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Abstract — Multiple input multiple output (MIMO) schemes
based on generalized spatial modulations (GSM) have been
widely considered as potential candidate techniques for next-
generation wireless networks, as they can improve both spectral
and energy efficiency. In this paper we propose a multi-user
MIMO system, where a base station transmits precoded GSM
symbols to several receivers. In the adopted GSM approach,
multiple antennas transmit different high-level QAM symbols
simultaneously. The precoder is designed in order to remove
interference between users while an iterative algorithm is
applied at the receiver to accomplish single-user GSM detection.
Simulation results show that the presented GSM MU-MIMO
approach is capable to effectively exploit a large number of
transmit antennas deployed at the transmitter and also provide
performance gains over conventional MU-MIMO schemes with
identical spectral efficiencies.

Keywords—B5G, generalised spatial modulation (GSM),
Precoder design, multiple input multiple output (MIMO),
quadrature amplitude modulation (QAM) constellations.

1. INTRODUCTION

Future beyond fifth generation (B5G) wireless
communications are expected to bring innovation and a solid
system with high spectrum efficiency and high energy
efficiency. To meet the challenging requirements of B5G,
new emerging techniques have appeared as potential
candidates such as index modulation (IM), which has been
obtaining a significant attention due to the its capability to
activate a subset of certain elements of communication
resources, namely antennas, subcarriers and time-slots[1],
[2]. One specific case of IM suitable for large scale MIMO
antenna schemes is based on generalized spatial modulations
(GSM) which have recently emerged as an attractive
technique for achieving greater energy efficiency (EE) with
ease of implementation [3-5]. Considering that the
information is encoded in the combination of active antennas
and, also in the modulated symbols transmitted in the active
antennas, GSM can achieve a greater spectral efficiency (SE)
than single antenna communications. Moreover, GSM can be
considered as a compromise between conventional MIMO
and simple radio frequency (RF) transmissions, since only a
subset of the available transmission antennas is active for a
certain period of time, thus reducing the number of RF chains
required.

Several detectors have been proposed in the GSM
literature for single user. For example, in [6] the authors
proposed a minimal average square block error detector (OB-

MMSE) that achieves an almost optimal performance, while
its required complexity is much lower compared to other
detectors. It starts with an algorithm that sorts the possible
transmit antenna combinations (TAC), followed by the
detection in sequence of the possible signal vector for each
TAC using block minimum mean square error (MMSE). To
reduce the number of tested TACs, a termination threshold is
applied. This detector is able to achieve near-optimal
performance but can incur in substantial complexity in large
scenarios. In [7] a different GSM iterative detector is
proposed, which is based on dividing the problem of the
maximum likelihood detection (MLD) into a sequence of
simpler steps: minimizing the unrestricted Euclidean
distance, projection of the elements onto the signal
constellation and a projection onto the set of valid active
antenna combinations. This allows a substantial complexity
reduction when compared with the optimal MLD while still
achieving near-optimal performance.

While GSM can be directly applied to uplink multi-user
(MU) scenarios [8, 9], only a few works have extended the
use of GSM to downlink MU [10, 11]. In [2], despite
describing a system for scalable video broadcast
communications, the proposed scheme also considered the
use of GSM for multiple users. However, the removal of
inter-user interference is made at the receiver which demands
a large number of antennas at the users. On the other hand,
inter-user interference can be removed at the transmitter
through a precoder. An example of this is presented in [12]
for conventional MU-MIMO, where the authors proposed a
precoder called block diagonalization (BD), which
guarantees zero inter-user interference and can be thought of
as a generalization of channel inversion. A few precoded
schemes have been introduced for spatial modulations (SM).
In [13] a new precoder scheme for the downlink of MU-SM
systems was proposed. This precoder, exploits the channel
status information (CSI) at the base station (BS), where a
precoding matrix is computed which allows the MU
downlink system to be broken down into several independent
single user SM systems. Another precoded scheme was
developed in [14], in this case for multi-user GSM systems,
with the aim of eliminating all inter-user interference while
maintaining the antenna selection features of GSM, which
means that only some of the antennas are active, while the
rest are silenced. It should be noted that in [13], the scheme
was only defined for SM while in [14] it was designed
specifically for a version of GSM where the M-QAM
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Figure 1. Transmitter and receiver scheme.

symbols are the same in all active antennas. Considering this,
it can be concluded that both cases are limited in terms of
spectral efficiency.

In this paper we will study a MU-MIMO system, where
GSM symbols are transmitted simultaneously to multiple
users. To increase the SE of the transmission, different
symbols are sent on different (virtual) antennas and high-
order M-QAM will be considered with the constellation size
reaching M=1024 symbols. To remove inter-user
interference, a BD precoder is applied at the BS while a
modified version of the low-complexity SU GSM detector
presented in [7] is used at the receiver. Simulation results
show that the presented GSM MU-MIMO approach can
provide better performance gains over conventional MU-
MIMO. The paper is organized as follows: section II presents
the model for the MU GSM system, section III presents the
transmitter and receiver structure followed by the
performance results obtained in section IV. Finally, the
conclusions are outlined in section V.

Notation: Matrices and vectors are denoted by uppercase and
lowercase boldface letters, respectively, ()T and () denote
the transpose and conjugate transpose, |-| is the floor

N
function, [k] denotes the number of combinations of N

symbols taken k at a time and supp(x) returns the set of

indices of nonzero elements in x (i.e., the support of x).

II. SYSTEM MODEL
In this study we consider a downlink MU-MIMO system

with a BS and N users. The BS is equipped with N o
antennas and each user has IV, . antennas, how we can see in

T
Figure 1. The signal is represented as g = [SOT“‘SN T} ,
u-1

N X1 . . . .
where SkGC " contains the information transmitted to

user k and

M SNDC/ Nu . Considering that GSM is being used, only

Na positions of §; can be nonzero. These correspond to

active indexes and carry modulated symbols. The signal
vector of each user can be written as

T

0 N,
$ = -05,,0,...,0,5.7,0,...] M
where s/ €A (j=0...,N,~1) with A denoting an M-
QAM complex valued constellation set. Through this model,

the information will be divided in such a way that part of the
data will be wused to select an active index

{10{;2[%\'
(AI) from a total N . =2 ‘

(AICs) that are available per user. The remaining data will be

J J Al combinations

mapped onto N, complex-valued M-QAM symbols. The
resulting SE is then

Nbits = Nu Llogz(]ltll; )J+NuNa IOgZM (2)

bits per channel use (bpcu).

III. TRANSMITTER AND RECEIVER STRUCTURE

A. Transmitter Design

The channel state information at the transmitter (CSIT)
will be used to pre-process the symbols by using a linear

precoder F = [Fo ...Fy 71} , where Fk e CNoNs e

effective transmitted signal, which will be propagated
through a flat fading channel, can be written as

Nl N
X= Zxkz Zstk _
= =

The baseband signal received by user £ can be expressed

3)

as
N, -1
y,=H,x +H, Z X, +n,
Jj=0
Gk

“)



where H , € C VXN is the channel matrix for the link
between the BS and user £ and n,eC Nwx1 ig the noise
vector with samples taken according to a zero-mean
circularly symmetric Gaussian distribution with covariance
20° IN,x . The first term of this expression is related to the

desired signal and the second one is the interference caused
by the other users’ signals. The multiuser interference can be
eliminated by using a BD method as proposed in [12], where

matrix HF ,  with
H = [HOT wHy T T , becomes block diagonal. In this

the equivalent overall channel

paper we assume a simple BD precoder without any power
loading optimization, where we design each precoder matrix

F, so as to enforce that H,F, =0 for all i#k . This
condition can be satisfied from the null space of H , which
is defined as

- T

H =[H/. H,_H, . H, ] )

In order to find an orthonormal basis for the null space of
H, , we can compute its singular value decomposition (SVD)

as
H
7 -0 A vl vO
A,=0A, [Vk i ] ©
where Uk is the matrix with the left-singular vectors and Ak

is a rectangular diagonal matrix containing the nonzero

& (1 < (0
singular values. V,E) and V,E ) contain the right singular

vectors corresponding to the nonzero singular values and the
null singular values, respectively. In this case, the received
signal at each receiver reduces to

Y, =Hs, +n, )

where H, = H,F, is the equivalent single user channel seen

by the receiver.

B. Receiver Design

Considering the system model combined with the use of
a BD precoder, as described in the previous sections, each
receiver will have to perform a simpler single user GSM
detection. Therefore, we can formulate the MLD problem
related to receiver k as

. . A o 2
mslnf (Sk ) = Hyk - Hksk “2 ’ (8)
subjectto s, € A", 9)
supp (s, )€ S, (10)

def
where A, = AU{0} and S denotes the set of valid AICs,

which has a size of N

.ms- 10 this paper, to solve this non-
convex problem we adopt the same approach that we applied
in [7] which is based on the alternating direction method of
the multipliers (ADMM). heuristic based
approaches can be considered to reach a faster solution even
though it may not be the optimal one. Using ADMM as an

heuristic, we can split a complex problem into a sequence of

However,

TABLEI

GENERAL ITERATIVE DESIGN ALGORITHM FOR EACH USER &

A

I: Input: u’, w’, x", 2, H,,y,, p., p., O
2: fbestzoo'

o -1
3: CI)e(HkHHk+(px+pZ)INv) .
4: for=0,1,...0-1 do

sk(m) «— q)(l:lkHyk +p, " —uy+

+p. (Z(f) —W(t))).

o A T[]

(e+1) - HA{)M (Sk(t+1) Lw® ) .

7. Z
8: Iesupp(x(”l)).

candidate A candidate

9: §; 0,8,

L)

10: if f(8“"“)< f, then

A candidate

1: 8, ; 0,8, <5,

2 fi, = fE),

13:  endif

) +1 t+1) (t+1
14- u( ]%um”k( ) ]'

) (t+1] (t+1] (141
15w Jew(”+sk\ ) g™
16: end for.

17:  Output:§,

smaller subproblems with simpler solutions as addressed in
[15]. Based on the derivation provided in [7], Table I shows
the general iterative design algorithm to be used for the GSM-
MU receiver.

In this table, x,u, we C""!are scaled dual variables
and p_, p, are penalty parameters to assure that the

algorithm reaches a good performance during its execution.
In the algorithm, Q is the maximum number of iterations,

I[1,0)

D ={s:supp(s)e S} andHAONs () is the projection over

AN
£(0 0

The initial values u’ , W’ , x , Z~ required
by the algorithm can be obtained using a random start or other
strategies as described by [7]. Due to the heurist nature of the
proposed algorithm, it is not guaranteed that it will converge
to the optimal solution of the original MLD problem (which
is nonconvex). To increase the chances of finding an optimal
solution and improve the performance of the GSM detector,
in this paper we propose the adoption of several different
strategies. A simple one consists in restarting the algorithm

denotes the projection onto set



TABLE III

SOLUTION REFINEMENT ALGORITHM BASED ON A CLOSEST NEIGHBOR
SEARCH FOR USER k

A

I: Input: H, ,y,, S, Sk(Q}afbeszaP

2: D,=D, I« supp(s)

3: fgrpZI_, ...Pdo

4: D,=D, \{s:supp(s)=1}.
5: X%HDp(sk(Q))

6: 1< supp(x)-

0,8, """ T (s/?).
8 if f(§“ )< £,  then

A candidate

9: §-¢08,, <S8,

candidate

7: Si

9 ,

00 fo, = fE),
11:  endif

12:  end for.

13:  Output:s,

multiple times by using different initializations [15]. Another
improvement approach may be accomplished by checking at
the end of the algorithm if any of P neighboring candidates

mdidate) . These P neighbors

can be selected amongst those with the closest supports using
the algorithm presented in Table II.

A third possible refinement method consists in re-solving
the MLD problem with the support set fixed according to the

results in an improvement of [ (s

candidate point §, generated by the main algorithm. In this
case, the resulting formulation becomes a conventional
MIMO detection problem which can also be approximated by
a simple projected MMSE estimate, i.e., as
. . N -1
geemdidate T ((H,{J”H,ﬁ, +20°1, | Hk’,Hyk).(ll)

ANa

We refer to this third approach as the polishing step. It is
important to note that these three strategies can be applied
together, as we will show in the next section.

IV. NUMERICAL RESULTS

In this section, the results of Monte Carlo simulations are
presented, in order to illustrate the BER performance versus
the signal to noise ratio (SNR) in dB of the proposed MU
GSM system.

In the first scenarios, the objective is to evaluate the
impact of the different configuration parameters of the
receiver, namely, the number of iterations, the number of
initializations, the polishing steps and the number of
neighbours. Two different high-order modulations were
considered: 256-QAM and 1024-QAM. Figure 2 and 3,

present the results for ]\{x =170, Nx: 10, M =15, M: 17

and ]\é = 2, which corresponds to a spectral efficiency of 23
bps/user/channel use for 256-QAM and 27 bps/user/channel
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Figure 2. BER performance of ADMM in a MU-MIMO scenario with
Nw=170, Nn= 10, N= 15, N=17 and N. = 2, 256-QAM
(23bps/user/channel use).
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Figure 3. BER performance of ADMM in a MU-MIMO scenario
with Na=170, Nn=10, N.=15, Ni=17 and N.~2, 1024-QAM
(27bps/user/channel use).

In the legend of both figures n;xn, denotes that the
receiver algorithm was ran with n; restarts and n; iterations.
The type of polishing step applied as well as the number of
neighbours is also shown. Besides the expected improvement
when using more iterations, it can be observed that by
increasing the number of algorithm restarts, we can have a
better system performance. This is clear when considering the
1x500 and 10x50 cases which have the same total number of
iterations, with the best results being achieved by the case
with more restarts (10x50).

By comparing the scenarios, where MMSE polishing is
not used and those where it is used, one can observe that those
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Figure 4. BER performance of a precoder based on GSM MU-
MIMO and a precoder based on conventional MU-MIMO.

where polishing is applied have better performance.

Considering the use of neighbour based refinement, we
studied the impact of changing the number of neighbours on
the performance of the algorithm and we concluded that the
greater the number of neighbours, the better the performance
will be (see the cases where P=1, 4, 9 and 19). Finally, the
combination of the 3 proposed improvement strategies for the
ADMM receiver lead to a better performance than the usage
of the individual approaches. Globally, the performance of
the proposed ADMM algorithm leads to better results when
compared to the case where OB-MMSE receivers (which we
included as benchmark) are used [6], except when no restarts
are applied.

In the second set of simulations, the objective was to
provide a comparison between a conventional BD precoded
MU-MIMO from [12] and the proposed GSM MU-MIMO.
Figure 4 shows the results for two different configurations.

The first case concerns a comparison between the

precoded GSM MU-MIMO with N.=160, N.= 6, N = 10,

]\{ = 16, ]\é = 1, 16-QAM and the conventional BD

precoded MU-MIMO with N.=60, N.= 6, N = 10, N=1
and 256-QAM, both with a spectral efficiency of 8§
bps/user/channel. In the second case, we present a
comparison between the precoder based on GSM MU-
MIMO with N, = 90, N,= 8, N, =10, N =9, N, = 3,
QPSK and the precoder based on conventional MU-MIMO
with N, =80, V. =8, N =10, N = 3 and 16-QAM, both
with a spectral efficiency of 12 bps/user/channel. In general,
it can be observed that the performance of the GSM MU-
MIMO precoder is better than the conventional MU-MIMO
precoder, achieving better performances and better results.
When we look at the curves in Figure 4, focusing at their
behaviour for a 10* BER for the 8 bps/user/channel scenario,
the GSM MU-MIMO shows a gain of about 10 dB over the
conventional MU-MIMO. Moving on to the 12
bps/user/channel scenario and maintaining the BER at 104,
the GSM MU-MIMO has a gain of about 5 dB over the
conventional MU-MIMO. Through these results, it can be
concluded that GSM MU-MIMO can be a potential

alternative to increase the SE of the system when compared
with the adoption of higher-level modulations in
conventional MU-MIMO.

V. CONCLUSIONS

In this paper a novel multi-user MIMO system where
GSM symbols are transmitted simultaneously to multiple
users has been described. By combining large antenna
settings at the BS with high-order M-QAM constellations, the
proposed approach is capable of improving the SE and energy
efficiency. A precoder is applied at the BS to completely
remove inter-user interference while an iterative SU GSM
detector is implemented at each receiver. Simulation results
show that the proposed approach can achieve a very
competitive and very promising performance compared to
conventional MU-MIMO systems with identical SE.
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