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Receivers for the uplink of multiuser Generalized
Spatial Modulation MIMO systems

José Calpa, Joao Cal-Braz, Rodrigo Pereira David, and Raimundo Sampaio-Neto

Abstract—Generalized spatial modulation is envisioned as a
promising communication paradigm for the next communication
systems, in which high data rates and reliability are important
features, but also energy and infrastructure-saving solutions are
sought. This work presents a variety of efficient suboptimal
signal detection strategies for the uplink of multiuser GSM
MIMO systems. They are comprised of user decoupling strategies
followed by GSM signal detection schemes, and offer different
balances of detection performance and computational complexity.
Simulation results exhibit the performance of these strategies
under different system scenarios and channel propagation effects.

Index Terms—Multiuser MIMO, spatial modulation, singular-
value decomposition

I. INTRODUCTION

N the next cellular communication system technologies,

low-cost infrastructure and massive antenna devices are key
features. In this scenario, spatial modulation (SM)-based com-
munication systems are envisioned as promising techniques
due to: 1- the possibility of a striking reduction of the number
of RF chains required at the transmitter, and 2- the potential
spectral efficiency increase. SM is a multiple-input multiple-
output (MIMO) system that, at each transmission slot, the
information is conveyed by the transmission of a symbol by
a single antenna, and also by the index associated to the
antenna that emitted this symbol [1]. Specifically, Generalized
Spatial Modulation (GSM) is of particular interest due to the
attractive balance of the spectral efficiency distributed between
conventional modulated symbols and transmit antenna combi-
nations [2], as in this system a subset of the antennas available
at the transmitter is active simultaneously.

Optimal and suboptimal detection schemes have been pro-
posed for the point-to-point SM/GSM MIMO context [2]—
[5]. When the uplink communication of a multiuser system
is considered, significant developments focus on single-active-
antenna SM, such as [6], that presented the optimal detector in
this scenario, and [7], that proposes a hybrid-processing-based
approach for the SM uplink system in millimeter wave com-
munication. To the best of our knowledge, [8], that proposes
a near-optimal strategy, relies on the channel-hardening effect,
suitable only in large-scale system, is the only relevant work
for the uplink of GSM communication.
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Given the scarcity of literature devoted to the uplink prob-
lem of GSM systems in a regular multiuser MIMO sce-
nario, and, moreover, as optimal detection is infeasible due
to prohibitive computational cost, this work presents several
suboptimal receivers to be applied at the base station (BS) to
retrieve the information sent by the users, and extends the work
presented in [9]. The strategies presented herein are divided
into two categories: a- when the BS jointly processes the data
vector sent by all users at once, and b- when the BS first
decouples the data belonging to different users and the applies
detection techniques to retrieve the data vector of each user
separately. Thus, this receiver category is comprised of the
pair decoupler/detector. The use of decouplers in the downlink
of multiuser communication is mandatory, as a user needs to
extract its information from the interference destined to other
users, so decoupling strategies are used in precoders at the
BS [10]. This paper adapts these strategies done by precoders
into equalizers in uplink communication, aiming at achieving
computational complexity savings compared to the joint detec-
tion by the BS of the information coming from all users. The
trade-off between detection performance and computational
complexity is analyzed. Furthermore, the equivalence between
two receiver strategies, namely, D-SVD/ML-W and D-ZF/ML-
C is analytically demonstrated.

Notation: Lower and upper boldface symbols denote col-
umn vectors and matrices, respectively. ||x|| represents the
two-norm of a vector x. (-)T, ()%, (:) are used to denote
transpose, Hermitian transpose, and left pseudoinverse of their
argument, respectively. 0,,x,, corresponds to the matrix of
size n x m with all entries equal to zero. E[-], (°), and [-]
correspond to the expectation, to the binomial coefficient and
to the floor operation, respectively.

II. MU-GSM-MIMO SYSTEM MODEL

Consider the uplink of a multiuser generalized spatial mod-
ulation MIMO (MU-GSM-MIMO) system, in which K users
transmit data to a BS with Ny antenna elements. During a
timeslot, each user, equipped with N transmit antennas, per-
forms GSM data transmission. In this scheme, N4 (N4 < Np)
transmit antennas are activated, and through them independent
QAM symbols, belonging to an M-length constellation B, are
transmitted. The choice of the active antennas is commanded
by the data to be transmitted by this user, as defined in an
antenna combination mapping table (ACMT) and collected in
the set I. For instance, consider a user equipped with N =4
and N4 = 2. Under this configuration, N¢ is the number of
permissible antenna configurations, I1,l2,...In. € I, equals
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TABLE I
EXAMPLE OF AN ACMT MAPPING TABLE FOR N7 = 4 AND N4 = 2.
(ENTRIES 1 AND O REPRESENT ACTIVE AND NON-ACTIVE ANTENNAS,
RESPECTIVELY.)

Input Bits | Antenna 1 | Antenna 2 | Antenna 3 | Antenna 4
00 1 1 0 0
01 1 0 1 0
10 0 1 0 1
11 0 0 1 1
Nt

the power of two immediately lower than ( Na ) or equal to 4,
in this example. So, input binary data are mapped into antenna
combinations, as exemplified in the ACMT presented in Ta-
ble I. As a result, the number of bits transmitted per timeslot,
7, equals the sum of the bits given by the antenna combination
and the bits associated to the QAM symbols transmitted by
the active antennas n = Llogg (%Z)J + Nalogy, M. The same
number of transmit antennas at each user is considered, as
well as the number of active antennas. Moreover, a unique
ACMT shared by all users, known by the BS, is admitted. The
strategies developed herein are easily extended to the general
case, where different number of antennas or different ACMT
are associated to each user.

Let b, € BM4 be the vector containing equiprobable
modulated symbols, b; ,,, 7 = 1,..., Ny, transmitted by the
nth user, with average energy E[b; ,,bi.n] = E,. Consider the
set Bp = {0} UB. The information vector transmitted by the
nth user is si{” IS ]B%év T, which contains the symbols in b,
in the entries related to the active antennas specified by the
antenna combination [,,,, and zeroes elsewhere. For the sake of
simplicity of notation, the information vector is represented by
s, onwards. The signals from the users traverses the MIMO
channel and are collected by the Ny receive antenna elements
at the BS, as given by y € CVr:

y = ZHnSn +n,

n=1

(D

where H,, € CN2XN7T ig the channel matrix that links the Np
antennas of the nth user to the BS, with elements h;; such
that E[hjj hi;] = 1. The additive Gaussian noise, represented
by n, is zero-mean and its covariance matrix is equal to

K, = afLINR. Epression (1) can be rewritten as y = Hs +n,
where H = [H; Hy...Hg] and s = [sT sI'...sL]T with

dimensions Ng x K N7 and K N7 x 1, respectively. The perfect
knowledge of the channel H at the BS is assumed.

III. RECEIVERS

In this section, receivers for MU-GSM-MIMO systems are
proposed. These receivers are comprised of decouplers, that
remove the interference of the other users over the intended
user, followed by detectors of the transmitted SM data vector.

A. User Decoupling

User decoupling techniques aim at the removal of the inter-
ference produced by the other users, and the ones presented
here are based on the projection of the signal y on the null
subspace of these interferences. All three presented strategies

are based on the determination of the matrix A,, € CN7*Nr,
belonging in the left nullspace of H,,or A, H, = =0, n 6
{1,2,..., K}. Here H,, € CNrx(K=DN7 g pbyilt excluding
from H the columns that refer to user n, then: I:In =
[Hl H, Hn+1 HK]

1) Projection in the nullspace of the interferences by singu-
lar value decomposition (D-SVD): This strategy uses singular
value decomposition (SVD) of the channel matrix Hn, which
contains interference components, i.e., H, = U,%, V”
where U,, and VH are matrices comprised of singular vectors
and 3, is a matrix of singular values. Let r, be the rank
of H,, r, = rank(H,) < (K — 1)Np, then the SVD is
expressed by :

H, =[U,
where Ug » and V , with dimensions Ng x (Ng —r,,) and
((K=1)Np—r,) x ((K 1) Nr) compose orthogonal bases of
the left nullspace and the right nullspace of H,, respectively.
Then, in this strategy, the matrix A, = ASYP is given by
ASVD UH

2 ) Pr0]ecnon in the nullspace of the interferences by zero-
forcing filtering (D-ZF): This strategy is based on the chan-
nel inversion, and uses the zero-forcing (ZF) of the full
channel matrix to perform the interference cancellation. Let
Hf = (H?*H)~'H", of dimension KNy x Ng, be the
ZF matrix of H that produces H'H = I. Thus, H is
comprised of the submatrices H}, £k = 1,2,..., K, such
that H' = [(H*)T (H3)T (H%)T]T. Then, the matrix,
A, = AZF, that decouples the nth class from the others is
AZF Hz

3) PrOJectlon in the nullspace of the interferences us-
ing MMSE filtering (D-MMSE): The D-MMSE decoupler
proposed in [11], is given by FMMSE — H*(HH" +
o21)~ 1. Likewise D-ZF, FMMSE jg structured as FMMSE —
(F)T (Fo)T (Fx)T]. In fact, F,, is approximately in
the left nullspace of I:In. In this procedure, the bases of
the vector space generated by F,, are obtained by the RQ
decomposition of F,,, this means

t~J-O n]in[vl n VO n]H (2)

F, =R,Qn., Vne (1,2, .. K), 3)

where R,, and Q,,, have dimensions Nt x N and N7 X Ng,
are an upper triangular matrix and an orthonormal lines matrix
which form the bases of the space F,,, respectively. Then, the
matrix, A, = AMMSE that separates the nth user out of the
other ones is given by AMMSE — Q.

For the three strategies presented above, the decouplers act
on the received signal in the BS, as given by y = A,)y.

In the D-SVD decoupler, ASVP is exactly in the left
nullspace of the interferences. Then, can be written as:

yn = AZVDHTLSn + ASVDn - UO anLSn + UO n (4)

where ¥, € CN7*! and the noise component remains white
with covariance matrix K,, = o21Iy,. For the strategy D-
ZF, the application of the filter AZF , which eliminates the
interferences on the nth user, processes y, as given by:

¥.=A%H,s, + A%n=s,+H’n=s,+n,, ()
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where the colored noise component n,, = H?n with co-
variance matrix K, = o2(H*H,,)~!. The matrix K,,, is
identified as the nth submatrix of dimension N7 X Nt on the
main diagonal of matrix K,, = o2 (H"H)!.

In the strategy D-MMSE, AMMSE ig approximately
in the left nullspace of the interferences. Assuming that
AMMSE Zﬁzl’m#n H,.s,, ~ Opn,x1 in the expression, we
obtain:

S’n = A%MSEHnSn + Aly\l/lMSEn = QanSn + ana (6)

where the noise component remains white with covariance
matrix K,, = 021y,

B. Detectors

After the separation of the intended user, the information
vector is retrieved using adequate detection strategy. Here,
GSM detectors, with optimal and suboptimal performance, are
presented.

1) Maximum likelihood detector in colored noise (ML-C):
As the elements of B are equiprobable, the optimal detector
of the nth user in the presence of colored noise is given by

8, = argmin(y, — A, H,s;" ) K, (5, — AnHps)). (7)
n€EB
el
2) Maximum likelihood detector in white noise (ML-W):
If the entries of the additive noise vector are uncorrelated, the
detector presented in (7) is simplified to:

§, = argmin ||an — Aansﬁ;” ||2 )
Tt

3) Projection-Based List Detector (PBLD): This subopti-
mal detector, proposed in [5], performs separately the detection
of the transmit antenna combination and the symbol vector,
implementing a list-detection scheme that generates candidates
to the GSM information vector of the nth user. In the first
stage, the BS applies a filter bank on the received vector.
Each element of this bank projects the received data vector
on the subspace generated by the channel matrix associated
to the transmit antenna combination employed in the current
transmission. Then, supposing that the channel matrix associ-
ated to a transmit antenna combination labeled as ¢ is denoted
by H(,) € CN#*Na which is a submatrix of H,,, then the
corresponding projection matrix belonging to the BS bank,
W, € CNVr*Nr s expressed by :

W, =HH{Hg) 'H), ¢=12,...,Nc. (9

Hence, the filter banks totals N¢o projection matrices. In the
strategy, the filter bank is responsible for sorting the most
likely transmit antenna combinations used by user n. So, the
Phase 1 sorts the combinations of transmitting antennas in
decreasing order of the projection magnitude.

(10)

{01 02 on,} = argsort [ W,y
q

As a result ||W01yH > ||W02YH > 2 HWONCyH‘
The antenna combinations ordered in (10) are serially passed,
starting from o; toward the smaller magnitude combinations,
by the detector composed by a ZF equalizer G,, = HZof fol-
lowed by an elementwise discretizer to produce the candidate,
co; = D(G,,y), of the detected GSM information symbol of
user n, being D the function that discretizes the input vector
into the symbols of the employed QAM modulation. To this
candidate is determined the Euclidean distance in relation to
the data vector, producing ¢,, := ||y — H,,c,,

This is used as the metric of quality of the candidate relative
to the received data, y, and also as the input of the scheme
that defines the list size A = 7(e,,), represented here as the
function :

Details about the operation of the dynamic control of the
list size are found in [5]. The expressions for c,,,e,, and A
are sequentially repeated until that the number of processed
candidates is equal or higher than the list size. Then the
candidate with the smallest Euclidean distance is selected as
the detected symbols vector, §.

4) Projection-Based List Detector with lattice reduction
(PBLD-LR): The PBLD-LR [5] detector differs from the
PBLD due to the lattice reduction scheme, which reduces the
loss of performance of the ZF filter in the occasions when the
channel matrix is close to singular. In this scheme, the can-
didate expression, is modified to c,, = D(T,, QLr(Go,y)),
where GgiR is the ZF filter modified for the lattice reduction,
Q| r represents the quantization in a lattice reduction domain
and T,, the matrix that transform the channel matrix into a
nearly orthogonal matrix. Details about this process are found
in [12].

IV. RESULTS

The elements of the channel matrix H are modeled as sta-
tistically independent circularly symmetric complex Gaussian
random variables, all with zero mean and unit variance. In all
simulations, users are equipped with N = 4 and N4 = 2 and
transmitting QPSK modulated symbols. The ratio between the
signal component and the noise component in (1), experienced
at each BS receive antenna is defined as the signal-to-noise
ratio (SNR) and is given by SNR = 10log;, (K N7 E,/c?2).

Figs. 1 and 2 show the detection performance of the
receiving algorithms, considering 4 users and 16 users, re-
spectively. In the case of 4 users, comparison with strategies
that perform the joint detection of all users at the BS (i.e. no
user decoupling phase), by means of the suboptimal PBLD
and PBLD-LR used to detect the vector s at once, was also
included. Due to the prohibitive computational complexity,
these joint detectors were not implement in the 64-user case.

In terms of detection performance, in both 4 and 16 users
case, receivers based on D-MMMSE decouplers exhibit a
performance superiority over those ZF- and SVD-based decou-
plers. In addition, a slight performance degradation is observed
when the suboptimal detection strategy based on PBLD-LR is
used instead of the optimal ML-W and ML-C.

Here, the identical performance of the strategies
D-SVD/ML-W and D-ZF/ML-C is noteworthy. In fact,
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Fig. 1. Bit error rate of the receivers — 4 users, Np = 16.

1072

BER

—&— D-MMSE/ML-W

—s=— D-MMSE/PBLD-LR
D-ZF/ML-C and D-SVD/ML-W
D-SVD/PBLD-LR

-5 0 5 10 15 20 25
SNR [dB]

Fig. 2. Bit error rate of the receivers — 16 users, Np = 64.

these strategies, although presenting distinct computational
complexities, are equivalent as can be formally proved [13].

Computational complexity results are shown in Table II.
In all configurations used in this table, N = KNr. In
configurations A, B and C the number of users is set to 4,
8, and 16, respectively.

Although the joint detection strategies PBLD and PBLD-
LR exhibit a large performance advantage compared to the
receivers that employ the decoupling stage, the FLOP count
of the joint detectors is two orders of magnitude higher than
the decoupling-based detectors. Moreover, the suboptimal de-
tectors implemented in the second phase of the receivers, iden-
tified as D-SVD/PBLD-LR and D-MMSE/PBLD-LR, offer
significant complexity reductions compared to the optimal de-
tectors versions, namely D-SVD/ML-W and D-MMSE/ML-W.
This reduction is particularly observable in systems with few
users, as the number of users is increased, the complexity
of the receivers is dominated by the decoupling phase. Fi-
nally, regarding the equivalence between D-SVD/ML-W and
D-ZF/ML-C, it is worthy to note that, although they present
similar complexity when 4-user systems are considered, the
ZF decoupler is preferable due to the fact that the receiver
based on this decoupler presents only 22% of the complexity
required by the SVD-based receiver when the system scales
to 16 users.

The detection performance of the receivers is also evaluated
considering propagation effects, namely antenna correlation
and shadowing. For the channel correlation between neighbor-

TABLE 11 )
COMPUTATIONAL COMPLEXITY OF THE RECEIVERS (FLOPS x10%).

Receivers A B ¢
D-ZF/ML-C 70.6 281.0 356.6
D-SVD/ML-W 61.5 689.0 1,593.0
D-MMSE/ML-W 96.6 234.2 3859
D-SVD/PBLD-LR 38.1 667.0 1,440.0
D-MMSE/PBLD-LR  38.1 185.1  233.2
PBLD-LR 3,233.0 - -

PBLD 2,172.0 - -

BER

10% F —8— PBLD

e PBLD-LR

== D-MMSE/PBLD-LR
D-SVD/PBLD-LR

= D-MMSE/ML-W

D-ZF/ML-C and D-SVD/ML-W

107 F

-5 0 5 10 15 20 25
SNR [dB]

Fig. 3. Bit error rate of the receivers — 4 users, Nr = 16, with propagation
effects: p = 0.8 and 0 = 6 dB.

ing antennas, Kronecker model was employed. The channel
matrix considering correlation effects, G,,, is defined by
G, = R(p)zH,R(p)z, where R pre/post-multiplying H,,
represents the correlation effect between receiving and trans-
mitting antennas, and p is the correlation coefficient between
neighboring antennas, as presented in [11]. Finally, a log-
normal shadowing effect jointly with the antenna correlation,
produces the resulting channel matrix G,, € CN=*N7 | gijven
by G, = 8.Gn, wheraeNgq) is a log-normal random
variable given by 3, = 10~ 10 . In turn, o represents the
lognormal shadowing spread parameter given in decibel, and
N(0,1) is a zero mean and unit variance Gaussian random
variable. Considering these propagation effects, Fig. 3 shows
that the joint detector PBLD presents a high performance loss.
This is credited to the poor performance of the projection
matrix filter bank and the ZF equalizer in ill-conditioned high-
dimension channel matrices. Additionally, MMSE-decoupler-
based receivers experienced the least performance loss among
all other strategies based on other decouplers, in spite of
presenting low-computational complexity.

V. CONCLUSIONS

A variety of receivers were presented for the uplink of mul-
tiuser GSM MIMO systems. These strategies were compared
in terms of BER and computational complexity, under different
system configurations and channel characteristics. Simulations
presented the performance of the different decoupling strate-
gies and also the optimal and suboptimal detectors.
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