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Abstract—In this paper, we address multiple-input multiple-
output (MIMO) communication technique based on generalized
spatial modulation (GSM) and dual-polarized (DP) antennas
in sub-TeraHertz (sub-THz) bands to improve the Spectral
Efficiency (SE) and to reduce the spatial correlation effect, and
the space occupancy. The proposed system adds the polarization
dimension to the conventional GSM scheme and enhance the SE.
Moreover, the joint Maximum Likelihood (ML) detector and a
Modified Ordered Block Minimum Mean-Squared Error (MOB-
MMSE) detector algorithm is proposed to detect jointly the
complex symbols and the virtual bits conveyed by the activated
polarization and the transmit antenna combination index. MOB-
MMSE can achieve near-ML performance with low complex-
ity. The performance of DP-GSM system over (un)correlated
Rayleigh/Rician fading and sub-THz channels has been studied
and the results show that DP-GSM system is robust against
channel deficiency such as Rician fading and spatial correlation.
Moreover, the Dual polarized Spatial Multiplexing (DP-SMX)
and the Uni-Polarized GSM (UP-GSM) are compared with the
DP-GSM system. The results reveal that DP-GSM with low order
modulation schemes as QPSK outperforms the DP-SMX at high
spatial correlations, and thus it is a promising candidate for
ultra-high wireless data rates communication in sub-THz band.

Index Terms—Generalized spatial modulation (GSM), Dual
polarization (DP), Beyond 5G, Multiple-input multiple-output
(MIMO), Index Modulation (IM), Sub-Terahertz (sub-THz),
Spectral efficiency, Spatial Multiplexing (SMX).

I. INTRODUCTION

Multiple-input multiple-output (MIMO) techniques have
been widely used during the last two decades and have been
integrated into most of the recent digital wireless commu-
nication standards [1], because of their advantages in terms
of diversity/multiplexing gain [2]. However, in order to meet
the ever-increasing demands in terms of increased capacity,
high data throughput and better reliability, MIMO still needs
improved transceivers to be designed. To reach these goals,
wireless ultra-high data rate needs a high system Spectral Effi-
ciency (SE) and a large bandwidth available in the millimeter
wave (mmW) and sub-TeraHertz (sub-THz) bands, that are
considered for beyond 5G ultra-high data rate scenarios such
as the close proximity peer-to-peer (P2P) applications (Kiosk
downloading scenario), intra-device communication, wireless
fronthaul/backhaul and data centers [3].

In the context of BRAVE project [4], we explore new tech-
niques for wireless terabit communication system. Thus, Index
Modulation (IM) with advanced MIMO schemes and a huge
bandwidth (around 50 GHz) that can be allocated in the sub-

THz bands (mainly between 90 GHz-200 GHz) [5], are the key
enablers to increase the SE and data rates. Spatial modulation
(SM) has been recognized as a low-complexity MIMO scheme
[6], where a single antenna at each time slot is activated to
convey information by its index. The main advantage of SM
is that the interference at the receiver and the inter-antenna
synchronization at transmitter are avoided. However, the SE
of the SM-MIMO technique increases logarithmically with
number of transmit antennas (TAs).

To further increase the SE, the Uni-Polarized Generalized
Spatial Modulation (UP-GSM) technique was developed in
[7]. It uses the space dimension of antenna array to conveys
information by the index of the activated transmit antenna
combination (TAC) and by the M-ary symbols [8]. In [9], it
was shown that using the UP-GSM with power efficient single
carrier modulations can successfully achieve a low power
Terabits system.

Despite the multiple advantages of UP-GSM system, the
latter suffers from an important performance degradation with
Rician channel and in spatially correlated channels. Note
that the degradation due to spatial correlation is reduced
in [10] but cannot be completely eliminated. In addition,
the space occupancy of uni-polarized (UP) antenna arrays
in MIMO systems can limit the number of antennas due to
physical space limitation especially at low frequency bands.
To deal with the space limitation, an efficient solution has been
proposed for the SM-MIMO system, by adding a polarization
dimension to the transmitter and receiver using dual-polarized
(DP) antennas that can transmit simultaneously through two
orthogonal polarization directions. But in DP-SM [11] only
one polarization is used to allow better separation between
channels and thus better performance in highly correlated
channel. At the receiver, the detection algorithm for UP-GSM
involves the estimation of both the transmitted M-ary symbols
and the index of the activated TAC that can be performed
jointly using maximum-likelihood (ML) detector or using sub-
optimal detectors as the ordered blocked minimum mean-
squared error (OB-MMSE) [12].

In this paper, we propose a DP-GSM scheme where we
incorporate DP antennas with GSM to reduce the spatial
correlation impact and also to enhance the system SE by
exploring the polarization dimension. In addition, DP-GSM
allows to reduce the space occupancy of antenna arrays by
half without any performance degradation compared to UP-
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Fig. 1. Nr ×Nt DP-GSM system model.

GSM. In contrast to UP-GSM, DP-GSM should detect the
polarization bits conveyed by the activated polarization of each
active antenna, in addition to the estimation of the spatial
and the symbol bits. For this reason, the joint maximum-
likelihood (ML) detector for DP-GSM that achieves optimal
performance is proposed, and a sub-optimal detector of lower
complexity, named Modified OB-MMSE (MOB-MMSE), is
presented to additionally estimate the polarization bits com-
pared to OB-MMSE. Moreover, the performance analysis of
the proposed DP-GSM system is addressed over spatially
correlated/uncorrelated Rayleigh Rician channels with dif-
ferent cross-polarization correlation, and also over sub-THz
channels. To further illustrate the potential of the DP-GSM
system, the UP-GSM and the dual polarized multiple-input
multiple-output systems with Spatial Multiplexing (DP-SMX)
are compared against our system.

The paper is organized as follows. In section II, we de-
scribe the DP-GSM system. Section III illustrates the channel
modeling with spatial and polarization correlation whereas the
performance analysis is presented in section IV. Finally, the
discussion, and some concluding remarks close up this paper.

II. SYSTEM MODEL: DUAL-POLARIZED GSM SYSTEM

The proposed system model is a MIMO system with Nt
and Nr DP antennas at transmitter and receiver, respectively,
and based on the GSM, in which Na (Na < Nt) antennas
are activated in each time slot. Therefore, the number of TAC
combinations is CNa

Nt
that represents the binomial coefficient.

However, only 2blog2(C
Na
Nt

)c antenna combinations are permit-
ted to keep the bits length an integer number, where bxc is
the greatest integer smaller than x.

The Nr × Nt DP-GSM system leads to 2Nr × 2Nt di-
mensional channel between transmitter and receiver due to
the implemented dual polarization. The DP-GSM system is
shown in Fig. 1. At each transmission instant, a block of L =
L1+L2+L3 incoming data bits are selected and constituted of
three parts named: L1 = blog2

(
CNa

Nt

)
c bits are used to select

the Na activated antennas at the transmitter, L2 = Na log2Np
bits used to select the polarizations of the selected antennas.
Here Np = 2 stands the polarization dimension. Note that
the polarization directions can be vertical, denoted by ’v’
or horizontal denoted ’h’. The remaining L3 = Na log2M
represent the bits mapped into Na M -ary symbol of the
transmitted constellation symbol vector s = [s1, s2, ..., sNa

]T

where [.]T is the transpose operator. Thus, the total achieved
SE in bit per channel use (bpcu) can be expressed as

L = blog2
(
CNa

Nt

)
c+Na log2M +Na (1)

By doing so, the number of possible TACs is N1 =

2blog2(C
Na
Nt

)c and the number of possible transmit polarization
combinations (TPCs) is N2 = 2Na. Thus the total number of
possible combinations using TACs and TPCs is N = N1N2.

The transmitted signal is denoted by x and represented by
a 2Nt × 1 vector whose entries have Na non-zero elements.
The position of the non-zero elements in x allows the iden-
tification of the selected TAs as well as their polarizations
and the transmitted symbols. We denote in this work i1, i2,...,
iNa as the indices of Na active antenna in the i-th TAC,
where i ∈ {1, 2, ..., N1} and we denote `1, `2,..., `Na as
the corresponding polarization of the activated antennas at
the `-th TPC where ` ∈ {1, 2, ..., N2}. The TA with index
iq ∈ {1, 2, ..., Nt} and polarization `q ∈ {v, h} sends out
symbols sq where q ∈ {1, 2, ..., Na}. The transmit signal
vector x is given by

x = [..., [0, 0], [0, s1
↓
i1
`1=h

], ..., [ s2
↓
i2
`2=v

, 0], ..., [0, sNa

↓
iNa
`Na=h

], ...]T (2)

At receiver, Nr DP antennas receive the modulated signal
transmitted over a slow fading and frequency-flat MIMO
channel. The channel matrix H is equivalent to a 2Nr × 2Nt
matrix represented as

H =


h1v,1v h1v,1h h1v,2v · · · h1v,Nth
h1h,1v h1h,1h h1h,2v · · · h1h,Nth
h2v,1v h2v,1h h2v,2v · · · h2v,Nth

...
...

...
...

...
hNrh,1v hNrh,1h hNrh,2v · · · hNrh,Nth

 , (3)

where each hi′u,j′u′ and u, u′ ∈ {v, h}, represents the fading
coefficient between polarization u of i′-th receive antenna and
the polarization u′ of j′-th TA. If u′ = u, hi′u,j′u′ represents
the co-polar channel coefficient; otherwise, it represents the
cross-polar channel coefficient. We can reformulate (3) as
H = [H1,H2, ...,HNt

] where Hj′ = [hj′v,hj′h] ∈ C2Nr×2 and
hj′v = [h1v,j′v, h1h,j′v, h2v,j′v, ..., hNrh,j′v]

T is the a 2Nr × 1
channel matrix for polarization v of j′-th TA. Similarly,
hj′h = [h1v,j′h, h1h,j′h, h2v,j′h, ..., hNrh,j′h]

T is the a 2Nr × 1
channel matrix for polarization h of the j′-th TA. To be able
to model correctly the channel H, two kind of polarizations are
investigated in our paper. Correlations induced by polarization
effects within each antenna, and the limited spacing between
antennas [11]. These effects will be studied in the next section.
The received signal y ∈ C2Nr×1 can be formulated as

y = Hx + n =

Na∑
q=1

hiq`qsq + n = HI,P s + n (4)

where n ∈ C2Nr×1 is additive white complex Gaus-
sian noise with zero mean and variance σ2, HI,P =



[hi1`1 ,hi2`2 , ...,hiNa`Na
] is the sub-matrix with Na columns

of H, corresponding to the TAC set I and TPC set P .
A. Joint-ML Detector

The receiver estimates the activated antennas, their polariza-
tions and the transmitted symbols by using joint ML detection
which performs exhaustive search over all the possible trans-
mitted signal vectors and is given by

x̂ = argmin
x∈χ

||y−Hx||2 (5)

where χ denotes the set of all possible transmit vectors in
spatial, polarization and signal constellation domains, and x̂ is
the estimated transmit vector. Based on (4), x̂ can be written
as

(Î , P̂ , ŝ) = argmin
I∈I,P∈P,s∈Q

||y−HI,P s||2 (6)

where I = {I1, I2, ..., IN1
}, Ii is defined as the set of the

Na active TAs in the i-th TAC, P = {P1, P2, ..., PN2
}, P`

is defined as the set of the Na active polarization in the `-th
TPC, and Q is the set of Na-dimensional modulation symbol
vectors.
B. Modified OB-MMSE Detector

In order to reduce complexity by avoiding the use of the
joint ML detector, we propose a modified version of OB-
MMSE detector which has been successfully used for UP-
GSM where polarization dimension is not used [12]. There-
fore, in addition to the estimation of the indices of the Na
possible activated TAs, we propose to estimate their polariza-
tions. Concretely, the pseudo-inverse of channel column ziq`q
is computed and then weighting factors wi,` are calculated to
measure the joint reliability of (TAC, TPC) as follows:

wi,` =

Na∑
q=1

z2iq`q with ziq`q =
hHiq`qy

hHiq`qhiq`q
(7)

We recall the reader that the total number of TA and polariza-
tion combination (i, `) corresponds to N . Sorting the weighing
factor values of the vector w = [wi,`; i ∈ {1, 2, ..., N1}, ` ∈
{1, 2, ..., N2}]T in descending order, we obtain the ordered
activated TA and polarization combination (TAPC) as follows

[k1, k2, ..., kN ] = arg sort(w) (8)

Note that the TAPC index kn contains implicitly the TAC
and TPC indices (i, `) and it is represented by Ii←knP`←kn .
Consequently, a block MMSE detector with dimension of
2Nr×Na is used for each possible TAPC to detect the vector
symbol s̃n with n ∈ {1, 2, ..., N}
s̃n = D

((
HH

Ii←knP`←kn
HIi←knP`←kn

+ σ2I
)−1HH

Ii←knP`←kn
y
)

(9)

where I is the Na × Na identity matrix and D(.) is the
digital demodulator function. For the reduction of the detection
complexity of all N possible TAPC, the MOB-MMSE will end
once the output (i, `, s̃n) satisfies the following relation (see
the process to line 10 - Algorithm 1)

||y−HIi←knP`←kn
s̃n||2 ≤ Vth (10)

where Vth = 2Nrσ
2 is a threshold to be set to produce the

detected signal vector. If the n-th output satisfies the condition
(10), the detector will provide the optimal TAC Î and TPC P̂ ,
and the estimated symbol vector s̃n. Otherwise, the detector
will continue the same procedure with n = n+1 until n > N .
In this case, the detector becomes equivalent to the optimal ML
algorithm as follows (See steps (14-17) in the Algorithm 1){

u = argmin
n

dn, n ∈ {1, 2, ..., N}

Î = Ii←ku , P̂ = P`←ku , ŝ = s̃u.
(11)

The MOB-MMSE detection algorithm is summarized in Al-
gorithm 1.

Algorithm 1: Proposed MOB-MMSE detection algorithm

1: Input: y, H, Nt, Na, .. , Vth = 2Nrσ2.

2: z = [z1v , z1h, ...., zNtv , zNth]
T, with ziq`q =

hHiq`q
y

hH
iq`q

hiq`q

;

3: w = [w1,1, w1,2, ..., wN1,N2 ]T, wi,` =
Na∑
q=1

z2iq`q , i ∈ {1, 2, ..., N1}

and ` ∈ {1, 2, ..., N2} ;
4: [k1, k2, ..., kN ] = arg sort(w);
5: Initial: n = 1,
6: Main:
7: while n ≤ N do

8: s̃n = D

((
HH

Ii←knP`←kn
HIi←knP`←kn

+ σ2I
)−1HH

Ii←knP`←kn
y
)

9: dn = ||y− HIi←knP`←kn
s̃n||2

10: If dn < Vth
11: Î = Ii←kn , P̂ = P`←kn , ŝ = s̃n, break
12: Else n = n+ 1 end if
13: end while
14: if n > N
15: u = argmin

n
dn, n ∈ {1, 2, ..., N}

16: Î = Ii←ku , P̂ = P`←ku , ŝ = s̃u,
17: end if
18: Return Î, P̂ , ŝ

III. CHANNEL MODEL

The DP-GSM system may experience spatial correlation at
transmitter and receiver due to the insufficient spacing among
antennas and can be modeled as a matrix form, Σt and Σr,
respectively. Various models are used to describe the spatial
correlations, and the exponential correlation model is used in
this study [13]. Therefore, the correlation among i′-th and
j′-th antenna is affected by the correlation factor |β| < 1:
|Σt|i′,j′ = β|i

′−j′|.
The DP-GSM system may suffer also from the cross po-

larization correlation (XPC) between orthogonal polarization
directions as shown in [14]. The polarization correlation at the
transmitter and the receiver can be expressed as follows

Πt =

[
1 γt
γ∗t 1

]
, Πr =

[
1 γr
γ∗r 1

]
, (12)

respectively, with

γt =
E{hi′v,i′vh∗i′v,i′h}√

µ(1− µ)
=
E{hi′h,i′vh∗i′h,i′h}√

µ(1− µ)
(13)

γr =
E{hj′v,j′vh∗j′h,j′v}√

µ(1− µ)
=
E{hj′v,j′hh∗j′h,j′h}√

µ(1− µ)
(14)

where the parameter 0 < µ ≤ 1 is the amount of power
leakage from one polarization to the other [15]. Assuming



the symmetry condition between different polarization, the
leakage parameter is given as follows µ = E{|hi′v,i′h|2} =
E{|hi′h,i′v|2} and 1 − µ = E{|hi′v,i′v|2} = E{|hi′h,i′h|2}.
In the literature, the cross-polarization discrimination (XPD)
is defined as the ratio between 1 − µ and µ. For larger XPD
values, the two polarization directions are easier to be discrim-
inated. In [16], it has been demonstrated that the impact of the
cross-polarization is relatively small and 0 ≤ |γr|, |γt| ≤ 0.2.

In our study, we consider a slow fading MIMO chan-
nel matrix as Rayleigh or Rician multipath fading channel
with/without spatial correlation and with polarization correla-
tion. Therefore, the 2Nr × 2Nt DP-polarized channel matrix
is expressed in the Kronecker form given by

H =

√
K

1 +K
(1Nr×Nt

⊗ Γ)�HLOS+√
1

1 +K
(1Nr×Nt

⊗ Γ)� (Ψ
1
2
r HNLOSΨ

1
2
t ) (15)

where Γ is the leakage matrix

Γ =

[ √
1− µ √

µ√
µ

√
1− µ

]
(16)

The operator � denotes the element-by-element Hadamard
multiplication, ⊗ denotes the Kronecker product, 1Nr×Nt

is
an all one Nr ×Nt matrix, K is the Rician factor, HLoS and
HNLoS are the 2Nr × 2Nt line of sight (LoS) and the non
LoS channel matrix respectively. The elements of HLoS are
deterministic and we will assume that the elements are all
one, and HNLoS is considered as Rayleigh channel whose
elements are independent and identically distributed (iid)
circularly symmetric zero mean complex Gaussian variables
with unit variance denoted CN (0, 1). Finally, the matrices
Ψr = Σr ⊗ Πr and Ψt = Σt ⊗ Πt are the 2Nr × 2Nr
and 2Nt × 2Nt composite transmit and receive correlation
matrices, combing spatial and polarization correlations.

IV. PERFORMANCE ANALYSIS

In this section, we evaluate the proposed DP-GSM system in
terms of BER (bit-error-rate) and different values of signal-to-
noise ratio (SNR) using Monte Carlo simulations over corre-
lated/uncorrelated Rayleigh and Rician channel with different
values of β, µ and different amplitude and phase modulation
(APM): QPSK, DPSK and 16QAM. For QPSK and DPSK
modulations, we choose the configuration (Nt = 8, Na = 4,
Nr = 4). For 16QAM, it is (Nt = 5, Na = 3, Nr = 4).
The SE for all these systems with QPSK, DPSK and 16QAM
is in the order of 18 bpcu. Moreover, the corresponding data
rate is estimated with a total system bandwidths of 50 GHz
which is available in the band between 90 GHz and 200 GHz.
The current configuration for DP-GSM systems can reach
up to 750 Gbps (∼0.75 Tbps) for (D)QPSK and 16QAM
when the considered total system bandwidth, after channel
aggregation and bounding is 50 GHz with 0.2 rolloff factor for
the pulse shaping. The simulation parameters, the data rates
estimation using DP-GSM is summarized in table I. In all our
simulations, the Rician factor K is set to 3 and the polarization

TABLE I
SIMULATION PARAMETERS AND A SUB-THZ SYSTEM EXAMPLE.

APM DP-GSM configuration
QPSK Nt = 8, Na = 4, Nr = 4

DQPSK Nt = 8, Na = 4, Nr = 4
16QAM Nt = 5, Na = 3, Nr = 4

Parameters for sub-THz
System example Value

Carrier frequency (GHz) 150
Channel bandwidth (GHz) 0.50
Spectral Efficiency (bpcu) 18

Pulse Shaping: Rolloff Root Raise cosine:0.2
Spectral efficiency (b/s/Hz) 15

Data Rates per Channel (Gbps) 7.5
Data Rates with 50 GHz (Gbps) 750
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Fig. 2. BER performance of Nr ×Nt DP-GSM system with power leakage
parameter µ = 0.2 and different APMs (QPSK, DPSK, 16QAM) over
uncorrelated Rayleigh channel (Solid line) and uncorrelated Rician channel
(Dashed line). The spectral efficiency is 18bpcu.

correlation for the transmit and the receive components are
chosen identical |γt| = |γr| = 0.1.

In figure 2, the performance of different APMs are evaluated
over uncorrelated Rayleigh and uncorrelated Rician channel.
As it can be shown, the QPSK outperforms the other modula-
tions followed by DQPSK for both cases Rayleigh and Rician
channel. It is worth noticing that uncorrelated Rayleigh fading
channel gives better performance than in the uncorrelated
Rician fading channel. So, for the same BER (10−4) the
required SNR in Rician channel is higher (about 4-5 dB)
than that in Rayleigh channel. In figure 3, the performance
of different APMs are evaluated over correlated Rayleigh
channel (see Fig 3.(a)) and correlated Rician channel (see
Fig 3.(b)) with different correlation levels β = {0.2, 0.5, 0.8}.
The parameter µ is fixed to 0.2. The results show that we
have a good performance with low spatial correlation level
and the performance degrades as β value increases. With
Rayleigh channel, the performances are much better than in
Rician channel. For both channels, we have the same behavior
as Fig. 2 which is that QPSK performance with DP-GSM
system outperform all the others simulated modulations similar
to the conclusion drawn with UP-GSM systems in sub-THz
environment [17].

In figure 4, the QPSK modulation is analysed for both
Rayleigh (see Fig 4.(a)) and Rician channel (see Fig 4.(b))
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Fig. 3. BER performance ofNr×Nt DP-GSM system with spatial correlation
β ∈ {0.2, 0.5, 0.8}, power leakage parameter µ = 0.2 and different
APMs (QPSK, DPSK, 16QAM) over: (a) correlated Rayleigh channel and
(b) correlated Rician channel (K = 3). The spectral efficiency is 18bpcu.

and the BER performance are plotted as function of the
SNR for different configurations of β ∈ {0.2, 0.5, 0.8} and
µ ∈ {0.2, 0.8}. It can be seen that the DP-GSM system always
performs well for low value of (µ, β) and less efficient mainly
for a higher spatial correlation β value. It is also shown that
DP-GSM system have limited degradation (< 1 dB) due to
cross-polarization in both channels.

To further illustrate the potential of DP-GSM with the
MOB-MMSE detector, the ML detector is compared with our
approach. Figure 5 shows the simulation results of the DP-
GSM system over correlated Rayleigh channel (solid lines) and
correlated Rician channel (dashed lines) for QPSK with MOB-
MMSE and ML detectors. The spatial correlation is chosen
β = {0.2, 0.8} and µ = 0.2. As it is shown in Fig. 5 there is
quite acceptable difference of (1 − 2.5) dB between ML and
MOB-MMSE at the BER of 10−4. Thus, the MOB-MMSE
for DP-GSM system can achieve near-ML performance with
low complexity.

Finally, the DP-SMX and the UP-GSM are compared with
the DP-GSM system. We recall the reader that the SMX
is a particular case of the GSM technique where symbols
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Fig. 4. BER performance ofNr×Nt DP-GSM system with spatial correlation
β ∈ {0.2, 0.5, 0.8} and power leakage parameter µ = {0.2, 0.8} for QPSK
over: (a) correlated Rayleigh channel and (b) correlated Rician channel (K =
3). The spectral efficiency is 18bpcu for Nt = 8, Na = 4 and Nr = 4.
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Fig. 5. BER performance comparison of Nr × Nt DP-GSM system with
spatial correlation β ∈ {0.2, 0.5, 0.8} and power leakage parameter µ =
0.2 for QPSK over correlated Rayleigh channel (Solid line) and correlated
Rician channel (Dashed line) using for both channels MOB-MMSE and ML
detectors. The spectral efficiency is 18bpcu.

are transmitted simultaneously from Nt TAs to Nr receive
antennas and all the TAs are activated (here Na=Nt). Note
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Fig. 6. BER performance comparison of Nr×Nt DP-GSM and 2Nr×2Nt

UP-GSM system with spatial correlation β ∈ {0.2, 0.8} and power leakage
µ = 0.2 over correlated Rayleigh channel (Solid line) and correlated Rician
channel (Dashed line) for QPSK using MOB-MMSE detector. The spectral
efficiency is 18bpcu.

that DP-GSM is compared to the best uni-polarized candidate
mainly UP-GSM with QPSK and not to SMX, because it was
shown in [19] that UP-GSM with QPSK in sub-THz chan-
nels has better performance, lower power consumption and
detection complexity, and smaller transmitter/receiver antenna
array to attain same SE compared to SMX with QPSK. In
the DP-SMX system, all transmit and receive antennas use
dual polarization to convey simultaneously different symbols
on each polarization. The comparison is made using different
spatial correlation configurations, β ∈ {0.2, 0.8}, and under
different fading channels, Rayleigh and Rician channel. The
first comparison is made between the DP-GSM and the UP-
GSM. The number of antennas for UP-GSM and DP-GSM are
NUP
t = 16, Na = 4, NUP

r = 8 and Nt = 8, Na = 4, Nr = 4,
respectively, to have same SE given by 18bpcu and same
number of RF chains. It can be seen in Fig. 6 that the
performance of UP-GSM and DP-GSM are close with a
small SNR gain for DP-GSM. In all cases, the DP-GSM
allows to have a more compact antenna array physical size
compared to UP-GSM, which is crucial for UE. The second
comparison is made between the DP-GSM and DP-SMX using
the optimal ML detector where the number of antennas for
both systems are respectively, Nt = 5, Na = 3, Nr = 3 and
Nt = 3, Nr = 3, to have same SE given by 12bpcu and same
number of activated TAs for a fair comparison. Figure 7 shows
clearly that the DP-GSM and the DP-SMX have the same
performance with the ML detector in low spatial correlation
and for both fading channels. In the context of high spatial
correlation, the DP-GSM outperforms the DP-SMX in both
channels and the SNR difference between them is about 1−1.5
dB at a BER of 10−4.

A. Performance with real sub-THz MIMO Channel

In this work we extended our analysis using a more realistic
channel different from that presented in (15). In hereafter we
compare the performance of the DP-SMX and the UP-GSM
systems using a ray-based deterministic channel modelling for
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Fig. 7. BER performance comparison of DP-GSM and DP-SMX systems with
spatial correlation β ∈ {0.2, 0.8} and power leakage µ = 0.2 over correlated
Rayleigh channel (Solid line) and correlated Rician channel (Dashed line) for
QPSK using ML detector. The spectral efficiency is 12bpcu.

Fig. 8. In-door MIMO channel measurements [18].

sub-THz band (90-200 GHz) developed in [18]. In this channel
model, the propagation takes into account several elements
such as: material properties, gas attenuation, more 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 scenarios. In this subsection, we
adopt the downlink hotspot (or kiosk) indoor scenario where
the Base Stations (BS), acting as transmitters, and the User
Equipment (UE), acting as receivers, are equipped with Nt
and Nr DP antennas. Figure 8 provides a description of a
scenario where the 10 BSs are marked in red and distributed
throughout the room, and the 50 UEs are highlighted with
yellow circles. The corresponding MIMO channels are ob-
tained using the ray-based deterministic channel modeling
simulator. Here, Uniform-Linear-Array (ULA) is considered
with antenna element separation of 4λ for a lower spatial
correlation, where λ is the wavelength. The considered range
for UE is going from 2m to 8m, i.e., we use in average a 5m
separation distance between UE and BS.

For a fair comparison, the DP-SMX and the UP-GSM are
compared with the DP-GSM system under the same SE which
is 12bpcu using same detector, same number of activated TA
and number of RF chains. The following configurations are
adopted: for DP-GSM (Nt = 5, Na = 3, Nr = 3), for DP-
SMX (Nt = 3, Nr = 3) and UP-GSM (NUP

t = 10, Na = 3,



NUP
r = 6). Figure 9, shows such a comparison using the ML

detector for the three systems. It can be seen that the DP-
GSM and DP-SMX have nearly the same performance and
they outperform the UP-GSM with a difference of 1.25 dB at
the BER of 10−4 (see solid lines). Moreover, when the number
of DP receive antennas increases: Nr = 5 for both DP-GSM
and DP-SMX, and NUP

r = 10 for UP-GSM, the performances
of the three systems improve and the DP-GSM and DP-SMX
systems always keep their superiority compared to UP-GSM.
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Fig. 9. BER performance of DP-GSM, DP-SMX and UP-GSM systems from
sub-THz measurements for QPSK using ML detector. The concerned sub-
THz indoor MIMO channels are generated using ULA array geometry with
4λ antenna separation. The spectral efficiency is 12bpcu.

V. CONCLUSION

In this paper, the deployment of the dual polarized antennas
leads to the increase of the SE. Therefore, a new polarization
dimension is added in the form of Na log2(Np). For the
detection of the activated antennas indices, their polarization
and the transmitted complex symbols for DP-GSM system, a
modified OB-MMSE is proposed and applied for the signal
detection. In addition, the combination of GSM with DP an-
tennas is evaluated over uncorrelated/correlated Rayleigh and
Rician channels. The DP-GSM system offer the opportunities
to be more robust against channel deficiency such as Rician
fading and inter-antenna correlation, and to be beneficial for
improving the space and the SE. The results of comparison
with the DP-SMX and UP-GSM systems using both theoretical
and sub-THz deterministic fading channel model reveal that
DP-GSM has a performance close to the other systems for
low spatial correlation. However, it outperforms them at high
spatial correlations. The DP-GSM is a promising candidate
for ultra-high wireless data rates communication in sub-THz
band.
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