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ABSTRACT 1. INTRODUCTION

Multiple-Input Multiple-Output (MIMQO) system with In-
; : - : dex Modulation (IM) as Generalized Spatial Modulation
Multiple-Input Multiple-Output (MIMO) tech th In-

ultiple-nput Multiple-Output ( ) technique with In (GSM) [1] is a promising technique for wireless ultra-high

dex Modulation (IM) over sub-TeraHertz (sub-THz) bandsd ta rat : here it achi the best perf q
represent a promising solution to design new wireless uItra];a a rates system where it achieves the best performance an

high data rate systems. However, the system design ov Quest power consumption when using low order modula-

sub-THz bands suffers from many technological Iimitationst'(r)]n schlemzes;'n correla’ggl\\:ncofr related ngle'gg aqd E.'Ck"?n
and severe RF-impairments such as low output power, limS annels [2]. However, pertormance degrades in highly

ited resolution of high-speed low-power Analog-to-Digital correlated_ channels and many en_hancement_ techniques are
Converters and important Phase Noise (PN) introduced b@roposed in [3] alﬂd [4] to reduce this degragatm;.
the Local Oscillator (LO). In this paper, different modula-  Moreover, millimeter wave (mmw) and sub-TeraHertz

tions schemes with Generalized Spatial Modulation (GSMfSUb'THZ) bands_ are considered for beyond 5G uItra-h?gh
ata rate scenarios [5]. However, these bands especially

are compared from different perspectives while considerin : ;
the sub-THz impairments. The effect of PN has been inves- e sub-THz suffers from higher channel attenuation and

tigated for these modulation schemes in sub-THz channe%ens'i_tivity to small environment .detaiils .[6].[7]' severe RF-
using uniform linear and rectangular antenna arrays. Thinpairments and many technological limitations such as low

obtained results reveal that QPSK-GSM system is the beQUtput power, limited resolution of high-s_peed low-power
combination compared to GSM systems with any othér Anglog-to-D_|g|taI Converters (ADCs) [8.]’ important Phase
ary modulation scheme (e.g. PSK, DPSK, QAM, PAM).NO'Se (PN) introduced by the Logal Oscillator (LO) [9].
Compared to DQPSK-GSM and 4PAM-GSM at 12bpcu, In the context of BRAVE prOJ_ect [10] [11], we target to
same number of receive and activated transmit antennas, tigPlore the sub-THz bands mainly between (90-200 GHz)
QPSK-GSM system offers a gain ranging from 3.4 dB up tofo.r wireless Terabits per _second (Tbps) .communlcatl.on. In
5 dB. The results reveals that low to medium residual PN ifiS Paper, GSM system is analyzed subjected to major sub-
distributed oscillator architecture can be tolerated when using 2 limitations and RF-impairments which was not consid-
GSM-QPSK without phase noise mitigation. Thus, enforcingered in the earlier studies. To the best of our knowledge, this

the GSM to be a promising candidate for ultra-high wirelesdS the first paper that considers the performance analysis of
data rate communication in sub-THz bands. GSM systems subjected to PN effects over sub-THz chan-

nels. This performance analysis includes a comparison of
Index Terms— Beyond 5G, Sub-Terahertz systems (sub-GSM systems with different Amplitude-Phase Modulations
THz), Generalized Spatial Modulation (GSM), Phase NoisdAPMs) in terms of performance, robustness to PN, compu-
(PN), sub-Terahertz MIMO channel. tational complexity, Peak-to-Average Power Ratio (PAPR),
power consumption. The paper is organized as follows. In
section Il, GSM system is presented, whereas in section llI
The research leading to these results received funding frorfrgrech ~ SUb-THz and RF impairments are discussed. Section IV illus-
National Research Agency under Grant Agreement no. ANR-17-CE25-001fates the results of the APM-GSM comparisons from differ-
within the frame of the project BRAVE. We would like to thank CNRS GdR- ; ; il
ISIS for the research mobility grant, BRAVE project partners: SIRADEL for ent persp_ectlve_s and dISCUSSES the. fee.lSIblllty of both syste_ms
providing the sub-THz MIMO channels from their ray-based channel simufOr" ultra-high ereless Commun!ca“(?n in SL!b'THZ band. Fi-
lation and CEA-Leti for the suitable sub-THz phase noise model. nally, concluding remarks are given in Section V.




activated TAC by an exhaustive search over all possiblestran
mit vectors:

X = argmin |ly — Hx||>. (3)
wherey contains all possiffe GSM vectors that consider both
the signal and spatial domain.

3. SUB-TERAHERTZ CHANNEL AND
N IMPAIRMENTS

Fig. 1: System model of GSM with TAC selection In this section, the main sub-THz band impairments and chal-
lenges are addressed.

The notations used in this paper are as follows. Matrices For high frequency broadband systems, the non-linearity
and vectors are represented by a bold capital and smafidettepf analog components used in Radio-Frequency (RF) front
respectively.|.| represents the floor functiorj.|| stands for  ends gives increased challenges in the modeling of circuits
the Frobenius norm(.)” is used to denote the transpose of aand in anticipating the compensation measures required for
matrix. (C}) represents the binomial coefficie®\ (11, ®)  performance improvements. The RF front end is composed of
and (i, %) denotes the complex normal and real normaly|| components between the antenna and the digital baseband
distribution respectively of a random variable having mgan system of a transceiver, namely mixer or modulator, phase

GSM
Modulato
uoneWNST [AuUry)
1019211 NSD

APM Symbol
Demapper

and variance”. shifter, data converters, and power amplifier (PA). Theee ar
2. SYSTEM MODEL many RF challenges at sub-THz bands, especially for low cost
Consider a MIMO GSM system witlV,. receive antennas implementation:
(RAs) andNV; transmit antennas (TAs) where where oily e Efficiency and achievable transmit output power are
TAs are activated at each symbol period to transmit differen low compared to sub-GHz bands, where the maximum
M-ary APM symbols as depicted in Fig. 1. GSM conveys in- achievable output power is in the orderléfdBm.
formation bits in the signal domain as in MIMO Spatial Multi- e Medium to strong Phase noise of the LO that leads to
plexing system, but additional bits are conveyed in theiapat significant degradation in Signal-to-Noise Ratio (SNR)
domain by means of IM [1]. Consequently, the possible num-  and limits both Bit-Error Rate (BER) performance and
ber of Transmit Antenna Combinations (TACs) is then listed throughput rate.
as a combinatiod’y; where the number of legitimate TACS o High power consumption and limited resolution for
is Nrac = 2“092(0%5)% and by indexing the different legit- ultra-high sampling rate for analog-to-digital convert-
imate TACs, GSM conveys additional information bits by the ers (ADCs) [8]. Note that the total bandwidth available
index of TAC (og,(NTac) spatial bits per GSM symbol). at sub-THz can be divided into sub-bands of same
Thus, the total number of bits per GSM symbol is given by: bandwidth (250 MHz [12], 2.16 GHz [13]). Thus, such
Lasm =logy(Nrac) + Nalogy(M). (1) a channel arrangement allows to limit the ADC power
consumption.

Note that onlyN 4 are used fronC}\\,’g to keep the spatial
bits length as an integer number and the other possibitities
marked as illegal TACs. In the following, we will consider - ]
the enhanced GSM system that selects the optimal legitimat8 addition, the channel at sub-THz bands suffers from high
TACs sets using the channel side information [3] and the be@imospheric attenuation and very strong obstruction fsse

effort gray spatial-bit mapping [4] (Index-to-Bit mappjnip (from wall_s, vegetation, .furniture, et_c.), and high sanjt
achieve the optimal GSM performance. to the environment details (small objects, surface roughine

At the receiver end, the signal is represented as etc.). In this paper, we focus on short-range indoor scesari
such as kiosk and hot-spot where the atmospheric attenuatio

e Non-linearity effect of the Power Amplifier and elec-
tronics components.

y =Hx+n, o
whereH = [hy,....,hy,] is the N, x N; MIMO chan- is irrelevant.
nel matrix whereh; is the column vector ofV, elements, 3.1. Sub-Terahertz Phase noise model
X = [z1,...,2n,]7 is the transmitted vector that con- It is well known that practical oscillator can never generat

tains NV, different APM symbols transmitted through the a pure sinusoid and the PN increases with the carrier fre-
active TAs according to the index of activated TAR,is  quency. Thus, the sub-THz communication system should be
N, x 1 channel noise vector and its elements are complex analyzed under this impairment since neglecting its imact
Gaussian variables, independent and identically digetbu no more tolerable as in sub-GHz systems.

(i.i.d.), with zero-mean and varianeg, i.e, CA'(0, o2) for In general, the analysis of PN impact on MIMO systems
r=1,...,N,. The energy of the transmitted APM symbols is dependent on the RF architecture where there are mainly
are normalized to unity. two LO setups: Distributed Oscillators (DO), Centralized o

The maximum-likelihood (ML) detector for GSM is able Common Oscillator (CO). The main difference is that each
to detect jointly all theV, transmitted APM symbols and the antenna in the DO setup has its own LO while in the CO



setup all antennas at the transmitteceiver are connected (AP), acting as transmitters, and the Mobile Stations (MS),
to a common LO. Consequently, all parallel streams in CQacting as receivers, are equipped with and N, isotropic
has the same PN while the DO suffers from different phasantennas. Therefore, the MIMO propagation channels are ob-
and amplitude distortions. tained using the simulator for ray-based deterministicdlea
The PN model is widely investigated where the PN inmodeling. The MIMO channels are obtained with different
general is modeled by two main models: Gaussian PN (urarray geometry such as Uniform-Linear-Array (ULA) and
correlated PN) and Wiener PN (correlated PN). For high-rat&niform-Rectangular-Array (URA). Note that an antenna
communications, the effect of Wiener PN on the system perelement separation df\, where\ is the wavelength, is con-
formance is negligible compared to the Gaussian PN [14]. Iisidered to reduce the effect of spatial correlation [15 an
addition, wiener PN process becomes negligible compared thus enhance MIMO communication.
the Gaussian for wide-band systems where the oscillater cor 4. RESULTS AND DISCUSSIONS

ner frequencyf. is small compared to the system bandwidth, yhis section, the performance of the GSM subjected to sub-

[9]. Thus uncorrelated Gaussian PN model is appropriate Tof'Hz impairments will be studied using the sub-THz channel
sub-THz bands. Note that the uncorrelated model remaing,e| described in previous section. Firstly, we will show
valid when the following condition is satisfied [9]: the impact of PN in DO setup over MIMO sub-THz chan-
2 _ 10(2) nels on GSM systems with different modulation schemes for
NSch S 2 (4) . . .

_ 2m . an indoor ultra-high data rate scenario. The system compar-
whereN; is the number of symbols per framg,is the comer  ison is performed with different PN levels (law? = 0.001,
frequency of the oscillator andl is the symbol period. It is mediumgg = 0.01, Stronggg = 0.1) without applying any
clear that a careful communication system design can limiphase noise mitigation technique. In our comparison, we con

the wiener effect by selecting the appropriateand?’. sider the sub-THz indoor MIMO channels with a separation
The received baseband vector of an equivalépt< N;  distance between Mobile Station (MS) and Access Point (AP)

MIMO system with phase noise can be expressed as: going from2 to 8 meter (m), i.e. an average distancesof.
y=® .HD;Xx+n, (5) For a fair comparison, the different GSM systems are com-

where®, and®, are theN; x N; andN, x N, diagonal matri- pared under the same spectral efficiency, which requires the
ces of phase noise from the transmitter and receiver osgila S2Me number of activated TA, and the same total number

respectively. These phase noise matrices can be reprdsenf TAS V: when using a linear modulation schemes as: PSK,

as follows: QAM, DPSK, PAM. The optimal ML detection is used along
b, = diag([ej@l“7 o 6j91va]T> (6)  with the same number of RA¥.. In the following, we will
e . consider different GSM systems witl2 bits per channel use
P, = diag([eje1 - eJGNr]T), (7)  (bpcu) withN, = 10 and N, = 3 and one of the following

modulations: QPSK, DQPSK, 4PAM. Note DPSK and PAM

RA respectively that can be described in sub-THz band bychemes are considered in our study with MIMO GSM, be-
a truncated Gaussian distributiovi(0, 03) with zero-mean cause they show some robustness to PN in SISO channels.

and variancer? similar to SISO PN model described in [9]. Fig. 2 shows clearly that QPSK-GSM outperforms
In the DO setup§”” # 67% andgf* + 95:@ for all i # j. DQPSK-GSM and 4PAM-GSM subjected to any PN level.

However, in the CO setup, with different oscillators at Tdan __FOr €xample, a gain 6.4 and5 dB is obtained using
Rx sidespT* = §7% forall i = 1, ..., N, andgF* = 9B= for QPSK-GSM as qompar(_ad to DQPSK-GSM and 4PAM-GSM
! ¥ systems respectively witlV, = 6 at low PN as shown in
Fig. 2.a. However, these values of gain becomes respeactivel
R GTe phe 2.5 and5.2 dB whenN,. = 10 as shown in Fig. 2.b. More-
y=¢" €% Hx+n )  over, the performance gain of QPSK-GSM is much higher
3.2. Sub-THz MIMO Channel at medium PN when compared to DQPSK-GSM and 4PAM-
A ray-based deterministic channel modeling for sub-THzGSM. Thus, MIMO QPSK-GSM is more robust to PN even
Band (mainly between 90-200 GHz) is presented in [6]. ltwhen compared to PAM modulation which is not sensitive to
is worth mentioning that the propagation channel model irPN in SISO mode. Note that these systems, without phase
[6] considers the material properties, gas attenuatiortlaad noise mitigation techniques, suffer from a high error floor
impact of furniture that leads to more obstructions alongvhen subjected to strong PN in sub-THz channels. The simu-
the propagation paths and new scattered paths. In additiokation results with URA geometry are shown in Fig. 3, where
it characterizes the main channel properties such as paslimilar conclusion on the obtained gain can be drawn for low
loss and delay spread for LOS, NLOS with vegetation and®N with the difference that all systems requires a slightly
NLOS cases for indoor in-office and outdoor in-street scelarger SNR due to higher spatial correlation between anten-
narios. In the following, we will focus on the downlink nas. However, only QPSK-GSM maintain the small degrada-
hotspot (or kiosk) indoor scenario where the Access Pointdon at medium PN when using URA geometry.

whered]™ and@!* are the phase noise at tfé TA and j*"

all j = 1,..., N,.. Thus, the received signal in the CO setup
can be simplified to:
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Fig. 22 BER performance of different APM-GSM systems with sub-THz impaints. The spectral efficiency ibpcu and both systems
are subjected to phase noise with different levels using DO setup. Thero@u sub-THz indoor MIMO channels are generated using ULA
array geometry withl\ antenna separation. The AP-MS distancé is [2m, 8m| with dmearn = 5m. (@) N, = 6, (b) N, = 10.

10°

‘ ‘ added in this paper due to limited number of pages), and they
T s csaiios v~ can be accompanied with low-power high-speed ADCs of few
—r IPANLGEM{103) N = 10 bits resolution. Among the compared low order modulations,
| QPSK-GSM achieves the lowest power consumption due to
s the lowest SNR requirements and PAPR. Note that another

""""" e e drawbacks forM/-ary PAM is that higheV/-ary PAM suffers

from higher PAPR increase and require larger resolution bit
for ADCs due to using only the amplitude dimension in the
signal domain. Finally, these GSM systems with low order
modulation4—ary APM have similar computational com-

10h e -

mlO

o3k . | plexity in terms of real multiplicatioyadditions and cost in
o Tw terms of number of RF chains.
——Low PN: 07 =107 Sy
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[ High ‘pN, 2 =10 | ?\ \ | o 5 CONCLUSION
107
° ° Y ovmam O 25 % In this paper, the different APM schemes with GSM subjected

Fig. 3: BER performance of different APM-GSM systems with sub- t0 realistic sub-THz impairments in an indoor environment
THz impairments. The spectral efficiencylisbpcu and both sys- are compared from different perspectives. We emphasized
tems are subjected to phase noise with different levels using D¢hat low order modulation schemes coupled with IM tech-
setup. The concerned sub-THz indoor MIMO channels are gemiques are required to survive with sub-THz technological
erated using URA array geometry withh antenna separation and |imitations, and to achieve ultra-high data rates with atce
N; = 10. The AP-MS distance id = [2m, 8m] with dnean = able SNR requirement [2]. The simulations results revesl th
om. QPSK-GSM outperforms DQPSK-GSM and 4PAM-GSM for
Therefore, GSM can survive at low to medium PN in sub-all PN levels in the sub-THz channels using ULA and URA
THz channel but more research is required to enhance GShirray geometry with a gain reaching 5 dB. Moreover, if the
performance with strong PN channel. We would like to high-residual PN before detection is in a low to medium level,
light that the performance could be enhanced in PN channghe presented system QPSK-GSM can be considered as an
by using PN robust modulations (e.g. spiral QAM [16]), pow-appropriate solution for indoor ultra-high wireless daates
erful channel coding technique and special detector/emgral system in the sub-THz while having a better performance,
designed specifically for PN channel. lower power consumption, lower complexity, higher robust-
It is worth mentioning that low order modulation schemesness to PN and few-bits ADC resolution requirement com-
are only considered with GSM because they have lowepared to other APM-GSM schemes. When a total channel
PAPR, lower power consumption and lower sensitivity to PNbounding/aggregation @f) GHz is considered in th&)—200
compared to higheM-ary APM schemes (results are not GHz band, a throughput rate 0% Tbhps can be achieved.
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