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ABSTRACT

Multiple-Input Multiple-Output (MIMO) technique with In-
dex Modulation (IM) over sub-TeraHertz (sub-THz) bands
represent a promising solution to design new wireless ultra-
high data rate systems. However, the system design over
sub-THz bands suffers from many technological limitations
and severe RF-impairments such as low output power, lim-
ited resolution of high-speed low-power Analog-to-Digital
Converters and important Phase Noise (PN) introduced by
the Local Oscillator (LO). In this paper, different modula-
tions schemes with Generalized Spatial Modulation (GSM)
are compared from different perspectives while considering
the sub-THz impairments. The effect of PN has been inves-
tigated for these modulation schemes in sub-THz channels
using uniform linear and rectangular antenna arrays. The
obtained results reveal that QPSK-GSM system is the best
combination compared to GSM systems with any otherM -
ary modulation scheme (e.g. PSK, DPSK, QAM, PAM).
Compared to DQPSK-GSM and 4PAM-GSM at 12bpcu,
same number of receive and activated transmit antennas, the
QPSK-GSM system offers a gain ranging from 3.4 dB up to
5 dB. The results reveals that low to medium residual PN in
distributed oscillator architecture can be tolerated whenusing
GSM-QPSK without phase noise mitigation. Thus, enforcing
the GSM to be a promising candidate for ultra-high wireless
data rate communication in sub-THz bands.

Index Terms— Beyond 5G, Sub-Terahertz systems (sub-
THz), Generalized Spatial Modulation (GSM), Phase Noise
(PN), sub-Terahertz MIMO channel.
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providing the sub-THz MIMO channels from their ray-based channel simu-
lation and CEA-Leti for the suitable sub-THz phase noise model.

1. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) system with In-
dex Modulation (IM) as Generalized Spatial Modulation
(GSM) [1] is a promising technique for wireless ultra-high
data rates system where it achieves the best performance and
lowest power consumption when using low order modula-
tion schemes in correlated\uncorrelated Rayleigh and Rician
channels [2]. However, GSM performance degrades in highly
correlated channels and many enhancement techniques are
proposed in [3] and [4] to reduce this degradation.

Moreover, millimeter wave (mmW) and sub-TeraHertz
(sub-THz) bands are considered for beyond 5G ultra-high
data rate scenarios [5]. However, these bands especially
the sub-THz suffers from higher channel attenuation and
sensitivity to small environment details [6][7], severe RF-
impairments and many technological limitations such as low
output power, limited resolution of high-speed low-power
Analog-to-Digital Converters (ADCs) [8], important Phase
Noise (PN) introduced by the Local Oscillator (LO) [9].

In the context of BRAVE project [10] [11], we target to
explore the sub-THz bands mainly between (90-200 GHz)
for wireless Terabits per second (Tbps) communication. In
this paper, GSM system is analyzed subjected to major sub-
THz limitations and RF-impairments which was not consid-
ered in the earlier studies. To the best of our knowledge, this
is the first paper that considers the performance analysis of
GSM systems subjected to PN effects over sub-THz chan-
nels. This performance analysis includes a comparison of
GSM systems with different Amplitude-Phase Modulations
(APMs) in terms of performance, robustness to PN, compu-
tational complexity, Peak-to-Average Power Ratio (PAPR),
power consumption. The paper is organized as follows. In
section II, GSM system is presented, whereas in section III
sub-THz and RF impairments are discussed. Section IV illus-
trates the results of the APM-GSM comparisons from differ-
ent perspectives and discusses the feasibility of both systems
for ultra-high wireless communication in sub-THz band. Fi-
nally, concluding remarks are given in Section V.
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Fig. 1: System model of GSM with TAC selection

The notations used in this paper are as follows. Matrices
and vectors are represented by a bold capital and small letters
respectively.⌊.⌋ represents the floor function.‖.‖ stands for
the Frobenius norm.(.)T is used to denote the transpose of a
matrix.

(
Cx

y

)
represents the binomial coefficient.CN (µ, σ2)

andN (µ, σ2) denotes the complex normal and real normal
distribution respectively of a random variable having meanµ

and varianceσ2.
2. SYSTEM MODEL

Consider a MIMO GSM system withNr receive antennas
(RAs) andNt transmit antennas (TAs) where where onlyNa

TAs are activated at each symbol period to transmit different
M -ary APM symbols as depicted in Fig. 1. GSM conveys in-
formation bits in the signal domain as in MIMO Spatial Multi-
plexing system, but additional bits are conveyed in the spatial
domain by means of IM [1]. Consequently, the possible num-
ber of Transmit Antenna Combinations (TACs) is then listed
as a combinationCNa

Nt where the number of legitimate TACs

is NTAC = 2⌊log2(C
Na

Nt )⌋, and by indexing the different legit-
imate TACs, GSM conveys additional information bits by the
index of TAC (log

2
(NTAC) spatial bits per GSM symbol).

Thus, the total number of bits per GSM symbol is given by:

LGSM = log
2
(NTAC) +Na log2(M). (1)

Note that onlyNTAC are used fromCNa
Nt to keep the spatial

bits length as an integer number and the other possibilitiesare
marked as illegal TACs. In the following, we will consider
the enhanced GSM system that selects the optimal legitimate
TACs sets using the channel side information [3] and the best
effort gray spatial-bit mapping [4] (Index-to-Bit mapping) to
achieve the optimal GSM performance.

At the receiver end, the signal is represented as

y = Hx + n, (2)
where H = [h1, ...,hNt

] is the Nr × Nt MIMO chan-
nel matrix wherehi is the column vector ofNr elements,
x = [x1, . . . , xNt

]T is the transmitted vector that con-
tains Na different APM symbols transmitted through the
active TAs according to the index of activated TAC,n is
Nr × 1 channel noise vector and itsnr elements are complex
Gaussian variables, independent and identically distributed
(i.i.d.), with zero-mean and varianceσ2

n, i.e, CN (0, σ2

n) for
r = 1, . . . , Nr. The energy of the transmitted APM symbols
are normalized to unity.

The maximum-likelihood (ML) detector for GSM is able
to detect jointly all theNa transmitted APM symbols and the

activated TAC by an exhaustive search over all possible trans-
mit vectors:

x̂ = argmin
x∈χ

‖y − Hx‖2 . (3)
whereχ contains all possible GSM vectors that consider both
the signal and spatial domain.

3. SUB-TERAHERTZ CHANNEL AND
IMPAIRMENTS

In this section, the main sub-THz band impairments and chal-
lenges are addressed.

For high frequency broadband systems, the non-linearity
of analog components used in Radio-Frequency (RF) front
ends gives increased challenges in the modeling of circuits
and in anticipating the compensation measures required for
performance improvements. The RF front end is composed of
all components between the antenna and the digital baseband
system of a transceiver, namely mixer or modulator, phase
shifter, data converters, and power amplifier (PA). There are
many RF challenges at sub-THz bands, especially for low cost
implementation:

• Efficiency and achievable transmit output power are
low compared to sub-GHz bands, where the maximum
achievable output power is in the order of10 dBm.

• Medium to strong Phase noise of the LO that leads to
significant degradation in Signal-to-Noise Ratio (SNR)
and limits both Bit-Error Rate (BER) performance and
throughput rate.

• High power consumption and limited resolution for
ultra-high sampling rate for analog-to-digital convert-
ers (ADCs) [8]. Note that the total bandwidth available
at sub-THz can be divided into sub-bands of same
bandwidth (250 MHz [12], 2.16 GHz [13]). Thus, such
a channel arrangement allows to limit the ADC power
consumption.

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

In addition, the channel at sub-THz bands suffers from high
atmospheric attenuation and very strong obstruction losses
(from walls, vegetation, furniture, etc.), and high sensitivity
to the environment details (small objects, surface roughness,
etc.). In this paper, we focus on short-range indoor scenarios
such as kiosk and hot-spot where the atmospheric attenuation
is irrelevant.

3.1. Sub-Terahertz Phase noise model
It is well known that practical oscillator can never generate
a pure sinusoid and the PN increases with the carrier fre-
quency. Thus, the sub-THz communication system should be
analyzed under this impairment since neglecting its impactis
no more tolerable as in sub-GHz systems.

In general, the analysis of PN impact on MIMO systems
is dependent on the RF architecture where there are mainly
two LO setups: Distributed Oscillators (DO), Centralized or
Common Oscillator (CO). The main difference is that each
antenna in the DO setup has its own LO while in the CO



setup all antennas at the transmitter\receiver are connected
to a common LO. Consequently, all parallel streams in CO
has the same PN while the DO suffers from different phase
and amplitude distortions.

The PN model is widely investigated where the PN in
general is modeled by two main models: Gaussian PN (un-
correlated PN) and Wiener PN (correlated PN). For high-rate
communications, the effect of Wiener PN on the system per-
formance is negligible compared to the Gaussian PN [14]. In
addition, wiener PN process becomes negligible compared to
the Gaussian for wide-band systems where the oscillator cor-
ner frequencyfc is small compared to the system bandwidth
[9]. Thus uncorrelated Gaussian PN model is appropriate for
sub-THz bands. Note that the uncorrelated model remains
valid when the following condition is satisfied [9]:

Nsf
2

c T
2 ≤

ln(2)

2π2
, (4)

whereNs is the number of symbols per frame,fc is the corner
frequency of the oscillator andT is the symbol period. It is
clear that a careful communication system design can limit
the wiener effect by selecting the appropriateNs andT .

The received baseband vector of an equivalentNr × Nt

MIMO system with phase noise can be expressed as:

ỹ = ΦrHΦtx + n, (5)

whereΦt andΦr are theNt×Nt andNr×Nr diagonal matri-
ces of phase noise from the transmitter and receiver oscillators
respectively. These phase noise matrices can be represented
as follows:

Φt = diag
(
[ejθ

Tx

1 , ..., ejθ
Tx

Nt ]T
)

(6)

Φr = diag
(
[ejθ

Rx

1 , ..., ejθ
Rx

Nr ]T
)
, (7)

whereθTx
i andθRx

j are the phase noise at theith TA andjth

RA respectively that can be described in sub-THz band by
a truncated Gaussian distributionN (0, σ2

g) with zero-mean
and varianceσ2

g similar to SISO PN model described in [9].
In the DO setup,θTx

i 6= θTx
j andθRx

i 6= θRx
j for all i 6= j.

However, in the CO setup, with different oscillators at Tx and
Rx sides,θTx

i = θTx for all i = 1, ..., Nt andθRx
j = θRx for

all j = 1, ..., Nr. Thus, the received signal in the CO setup
can be simplified to:

ỹ = ejθ
Tx

ejθ
Rx

Hx + n (8)
3.2. Sub-THz MIMO Channel
A ray-based deterministic channel modeling for sub-THz
Band (mainly between 90-200 GHz) is presented in [6]. It
is worth mentioning that the propagation channel model in
[6] considers the material properties, gas attenuation andthe
impact of furniture that leads to more obstructions along
the propagation paths and new scattered paths. In addition,
it characterizes the main channel properties such as path
loss and delay spread for LOS, NLOS with vegetation and
NLOS cases for indoor in-office and outdoor in-street sce-
narios. In the following, we will focus on the downlink
hotspot (or kiosk) indoor scenario where the Access Points

(AP), acting as transmitters, and the Mobile Stations (MS),
acting as receivers, are equipped withNt andNr isotropic
antennas. Therefore, the MIMO propagation channels are ob-
tained using the simulator for ray-based deterministic channel
modeling. The MIMO channels are obtained with different
array geometry such as Uniform-Linear-Array (ULA) and
Uniform-Rectangular-Array (URA). Note that an antenna
element separation of4λ, whereλ is the wavelength, is con-
sidered to reduce the effect of spatial correlation [15], and
thus enhance MIMO communication.

4. RESULTS AND DISCUSSIONS
In this section, the performance of the GSM subjected to sub-
THz impairments will be studied using the sub-THz channel
model described in previous section. Firstly, we will show
the impact of PN in DO setup over MIMO sub-THz chan-
nels on GSM systems with different modulation schemes for
an indoor ultra-high data rate scenario. The system compar-
ison is performed with different PN levels (lowσ2

g = 0.001,
mediumσ2

g = 0.01, strongσ2

g = 0.1) without applying any
phase noise mitigation technique. In our comparison, we con-
sider the sub-THz indoor MIMO channels with a separation
distance between Mobile Station (MS) and Access Point (AP)
going from2 to 8 meter (m), i.e. an average distance of5m.
For a fair comparison, the different GSM systems are com-
pared under the same spectral efficiency, which requires the
same number of activated TAsNa and the same total number
of TAs Nt when using a linear modulation schemes as: PSK,
QAM, DPSK, PAM. The optimal ML detection is used along
with the same number of RAsNr. In the following, we will
consider different GSM systems with12 bits per channel use
(bpcu) withNt = 10 andNa = 3 and one of the following
modulations: QPSK, DQPSK, 4PAM. Note DPSK and PAM
schemes are considered in our study with MIMO GSM, be-
cause they show some robustness to PN in SISO channels.

Fig. 2 shows clearly that QPSK-GSM outperforms
DQPSK-GSM and 4PAM-GSM subjected to any PN level.

For example, a gain of3.4 and 5 dB is obtained using
QPSK-GSM as compared to DQPSK-GSM and 4PAM-GSM
systems respectively withNr = 6 at low PN as shown in
Fig. 2.a. However, these values of gain becomes respectively
2.5 and5.2 dB whenNr = 10 as shown in Fig. 2.b. More-
over, the performance gain of QPSK-GSM is much higher
at medium PN when compared to DQPSK-GSM and 4PAM-
GSM. Thus, MIMO QPSK-GSM is more robust to PN even
when compared to PAM modulation which is not sensitive to
PN in SISO mode. Note that these systems, without phase
noise mitigation techniques, suffer from a high error floor
when subjected to strong PN in sub-THz channels. The simu-
lation results with URA geometry are shown in Fig. 3, where
similar conclusion on the obtained gain can be drawn for low
PN with the difference that all systems requires a slightly
larger SNR due to higher spatial correlation between anten-
nas. However, only QPSK-GSM maintain the small degrada-
tion at medium PN when using URA geometry.
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Fig. 2: BER performance of different APM-GSM systems with sub-THz impairments. The spectral efficiency is12bpcu and both systems
are subjected to phase noise with different levels using DO setup. The concerned sub-THz indoor MIMO channels are generated using ULA
array geometry with4λ antenna separation. The AP-MS distance isd = [2m, 8m] with dmean = 5m. (a)Nr = 6 , (b)Nr = 10.
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Fig. 3: BER performance of different APM-GSM systems with sub-
THz impairments. The spectral efficiency is12bpcu and both sys-
tems are subjected to phase noise with different levels using DO
setup. The concerned sub-THz indoor MIMO channels are gen-
erated using URA array geometry with4λ antenna separation and
Nr = 10. The AP-MS distance isd = [2m, 8m] with dmean =
5m.

Therefore, GSM can survive at low to medium PN in sub-
THz channel but more research is required to enhance GSM
performance with strong PN channel. We would like to high-
light that the performance could be enhanced in PN channel
by using PN robust modulations (e.g. spiral QAM [16]), pow-
erful channel coding technique and special detector/equalizer
designed specifically for PN channel.

It is worth mentioning that low order modulation schemes
are only considered with GSM because they have lower
PAPR, lower power consumption and lower sensitivity to PN
compared to higherM -ary APM schemes (results are not

added in this paper due to limited number of pages), and they
can be accompanied with low-power high-speed ADCs of few
bits resolution. Among the compared low order modulations,
QPSK-GSM achieves the lowest power consumption due to
the lowest SNR requirements and PAPR. Note that another
drawbacks forM -ary PAM is that higherM -ary PAM suffers
from higher PAPR increase and require larger resolution bits
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-
plexity in terms of real multiplication\additions and cost in
terms of number of RF chains.

5. CONCLUSION

In this paper, the different APM schemes with GSM subjected
to realistic sub-THz impairments in an indoor environment
are compared from different perspectives. We emphasized
that low order modulation schemes coupled with IM tech-
niques are required to survive with sub-THz technological
limitations, and to achieve ultra-high data rates with accept-
able SNR requirement [2]. The simulations results reveal that
QPSK-GSM outperforms DQPSK-GSM and 4PAM-GSM for
all PN levels in the sub-THz channels using ULA and URA
array geometry with a gain reaching 5 dB. Moreover, if the
residual PN before detection is in a low to medium level,
the presented system QPSK-GSM can be considered as an
appropriate solution for indoor ultra-high wireless data rates
system in the sub-THz while having a better performance,
lower power consumption, lower complexity, higher robust-
ness to PN and few-bits ADC resolution requirement com-
pared to other APM-GSM schemes. When a total channel
bounding/aggregation of40 GHz is considered in the90−200
GHz band, a throughput rate of0.5 Tbps can be achieved.
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