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post-processing stage to mitigate multiuser interference and extract temporal symbols. Compared with existing
precoding-based algorithms, the complexity is significantly reduced. Moreover, the proposed algorithm is semi-blind,
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I. Introduction

Recently, spatial modulation (SM) technique has re-
ceived much attention [1]-[5] since it uses the index in an
antenna array system to convey extra information such
that the throughput is increased. In SM scheme, the trans-
mitted bits are separated into two information-carrying
symbols: One block of bits is mapped to the conventional
signal constellation diagram (temporal symbol), e.g., M-
ary phase shift keying (PSK) symbol. While the other
block of information bits (spatial symbol) determines the
activated antenna index at the transmitter for temporal
data transmission. It has also been shown in [6]-[8] that
SM technique is an attractive modulation and transmis-
sion technique in multiple-input-multiple-output (MIMO)
systems with reduced complexity since only single radio
frequency (RF) chain is required at each time slot. There

have been some attempts in [9]-[13] to realize SM-based
uplink multiuser (MU)-MIMO systems. In [9], a maximum
likelihood (ML) receiver is implemented to demodulate
the two-user symbols in uplink SM MU-MIMO scheme,
whereas, the complexity of the ML detector expands
vastly as the number of users increases. Then, some sub-
optimum algorithms are proposed: The message passing-
based multiuser receiver has been proposed in [10]. The
nearest neighbor search (NNS) algorithm is developed in
[11] to find the active antenna indices. The work of [12]
uses the space-alternating generalized expectation maxi-
mization (SAGE) algorithm and successive interference
cancellation (SIC) method that iteratively demodulate
desired user’s data while remove the multiuser interference
(MUI) from undesired users. The SAGE-aided list projec-
tion (S-LP) multiuser SM receiver is proposed in [13].

Associate Editor: Prof. Ran TAO, Beijing Institute of Technology.



Blind Signal Reception in Downlink Generalized Spatial Modulation Multiuser MIMO System Based on... 505

The use of SM for downlink (DL) MU-MIMO trans-
mission has also been investigated in [14]-[23]. In gener-
al, the SM DL MU-MIMO system can be categorized
into two different schemes: The scheme considered in
[14]-[18] termed as receive SM (RSM) employs zero-forcing
(ZF) precoding aided SM technique at the base station
transmitter (BSTx) to activate single receive antenna at
each user terminal (UT). The second scheme considered
in [19]-[21] termed as parallel SM (PSM) separates the
BSTx antennas into K groups corresponding to K UTs.
In what follows, different disjoint sets of antennas are
dedicated to different UT such that each set is consid-
ered for point-to-point SM transmission of a particular
UT. In other words, the DL MU SM transmission is com-
posed of K parallel single user SM transmissions. Specifi-
cally, a novel antennas management and selection method
named spatial modulation multiple access (SMMA) is
proposed in [19] that adaptively allocate the BSTx an-
tennas to multiple users to increase capacity in MU SM.
Alternatively, references [22]-[24] exploit block diagonal-
ization (BD) precoding aided SM technique to realize
quadrature SM (QSM)-based DL MU-MIMO system. Be-
cause of multiple antennas are activated at the same
time instant, each UT is contaminated by MUI emitted
from the antennas assigned to other users. All the above
works exploit the full channel state information (CSI) at
the BSTx to design the ZF or BD precoder. Since the
MUI is completely eliminated, thus single user detector
can be employed at each UT. In a nutshell, the disadvan-
tages of existing works related to SM DL MU-MIMO
includes:

1) ZF or BD precoder employs full CSI at the BSTx
to completely eliminate MUI. This requirement is imprac-
tical in massive MIMO system, where massive amount of
CSI needs to be estimated and updated. Moreover, it is
inevitable for CSI perturbation since wireless channel is
time-varying and channel reciprocity is not satisfied in
FDD system. This leads to disastrous performance degra-
dation since ZF precoder can hardly eliminate MUI.

2) All the BSTx antennas are activated in the RSM
scheme, leading to massive RF chains. This induces higher
complexity transmitter structure compared to conven-
tional SM scheme.

3) The restriction for DL MU-MIMO systems based
on ZF precoding is that the number of BSTx antennas
should be larger than the sum of all UT antennas, i.e., it
requires that Ny > K X N,, where Ny, K, N, denotes
the numbers of BSTx antennas, UTs, and UT antennas,
respectively. While in BD precoding scheme, the restric-
tion is N,y = K X N,. This is hard to attain especially in
current and future network with a massive number of
UTs. Moreover, it is inflexible in the network with dy-
namic number of UTs, i.e., additional users are not easy
to be included or removed to the system.

4) As will be analyzed in Section V, the computation
load of existing algorithms is still high. Hence, a low-
complexity algorithm should be developed.

To the best of our knowledge, there has been no re-
search that emphasizes on the design of UT receiver in
SM DL MU-MIMO system. In this work, we consider the
PSM scheme and apply the generalized spatial modula-
tion (GSM) proposed in [16], [25] in DL MU-MIMO sys-
tem. BSTx antennas are separated into K groups corre-
sponding to K UTs and each UT is equipped with N, re-
ceiving antennas. At each group, GSM is employed by
activating a subset of antennas simultaneously for data
transmission. Specifically, rather than the ZF precoder,
we aim to design a blind yet low-complexity UT receiver
that can jointly identify active antennas at the corre-
sponding group of BSTx and mitigate MUI using only a
small subset of CSI. The minimum-output-energy (MOE)
UT receiver is developed based on the minimum power
distortionlessly response (MPDR) beamforming concept
as proposed in [26]. A two-stages detection process is
proposed: In the pre-processing stage, a method termed
as minimax is proposed to identify the indices of active
antennas at each group of BSTx antennas, where the key
idea is that the minimum output energy of the detector
is maximized. The antenna indices that have been identi-
fied are demapped to spatial symbol and the associated
CSI is sent to the post-processing stage. A constrained
MOE algorithm is proposed in the post-processing stage
to mitigate MUI and extract temporal symbols. Com-
pared with existing precoding-based algorithms, the com-
plexity is significantly reduced. Moreover, the proposed
algorithm is semi-blind in which only a small subset of
CSI is required to identify active antennas as well as
eliminate MUI. Performance metrics including the correct
identification probability and the overall symbol error
rate (SER) are analyzed. Simulation results verify that
the proposed scheme has attractive near-far resistant
characteristics. In summary, the contributions of this
work are as follows:

1) As will be discussed in Section IV, significant
throughput (bits per channel use (bpcu)) enhancement of
GSM scheme can be obtained compared with the conven-
tional SM or even the QSM schemes.

2) Compared with existing precoding-based works,
the proposed algorithm is more practical since only a
small subset of CSI (rather than full CSI) is required.

3) As will be seen in Table 1 analyzed in Section V,
the complexity of the proposed scheme is extensively re-
duced compared with typical existing algorithms.

4) We formulate identification of active antennas'
indices into a minimax problem and the proposed MOE
receiver work reliably in near-far secnario.

The rest of this paper is arranged as follows. In Sec-
tion II, we introduce the signal, system as well as chan-
nel models. Section III describes and analyzes the pro-
posed MOE-based UT receiver in DL, MU MIMO SM
system. Section IV further extends the algorithm in Sec-
tion IIT to the GSM scheme. In Section V, we demon-
strate the system performance and discuss the numerical
results. Concluding remarks are finally made in Section VI.
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Table 1 Computation load comparison of the proposed and exist-
ing algorithms

Algorithms Number of floating-point operations

BD precoding +
ML detection
algorithm in

[22]
Proposed MOE-
based two-
steps detection
algorithm

ZF Precoding
(RSM) +
ML detection
algorithm in
[14]

K (8NiotNr 4+ N3, +8N2 (M + Niot) + TMNy.)

K (8JN2+ 8N (N2 + N,) +8N,)

KMN, + 16(KN;)2Niot + (KN;.)?

Notation: The upper and lower case boldface letters
denote matrix and vector, respectively. []T and [ ]" stand
for matrix or vector transpose and complex transpose, re-
spectively. ||a|| denotes the L—norm of vector a. We use
E{} indicates ensemble average, and = for “is defined
as”. I denotes an identity matrix of size K. el denotes

the kth column vector of an identity matrix of size L. A
complex normal random variable with mean g variance
o? reads as CN (p,02). & means the estimate of w.
A (i,7) denotes the element of the ith row and jth col-
umn of matrix A. |z]is the floor function that rounds z
down, and returns the largest integer that is less than or
equal to z. (4 ) = %, M > L denotes the combi-
nation of L out of M.

II. System Model and Problem Formula-
tion

We consider a single-cell SM DL MU-MIMO system
in which a BSTx with N, transmitting antennas com-
municates with K UTs simultaneously. A schematic illus-
tration of the system is depicted in Figure 1. As shown
in Figure 1, the Ni, transmitting antennas are uniform-
ly separated into K groups, and each group corresponds
to a single user. We assume that Ny, = KNy, N =27, n
is a positive integer. Each UT is equipped with N, re-
ceiving antennas, thereby, a N; x N, MIMO system is
dedicated for each user.

g
g% Spatial
=R constellation
Ist user 259
; 558
bit stream SE=
0 O o ati
AE constellation
I
g
g% Spatial
b= &V’ constellation
Kth user 259
\ 558
bit stream SE°
(SN} 5 i
AE constellation
i

. |First user terminal
; Rx

Kth user terminal
H Rx

Base station transmitter

Figure 1 Block diagram of the downlink SM multiuser MIMO system.

In SM scheme, the bit stream intended for kth UT
is composed of two blocks at any transmission time inter-
val: the first block contains n bits denoted as
[ bbb b% |, which are used to activate a particu-
lar antenna at the kth group. The second block contains
m bits denoted as [ b, b, bk, |, which are
mapped to a specific symbol in the conventional signal
constellation diagram with size M = 2™. Therefore, a

symbol interval, Ty, is equal to

Ty =T + Ts2 = (n+m) Ty = (logy Nt + logo M) Ty, (1)

where T}, is the bit duration.

Let {hﬁj}k,izl,g,___71< e CN>X1 he the instantaneous
J=1,2,. N,

channel vector as seen by the kth UT’s array of anten-

nas from the jth antenna in the ith group of BSTx. In

this paper, Rayleigh fading channel is assumed, without

the consideration of path loss or shadowing effect, i.e.,

any entry in {hﬁj}kﬂ;:lwg’”_’}( is distributed as CN (0, 1).
Jj=1,2,...;N¢

The channel parameters are totally uncorrelated (inde-

pendent). We may combine {hf)j}k)i:m,m’;{ and ex-
J=1,2,. N,

press the channel parameters between the ith group of

BSTx and kth UT as HF=[ hf, h}, hin, |
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€ CN»*Ni  then the overall channel parameters can be

expressed as

H? H?2 ... H?
H_ 1 2 . K (2>
HIK H2K Hflf( KN,.xKN,

The submatrix in the diagonal of matrix H, i.e.,
{Hllj}k:m o is referred to as intended MIMO channel,
while the off-diagonal matrices, i.e., {Hf}#k, are the

interference MIMO channels. In this paper, we invoke
the assumption that the kth UT has only the intended
MIMO CSI, i.e. {h”};“ 12.__,K or Hk, but has no
7j=1,2,...,N;
knowledge of the CSIs of all 1nterference MIMO chan-
nels, {Hf} itk
i=1,2,...
quired or estimated by periodically sending delta-like pilot
signals from the kth group transmit antennas of BSTx
that propagate to the kth UT. Then, the kth UT can
acquire the channel impulse response (CIR).

III. Design of MOE-Based UT Receiver in
Downlink Multiuser SM System

. In practical scenario, HF can be ac-

1. Algorithm description

For analytical tractability, we first deal with the
case that only single antenna for each group at BSTx is
activated during one symbol interval. Extension to the
GSM scheme will be analyzed in the next section. The
received vector at the kth UT’s array of antennas dur-
ing the 7ith symbol interval can be written as

Jhe MLy Sk ML (Z)} = arg

The detection procedure needs exhaustive searches
throughout all possible antenna indices of each group as
well as all possible M-ary temporal symbols. It is inappli-
cable to the proposed scheme for the reasons below:

1) To implement the ML detection, the kth UT
should have all the CSIs, i.e., H However, as we have
described in Section II, only the intended MIMO CSI,
H ,’j is available.

2) Even though in the SM case, (4) needs to be eval-
uated by (N,M)™ times. The load of computation ex-
pands dramatically with a growth rate of (N;M). The
complexity is intensive and prohibitive since it requires
to jointly optimize all the parameters, let alone the GSM
case.

Therefore, employing only the partial CSI, HF, we
develop a linear MOE-based UT receiver in DL SM MU-
MIMO system. The illustrative diagram of the MOE-

min
we{l.2,0
x€{1,2,.... M}

Z mhk’] ,Sk’

k'=1

) + vk (%)

= \/thzﬂ»k —‘r Z \/Pk/hk, jk/sk, —|— ’Uk( )
vk
= V/Pehi g, 55 (0) + ug (i) (3)

where ji- denotes the index of activated transmit antenna
in the k'th group of antennas at BSTx, jir €{1,2,..., N;},
Ke{l,2,...,K}, and 7 (i), v, (i) € CN > vy (i) de-
notes AWGN vector received by kth UT. The elements
of the noise vector are assumed to be i.i.d. complex
Gaussian random variables with zero mean and variance
o2, ie. vg (i) ~ CN (0,0%Iy,). Py is the received power
for the &th UT. {Sk/(i)}4'=12,  is the ith modulated
i=1,2,...
temporal symbol for k’th UT and is selected with equal a
priori probability from the conventional M-ary PSK sig-
nal constellation X. We assume that the average power of
the PSK signal carried by each user is normalized to one,
E{|sp: (i)]°} = 1. The first term on the right hand side of

25:1 VPihj, 510 (i)+

v (%) represents the MUT plus background noise term. To
decode the spatial and temporal data designated for kth
UT, we aim to estimate j; as well as extract s (i) from
the observation vector 7, (4).

The optimum decision rule is realized to satisfy the
maximum-likelihood (ML) criterion. Under AWGN, the
ML algorithm is equivalent to minimize the Euclidean
distance between the received vector and the signal vec-
tor. Based on (3), the active antenna index of the kth
group at the BSTx and the corresponding data symbol
carried by it could be detected as

K
- Z \ Pk'hllz’,jklsk’ (’L)

k'=1

(3)isthedesiredsignalanduy (i) =

2

(4)

N}

based detector is presented in Figure 2.

To recover the desired symbol, sg (i), an N,-by-1
weight vector wy, is designed to combine the information
collected from all received antennas of kth UT.

\/Fk k]k

The temporal symbol is then demodulated by apply-
ing the minimum distance (MD) decision rule.

Sk (i) = Q (yw (1)) (6)

where Q(+) is the demodulation function.

yi (1) = wyry, (i i) +wilu (1) (5)

The rationale of the proposed MOE receiver is anal-
ogous to the MPDR beamformer in [26] that is widely

applied in array signal processing. If h has been per-

k \Jk
fectly estimated, the choice of wy to meet the MOE cri-

terion is to minimize the output energy, while maintain
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1st antenna of kth user

% R Identify the .
Kk indices of J
2nd antenna of kth user Estimate the activated K @'—*[ET B B*’]
correlation matrix antennas in - !
of the received data group k at B
vector BSTx K Calculate
the
weight
vector of
P> the MOE
receiver
Nrth antenna of kth user .
Wi MOE

r (i)

kth mobile station receiver

Figure 2 Schematic diagram of the kth user’s MOE-based SM receiver.

the deaired signal distortionlessly. This yields

Wi MOE = { } (7)

The mean output energy can be calculated as

argm1nE{|wkrk( )| }
st. wihk g =1

E{ngrk (i)]z} E {wylry (i) (i) wy, }

—wkE{rk Yt (4) }wk

(®)

where R, = E {7y (i) r}l (i)} is the correlation matrix of
the observation vector 7y (7). Using Lagrange multiplier
to solve the constrained optimization problem, we can
obtain the solution of (7) as

= Wyg Rkkwk

R 'hk
_ 1k R, hy
wk,MOE*AkRkkhk,jk* O 9)
k k
(k) Rilhk,
where A\, = wi, R, w =— 1 s the
k E,MOE £,k Wi MOE (hk )HR—lhk
k:_]k kk k,jk

mean output energy of the MOE receiver. Therefore, the
output of the MOE receiver can be obtained as

yk (i) = wEMOETk ()
= wk MOE Z V Pk’hlc’j Sk (

k=1
/. H k .
= Pkwk,MOEh’k,jk s (1)

)+ wk MOEVEk (1)

+wk MOE Z V Pk/hk/ ]kSk/

k;ﬁk

)+ wk MoEUk (7)

i) + v (i)

= v/Pesi (i)

i 2 '3
Inverse mapper |[—> [bm bty - b, m]

In what follows, the signal to interference plus noise
ratio (SINR) of the kth MOE receiver, denoted as -y,
can be calculated as

{‘wk MOEV hk xSk (1)‘ }
[}
H k 2 k H

Pywy; \ophi j, {\Sk ()] } (h’k,jk) Wy MOE
wy, MOEE {uk Uy (2)} Wy MOE
Py
wE,MOERuuwk,MOE
=Py

Yk

{ ’wk MOEU (i

(1)

where R,, = F {uk (1) ug
of the interference plus noise. In deriving (11), we have
use the identity that

R,. = E{ (rk )
() -

(i)} is the correlation matrix

—V/PRE 5 ()
VI 5 <z>)H}

= Ry — Puhy (h’i]k) (12)

An alternative representation of -k, which is de-
rived in the Appendix A, is

Tk = Pk (hk Jk) R, hk 2Jk (13)

Please note that the solution of MOE receiver also
maximizes the output SINR since it essentially mini-
mizes the output energy while preserves the desired sig-
nal distortionlessly. As depicted in (9), the MOE receiv-
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since otherwise,

k
# hk ]k)
will severely degrade system’s performance. In next sub-
section, we develop a simple yet efficient algorithm to es-
timate jj.

2. Detection of {ji},—12. . x

er requires accurate information of hf e

mismatch or pointing error ( Jk # i induced hk

by Minimax method

The rationale of the proposed minimax method re-
lies on the fact that accurate hlk€7jk maximizes the mean
output energy of the MOE receiver. We first note that
the mean output energy of the MOE receiver as derived

in Section III.1 is given by

_.H
Ap = wk,MOERkkwk,MOE

_ H ko2 H
= Pk|wk,MOEhk,jk’ + wk,MOERuuwk,l\{OE

=Py + wII;I,l\'IOERuuwk,l\'IOE (14)

As depicted in (14), the mean output energy of the
MOE receiver is composed of two parts: The first part is
the power of the desired user, P, since it has been dis-
tortionlessly passed according to the constraint depicted
in (7). While the second part is the residual energies,
wE’MOERuuwk,MOE, arisen from the interferers and back-
ground noise that have been suppressed to meet the cri-
terion in (7).

Therefore, we can claim that, A, is dominated by Pj.
That is, A, should be slightly larger than the desired sig-
nal’s energy. However, if the idle antenna is erroneously
identified as the active one, i.e., Jp # ji, which results in
the deviation of the desired user’s spatial signature vec-
. # h
disastrous effect since the MOE receiver attempts to mit-
igate any user with spatial signature vector different
from hk

ward thls end, the desired user will be misregarded as
another interferer that is apt to be suppressed by the
MOE receiver. Consequently, the output energy de-
grades in accordance with the estimation error. Motivat-
ed by the estimation error induced output energy reduc-

tor from the actual one, h . This may induce

in order to minimize the output energy. To-

tion, we propose to estimate h’,zyjk such that the mini-

mum output energy is maximized. We refer it as “mini-
max” method.
Based on the rationale described above, we first cre-

ate the spatial energy spectrum as

1
e\ p-1pk
(hk,l> Ry by,

Substituting the well-known channel vectors be-
tween kth group antennas of BSTx and kth UT,

hk , into (15), then the active antenna in-
Fifi=12,.N,

(15)

dex can be estimated by choosing the largest one among

{f (hl’:’l)}l:Lz,...,N{

j’k = arg max f (hﬁl)

16
1€{1,2,...,N; } (16)

The estimated active antenna index, Jj, is then de-
coded to the spatial symbol, {of b5 - bfl}kzl o K-
At the same time, h: 5 is employed by the MOE receiv-

er for temporal symbol detection.

However, practically R, requires to be estimated.
Assume stationary and ergodic random process, the en-
semble average can be replaced by performing time-aver-
age on the observations, {7 (i)},_, , . Thus, during ob-
servation length (window size) of J time slots, the esti-
mate of R, is given by

(17)

As depicted in (17), in this paper, we estimate the
correlation matrix of the received vector by performing
J-duration time average. Nevertheless, there exists in-
evitable estimation error, which is arisen from finite win-
dow size. It can be further reduced as we use larger win-
dow size.

In a nutshell, the proposed algorithm implemented
at the kth UT is as following;:

Step 1 Collecting J data vectors {rg (i)},—; 5
and applying (17) to compute Ry

Step 2 Using Ry, obtained in Step 1 to create the
energy spectrum

1
fRE) = —fg——, 1=1,2,...,N,

H .
(rh.) Rolnf,
Step 3 Using (18) to estimate the activated trans-
mit antenna of kth group at the BSTx.

f(h;l), k=1,2,... K

obtained in Step 3 to calculate

(18)

max
1€{1,2,...,N:}

Step 4 Using hk]‘
Wy, \iop Of the MOE receiver using (9).

jk = arg

Ry, 'hY
(h'c ) )HR—lhk
k,Jk

kk "k G
Step 5 Using the result acquired in Step 4 to ob-
tain the temporal symbol estimate.

5k (1) = Q (wE,MOETk (1))

Step 6 De-mapping ji to [ l;k Bk

Wy, \jop = (19)

bk .
Step7 De-mapping §j, (i) to | i’n+1 bn+2 - be_m .
The schematic diagram of the kth UT’s MOE-based

SM receiver is shown in Figure 2.

IV. Design of MOE-Based UT Receiver in
GSM DL MU-MIMO

The proposed algorithm is flexible, in which it can
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be easily extended from SM to GSM scheme. If D out of
N, at each group of transmit antennas of the BSTx are
activated simultaneously, the spectral efficiency (bpcu)
can be extensively increased. In other words, as D=1,
GSM reduces to SM. Moreover, the bpcu can be further
enhanced by multiplexing the temporals sent by the acti-
vated antennas. Specifically, D temporal symbols can be
carried at the same time slot by different activated
transmitting antenna in each group of BSTx.

Compared to the SM scheme described in Section
III, GSM increases bpcu from K x (|log, Ny |+log, M) to

Kx <{log2 ( ]l\g )J +D x 10g2M>. It has been validat-

ed in the work of [27] that the bpcu increases as we in-
crease D. This demonstrates that the bpcu is dramatical-
ly improved by employing GSM.

For notational simplicity, we assume the first D an-
tennas for each group are activated in the proceeding
analysis, though extension to any set of D antennas is
without conceptual difficulty. We denote the symbols
dedicated to the kth UT carried by the D active anten-

nas as {sy1(2) Sk,2(9) Sk,0 (%) b e=1,2 ~~»J€7 respective-

= 1 2

ly. To extract the D symbols, a bank of D MOE re-
ceivers should be implemented at each UT. Please note
that in addition to MUI and background noise as de-
scribed in the previous section, the intersymbol interfer-
ence (ISI) for the GSM scheme should also be mitigated.
The received signal by the kth UT’s array of antennas
during the ith symbol interval can be written as

Z Z @hk’ 15Kl

k'=11=1

=\ thllz’jsk,j (Z)

i) + v (i)

D
+ VP >k ska(i)

=1
(=%
+ZZ\/ Pk'hk:’lsk' +'Uk()
E'=11=1
Ik
=/ Pchy ;si(i) + \/ Pe th 15%,1(1) + ug (i)
l#j
(20)

where [ denotes the activated transmit antenna index in
each group of antennas at BSTx. We assume that s ; (4)
is the desired symbol, then as depicted in (20), ISI is the
sum of (D-1) terms. wy (i) represents the MUI plus
background noise term. The proposed UT receiver in DL
MU-MIMO GSM system is inherently a two-step process:
At the front-end of kth UT receiver, the D indices of ac-
tive antennas at the kth group of BSTx should be esti-
mated and then decoded into spatial information bits,
[0 b
CSIs are exploited to develop a bank of D linear re-

b% | In the second step, the estimated

ceivers that can jointly suppress ISI, MUI, as well as
background noise. The outputs of the D linear receivers
at kth UT can be written, respectively, as

Yr,j (i) = wy ()

=V Pkwg,jhllg,jsk,j (2)
\/Pkwkahlekl

l;ﬁj

+ 'wkjuk (1) (21)

where {wg;};_,, p denotes the Ny-by-1 weight vec-
tor designed to extract the symbol of {sk; (i)},_, 5  p
respectively. And 8 ; (i) = Q (yx,; (¢)). If the active an-
tennas have been perfectly estimated, we propose to de-
sign the jth receiver at the kth UT to meet the MOE
criterion subject to multiple constraints, yielding

2
argmin £/ {‘wg’ﬂ'k (Z)‘ } = U’E,ijkwk,j

Wk, j
H k
wy jhy; =1
wE}jhlﬁc)l =0,1=1,2,...,D
12

Wy i MOE =
s.t.

(22)

In writing the constraints of formular (22), we have
exploited the available CSIs obtained in step 1 to re-
move ISI. Upon defining the N, by D constraint matrix

k k k
Hpp=[ hi, hy. ; hi p ]NMD, we may
convert (22) into a more concise form

argglin wg’ijkwa
L

Wy, i MOE = H IS (23)
s.t. (Hk D) Wy, = €;

where eJ is the jth column vector of the identity matrix

Ip. Using Lagrange multiplier method, it is able to con-
vert (23) into unconstrained optimization problem. The
solution of (23) can be obtained as

-1
_ p-lrrk k \Hp—1 17k D
wk,j,MOE_Rkka,D[(Hk,D) Rkka,D] €,

j=1,2,....D (24)

In what follows, the output of the jth MOE receiver
of kth UT leads to

= wg,j,MOErk ()
k. .
= \/kagj,MOEhk,jSkJ (4)

+ \/Pkwk]MOEthlskl

lsﬁj

Yr,j (1)

+ wy, iMoEUk (1)

Pysk,j (i) + wg,j,MOEuk (4) (25)
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In deriving (25), we have implicitly apply the con-
straints of (23). The SINR of the proposed jth MOE re-
ceiver can then be calculated from (25) as

2
E {‘wgg‘,MOE\/ﬁkhllz,jSk,j (Z)‘ }

2
E { ‘“’E,j,MOE“k (l)‘ }
Py

Yk, =

H
wa,MOERuuwk,j,l\lOE
Py
= -f (26)
Xej — i

where the mean output energy of the jth MOE receiver
can be derived as

N2
Aej = E{|wg,j,MOErk (Z)| }
= wg,j,MOERkkwk,j,MOE
H__ -t
= {(HI’:D> RkleI’:,D} (J,4)
j=12,....D (27)
Define the N, by D matrix W, yop = Ry Hf -

H -1
[(H};D) Rkle,’j,D} is the

, then {w ) }
FGMOB[ .10
jth column vector of W \;qp. Thereby, the output of D

MOE receivers of kth UT yields
yi (i) = WIEMOErk ()
D
=V PkWIEMOE Z h’zi,sz,z (i) + WIEMOEuk ()
1=1

= \/FkWIEMOEHl}cc,DSk (i) + WIEMOEuk ()
= V/Pysy (i) + Witnogus (4) (28)
where yy (i), s1, (1) € CP*1 gy (1) = [ye1 (1) yr,2 (1)
yr,p (D], 81 (1) = [sk1 (1) sk2(0) skp (D] Tt
should be noted that to implement the MOE receiver,
accurate information of H ,’j p 1s required. Moreover, the
indices of the active transmit antennas in the kth group
carries spatial information bits, [bf b5 b1 Simi-
lar to the Minimax method proposed in Section III.2, we
first construct the spatial energy spectrum function

1

VN l:1,27...,Nt
11k
(hz,z) Ry hy
In GSM scheme, there are D antennas in each group
of BSTx being activated simultaneously. Hence, we
choose among the set {f(hf ), f(h ), ..., f(hy y,)} the
D largest (peaks) values to obtain the active antenna in-
dices’ estimate. In summary, the detection and estima-

tion algorithm of the MOE-based UT receiver in GSM
DL MU-MIMO system is:

Step 1 Collecting J data vectors {rx (i)},—; 5 s
and applying (17) to compute Ry /

Step 2 Using Ry, obtained in Step 1 to create the
energy spectrum as depicted in (18).

Step 3 Choosing among the set {f(hz’l),f(hz’z),

.. f(h} N,)} the D largest values to obtain the active

antenna indices’ estimate.

Step 4 Using H ,’j p obtained in Step 3 to calculate
the weight vectors of the MOE receiver.

-1

“ R N N H N
Wk,MOE = Rlzlellj,D |:<HI§,D> Rklel?,D:| (29)

Step 5 Using the result acquired in Step 4 to ob-
tain the spatial symbols’ estimate.

8:(1) =Q (Wk,MOE"“k (2))

iD } to the
spatial information bits [ b¥ 05 .. bE ]

Step 6 De-mapping {jl 72

Step 7 De-mapping {5k, (1)},_, 5 p to the tempo-
kl o 7kl :
) b )

7k,
n+1 n+2 ©°° b

n+m } }1:1,2,... D’

s

ral information bits {[ b
V. Performance Evaluation

1. Complexity analysis

In this subsection, we attempt to analyze and com-
pare the computation load of the proposed MOE-based
scheme with ZF precoding-based RSM scheme proposed
in [14] and BD precoding-based EQSM scheme proposed
in [22]. The complexity measurement uses the total num-
ber of floating-point operations (flops) in [28] required in
both transmission and reception. For real additions and
multiplications, one flop is carried out, while complex ad-
ditions and multiplications require two and six flops, re-
spectively. Hence, multiplication of m X m and n X p
complex matrices needs 8mmnp flops.

The number of flops required to implement the pro-
posed MOE-based, BD precoding+single-user ML detec-
tion, and ZF precoding+single-user ML detection algo-
rithms are summarized in Table 1. Please note that the
flops of 8JN2,8N; (N2 + N,),8N, in the second row of
Table 1, arises from the correlation matrix estimation,
identification of active antenna’s index, and linear detec-
tor, respectively. Taking the parameters’ setting J = 40,
K =10, Niot =80, np =np =8, and M = 16 as a work-
ing example, the number of complex multiplications re-
quired for the proposed MOE-based, BD Precoding +
single-user ML detection, and ZF Precoding (RSM
scheme) + single-user ML detection algorithms are re-
spectively 251,520, 5,671,680 and 8,199,680. It is shown
that the complexity of the proposed algorithm is exten-
sively simplified compared to the existing two algo-
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rithms.
2. SER analysis

In this subsection, computer simulations are con-
ducted to evaluate the performances of the proposed
MOE-based UT receiver in DL MU-MIMO system. Un-
less otherwise mentioned, the number of transmit anten-
nas in each group of BSTx and the number of UTs are
set as Ny = 10, K = 3, respectively, for all the simula-
tions. We define the parameter of desired user’s signal-
to-noise ratio for evaluation as

SNRy. = 10logo = (dB) (30)

In the first simulation example, we attempt to eval-
uate the proposed MOE-based active antennas’ identifi-
cation algorithm. In the SM case, Figure 3 reveals the
active antenna’s correct identification probability, i.e.,
P omect = PUr = jr), versus the number of antennas
at UT (N,), where we set each UT’s SNR to be 10 dB
and N, varies from 8 to 35. Please note that the simula-
tion results are resulted from the successful rate of 10,000
independent tests. The window size used to estimate the
correlation matrix, Rkk, is set to be 30, 50, 70, respec-
tively, in order for comparison. As depicted in Figure 3,
PE. e increases as N, increases, and it approaches 1
(perfect identification) as N,>14. Moreover, Figure 3 ver-
ifies that larger J leads to higher PX = This can be
expected since as J increases, the estimation error of the
correlation matrix reduces. And accurate correlation ma-
trix is essential for the MOE-based algorithm. To evalu-
ate the capability of the proposed algorithm to survive in
the near-far environment, we aim to evaluate the perfor-
mance by fixing the SNR of the desired user and increas-
ing the power of all the remaining users. We first define
the near-far ratio (NFR) as

NFR = 101og10M (dB)

desired user

(31)
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Figure 3 Average probability of correctly detection of the activated
antenna versus the UT array size (N,) in SM scheme.

Figure 4 presents P, . . versus the NFR, where
N, = 30 and the desired user’s SNR is 6 dB. NFR varies
from 0.5 to 10 dB. As depicted in Figure 4, P&, .
insensitive to different values of NFR. It reveals that the
proposed minimax algorithm is reliabl in near-far situa-
tion. The results also verifies that higher J yields better
performance. Figure 5 presents PF . = versus SNR,
where the cases for single (SM), 2 and 3 (GSM) activat-
ed antennas are evaluated for comparison. Note that in
GSM, PE, commect =P (k.1 =Jk1: Jk2=Jk.2 - - - Jo,0 =Jk.D);
that is, identification succeeds if and only if all the acti-
vated antennas are correctly detected. As we vary all the
UTs’ SNR from 1 dB to 12 dB, it is as expected that
P comect increases in accordance with SNR. We can al-
so verify from Figure 5 that smaller number of activated
antennas corresponds to higher
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Figure 4 Average probability of correctly detection of the activated
antenna versus the near-far ratio (NFR) in SM scheme.

z

3 1.0 —

< =

E &

g g

209t g

S g

808} /

Q

'O 4

£ 0.7 ’

o 2

O 4

= 06+ 7 —— D=1 (SM)

g ¥ —— D=2

805} / -+-D=3

8

E 04 1 1 1 1 1

g 0 2 4 6 8 10 12
SNR (dB)

Figure 5 Average probability of correctly detection of the activated
antenna(s) with respect to SNR in GSM scheme.

In the following simulations, we aim to measure the
overall symbol (including spatial and temporal symbols)
decoding error probability. It is quite complicated to an-
alyze the overall SER for the SM or GSM scheme, hence,
we adopt the upper bound SER as derived in [29].

k k k
Povcrall error S (1 7Pant correct) +Psyn1b01 error|ant correct © ant correct

(32)
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We employ (32) as a performance metric to evalu-
ate the proposed MOE-based algorithm, where P¥ ..
is obtained from the successful rate of 10000 indepen-
dent trials. The performance of the ZF-precoding based
SM scheme (analytical results in [14, Eqgs.(26) and (27)])
is also provided for comparison. In the simulation param-
eters setup, we consider 3 UT (K = 3), each equipped
with V. = 20 receiving antennas, the number of BSTx
antennas is Nyt = 60, QPSK modulation formats. Fig-
ure 6 presents overall SER bound versus SNR (ranges
from 6 to 15 dB) in which the proposed MOE scheme for
SM and GSM (2 and 3 activated antennas, respectively)
as well as the ZF-precoding based SM scheme are provid-
ed for comparison. Each curve in Figure 6 is averaged
over all UTs. Since the ZF-precoding scheme in [14] are
applied only in SM (only single antenna is activated), we
focus the comparison only on the SM scheme for fairly
comparison. As depicted in Figure 6, the ZF-precoding
scheme outperforms the proposed MOE-based algorithm.
However, lower complexity and more flexibility (without
the limitation of Ny > KN, and only partial CSI is re-
quired) of the proposed algorithm overwhelms slightly
degradation in SER performance in comparison with the
ZF-precoding scheme. We can also observe from Figure 6
that SM outperforms the GSM scheme especially when
SNR is large. This may arise from the fact that more ef-
fort has been placed to mitigate ISI and MUI for the
GSM scheme such that the resulted SINR at the output
of MOE receiver is decreased. The near-far resistant ca-
pability of the proposed MOE receiver is verified in Fig-
ure 7, where we fix the desired user’s SNR 10 dB and the
NFR values vary from 1 to 10 dB. In the last simulation
example, overall SER bound with respect to the N, is
presented, where the desired user’s SNR = 12dB. As re-
vealed in Figure 8, SER performance is improved as N,
increases, since larger N, corresponds to higher degrees-
of-freedom for the MOE receiver to suppress ISI as well
as MUIL
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Figure 6 Overall SER versus SNR of the proposed MOE scheme for
SM and GSM (2 and 3 activated antennas, respectively) as well as
the ZF-precoding based SM scheme.

VI. Conclusions

In this paper, we have proposed a novel joint identi-
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Figure 7 Overall SER bound with respect to NFR in GSM scheme.
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Figure 8 Overall SER bound versus the UT array size (N;).

fication and signal detection scheme in downlink GSM
MU-MIMO system. Based on the MOE criterion, the ac-
tive antennas at the related group of BSTx are first iden-
tified, and the information is then utilized to perform in-
terference suppression and temporal data extraction.
Through theoretical analysis and computer simula-
tions, we have demonstrated that the proposed scheme
can identify the activated antennas with high correct de-
tection probability. Moreover, we have verified in Figure
4 and Figure 7 that both the identification and detec-
tion algorithm work reliably in near-far environment. As
a whole, the proposed MOE-based UT receiver is blind
(only a small subset of CSI is required), simple (linear
processing of the received data vector) yet reliable, is
suitable to be applied in current and future networks.

Appendix A. Derivation of Equation (13)

Applying Woodbury’s identity in [26], we have

—1 k k H -t
Ry = Pehy g, (hk,jk) + Ruu
_ Py, _ H_
:Ru'if H 1 Ruﬂ}hllz,jk (hllz,jk) Ruz}
L+ Py <h§,]'k) Ruu h?jk (A-l)

Substituting (A-1) into the mean output energy of the MOE re-

ceiver, we arrive at
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(nf,) Rilnk H P H
kK kk ""k,jk k -1 k 1,k k -1 k
(hhs.) [Rut - N, Rl (Pk5.) Bk | B,
1+ Pe(nf ;) Rulhl ),
H
k —1pk
B 1 L+ P(RE ) Rudhf ),
_ ; - L (4-2)
k —1pk k —1lpk
(hhj.) Ruihl s, (h ) Buihk
H
k —1lpk
Lt P(hf, ) Rudhf
Substituting (A-2) into (11), yields [12] W. L. Zhang, “SAGE based data detection for multiuser spa-
tial modulation with large number of receive antennas,”
P P, IEEE Communications Letters, vol. 19, no. 9, pp. 1520-1523,
W= = - 2015.
k k 14+ Py (hllj,jk> R;&hﬁ’jk [13] E. Z. Zhou and L. Hao, “On the detection of multiple-access
o 1 — P spatial modulations,” Chinese Journal of Electronics, vol. 26,
(h’,;jk> Ruuhy no. 1, pp. 172-178, 2017.
- [14] K. M. Humadi, A. I. Sulyman, and A. Alsanie, “Spatial mod-
= Py (hlg’jk) Rz_u}h"l:,jk A3 ulation concept for massive multiuser MIMO systems,” Inter-
(A-3) national Journal of Antennas and Propagation, vol. 2014, ar-
o ticle no. 563273, 2014.
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