/ [p] as follows:

n+|n/2]

2

n'=n—Tn/2]

) lp] = s/ wrlp — (' = )], 3)
where the index p = Deenter — [A/2] + 1, ..., Peenter + | A/2]
and the index of the middle desired sample is peenter = L ;1
[19]. Note the used filters introduce Inter-Symbol Interference
(ISI) since Nyquist condition for zero ISI is relaxed in FSIM
scheme to achieve higher SE by indexing distinguishable filter
shapes.

B. SMX-FSIM Receiver

1) Equalization: At the receiver, the received signal in time
domain y can be expressed as:

y=Hx+v, 4@

where H = [hy,...,hy,] is the N, x N; MIMO channel
matrix with h; is the column vector of NN, elements, x =
[z1,...,zN,]T is the transmitted vector that contains N;
different FSIM symbols, v is N, x 1 channel noise vector and
its v, elements are complex Gaussian variables, Identically
Independent Distributed (i.i.d.), with zero-mean and variance
o2, ie, CN(0, 0?) forr =1,...,N,.

The received signal suffers from Inter-Antenna Interference
(IAI) and inter-symbol interference due to the MIMO trans-
mission and the used non-Nyquist filters in FSIM scheme
respectively. In other words, the former represents the inter-
ference from simultaneously transmitted symbols from other
antennas, while the latter is the interference contribution from
the previous and the future symbols emitted from the same
antenna (within a filter period). When the receiver intends to
detect the j** FSIM symbol transmitted from the ;" TA, the
received signal can be rewritten as follows to highlight the TAI
components :

Ny
y= hjxj + Z hlxl +v. 5
I1=1,l#j

In addition to IAI, the symbols suffer from ISI due to
filters used at the transmitter that do not satisfy Nyquist ISI
criterion. At the first stage in receiver side, the received signal
is passed through an equalizer to eliminate the effect of the
channel H. Note that ZF or Minimum Mean-Square Error
(MMSE) equalizers can be used, or any other equalizer that
conserves the FSIM filter contribution. Here the equalization
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Fig. 3. System model of FSIM demodulator with the controlled-ISI

cancellation and detection.

is performed at sample level before matched filter and down-
sampling and not at symbol level as usual, since the pulse
shaping filter used at the transmitter is still unknown at this
stage. In general, the THz channel matrix can be low-rank
due to strong spatial sparsity. In such case equalizers like
MMSE (at low and moderate SNR), OSIC or QR should be
applied. But in the adopted scenario of isotropic antennas and
indoor propagation where the channel is generated from a
ray-based deterministic channel model [23], most of channel
matrix realizations are not low rank. Thus in the following, the
linear ZF equalizer is adopted to eliminate channel effect on
all received samples and allow the detection of the transmitted
FSIM symbol (APM symbol and index of the used filter). Then
the output of the equalizer can be written as follows:

X = Wy = x + Wy, (6)

where X is the vector of equalized samples and W =

wlh,wl ... ,w%t]T is the ZF weight matrix expressed as:

W= (H"H)"'H”, (7)

and w; is the j'" row of W.

Afterward, in order to have an effective detection of the
transmitted FSIM symbol (filter index and APM symbol), the
estimation and cancellation of the controlled-ISI from the used
non-Nyquist filters is performed in parallel as shown in Fig. 1
on the equalized stream of samples 27 similar to the simplified
SISO FSIM receiver depicted in Fig. 3.

Hence, the samples stream @7 corresponding to the j* TA
is passed to the ISI Estimation and Cancellation block [19],
that intends to remove the ISI generated from the used filters
that do not satisfy Nyquist zero-ISI criterion. The output of
the ISI Cancellation block can be expressed as follows:

8 [m] = C%fizz [m] + IS}, [m] + w;v[m], (8)
where the ISI7 [m] represents the residual ISI that might
still persist due to the non-perfect ISI cancellation.

Then, for each 57 = 1,..., N;, the ISI cancellation output
signal §7,[m] is passed through a MF-based detector to estimate
the APM symbol and the index of the selected filter at the ;"
TA.

2) Detection: In the following, the detection of the APM
symbol and filter index is considered for one TA, since all
TAs perform in parallel a similar detection. Each MF-based
detector contains a bank of N matched filters g; where
9r(t) = fu(Ty—t) with 0 <t < Ty, Ty = L.T, and T is the
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sampling period [19]. The output of these filters ri sampled

at the instant T’y can be expressed as follows:

T
Ti:/ DS fu(r)dr, k=1,2, N, )
0

Then, the selected filter at the transmitter side on the jth
TA can be recovered by taking the maximum energy of the
sampled MF outputs 7, as follows:

¥ = arg max 7212 (10)

After estimating the index of the filter being used at the
jth TA, the APM symbol detection is performed on r;;.
Afterwards, the detected symbols & and filter index #/ are
passed to their corresponding demappers to recover the sub-
streams IA)f and IA)}/ respectively. The above mentioned steps
are processed in parallel for the /V; transmitted FSIM symbols,
and finally the parallel to serial recovers the bitstream b as
depicted in Fig. 1.

III. THEORETICAL PERFORMANCE

In this section, the analytical lower bound in terms of
Symbol Error Rate (SER) for the proposed system SMX-
FSIM is derived, where we consider that the ZF equalizer
and the parallel MF-based detector are used. The system
performance of SMX-FSIM depends on the APM symbols and
filter index detection. In addition, the lower bound theoretical
SER and BER are deduced under the assumption of perfect
IST cancellation (i.e. 1.S1,¢s;q = 0), and near-orthogonal filter
shapes that can be achieved when the filter bank is well
designed.

The output of the matched filter bank at 4" TA sampled at
t =Ty given by 77 in (9) can be rewritten as:

Ti = (f, zi,>C£L + (£, W, vyp)
= Cj +<fk,WjVn> fOI‘k:z% (1n
= (£, £ ).ch 4+ (Bk, wyvy,)  fork # il

where v,, are the L samples around the n'” symbol.

The detection of the filter index #/ at the j** TA is estimated
according to (10) by choosing the maximum Uy = ||r}]|?
which represents the energy of rj, . Note that Uy, follows the
independent non-central Chi-Square distribution [24] for all &
with degree of freedom equal 2 and the non-central parameter
a? that can be expressed as follows:

fork =1

o ler =g, _
0T\ ) P = (68028, Fork £,

where f,; is the selected filter at the j" TA and &, is the
transmitted energy of the APM symbol ¢/ .
Therefore, the PDF of U can be written as follows:

u +a /7
k gk (ak )
)

P

(12)

13)

where u; > 0, Ug is the post-equalization noise variance, and

Ty (p) is the zero order modified Bessel function of 1°¢ kind

given by [24]:

00 22[3
:Z;%Q; p=b

Since the MF-based detector for all j = 1,..., N, performs
APM and filter index estimation in parallel for all TAs similar
to SISO-FSIM detection [19], we will consider the detection
on one of the TA, and the index j is omitted. Let us suppose
that the filter f; is selected at the transmitter side for the APM
symbol c,. The detector makes a correct index decision; if the
probability of w; is greater than all other N — 1 wuy values for
k # 1. The filters are considered orthogonal to derive the lower
bound, and thus the u; become statistically independent, then
the joint probability can be factorized as a product of N — 1
marginal probabilities of the form:

Zo(p) (14)

g
Pup < upluy) = / Duy, (Tg)dzk. k=2,3,...,N. (15)
0

Hence, the probability of a correct decision is given as
follows [19]:

Pc,Eq =PU; < Uh,Us < Uy,...,
N

= /OOO (H P(uy, < u1u1)> p(ur)duy, (16)
2

and the probability of a filter index error can be deduced from
probability of a correct decision as:

Pog, =1-P.g,

Uy < Ul)

a7)

The average probability of filter index error ought to be the
weighted average filter error accross the () possible energy
levels of APM symbols, given as follows:

Zpeg P(&

where P(&,) is the probablhty of occurrence of the energy

level &
The %ER of M-ary QAM modulation in AWGN channel is
given by [24]:

(18)

e Jfilter =

Pegam =
411 ! 3 SINR ki
( _W)Q M1 1s even
2
1 /3
41J — 21 —2J 6loga (1J) .
( M >Q<\/(12+J22)SINR> k is odd
4 9 6loga(IJ)
,M(lJrIJfIfJ)Q (\/WSINR>,

where STN R is Signal-to- Interference -plus-Noise Ratlo Q is
the Q-function, k = logy, M, =2 andJ—2 T

Subsequently, the correct detection of FSIM symbols arises
when both the filter and the APM symbol are correctly
estimated, therefore the probability of a correct FSIM decision
at a given TA is (1 — Pe,filter)(l — PeyQA]\f) and the SE Rgsiv
is given by:

SERFSIM =1- (1 - Pe,filter)(]- - Pe,QAM)~ (20)



Then, the SINR estimation at the j*" branch can be written

as:
SNR

w12

SINR; = = = (21)
where P is the average power on each TA, and SNR is the
average transmitted signal to noise ratio.

We defined w; = 1/4/||w;||?, then w; meets general
Rayleigh distribution with variance 1/2 and degree of freedom
2(N¢ — N, + 1) when the channel matrix H follows Rayleigh
distribution. In this case, the probability density function
(PDF) of wj is the following:

2 )Q(Nr—Nt)+le—(wj)2.

Pu(wj) = m (w; (22)

In the ZF algorithm, the FSIM symbol detection is imple-
mented independently on each branch of the equalizer output
corresponding to the symbol emitted from the j* TA with
same configuration (filter bank, APM scheme and order), and
the SINR of each sub data stream follows the same distribution
with the same degree of freedom. Hence, the average SER of
SMX FSIM symbol with ZF and MF based detector receiver
can be obtained under any fading channel as follows:

Ny
1 . .
SERsmx Fsiv = N, Z(SERéMx rsiv) = SERGyix psim

j=1
= / SERFSIM(wj)pw(wj)dwj, (23)
0

where the PDF p,(w;) depends on the considered channel
distribution.

IV. RESULTS AND DISCUSSIONS

After considering the sub-Thz aspects in the design phase
of the proposed SMX-FSIM system and its theoretical per-
formance validation, we studied in this section the proposed
transceiver in MIMO sub-THz channels generated from a ray-
based deterministic channel model by our BRAVE partner
[23]. In addition, we evaluated the system performance of
the proposed system and other sub-THz candidates with RF
impairments. Finally, different sub-THz system are compared
from different perspectives to deduce the most promising
candidate.

A. Theoretical and simulated performance comparison of
SMX-FSIM to equivalent SMX-QAM system

In this sub-section, we evaluated our proposed system
SMX-FSIM using the derived theoretical performance in a
Rayleigh channel, and in the next section we will consider
sub-THz channel model. Several Monte Carlo simulations are
performed to validate the theoretical lower bound SER perfor-
mance (23) and compared to equivalent system of the same
SE. Note that the theoretical SER performance of SMX-QAM
with ZF equalizer is according to [25, Eq. (9)]. In addition, the
SMX-FSIM system is compared at different transmission rates
to its equivalent SMX-APM systems. For a fair comparison,
both systems with ZF equalizer are compared with same
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number of receive antennas and under the same SE, which
requires either the same modulation schemes with SMX-FSIM
and SMX-QAM or the same number of transmit antennas. We
cannot conserve the same values for both variables because
SMX-QAM needs to accommodate the virtual bits conveyed
in the filter IM domain by increasing one of these parameters.
The simulation parameters for all configurations in this section
are summarized in Table I.

TABLE I
SIMULATION PARAMETERS

I Parameters [ Value 1]
Nt for SMX-8QAM,
SMX 2-FSIM-QPSK [4,8,10]
N; for SMX-QPSK [6,12,15]
N, [8,12,16]
n 10
Oversampling factor: A 8
Filter’s length: L 81
Pulse shaping filter Root Raised Cosine
for Conventional Transceiver (RRC)
Number of channel realizations 500
Total Number of symbols 5 x 100

Figures 4-6 show the SER performance for SMX-QAM and
SMX-FSIM with/without perfect ISI cancellation in Rayleigh
channel by transmitting 12 to 30 bits per MIMO symbol (or
bit per channel use (bpcu)). In addition, the theoretical SER
for both systems are compared to the Monte Carlo simulation
results. The notation N —FSIM-APM is used to describe FSIM
scheme with NV filters and APM modulation schemes.

The different systems with 12 bpcu and N, = 8 are: SMX-
QPSK with N; =6, SMX 2—FSIM-QPSK and SMX 8QAM
with Ny = 4. As we can notice that when we are using
the same QAM order M for SMX-FSIM and SMX-QAM,
N; for the SMX-QAM system is larger to have the same
SE. Similarly, when the same NN, is used, the modulation
order is increased for SMX-QAM for same reason. The SER
performance of these systems are depicted in Fig. 4, and it is
clear that SMX 2-FSIM-QPSK system has 3 dB and 5.2 dB
performance gain at SER= 10~* compared to the equivalent
SMX-8QAM and SMX-QPSK systems respectively.

Similar comparisons with larger number of transmit anten-
nas are provided to achieve higher SE. The results in Figs.
5-6 show that SMX 2-FSIM-QPSK with N; = 8 (SE=24
bpcu) and N; = 10 (SE=30 bpcu) achieve around 3-3.5
dB performance gain compared to SMX-8QAM with same
number of transmit antennas and more than 12 dB gain
compared to SMX-QPSK.

Finally, it is worth mentioning that the simulated SER for
SMX-QAM matches their theoretical curves, and the simulated
SER for SMX-FISM system with perfect ISI cancellation is
very tight to its theoretical lower bound in all configurations.
Whereas, a slight performance degradation (less than 0.8
dB) can occur when using the proposed ISI estimation and
cancellation technique due to residual ISI from the non-
Nyquist filters.
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Fig. 4. SER performance of the proposed SMX 2-FSIM-QPSK system and
its equivalent SMX-QAM systems of same SE= 12 bpcu and N, = 8.
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Fig. 5. SER performance of the proposed SMX 2-FSIM-QPSK system and

its equivalent SMX-QAM systems of same SE= 24 bpcu and N, = 12.

B. Spectral Efficiency Analysis: SMX-FSIM vs existing MIMO
techniques

In this section, the spectral efficiency of different MIMO
techniques with different number of TAs N; and modulation
order M is analyzed. This comparison considers the con-
ventional SMX with linear APM (QAM, PSK), and several
transmit spatial modulations with/without APM that uses the
TA(s) indices to convey additional information bits. The SE
of these systems are summarized in Table II while assuming
N, > N, and Figs 7-8 compare their SEs as function of
number of TAs with M = 4 and M = 16 respectively. For
clarification, the Extended SSK (ExSSK) and Variable N,

;
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Fig. 6. SER performance of the proposed SMX 2-FSIM-QPSK system and
its equivalent SMX-QAM systems of same SE= 30 bpcu and N, = 16.

TABLE 11
SPECTRAL EFFICIENCY OF DIFFERENT N¢ X N, MIMO TECHNIQUES.

System Spectral Efficiency Ng number of
Name L (bpcu) activated TA(s)
E SMX-APM Nt 10g2 M Nt
©n SMX-FSIM N¢logy M 4 Nilogy N Ny
SSK [6] llog, Nt | 1
GSSK [15] llog, CN° | Na
% Bi-SSK [26] 2|logy Nt Na = 1 for
| 1/Q: {1,2}
& | ExSSK [27] N, {0,...,Ni}
g SM [5] logy M + |logy N¢] 1
§ GSM [7] N logy M + [logy, CN° Na
= « = 1 for
QSM [8] logy, M + 2|logy N¢|
1Q: {1,2}
VGSM [28] | =~ logy M + log, (2Nt — 1) {1,..., N¢}

GSM (VGSM) (shown in Table II) allow a variable number of
active TAs to increase the SE. For the same reason, a separate
indexation for the in-phase and quadrature components is
considered in Bi-SSK [26] and Quadrature SM [8].

Note that the SE of GSSK and GSM depends on the
number of activated TAs N, as shown in Table II, and in
these figures N, is selected to achieve the maximum SE
with a specific N; that occurs when N, = % with GSSK
(depends on M-ary order with GSM using N, < N; to
enable IM since GSM using N, = IV, is same as conventional
SMX). Figs. 7-8 show that the transmit spatial IM schemes
without APM (i.e. SSK [6], GSSK [15], Bi-SSK [26], ExSSK
[27]) suffer from a limited SE gain, and thus they are more
suitable for low data rates applications. Whereas a higher
SE is reached when incorporating APM symbol transmission
with IM (i.e., SM, GSM, QSM, etc.). It is clear that the
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with APM, N, = [1,..., Ny — 1] for fixed N, schemes, and N = 2 for
FSIM.

highest SE is achieved by the conventional SMX-APM, GSM,
and the proposed SMX-FSIM system due to the important
multiplexing gain with/without IM. However, SMX-FSIM
achieves 1.5 (resp. 1.25) times higher SE with 2 filters only
compared to SMX-QPSK (resp. SMX-16QAM) as depicted
in Fig. 7-8 where SMX-FSIM shows its superiority over all
other MIMO techniques. In addition, it is worth mentioning
that the number of activated TAs N, with transmit spatial IM
is less than NN, but they require full-RF transmit architecture
(i.e. Number of RF chains = V;) to avoid SE degradation.
Note that the transmit spatial IM schemes with RF-switching
having the number of RF chains equals to the maximum
N, suffer from spectral regrowth due to pulse shaping time
truncation to symbol period, and thus a SE degradation will
occur [29]. Moreover, the RF-switching time at each symbol
period introduces additional SE degradation [30]. Thus, the
obvious solution for all transmit spatial IM is to use a full-RF
transmit architecture to avoid this SE problem.

C. Comparison of SMX-FSIM, conventional SMX and GSM
in sub-THz environment

In this section, the best candidates in terms of SE high-
lighted in previous section are evaluated from different per-
spectives while considering sub-THz challenges and limita-
tions. Note that SMX-QAM and GSM system are investigated
in sub-THz environment in [4], [16], and the results show that
using lower modulation order M is more efficient especially
in sub-THz with RF impairments and limitations such as
higher robustness to PN, lower transmit power and less ADC
resolution requirements. For this reason, the proposed SMX-
FSIM system using QPSK is compared to their equivalent
GSM and SMX schemes with the same SE.

1) Performance in sub-THz channel with RF impairments:
In this sub-section, these candidates’ performance is evaluated
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Fig. 8. Maximum SE for different MIMO techniques: M = 16 for systems
with APM, N, = [1,..., Ny — 1] for fixed N, schemes, and N = 2 for
FSIM.

under indoor sub-THz channels and subjected to PN impair-
ment. The sub-THz MIMO channels are generated using ray-
based deterministic channel model [23]. For instance, different
channel realizations are generated using a ray-based determin-
istic channel model for sub-THz Band (mainly between 90-
200 GHz) [23]. In this paper, we focused on the downlink
hotspot (or kiosk) indoor scenario operating at 150 GHz where
the Access Points (APs), acting as transmitters, and the User
Equipments (UEs), acting as receivers, are equipped with N
and [V, isotropic antennas respectively. The setup environment
is described in [4], [23], where 10 APs mounted on the ceiling
with fixed positions and 50 UEs at random positions are used
to generate different channel realizations as shown in Fig. 9.
In our simulations, the distance between the AP and UE is up
to 8 meters (m), and its average is 5 m. The MIMO channels
are obtained with Uniform-Linear-antenna Array (ULA).

For a wideband system like our case in sub-THz, the PN
impairment can be modeled by Gaussian distribution with zero
mean and ag variance [21] which is the dominant term of the
PN that affects the wideband system performance [22], and
in the following different PN levels are considered: low o, =
1073, medium o, = 1072, and high o, = 107!, the used
MIMO PN model is according to [4]. For a fair comparison,
the SMX FSIM, SMX QAM, and GSM systems are configured
to achieve the same SE of 12 bpcu with the same number of
RAs, and same modulation scheme QPSK or the same number
of TAs, and without PN mitigation (non-coherent detection).
The configuration of these systems is summarized in Table
IIT where we can observe the different systems of the same
SE either have same M modulation order or same N;, and
they use the full-RF transmitter architecture. Note that a pulse-
shaping filter is considered with all MIMO systems before
transmission with the same parameters shown in Table I, and
a low complexity receiver based on ZF equalizer is adopted
with all systems to allow practical implementation of downlink
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Fig. 9. Indoor MIMO channel measurements [23]. (a) 3D physical positions
of 10 APs marked in red circles and 50 UEs marked in yellow. The office is
composed of external walls, windows, internal walls, cubicle partitions and
desks. (b) 2D positions of the 10 APs and office furniture.

scenario where the UE has complexity and energy constraints.

TABLE III
SYSTEM CONFIGURATION FOR SUB-THZ CANDIDATES WITH 12 BPCU.

System Ny N, M | Ng N

SMX-FSIM 4 10 4 4 2

SMX-QAM 4 10 8 4 1

SMX-QAM 6 10 4 6 1

GSM 6 10 4 5 1

GSM 9 10 4 3 1

The non-coherent SMX 2-FSIM-QPSK system with low and
medium PN levels achieves the best performance compared
to its competitor systems as depicted in Figs. 10-11. For
instance, SMX 2-FSIM-QPSK has a 3.9 dB and 18 dB gain
compared to SMX-8QAM with same number of TAs and
SMX QPSK (same modulation) respectively. Similarly, SMX
2-FSIM-QPSK has 9.8 dB gain compared to GSM-QPSK with
N; =9 and N, = 3, while GSM-QPSK with N; = 6 and
N, = b5 suffers from important error propagation that leads to
error floor. The GSM system in general are more prone to error
since the mis-detection of the activated TAC does not cause
only virtual bit errors but it propagates to the detection of all
transmitted APM symbols in the same MIMO vector due to
the attempt of APM symbols detection on non-activated TAs.
This drawback of GSM clearly appears when N; = 6 and
N, = 5 in both figures, while the other GSM configuration
performs better since it is well known that GSM performance
is enhanced when transmitting most of the information bits
by means of IM. However, the SMX FSIM system overcomes
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Fig. 10. Un-coded BER performance of the proposed non-coherent SMX

FSIM compared to SMX-QAM and GSM in sub-THz channels with low phase
noise (ag = 10~1). The SE for all systems is 12 bcpu.
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Fig. 11.  Un-coded BER performance of the proposed non-coherent SMX

FSIM compared to SMX-QAM and GSM in sub-THz channels with medium
phase noise (O'Z = 10~2). The SE for all systems is 12 bcpu.

GSM drawback of error propagation to all APM symbols by
the decentralization of virtual bits transmission to N; groups of
virtual bits, and thus a mis-detection of filter index can affect
only the subsequent single APM symbol detection and not the
all the transmitted APM symbols like in GSM. Furthermore,
the filter index mis-detection does not cause necessarily an
APM symbol error since the transmitted APM symbol is
not completely lost in contrast to GSM that drops the APM
symbols on non-activated TAs.

A similar conclusion can be drawn at medium PN level
(02 = 10~?) from Fig.11. Besides, it is worth mentioning that
SMX FISM with linear receiver is the only system able to
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TABLE IV
AVERAGE COMPUTATIONAL COMPLEXITY IN TERMS OF REAL MULTIPLICATIONS FOR SMX-FSIM, SMX-APM, AND GSM EQUALIZERS/DETECTORS.

[ System | ZF equalizer/detector complexity [ ML complexity |
SMX-FISM (%)MWNT + Nt(Crrp + Cistcancellation) + Cw iy /Ns | 25sMxrsmt1(2N; + 1) LN,
SMX-APM AN Ny + 2M N+ Cw, . /Ns 2LsmxFI(2N; + 1)N,.

GSM AN N, + 2MNq + Cw o /N 2LGMTT (2N, + 1) N,

operates at this PN level without an error floor. However, all
these system configurations suffer from an error floor when
subjected to very high PN level (o7 = 10"). In conclusion,
the non-coherent SMX FSIM provides the best PN robustness
among these candidates, but a PN mitigation technique and/or
an APM less sensitive to PN (e.g., PAM, spiral constellations
[31], Polar QAM [32], ...) are necessary at very high PN level.

2) Complexity: In this section, we characterize these sys-
tems in terms of the computational complexity of the optimal
ML and the low complexity ZF based equalizer/detector. Their
average complexity per symbol is expressed in terms of Real
Multiplications (RMs) and summarized in Table IV. Note that
each Complex Multiplication (CM) consists of 4 RMs, and
it can be computed using 3 RMs if one term in known in
advance [33, Eq. (12)]. The computational complexity of the
ZF matrix for the N, x N; channel H is expressed in terms
of RMs as follows:

2N + 3N? — 5N;
6

Cwzr = A( +2N.N7),  (24)
where the first term is for the square matrix H” H inversion
and the second term represents the needed multiplications to
deduce the pseudo inverse of H. However, the ZF matrix cal-
culation can be computed once when the channel is static for
the duration of Ny symbols. Note that the ZF equalization for
SMX-APM and GSM can be performed after matched filtering
and down-sampling, while that for SMX-FSIM should be done
for the whole received signal (all samples: NgA+ L — 1) prior
to the filter index detection, and then perform the matched
filtering using the detected filter. Hence, the sample level
equalization for FSIM is approximately A times larger than
that of symbol level equalization.

The complexity of SMX-FSIM receiver lies in the equaliza-
tion, ISI estimation and cancellation block, and the matched
filter detector. The matched filter on each TA performs N
convolutions with a filter of length L known in advance, then
the middle sample is used for detection after sampling. Thus,
this middle sample is computed by L. CMs when the signals of
the convolution are completely overlapped. For the filter index
and APM symbol detection, N+ M Euclidean Distances (EDs)
are computed where ED consists of 2 RMs. Thus, the matched
filter complexity is expressed as:

Cyur =3NL+2N +2M (25)

The ISI estimation and cancellation block (depicted in [19, Fig.
3] contains a MF detector for tentative decisions, and the Tx
filter output regeneration that multiplies the estimated tentative
APM symbol with the filter (L CMs= 3L RMs). Similarly,
the feedback of the previously detected symbol contains L
CMs= 3L RMs. Afterward, an overlap and add is performed

to deduce the estimated ISI, then it is subtracted from the input
signal where these steps contain only additions/subtractions.
Therefore, the total complexity of the ISI estimation and
cancellation block is:
Cist cancellation = Cvp + 6.L. (26)

The ZF based equalizer/detector provides a prominent com-
plexity reduction for all systems compared to the ML counter-
part, and SMX-FSIM suffers from higher receiver complexity
which is proportional to the filter length L as shown in Table
IV. However, it is clear from the results in Sections IV-A and
IV-C1 that the performance of SMX-QAM and GSM with
their linear detection are not satisfactory as SMX-FSIM and
the formers have a high error floor with medium PN level
(04 = 1072). Therefore, the additional complexity of SMX-
FSIM linear receiver, compared to SMX-APM and GSM,
comes with a tremendous system performance and robustness
to PN that are critical factor for sub-THz system with RF
impairments and limited SNR.

It is worth mentioning that the SMX-FSIM transmitter has
a low complexity because the filtering operation for each
symbol is a merely simple multiplication and the OLA block is
composed of adders only that means FSIM transmitter does not
introduce an additional noticeable computational complexity
compared to other systems.

3) Hardware cost and design issues: The hardware cost
depends on the number of used RF-chains that contains the
most expensive hardware components. In Section IV-B, it is
highlighted that the full-RF transmit architecture is required
with transmit spatial IM schemes to avoid SE degradation.
Therefore, the number of RF-chains at Tx side is same as
number of TAs N; with all schemes, and thus it is clear from
Table III and Figs. 7-8 using any M-ary modulation scheme
that SMX-FSIM system with only 2 filter shapes requires the
minimum number of TAs N; (and thus RF-chains) to achieve
any SE. Therefore, SMX-FSIM allows to have the minimum
possible cost for the transceiver hardware. Note that GSM
receiver with some configurations can have lower cost by using
smaller number of RF-chains equal to IV, but this condition
(N, = N, < Ny) can highly degrades the system performance
with low complexity detectors.

It is worth mentioning that the full-RF transmitter archi-
tecture with GSM eliminates the high-speed RF switching
challenge at the price of higher cost. The practical imple-
mentation of these MIMO schemes requires careful antenna
array design to have low spatial correlation, and especially for
GSM system since the mis-detection of the activated Transmit
Antenna Combination (TAC) leads also to APM symbols error
and thus highly degrades GSM overall performance [34].
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TABLE V
LINK BUDGET AND POWER CONSUMPTION OF SMX FSIM, SMX QAM AND GSM SYSTEMS WITH ZF BASED DETECTION OVER SUB-THZ CHANNELS
SUBJECTED TO LOW PN.

System Parameters

SMX FSIM_| SMX 8QAM | SMX QPSK | GSM (V; =9, N, = 3)

Carrier frequency (GHz) 150.00

Distance (m) 2to8

Channel Bandwidth W (GHz) 0.50

Required Transmit Power P; (dBm) | 0.04 t0o 12.09 [ 3.94 t0 15.99 [ 18.04 to 30.09 | 9.84 to 21.89
Transmit antenna gain G (dBi) 20.00

EIRP (dB) 20.04 to 32.09 | 23.94 to 35.99 | 38.04 to 50.09 | 29.84 to 41.89
fspl (dB) 81.98 to 94.03

Receive antenna gain G, (dBi) 5.00

Received power Rxj¢qe; (dBm) -56.94 [ -53.04 [ -38.94 [ -47.14
Thermal noise (PSD) (dBm/Hz) -174.00

Noise figure Ng;gyre (dBm) 7.00

Thermal noise N7hermar (dBm) -86.94

Noise floor Ntio0r -79.94

Required SNR with low PN (dB) 23.00 26.90 41.00 32.80
PAPR (dB) at CCDF= 10~% 7.3 5.8 3.65 8.3

PA efficiency 0.34 0.4 0.52 0.31
Power consumption (dBm) 4.71 to 16.75 7.92 to 19.96 | 20.87 to 32.92 14.93 to 26.97
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Fig. 12. Comparison of CCDF of PAPR for the SMX FSIM, the SMX QAM
and the GSM systems with pulse shaping having SE= 12 bpcu. SMX FSIM
uses the filter shapes presented in [19], while SMX QAM and GSM use RRC
filter.

4) PAPR, Link Budget and Power consumption: Based on a
MIMO SC transceiver with pulse shaping, the corresponding
Complementary Cumulative Distribution Functions (CCDFs)
of the PAPR of SMX-FSIM, SMX-QAM and GSM systems
are shown in Fig. 12. The PAPR for all these schemes is
evaluated over one TA, since all TAs for each system have
similar PAPR when using same M -ary scheme for different
TAs and TAs activation is equiprobable in GSM. SMX-FSIM
use the non-Nyquist filter shapes designed for filter IM domain
[19], while the pulse shaping for SMX-QAM and GSM system
is performed with root raised cosine filter. The CCDF that
represents the probability of having a PAPR higher than a
PAPR, threshold depicted in Fig. 12 shows clearly that SMX
QPSK have the lowest PAPR 3.65 dB at CCDF of 104, and
the PAPR increases to 5.8 dB SMX 8QAM due to the higher
M-ary scheme (8QAM), and to 4.4 dB (resp. 8.3 dB) with

GSM using Ny = 6, N, = 5 (resp. N, =9, N, = 3). It is
clear that the PAPR of GSM increases when the ratio %—‘Z
decreases due to the lower average power caused by zero
symbol transmission when the TA is inactive. Concerning
SMX-FSIM, its PAPR is 7.3 dB due to the used filter shapes
that are designed to have low filter’s correlation and limited
ISI without any PAPR constraint. The higher PAPR reduces
the Power Amplifier (PA) efficiency, and thus it affects the
system power consumption. In the following, the link budget
for these systems is calculated from the required SNR to
achieve BER= 105 according to the following parameters:

Nrhermatr = 10log (k. T.W) 430 dBm
NFioor = NFigu're + NThermal dBm
Rz pever = SNR+ NFrioor dBm
Fspl = 20log; (" He) dB

EIRP = fspl — Gr + Rxpepe; dBm
P = FEIRP — G¢ dBm

where k, T, W, Nrigure, fspl, fe, ¢, Gr/G¢ and EIRP are
Boltzmann constant, the temperature in kelvin, the channel
bandwidth, the noise figure, the free space path loss, the carrier
frequency, the speed of light in vacuum (c = 3 x 10%m/s),
receive/transmit antenna gain, and the effective isotropic radi-
ated power respectively.

Furthermore, the power consumption of these systems is
deduced based on the PA efficiency that depends on their
PAPR.

The link budget for the different systems in indoor scenarios
(Kiosk, enhanced throughput WLAN, etc.) with a distance up
to 8 m is depicted in Table V, where the GSM system with
N; = 6, N, = 5 is omitted due to the high error floor. It is
clear that SMX FSIM requires the lowest transmit power to
guarantee BER= 1075 due to better system performance. This
low transmit power requirement is an important advantage for
sub-THz bands, since the output transmit power is very limited
at high frequencies with current technology. The required
transmit power and the EIRP make SMX QPSK and GSM
with linear ZF based detector impractical in current technology
while respecting EIRP regulations in contrast to their results
with ML detection discussed in [4].
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TABLE VI
SUMMARY OF DIFFERENT MIMO TECHNIQUES FOR LOW-POWER WIRELESS ULTRA-HIGH DATA RATES SYSTEMS IN SUB-THZ BANDS.

Spectral Efficiency Ni(log, M + logz N)

(see Figs. 7-8)

MIMO systems with power-efficient low order APMs and linear based receivers

Nglog, M +log, C,c’r“
where N, < N

N¢log, M

High Medium Medium
Robustness to PN . o Low
(see Figs. 10-11) LEED LopjtoltEding (High with ML[4])
PAPR . i Low to High
(see Fig 12) Medium Low (depend on M, N, and N;)
Energy Efficiency 3 q q
(see Table V) High Medium Medium
Linear Detector Complexity Medium to High .
(see Table IV) (depend on filter length) Medium Low
Cost based on number of RF chains Low Low to Medium Hich
(see sub-Section I'V-C-3) 8
LAy High Low High

(Reconfigurable System)

In addition, it is worth mentioning that SMX-FSIM main-
tains its superiority in the power consumption despite the
PAPR increase by the used filters due to the important per-
formance SNR gain. For instance, SMX-FSIM with linear
receiver provides a 3.21 dBm power gain compared to SMX
8QAM and more than 10 dBm compared to GSM and SMX
QPSK as shown in Table V. It is worth mentioning that
acquiring a wider total bandwidth in sub-THz bands by
channel aggregation/bonding, adopting a higher number of
filter shapes, and/or a large scale MIMO with SMX-FSIM
allows achieving a low-power wireless Tbps system.

Therefore, SMX-FSIM requires less SNR to reach the
desired performance even without channel coding, and the
proposed system requires the minimum number of transmit
antennas to achieve any SE, as shown in Figs. 7-8 that limit
the transceiver cost and power consumption related to RF
chains and to achieve the desired performance so a higher EE
is provided. Hence, SMX-FSIM requires less parallel modu-
lator and RF chains than the most spectral-efficient existing
MIMO systems, which means lower hardware cost and power
consumption even with PN impairment, as shown in Table
V. This cost and power consumption of SMX-FSIM remains
the minimum compared to the other candidates, even when
considering a massive MIMO system exploiting beamforming
gain to compensate the sub-THz/THz losses.

Note that when considering a higher PN level, all systems
with linear ZF based detector suffer from an error floor except
SMX-FSIM as shown Fig. 11, and the latter consumes only
1.5 dB more than its power consumption at the low PN level.

D. Summary of sub-THz candidate system

In this sub-section, a discussion summary is provided. The
proposed SMX-FSIM system is shown to achieve the highest
SE gain among the existing MIMO systems with/without
IM even with 2 filter shapes and low order modulation.
For instance, the achieved gain with SMX FSIM system is
Nilogy N higher than that of SMX QAM using the same

modulation order and the number of antennas. It is also
important to mention that SMX FSIM fully utilizes all time,
frequency, and spatial resources in contrast to spatial IM
(e.g., GSM,...) that activates a certain number of antennas
and requires a full-RF transmitter architecture. In the current
study, we are focusing on an ultra-high data rates system for
indoor scenarios with power and complexity constraints for
the UE receiver, like downlink kiosk application and enhanced
throughput WLAN. For this reason, we developed and theoret-
ically assessed the proposed SMX FSIM system with a linear
receiver based on ZF equalizer and parallel MF detectors that
allow us to maintain a low and feasible receiver complexity.
The performance of SMX-FSIM is very tight to the derived
theoretical lower bound. Compared to the equivalent SMX
QAM system of the same SE using either the same modulation
order or the same number of TAs, the results reveal that SMX
FSIM with a linear receiver and only two non-optimal filter
shapes outperforms by 3.5 dB up to more than 12 dB these
equivalent systems in Rayleigh channel. In order to complete
our study and propose a new ultra-high data rate system in
the sub-THz environment, a complete analysis in the sub-THz
indoor environment with RF impairments is provided for the
proposed system SMX FSIM, and the other candidates (SMX
QAM and GSM). Finally, we showed that SMX FSIM with a
linear receiver has better performance and robustness to phase
noise, lower transceiver cost, higher SE/EE gain, and lower
power consumption compared to its competitor candidates.
Therefore, this analysis and discussion summarized in Table
VI promotes SMX-FSIM with a linear receiver as a very
competitive candidate for low-power wireless ultra-high data
rates system in sub-THz bands.

V. CONCLUSION

In this paper, a generalized MIMO Spatial Multiplexing
system is proposed, thanks to filter IM domain that generalizes
many existing modulation and time/frequency IM domains. In
particular, FSIM scheme is considered in the proposed system
to achieve the highest SE gain (V; log, N) among the existing
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MIMO systems by conveying the additional bits in the index
of the used filter shape at each TA. The received signal of
SMX FSIM suffers from IAI and ISI that are compensated
using ZF equalizer and ISI estimation and cancellation block
respectively. A linear receiver based on ZF equalizer and MF-
based detector is proposed to avoid the high complexity of
joint ML detector by performing parallel detection for all
transmitted symbols. Note that the equalization is performed at
sample level before matched filter and down-sampling, since
the selected filter in FSIM symbol is still unknown for the
receiver at this stage. In addition, the theoretical tight lower
bound of the proposed SMX FSIM system is derived and
verified by Monte Carlo simulations. The proposed SMX 2-
FSIM-QPSK achieves at least 3 — 4 dB gain compared to
SMX 8QAM of the same SE and number of TAs, and the
performance gain increases to more than 12 dB compared to
SMX QPSK of the same SE and APM order. Furthermore, the
different candidates for ultra-high data rates in sub-THz bands
(SMX FSIM, SMX QAM, and GSM with linear receiver) are
evaluated in sub-THz channels with RF impairments and a
complete analysis/comparison is provided. The results reveals
that SMX FSIM has better performance, higher robustness
to PN, lower transceiver cost, higher SE/EE gain and less
power consumption. However, these advantages comes with
a slight receiver complexity increase which is in order of L
times higher than other candidates, and this complexity can
be reduced by proper design of filter bank with shorter filter
length L while respecting FSIM scheme filter requirements.
Finally, it is worth mentioning that SMX FSIM in sub-THz
channel requires much lower SNR (4 — 18 dB less than
other candidates) which is crucial for sub-THz systems with
limited output power, and it is the only scheme among these
candidates that can operates in a medium PN level with linear
low complexity receiver.

It is worth mentioning that massive MIMO with beamform-
ing can be exploited with SMX-FSIM by replacing each TA
in the proposed transceiver with a set of TAs to better combat
the high sub-THz/THz propagation losses, and this extension
will be considered in our future research work. Also, we will
propose more advanced receiver design and novel schemes in
our proposed IM domain.
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