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China scheme are decoded in a sequential manner: At the front end of base station receiver,

a bank of spatial filters is first employed to mitigate the multiuser interference using
the benefits of large-scale antenna array. There then, a reduced rank generalized Eigen-
value decomposition-based algorithm is proposed to identify the antennas activated
at each user terminal. In the second stage, a least-squares-based multiuser detector

is employed to decode the multiplexed temporal symbols. Both theoretical analysis
and computer simulations are conducted to evaluate system performance in terms

of correct identification probability and overall symbol error rate. Simulation results
demonstrate that the proposed algorithm outperforms most of the existing algorithms
yet the complexity is extensively reduced.
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1 Introduction

In recently years, spatial modulation (SM) technique has attracted a lot of attention since
it exploits antenna indices in an antenna array system as an additional source of infor-
mation compared to traditional M-ary communication systems [1-5]. In SM scheme,
the data to be transmitted are composed of two information-carrying symbols: spatial
and temporal symbols. The spatial symbol determines the antenna(s) at the transmitter
antenna array for data transmission. The temporal symbol is mapped to the conventional
signal constellation diagram. Hence, the main advantage of SM scheme is the increase
in transmitted bits per channel use (bpcu) compared to the conventional modulation
scheme. It is plausible to apply SM in MIMO system [5-7] since only single RF chain
is activated and the complexity is extensively reduced. Generalized spatial modulation
(GSM) [8] is a variant of SM, in which more than one antennas are activated at each time
slot. Hence, compared to space shift keying (SSK) or SM, the system spectral efficiency is
further increased.
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It has been shown that multiuser MIMO (MU-MIMO) system has the benefits of
increasing the capacity of wireless communication networks [9, 10]. Recently, SM tech-
nique has been applied in downlink (DL) MU-MIMO transmission [7, 11-17]. Alterna-
tively, the realization of SM technique in uplink (UL) MU-MIMO has been proposed
in [18-24]. In the work of [18, 19], Maximum likelihood (ML) detector is employed to
decode multiuser data. As the number of users increases, the computation load of ML
detector becomes extensive. A suboptimum algorithm named message passing detec-
tor is proposed in [20]. Whereas, the complexity grows high in higher-order modulation
scheme and/or large-scale antenna systems. A nearest neighbor search (NNS) algorithm
is proposed in [21], in which an ordered candidate list of all users’ active antenna indices
are first acquired. Nevertheless, as the size of candidate list is huge, the NNS algorithm
number becomes computationally prohibitive. A space-alternating and generalized
expectation maximization (SAGE) algorithm is proposed in [22]. It recursively performs
successively multiuser interference (MUI) cancelation and multiuser data detection. A
SAGE aided list-projection (S-LP) algorithm is proposed in [23]. However, as the num-
ber of users or array size is large, the computation load of the iterative algorithm is still
high. The work of [24] developed a two-stage multiuser detection (MUD) structure to
detect the GSM signal in massive MIMO system [25-27]. Nevertheless, the eigen-value
decomposition (EVD)-based active antennas identification algorithm encounters huge
computation load in large-scale antenna system.

One of the most attractive properties of massive MIMO is the asymptotic of “Ran-
dom matrix theory” [27]. The channel response vectors associated with different UTs
tend to be nearly orthogonal when the number of BS antennas is large. In this work, we
exploit this property to design a low-complexity MUD to detect GSM signal in UL mas-
sive MIMO system. We assume each UT is equipped with N antennas and the array size
at BS is L, in which L > N. At the transmitter side, spatial symbol activates a set of UT
antennas for data transmission. At the BS receiver front end, a bank of spatial filters is
first exploited to mitigate the MUI based on a priori information of the angle of arrivals
(AOAs) of each UT. Moreover, by applying spatial prefiltering, the size of observation
vector has been extensively reduced from L to N. The output of each spatial filter is then
processed by a two-stage detection scheme: To convert the active antennas’ identifica-
tion into spatial spectrum peak searching problem, we propose a reduced rank general-
ized eigen-value decomposition (GEVD) [28] based algorithm. The indices of antennas
being activated at each UT are identified at the first stage, and the indices are then dem-
apped to spatial symbols. In the second stage, the least-squares (LS) MUD is utilized to
decode the multiplexed temporal symbols. We have compared with existing algorithms
toward SM (or GSM) UL MU-MIMO both in the computation load as well as the overall
symbol error rate (SER), the advantages of our work include:

1. The algorithms developed in [18-23] need sophisticated iterations and/or exhausted
searches, while the proposed scheme only requires to perform GEVD and linear pro-
cessing of the data vector with size N.

2. Compared with the work of [24], owing to spatial prefiltering, the dimension of the
observation vector is extensively reduced from L to N. This comprehensively reduces
the complexity and convergence time.
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3. The overall SER performance is comparable or superior to the works of [18—24].
Moreover, the proposed algorithm is extremely flexible in that it can be easily
extended from SM to GSM without increasing too much complexity.

Furthermore, analytical result toward active antenna correct detection probability
is derived and is closely matched to the simulation result.

The remainder of this paper is organized as follows. In Sect. 2, we describe the sys-
tem and signal model. Section 3 describes and analyzes the proposed prefiltering-
based two-stage MUD scheme both in SM and GSM UL massive MIMO system. In
Sect. 4, we evaluate the system performance under different scenarios and discuss the
numerical results. Concluding remarks are finally made in Sect. 5.

Notation: We represent scalar constants by non-boldface letters (e.g., 4 or A), vectors
by boldface small letters (e.g., a), and matrices by boldface capital letters (e.g., A).
A(i,j) denotes the element of the ith row and jth column of matrix A. A(:,j) denotes
the jth column vector of matrix A. We use superscripts (17 and [1" for matrix (or vec-
tor) transpose and Hermitian transpose, respectively. ||a|| denotes the /,-norm of vector
a. E{} denotes ensemble average of random variable or random process” A complex
normal random variable with mean p variance o2 reads as CN (/L, 02). 8(+) is the Dirac

delta function. (]\L/I> = % M > L stands for the combination of L out of M.

“lx]” is the floor function that rounds x down and returns the largest number that is
less than or equal to x. Re{x} denotes the real part of the complex variable x.

2 Signal and system model

2.1 System model

In this paper, we consider the UL MU-MIMO communication, in which K remote dis-
tributed UTs transmit simultaneously to a single BS within a cell. There are N and L
antennas at each UT and the BS, respectively. GSM is employed in which D out of N
antennas are activated simultaneously for data transmission. The schematic diagram
of the UL GSM MU-MIMO system is depicted in Fig. 1. The transmitted symbol is
composed of two information carrying blocks, which is referred to as spatial and tem-
poral data, respectively. The spatial data (n bits) of the kth UT, denoted as

[bll‘ blz‘ e b/;l }, are used to activate D out of N antennas for UL transmission and the
temporal data (m bits), [ b’;H b/n<+2 e bﬁer ], are mapped to a corresponding symbol

chosen from the conventional M-ary signal-constellation diagram. Therefore,

n = |log, (g)J and m = log, M. Specifically, SM is a special case (D=1) of GSM. It

is evident that compared with the SM scheme, GSM increases bpcu from

K (log, N +log, M) to K < Llogz (g )J + Dlog, M).
We denote the channel coefficient between the kth UT’s nth antenna and the BS’s
/th antenna as {hfn}

n=1,..,.N
UT can be expressed as
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Fig. 1 Block diagram of the UL GSM MU-MIMO system. Solid lines at each UT represent the activated
transmit antennas, while the remaining dashed lines denote the inactive antennas to every receiving
antennas at BS
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where {hﬁ }k:l,...,K represents the channel vector with size L-by-1.
n=1,...,

T
hﬁz{hlf,n h]2<,n"' hlL(,n} ; n=1,...,,N (2)

{hﬁ}kzl,...,K can be modeled as
n=1,...N

hE = \/ykak (3)

where {aﬁ } k=1,..K is the steering vector of the BS array of antennas with respect to the
n=1,...N

signal coming from the kth UT’s nth antenna. Without loss of generality, we assume that
the BS is equipped with uniform linear array (ULA) [29], hence, {a’,ﬁ}kzle can be
e

=1,...,

modeled as Vandermonde form

1
.2 k
e—/ # cos (9;4)
k

_ 1

—j 72”@;1)'7 cos (05)

a

e

\/ v represents large-scale fading for the kth UT. 7 is the antenna spacing at the BS

and 1 is the signal wavelength. 6% € [0, 7] is the angle-of-arrival (AOA) of the kth UT’s
nth antenna. In the considered model, we assume that the BS has knowledge of AOAs,
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model of (4), the cross-correlation between aX, a*

/
w»a, can be obtained as

n/
L
H ,, 1 _;2m(=1)n 0k _cos (6K
k k J 5= cos {6y ) —cos (0,
(an) an,=zze ( ( ) ( )) (5)
=1
It follows that the channel vectors between UTs and the BS become pairwise orthogonal
[27] in massive MIMO system, that is, as L — 00, 95 # 95, then
H .,
(a%) "ak = 8(k = k',n = n) (©)
However, (6) can hardly be applied in practical scenario since the array size at BS is lim-

ited and the N steering vectors, {0,’,‘ }n=1
same UT may be highly correlated, i.e., they may be with nearly the same AOA. Hence, in

\ With respect to the signal coming from the

the considered model, (6) is modified as

. /
K\ ok k O’k#]f /
(an) a, =S o, sk=k,n#n (7)
Lk=kK,n=n
where otl}; | <1. Based on (7), we define the cross-correlation matrix as
T, =AYA, =[akak . 2% ] [ak ak ... &k ]
k= A B = [a] Ay ay ; ay
k k
i al,Z akN
I I A T A (8)
k k
ang cc Ayn—1 Ly

where A, = [all‘ alz‘ e a1]§[ |is the L-by-N steering matrix of the kth UT.

2.2 Signal model
In the SM case (only single antenna is activated), the received signal vector at the BS in the
ith symbol duration can be written as

K
y() = 3 VPR sp() +v()

k=1
K
=> \/Prykalsc() +vG): k€ {1,2,...,N}
k=1

where y(i), v(i) € C*1, v(i) is the AWGN noise vector received at the BS array, whose
covariance matrix is o2, i.e., v(i) ~ N (0,0%1;). Pk is the average transmit energy of the
kth UT per symbol. {s; (i) }x=1,..,

i=1,...

from the M-ary constellation set ®. Throughout this paper, we assume E{Isk(i)lz} =1

i is the kth UT’s ith modulated temporal symbol chosen
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transmission of the kth UT. Thereby, hjl«; = HF (:,jk) is the jxth column vector of HX,

aﬁ = Ak(:,jk). From (3), we have h}; = \/ykalli.
In SM scheme, we aim to develop an efficient algorithm that can jointly estimate
{jk, Sk(i)}k=1 g based on the observations, y(i).

3 Multiuser receiver design

Upon defining A = [ajll 31'22 e aff{ },A € CL*K, we may convert the received vector of

(9) into a concise form

y(i) = ADZs(i) + V(i) (10)
where D = diag{ Ply! P2y? ... PKyK 1 s(i) = [s10) s20) --- s1<(i)]T. Under
AWGN, the maximum likelihood (ML) decision rule is optimum given that both the spa-
tial and temporal data symbols occur with equal probability. Based on the observation
vector of (10), the ML detection criterion is the minimum Euclidean distance between
y(i) and the set of all possible received signals.

3 A . . . 12
[{/k,ML} B}y K} —arg  min |y - AD}s(0)
k=1,...K e N}

{}k}kzl ,,,,, KE{I'“"
N0}
— arg max {2Re{yH (i)AD%s(z‘)} —sH (DA AD%s(i)}
{jk}k=1,...,1<€{1 """ NJ
""" (11)
As depicted in (11), it is inevitable to perform exhaustive searches over all possible
spatial and temporal data symbols. The computation load of the ML method is extensive
since (11) needs to be evaluated by (NM )X times, which is impractical as NM is large.

3.1 Prefiltering-based multiuser SM receiver
To reduce the complexity of the ML algorithm, we develop a two-stage detection process
that aims to perform multiuser spatial and temporal symbols’ detection in a sequential

manner.

Stage 1: Identification of the active antenna of each UT

Algorithm description

At the front end of BS receiver, the observed data vector y(i) is first passed through

a bank of K spatial filters, {Ak} k=1
obtained as

,,,,, o and the output of each spatial filter can be
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K
ve(@ = Ay () = A [ Y V/Piydal sy () +v()
gq=1
L
Lk

=/PyR 1 s (D) + v (D)

k
L *N i

= Pk)/kotﬁsk(i)—kvk(i); k=1,...,K

where ocll;( = AkH all»;( is the jith column vector of T';. v (i) = AkHv(i) is jointly Gaussian

with zero-mean and covariance (correlation) matrix given by
E{viGwvi ()} = E{AZVOVI (DA} = > A A, = o’T (13)
Note that in deriving (12), we have exploited the result of (7). There are two benefits

by applying the spatial prefiltering at the front-end of BS multiuser receiver:

1. Exploiting the most attractive property that the channel vectors between different
users is inherently orthogonal when the number of BS antennas is sufficiently large,
the spatial filter can mitigate MUI from other UTs.

2. Compared with the work of [24], the size of observation vector has been extensively
reduced from L to N by applying spatial prefiltering.

Exploiting (12) and (13), the correlation matrix of the observed data vector can be
obtained as

R = E{yc()y; (D }
H
- pkykajka{ |sk(i)|2} (oc,’.‘k) + o2 E{ve (v (i) (14

H
_ pk.k_k k 2
=Py a; (otjk) +0°T;

Performing GEVD on the matrix pencil {Rk, l"k} yields
Reek = Jkr,eku=1,2,...,N (15)

where /l’,;; u=1,2,...,N are the generalized eigenvalues (gevs) of the matrix pencil
{Rk, r k} associated with generalized eigenvectors (GEVs), e/;; u=1,2,...,N. Substitut-
ing (14) into (15), we have
ko kok (kT ok k2 k.
Pty ocjk<ocjk> eu:(iu—a )l"keu, u=12,...,N (16)
Let the gevs be spread in the order of /l/f > ié > > iﬁ[, then the following facts
can be drawn from matrix theory [28].
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1. 2K = 6 is smallest gev with multiplicity N-1, i.e., /112( = )f; == /15(\, = o2, Accord-

K=
ing to (16), the corresponding GEVs, eX; u = 2,3,..., N, satisfy
Jk u

H
Pkykoz]’;(ock) ek=0; u=2,...,N 17)

2. e¥ (the GEV corresponding to 2%) is orthogonal to the vector space

E]]i, = span{elz(, eé, cee, e]/i[ } which is referred to as the noise subspace.
3. As revealed by (17), oc}; is orthogonal complement of El]i[. Define the N-by-(N-1)
matrix Eﬁ, = [eé, el3‘, cee, eﬁl}, thus we have
H | H H H
k k k k k k k k k
(o)t = (o) "k (65 o = (o) "Rt =0 18)

H
where Pﬁ, = Eﬁ, (Eﬁ,) is the projection matrix.

Exploiting the a priori information of {65 } k=1,..k the index of the active antenna
n=1,..,.N

~

can be determined by the following algorithm.
jk = arg min
jk€

2
H
(otl«‘) Eﬁ[
kLN ||\

2

H

k k
(ajk) ek

However, Ry is unknown in practical situation. A typical block-fading wireless com-

=arg max o k=1,...,K

jkell,...N}

munication channel between the UTs and the BS is considered, where the channel
coefficients stay constant during the observation interval, and change randomly from
block to block. Hence, we may estimate Ry by performing time-average on the meas-

urements, {yk(i) }i:1,2,...’
L1
Re =7 > vy (20)
i=1

The proposed activated antennas’ identification algorithm can be summarized as

Step 1: Collect J data vectors {Yk(i)}i=1 o and use (20) to compute ﬁk.

Step 2: Perform GEVD on the matrix pencil { Ry, Fk} to obtain gevs (in descend-
ing order) 111‘ > 2’2‘ > > 2];[, and the corresponding GEVs {é’{, éé, e, éﬁ, }

Step 3: Using (19) to estimate the index of activated antenna of each UT.

H
k ak

Step 4: Decode ;k to obtain the spatial data bits, ];’1‘ Z;’g . lA;’rj .

2
;o k=1,...,K

Jk =arg max
jkell,...N}

The schematic diagram of the proposed prefiltering-based UL GSM MUD is
depicted in Fig. 2.

Page 8 of 20
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Fig. 2 Schematic diagram of the prefiltering-based uplink GSM multiuser receiver

Performance analysis

It is devised in [30] that the asymptotic distribution of é’l‘ is jointly Gaussian with mean

equal to the ideal eigenvector, and covariance matrix given by

H Ly o2 H
vk _ E{ (ék _ ek) (ék _ ek) } _M ek (ek)
1 1 1 1 ] Mzzz (02 _ /1]1()2 u u
7k 2 H
=F— el (E4) (21)
(02 — /“1)
k
0—2/11 k

](02 - i’f)z v

Define the random variables X, = (ocl;)Héll‘; u=1,...,jk...,N. Since X, is linear

combination of Gaussian random variables, thus, it is still Gaussian with mean
H .
m :{(otk) elf};uzl,...,Nandvarlance

u u
H H H
ot = m} = () "o e =) (o ) o = () "
H
= 72(0/;) Phok; u=1,... N

(22)

Page 9 of 20
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LetY,, = X2, we can deduce that the probability density function (pdf) of Yy, as

1 u — My 2
qu( u) :m [exp <_(\/y_203m)>

2
+exp (‘W—i_mu)>‘|, yu>0u=1,...,N

2
20

(23)

Given that jith antenna is activated, the correct detection probability can be calcu-
lated as

k A .
Pantcorrect:P( k :}k> = P(ij > max {Yl’ e ij—l’ ),/k+1! cee YN})

=P(Y;, > "1,Y, > Ya,.... Y} > Yn)

1) N
/0 fr, @ ] Pvu < vyat
=

N-1
i 1 w— My 2 u + my ’
/ {/ W{P (Wz)) e (Wﬂ‘iy}
0 0
2

Q

Stage 2: Detection of the temporal bit stream, [ b*. ., b~

k
nt+l “nt2 777 bn+m]

As depicted in Fig. 2, owing to the spatial prefiltering, MUI has been mitigated in stage
1. Thereby, the matched filter (or correlator) is optimum for single user detection that
maximizes the output signal-to-noise power ratio (SNR). Given that the activated
antenna has been correctly detected in stage 1, a simple matched filter can be employed
by correlating the spatial prefilter output y (i) to oc]/;( , which yields

(o )yt = /PRy o s + () i (25)

H
where the noise term (oc}];( ) vi (i) is Gaussian with zero-mean and variance

K\ k K\ &
E{ (oz;k) vk(i)ka(i)otjk} = o2 (otjk) Fkocjk. The corresponding SNR at the output of

matched filter can be calculated as
4
k. k k
} P H“JkH (26)

2 2
E ‘\/Pkkaa,kkH si(0)

SNR; = 7 i
az(otllfk) l"koe]’-; o2 (ot]’;) l"ka/].;
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After matched-filtering, a standard optimum AM-ary demodulator [31] can be
employed to extract si(i). In what follows, the estimated s (i) is then de-mapped to

the temporal data bits, [l;k A

i1 Do p- } For M-ary PSK, the averaged symbol

error probability given that activated antenna has been correctly detected can be
obtained as

k ~ SONR . <in -
Psymbol error|ant correct — ZQ( SNR; sin M) (27)

where the approximation becomes extremely tight, for fixed M, as SNRy is increased.
It is shown in the work of [32] that the overall probability of symbol demodulation
error is bounded by

k k k k
P overall error = (1 —P ant correct) + P symbol error|ant correct P ant correct (28)

Substituting (24) and (27) into (28), we have

k LT
Poverall error = 1- (1 - 2Q<\/MSIH M))

20
0

1 {exp (_(ﬁ—m,k)2>+exp <_(ft+m/)2>
t o

2
i

Complexity analysis

In this subsection, we evaluate and compare the complexity of the proposed prefilter-
ing-based and existing algorithms. Since both the NNS [21] and SAGE [22] algorithms
are applied only in SM, hence, to treat the comparison fairly, we consider the scenario
that only single antenna is activated. The number of complex multiplications required to
implement the SAGE, NNS, ML, EVD-based [24] and the proposed algorithms are listed
in Table 1, where the parameters of K, L, N, M, ] denote the number of UTs, BS receiving
antennas, UT transmitting antennas, temporal signal constellation size and window size,
respectively. Note that the parameter a for the SAGE and NNS in Table 1 represents
the number of cycles executed until the iterative algorithm converges. It has been dem-
onstrated in [22] that the SAGE detector requires in average « =3 under SNR=20 dB.
Note also that the computation load of N3, N? in the first row of Table 1 is resulted from
the GEVD (Step 2) and identification of active antenna’s index (Step 3), respectively. It is
worthy to note that thanks to the spatial prefiltering, the dimension of the observation
vector is extensively reduced from L to N, which in term, comprehensively reduces the
complexity as well as the convergence time.

As depicted in Table 1, the computation load of the ML detection algorithm is
extensive and thus impractical. Figure 3 presents the number of complex multipli-
cations with respect to the number of active users for the proposed and existing
suboptimum detection algorithms of UL MU-MIMO SM scheme. We set the param-
eters as a =3, J=12, M=16, N=8 and the cases for L =40 and 80 are provided for
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Table 1 Computation load of the proposed, EVD-based, SAGE, NNS and ML detection algorithms

number of complex multiplications

Prefiltering-based algorithm K(LN +JN? + N3 + N?)
EVD-based algorithm K(LN +J1% + 13 4 12)
SAGE aK(LN + 2N + 2L)
NNS o (2K3 + (6 + 2L)K? + 6LK + 2L) + 6KLN + 2L
ML (L A+ K + LK) N
10° : . . .
2 — — —: SAGE (L=80)
S ] | — : SAGE (£=40)
S { |7 = NNS (=80)
= ] | NNS (1=40)
= ] |—~~+:EVD (1=80)
E 10°F E ———+: EVD (L=40)
k%) 1 fpeee- : Prefiltering (L=80)
g* — - — - : Prefiltering (L=40)
S 5
o 10F E
S E
5]
B
O
E
3 E
10’

0 5 10 15 20 25

Number of active users
Fig. 3 Number of complex multiplications with respect to the number of active users for EVD-based, SAGE,
NNS, and the proposed prefiltering-based algorithms

comparison. As shown in Fig. 3, the computation load increases for larger K and/or L.
It is also verified that the proposed algorithm is much simpler than EVD-based and
NNS algorithms and is comparable to the SAGE algorithm. Nevertheless, as will be
depicted in next section, the proposed algorithm is much more flexible than SAGE in
that it can be easily applied to GSM scheme (multiple antennas are activated simulta-

neously) without increasing much computation load.

3.2 Prefiltering-based GSM multiuser receiver

In this subsection, we extend the proposed transmission and detection scheme to GSM,

in which D (D> 1) out of N antennas are activated simultaneously at each UT. Moreover,

multiplexing can be employed and each antenna carries independent temporal symbol.
For notational convenience, let the first D antennas of each UT are activated and each

antenna is dedicated to send independent temporal symbol. Thereby, the received data

vector at the BS can be written as

K
Y =Y \/PFYFADsc(i) + (i) (30)
k=1
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where A% € CE2, 5, (i) € CP*1, A = [aF ak .. ak |,sx(i) = [s11(D) 520D - sk ]
After prefiltering, the output of each spatial filter can be obtained as
K
Yo = Af'y() = A [ D /PIyiALs; () +v(0)
q=1 (31)

= /PkykTR s () + v (i), k=1,...,K
where 1"115 e CNxD, l"g = [ozll‘ Ot]2< ozg } Thereby, the correlation matrix of y (i) is

R = E{yx Dy ()}

H 32)
:Pkykrjlg(l"f)) +02I'k (

Performing GEVD on the matrix pencil {Rk, T, }, after some manipulations, we have
ko kpk (1h\7 ok k_ 2\p ok
PEykTh(Th) ek = (2 —o?)Tpels w=1,2,...,N (33)

The following important facts can be drawn.

1. 7K = 62 is smallest gev with multiplicity N-D, i.e., /l]BH = /IIBH =...= /15‘\, =02
And the corresponding GEVs, eX; u = D +1,D +2,..., N, satisfy
H
Pkykrg(rg) =0, u=D+1,...,N (34)
2. From (33), we have that the column space of Fllg,span{all‘ , 0/2‘, o ocjlg }, is orthogonal
complement of the vector space span{e'}')ﬂ, eIBH, cee eﬁz }, which is referred to as
the noise subspace.
3. Define EX, = {eIBH,e,’SH, e ,eﬂ, then
N\ ok ,
(aj) k=0, vji=1,...,D (35)

According to (35), the active antennas can be decided by projecting {oc]’.( } LN onto
j=L..,

noise subspace.

H |2 H H
r(ot) = () oA = () "eA () "

H
= (aﬁ) Pf\,al;; u=1...,N

(36)

In ideal case, f (055) = 0 provided that the uth antenna is active. On the other hand, if
the uth antenna is inactive, then f (ot/;) >0.

In summary, the proposed active antennas’ identification algorithm for GSM scheme
is as following:

Page 13 of 20
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Step 1: Collect J data vectors {yk (i)} and use (20) to compute Ry.

i=1,...J
Step 2: Perform GEVD on the matrix pencil { Ry, T k} to obtain gevs (in descending
order) 2’1‘ > i’g >0 > iﬁ[, and the corresponding GEVs {é/f, élz(, N éﬁz }
- R n, o \H
Step 3: Construct Eﬁ, = [éﬁ‘)ﬂ, é’éﬂ, e ,éllﬂ, and calculate Pﬁ[ = Ezlij (Eﬁf) .

. i f k
Step 4: Using (36) to calculate {f (o) }uzl ,,,,, N

o H,
f(ocﬁ) = (ocl,;) Pk, u=1,...,N

Step 5: Choosing among { f (oe’;) } e D smallest values with indices {12
Uu=l1,...,

QU
——
Il
—

D‘

,,,,,

respectively.
Step 6: Decode {ﬂs}d .

5 to the spatial data bits [ I;’l‘ l;lz( e l;/,j }

.....

In the second stage, we attempt to extract the multiplexed temporal symbol informa-
tion, {Sk,l @) sk2@) -+ sk,p(i) }, carried by the D active antennas. Revisit the linear
model as depicted in (31)

Vi (i) = \/ PRy TKsi (i) + vie (i)

Since in the first stage, we have acquired T’ kK hence, Least-squares (LS)-based method
(or the decorrelating detector [33]) can be applied to extract si (i) while eliminating the

multi-symbol interference.
H 17! H
Si,15(0) = {(rﬁ) Fﬁ} (rh) v (37)
Substituting (31) into (37), we have

suas) = |(r5) "1 T (05) 0 = P Rse0 + wio (38)

H -1 H
where wy (i) = [(I‘ﬁ) I'f)} (I‘ﬁ) v (i) is a D-by-1 Gaussian random vector with
zero-mean and covariance matrix given by

H 17! H -1
E{wi(wl (1)} = [(rﬁg) rg] (rb)" Efweovf o}k

(r5)"rs)

H -1 H H -1 (39)
— o2 (rg) rkD} (rkD) ok {(r’g) rkD}
Therefore, the SNR for the dth symbol can be obtained as
pkok
SNRy 4 = Y d=1,...,D

o2 [(rg)Hrg} B (r’;))Hrkr’;) [(rg)Hrg} 71(01, d)
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And the corresponding symbol error rate for M-ary PSK modulated signal can be
obtained from (27), 2Q(+/SNRy 4 sin %), accordingly.

4 Performance evaluation

In this section, we aim at evaluating performances of the proposed prefiltering-based
GSM multiuser receiver under various scenario and compare with existing algo-
rithms. Unless otherwise mentioned, the array sizes for BS are set as L =64. Each
point of the Monte Carlo simulation is resulted from the average of 100,000 inde-
pendent trials. The parameter of SNR for evaluation 1is defined as
SNR = 10log;, %(dB). Since identification of active antennas is essential in SM,
hence, we first verify the correct detection probability of the active antenna,
Péfnt correct=P (}/< = jk). Figure 4 presents PX . with respect to the window size (/)

that is used to estimate the correlation matrix. The SNR is fixed to be 6 dB, and J var-
ies from 4 to 16. Both the simulation and the analytical results (as derived in (24)) of
the proposed as well as the EVD-based [24] algorithms are provided for comparison.
From the results of Fig. 4, several observations can be made:

1. P\ comrect inCreases in accordance with /. This arises from the fact that larger J leads
to better estimation accuracy of the correlation matrix.

2. The convergence speed of the proposed algorithm is much faster than the EVD-
based algorithm. This is owing to the spatial prefiltering that largely reduce the rank
of the correlation matrix. Moreover, we verify that for fixed J, the proposed scheme
outperforms the EVD-based algorithm.

3. The simulation and the analytical results of the proposed algorithm are closely

matched.
=)
.8
8
% -
32 o9f & .
£ = e
32 p
< O 4
£ & *
8 & 08sf 7 X X E
g / -*: Simulation result (GEVD)
E )/ -+: Analytical result (GEVD)
8 ost,” --*: Simulation result (EVD) | |
£
0'75 1 1 1 1 1
4 6 8 10 12 14 16
Window size (J)
Fig. 4 PX .\ corect With respect to the window size (J), where the analytical and simulation results of the

proposed GEVD algorithm and the EVD-based algorithm are provided for comparison
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The second simulation highlights the impact of the array size (N) at the UT on
me correct+ Figure 5 presents me correct With respect to SNR, where we set L =64,
J=12 and the scenarios for N=6, 12, and 18 are provided for comparison. As
depicted in Fig. 5, larger N corresponds to better performance at the low SNR region,
yet ant correct approaches 1 as SNR exceeds 5 dB. The third simulation evaluates the
proposed algorithm in GSM scheme. Figure 6 presents PX, .. with respect to SNR,
where the cases for SM (D=1), GSM (D =2), and GSM (D = 3) are provided for com-
parison. The window size is set to be J=10. As shown in Fig. 6, P, .. ... degrades for
larger number of active antennas in the low SNR scenario, nevertheless, it approaches
to 1 for all three cases as SNR exceeds 8 dB. Exploiting Eq. (28), we evaluate the upper
bound of overall symbol error rate, Plgverall error’ with respect to SNR for D=1, 2, 3 and
the simulation result is depicted in Fig. 7. The temporal symbol constellation size is
set to be M =8. Though Fig. 7 reveals that Pl(jverall error
nas, nevertheless, the benefits for spectral efficiency enhancement for GSM over-

increases for more active anten-

whelm the slightly degradation in overall SER.

In the last simulation, we compare Plgvera“ error Of the proposed scheme with existing
algorithms, e.g., EVD-based [24], SAGE [22], NNS(1, 1) and NNS(3, 3) [21], in which
16 QAM is employed. The window size, numbers of UT, BS receiving antennas, UT
transmitting antennas are set as /=12, K=10, L =64, and N=38, respectively. Since
both the NNS and SAGE are applied only in SM (D=1), to treat the comparison
fairly, we apply the proposed and the EVD-based algorithms only on the SM scheme.
Please note that there are two important parameters in NNS algorithm, namely Kg
and Ns:Ks denotes the maximum number of entries which can be changed simultane-
ously. Ng is the number of nearest neighbors. These two parameters determine the
size of the candidate list as well as the computation load of the algorithm. In the sim-
ulation, we set NNS(Ks, Ns) as NNS(1, 1) and NNS(3, 3), respectively, for comparison.
As shown in Fig. 8, the proposed prefiltering-based method is superior to EVD-based,

Active antenna correct detection
probability
o =) =
=3 9 o 50 =3 o
- wn [oe) ‘('J‘l Ne) o —_—

[=}
N
<

SNR

Fig. 5 PX., .omect With respect to SNR for the proposed algorithm in SM scheme, where different UT's array
size (N=6, 12, 18) are provided for comparison
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095

091 - - -
-*: single antenna is activated

/ -+: two antennas are activated
-.: three antennas are activated

085

Active antenna correct detection
probability

08T , h

4 5 6 7 8 9 10
SNR

Fig. 6 Comparison of the active antennas correct detection probability for the cases of single, two, and three
active antennas, J=10

10 T T T T T T
-*: single antenna is activated
-+: two antennas are activated
8 -.: three antennas are activated
E oot .
) ]
g
[}
3
g
%)
107 F .
10'3 1 1 1 1 1 1
7 8 9 10 11 12 13 14
SNR
Fig. 7 The symbol error rate with respect to SNR for the SM and GSM (two and three antennas are activated)

schemes

NNS(1,1) and even NNS(3, 3) while slightly worse than the SAGE algorithm in high
SNR region. Nevertheless, the proposed algorithm is flexible than SAGE and NNS in
that it can be easily extended to the GSM scheme.

5 Conclusions

In this paper, we have proposed a prefiltering-based reduced rank multiuser GSM
detection scheme for uplink massive MIMO system. Benefited from the large-scale
number of antennas at BS, MUI elimination is fulfilled by spatial prefiltering at the
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Symbol error rate
S

-—+: NNS(1,1)
--*: NNS(3,3)
-.: EVD-based

107k -*: Prefiltering-based
-+: SAGE

4 s s s s s
107 10 12 14 16 18 20
SNR

Fig. 8 Comparison of the proposed prefiltering-based detector with the EVD-based, SAGE and NNS
algorithms in terms of SER performance

front end of BS receiver. After pre-filtering, we proposed a reduced rank GEVD-based
algorithm to identify the active antennas of each UT. In the second stage, the LS-
based MUD is utilized to decode the multiplexed temporal symbols at the activated
antennas. We have demonstrated in Fig. 4 that the proposed prefiltering-based algo-
rithm can work reliably for small window size, which is essential for the low latency
requirement in current and future network. We have also verified in Fig. 4 and Fig. 8
that it is close or better than the existing algorithms, yet our proposed method is with

low complexity and more flexible.

Abbreviations

SM Spatial modulation

MIMO Multi-input multi-output

SMF Spatial matched-filtering

MUI Multiuser interference

bpcu Bits per channel use

ML Maximum likelihood

SER Symbol error rate

GEVD Generalized Eigen-value decomposition
GSM Generalized spatial modulation
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