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Abstract—The benefits of transmit antenna selection
(TAS) invoked for spatial modulation (SM) aided multiple-input
multiple-output (MIMO) systems are investigated. Specifically,
we commence with a brief review of the existing TAS algorithms
and focus on the recently proposed Euclidean distance-based TAS
(ED-TAS) schemes due to their high diversity gain. Then, a pair
of novel ED-TAS algorithms, termed as the improved QR decom-
position (QRD)-based TAS (QRD-TAS) and the error-vector
magnitude-based TAS (EVM-TAS) are proposed, which exhibit
an attractive system performance at low complexity. Moreover,
the proposed ED-TAS algorithms are amalgamated with the
low-complexity yet efficient power allocation (PA) technique,
termed as TAS-PA, for the sake of further improving the system’s
performance. Our simulation results show that the proposed
TAS-PA algorithms achieve signal-to-noise ratio (SNR) gains of
up to 9 dB over the conventional TAS algorithms and up to 6 dB
over the TAS-PA algorithm designed for spatial multiplexing
systems.

Index Terms—Antenna selection, MIMO, power allocation,
spatial modulation, link adaptation.

I. INTRODUCTION

PATIAL modulation (SM) and its variants constitute a
class of promising low-complexity and low-cost multiple-
input multiple-output (MIMO) transmission techniques [1]-[5].
However, the conventional SM schemes only achieve receiver-
diversity, but no transmit diversity [6]. To circumvent this
impediment, recently some SM solutions have been proposed
[7]-[11] on how to glean a beneficial transmit-diversity gain
both with the aid of open-loop as well as closed-loop transmit-
symbol design techniques.
As an attractive closed-loop regime, transmit antenna selec-
tion (TAS) constitutes a promising technique of providing a
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high diversity potential as offered by the classic MIMO archi-
tectures. TAS has been lavishly researched in the context of
spatial multiplexing systems [12]. As a new MIMO technique,
SM can also be beneficially combined with TAS. Recently,
several TAS algorithms have been conceived for the class of
SM-MIMO systems with the goal of enhancing either its bit
error rate (BER) or its capacity [13]-[20]. In [13], a norm-
based TAS algorithm was proposed for providing diversity gain.
In [14], a closed-form expression of the SM scheme’s outage
probability was derived for norm-based TAS. In [16], a two-
stage TAS-based SM scheme was proposed for overcoming the
specific constraint of SM, namely that the number of transmit
antennas has to be a power of two. In [17], a novel TAS crite-
rion was proposed for circumventing the detrimental effects of
antenna correlation. In [18], the joint design of TAS and con-
stellation breakdown was investigated and a graph-based search
algorithm was proposed for reducing the search complexity
imposed. In [19], a low-complexity TAS algorithm based on
circle packing was proposed for a transmitter-optimized spa-
tial modulation (TOSM) system, which trades off the spatial
constellation size against the amplitude and phase modulation
(APM) constellation size for improving the system’s aver-
age bit error probability (ABEP). The adaptive TAS algorithm
conceived for TOSM was further developed in [20], where
a low-complexity two-stage optimization was proposed for
selecting the best transmission mode.

More recently, the research of TAS-aided SM has been
focused on the optimization of the Euclidean Distance (ED) of
the received constellation points, since they achieve a high
diversity gain at a moderate complexity compared to other
TAS criteria [21]-[24]. Specifically, in [21] and [22] the ED-
based TAS algorithm (ED-TAS) was compared to the signal-
to-noise ratio (SNR)-optimized and capacity-optimized algo-
rithms, and a low-complexity realization of ED-TAS, termed
as the QR decomposition-based TAS (QRD-TAS) was pro-
posed. The QRD-TAS algorithm constructs an ED-element
matrix and exploits the QRD of the resultant matrix for reduc-
ing the imposed complexity. Moreover, in [24], the authors
exploited the rotational symmetry of the APM adopted for the
sake of reducing the complexity of QRD-TAS. Compared to
directly optimizing the ED, in [23], Ntontin et al. proposed
a low-complexity singular value decomposition-based TAS
(SVD-TAS) algorithm for maximizing the lower bound of the
ED. In [25], the complexity of SVD-TAS was reduced through
an alternative computation of the singular value. In [26], the
transmit diversity order of ED-TAS was quantified. In [27], the
authors proposed several low-complexity TAS schemes relying
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on exploiting the channel’s amplitude, the antenna correla-
tion, the ED between transmit vectors and their combinations
for selecting the optimal TA subset for the sake of improv-
ing the system’s reliability. However, as shown in [21]-[27],
the QRD-TAS achieves an attractive BER performance at the
cost of adopting high-complexity QRD operations, while the
low-complexity SVD-TAS may suffer some performance loss.

On the other hand, power allocation (PA) is another promis-
ing link adaptation technique for MIMO systems. Recently, PA
has been extended to SM systems [28]—[31]. For example, in
[28], an adaptive PA algorithm based on maximizing the min-
imum ED was proposed, which is capable of improving the
system’s BER performance, while retaining all the single-RF
benefits of SM. Subsequently, this attractive PA algorithm was
further simplified in [29]. However, to the best of our knowl-
edge, the potential benefits of TAS intrinsically amalgamated
with PA have not been investigated in SM-MIMO systems.

Against this background, the contributions of this paper are:

1) We investigate the benefits of ED-TAS and propose a pair
of novel ED-TAS schemes for SM-MIMO systems. In
these schemes, we first classify the legitimate EDs into
three specific subsets and then invoke a carefully designed
upper bound as well as a set-reduction method for the
most dominant set imposing a high complexity.

2) Specifically, we propose an improved QRD-TAS, where
a tighter QRD-based lower bound of the ED is derived to
replace the SVD-based bound of [23]. A low-complexity
method is proposed for directly calculating the bound
parameters, in order to avoid the high-complexity QRD
or SVD operations of [21]-[24]. More importantly, com-
pared to the conventional SVD-TAS of [25], the achieved
QRD-based tighter bound can achieve a better BER
performance.

3) Moreover, for striking a flexible tradeoff in terms of the
BER attained and the complexity imposed, we propose
an error-vector magnitude based TAS (EVM-TAS), which
exploits the error vector selection probability to shrink
the search space. The relevant optimization metrics of
EVM-TAS are also derived for different PSK and QAM
schemes.

4) Finally, we intrinsically amalgamate the proposed ED-
TAS with the recently conceived PA technique of [29] for
fully exploiting the MIMO channel’s resources. A pair of
different joint TAS-PA algorithms are conceived, which
provide beneficial gains over both the conventional TAS
algorithms and over the TAS-PA techniques designed for
spatial multiplexing systems [32].

The organization of the paper is as follows. Section II intro-
duces the system model of TAS-based SM, while Section III
reviews the family of existing TAS algorithms designed for
SM. In Section IV, we introduce the proposed QRD-TAS and
EVM-TAS algorithms. In Section V, the joint design of the ED-
TAS and PA algorithms is proposed. Then, we carry out their
complexity analysis. Our simulation results and performance
comparisons are presented in Section VI. Finally, Section VII
concludes the paper.

Notation: (-)*, ()T and (-)# denote conjugate, transpose, and
Hermitian transpose, respectively. Furthermore, || - || stands
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for the Frobenius norm. I denotes a (b x b)-element iden-
tity matrix and the operator diag{-} is the diagonal operator.
R{x} and J{x} represent the real and imaginary parts of X,
respectively.

II. SYSTEM MODEL

Consider a SM system having N; transmit and N,
receive antennas, as depicted in Fig. 1. The frequency-
flat quasi-static fading MIMO channel is represented
by H=[h(1),h(2), -, h(N)]~ CNQO, Iy, «n,), where
h(1),h(2),--- , h(N;) are the column vectors corresponding
to each transmit antenna (TA) in H. The receiver first selects
L TAs according to a specific selection criterion. Then, the
receiver sends this information to the transmitter via a feedback
link. As shown in [23], let U, denote the uth legitimate TA
subset, where we have

U =1{1,2,---,L},
Us={1,2,--- L -1, L+1},

Uny ={Nt—L+1,---, Ns}. (N
In Eq. (1), there are Ny = (]Z’) possible TA subsets, each of
which corresponds to an (N, x L)-element MIMO channel. As
shown in Fig. 1, b = [by, ..., by ] is the transmit bit vector in
each time slot, which contains m= log, (L M) bits, where M is
the size of the APM constellation. In SM, the input vector b is
partitioned into two sub-vectors of log, (L) and log, (M) bits,
denoted as by and b», respectively. The bits in by are used for
selecting a unique TA index ¢ for activation, while the bits of
b, are mapped to a Gray-coded APM symbol slq € S. Then, the
SM symbol x € CE*! is formulated as
J qth
x:slqeqz[o,-~-,slq,---,O]T’ @)
where e, (1 < g < L) is selected from the L-dimensional basis
vectors (as exemplified by e; =[1,0,--- ,O]T). In the sce-
nario that U, is selected, the signal observed at the N, receive
antennas is given by

y = H,x + n, 3)
where H,, is the (N, x L)-element TAS matrix correspond-
ing to the selected TA set Uy, and n is the (N, x 1)-element
noise vector. The elements of the noise vector n are complex
Gaussian random variables obeying CN (0, Ny).

The receiver performs maximum-likelihood (ML) detection
over all legitimate SM symbols x € CL*! to obtain

o . 2 . q 12
f=argmin ly— Hux|lz =argmin |y —hu(@)s/ [ @)

where X is the set of all legitimate transmit symbols and hy, (¢)
is the gth column of the equivalent channel matrix H,,. The
complexity of the single-stream ML detection of Eq. (4) is low,
since a single TA is activated during any time slot [34], [35].
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SM Unit

Antenna

Index

Fig. 1. The system model of the TAS-based SM system.

III. CONVENTIONAL TAS ALGORITHMS

This section offers a brief state-of-the-art review of the
existing TAS algorithms proposed for SM systems.

A. The Maximum-Capacity and The Maximum-Norm Based
TAS Algorithms

The capacity C,, of the SM-aided MIMO system depends on
the classic transmitted signal slq and the TA index signal e;. As
shown in [21], [33], the capacity Cs relying on the signal slq and
the channel H,, is lower bounded by

1 L 12
a=2) . lom(+plh®Ip) <C O
where hy, (i) is the ith column of H,, and p is the average SNR
at the receiver. Moreover, the capacity Cta relying on the signal
¢, is bounded by Cta < log, (L) [33]. It is proved in [33] that
the total capacity C,, = Cta + Cs is bounded by
a < Cy < a+logy(L), (6)
Based on the bound of Eq. (6), a maximum-capacity based TAS
algorithm was formulated in [21] as

H; =arg max «.

ue{l, -, Ny}

)

Based on Eq. (5), the optimization objective @ of Eq. (7) is
maximized by selecting the L TAs associated with the largest
channel norms out of the N; TAs, which is equivalent to the
maximum-norm based TAS [13] given by

®)

H; = ar max H,|>.
i gue{l,---,NU} [1H,, |+

B. The Exhaustive Max-dmin Based ED-TAS

In order to improve the BER performance of SM, the free
distance (FD) dmin was optimized in [21]. For a given channel
H,,, its FD can be formulated as

dmin(H,) = min ||H,(x; — Xj)”i“
x;,x;eX
X; #Xj

. 2 . HyyH
= min |H,e;; |- = min e;>H 'H,e;; 9
e,'jeIE ” u®ij ”F e,'_,-eIE iju uvij» ( )

T Yo
TAS ML
L out of N, Z ] m Detection
. v y
= Adaptive Unit
3
fg Channel TAS
% Information Algorithms
o
=

where we have the error vector ¢;; = X; — X;, X;,X; € X. In
[21], the max-dp;, aided ED-TAS algorithm is defined as

H; = argL maxN }dmin(Hu)- (10)
ief{l,-,Ny

{1,

The optimum solution obeying the objective function of
Eq. (10) can be found by an exhaustive search over all possi-
ble () candidate channel matrices and all the different error
vectors, which imposes a complexity order of O(NtzM 2). This
results in an excessive complexity, when high data rates are
required.

C. The Conventional QRD-Based ED-TAS

In order to reduce the complexity of the exhaustive ED-TAS
of Eq. (10), in [21] an ED-TAS based on an equivalent decision
metric D(u) was formulated as:

H; =arg max {min[D(u)]}, (11)
uef{l,- Ny}

where D(u) is an (L x L)-element sub-matrix of an upper tri-

angular (N; x N;)-element matrix D obtained by deleting the

specific rows and columns that are absent in u, while min[D(u)]

is the minimum non-zero value of D(u). Here, the (i, j) — th

element of D can be expressed as

' 2
D;j = min ||H(Slei —SZej)”F
51,52€S 2 (12)
= min_|lh(i)s; —h(j)s2ll%,
Sl,S2€§

where s; and s, are M-ary APM constellation points,

while h(i) and h(j) are the ith and jth columns of

H. Provided that we have i = j in Eq. (12), the corre-

sponding element becomes D;; = minS(||h(i)||% |s1 — sz|2) =
51,82€

inI;M ||h(i)||2 , Where dl‘gil;M is the minimum distance of the

APM constellation. For the case of i # j, D;; is re-formulated
in the real-valued representation of the QRD as

Dij = min
s17,821 €R{S},
510,520 GJ{S}

2
HR[SU, $10, =21, _SZQ]THFa (13)

where we have s,; = R{s,} and s,9 = J{s,} for n =1, 2,
while R is a (4 x 4)-element upper triangular matrix created
by the QRD of the resultant channel matrix [21]. As shown in
[21], the complexity order of this QRD-TAS is O(NEM ), which

204
205

206
207
208
209
210
211

212

213
214
215

216
217

219
220

221
222
223
224

225
226
227

228
229
230



232
233
234
235

236

237
238
239
240
241
242
243

244

245

246
247
248
249
250
251
252

253

254
255
256
257

increases only linearly with the modulation order M. In [22]
and [24], both the modulus and the symbol set symmetry of
the APM constellations were exploited for further reducing the
complexity of this algorithm.

D. The Conventional SVD-Based ED-TAS

Although the QRD-based ED-TAS of Eq. (13) is capable of
finding the optimal solution, its complexity imposed is a func-
tion of the modulation order M. Moreover, the high-complexity
QRD has to be applied to the (2N, x 4)-element channel matri-
ces [21], [22], [24]. Hence, the complexity of this TAS remains
high. This problem was circumvented in [23], where the ED
was classified into three categories as follows

. signal ,spatial ;joint
din(H,)) = min {438, P gt 4
where we have
signal . N2 2
dpin™ = _min_ [y (D) ming, 2,65 150 — 55|
i=l,---,
; . 2 (15)
=dA™ min b, ()13 .
=1, L
spatial . . 2 - 2
dmin = min ”hu(l)_hu(])||pm1nsleS|sl|
i,j=1,,L
i#] l6)
Modul . . N2
=dpin ™ min by @) = by ()
i,j=1,,L
i#]j
joint . . . 2
din = min [ (@Dse — b (Dspl7
ij=1,.Li#] (17)
Sa,Sh,ES,a#b

In Eq. (16), the term dnl\ﬁ‘r’]d“ms = mirsl Is;|2 is the minimum
NS

squared modulus value of the APM constellation. Since the
calculations of @& and ¢ in Egs. (15) and (16) do not

depend on the sirznénof APMmércl)nstellation and the correspond-
ing complexity is low, the complexity of computing the FD of
Eq. (14) is dominated by the computation of dﬂr?ilgt in Eq. (17).
To reduce this complexity, in [23] the Rayleigh-Ritz theorem
was utilized for driving a lower bound of dfr?ilst as

joint . . 4 2
A= min @), —he (DIlsa 5517 |5
i,j=1,,L,i#]j
Sa,ShES,a#b

> dSVD—bound

= “min ,

= mir}‘ ” A2 (Hyij) SHI’IS)I;S ” [5a> sp]" Hzp

i,j=1,---,L,i#j
= min A2, (H,;;)d
i =l Li%) mln( MJJ) min (18)
where we have dﬁ}iln= mirelS H[sa,sb]THi and H, ;; =
Sa,Sh
[h, (), —h,(j)] is an (N, x 2)-element matrix. Here,

Ainin(Hyi7) is the minimum squared singular value of the
submatrix H, ;;. Upon exploiting Eq. (18), the distance
dmin(Hy,) of Eq. (14) is bounded by

SVD R signal ,spatial ;SVD—bound
dmin (H,) = Inln{dmin ’ dmin ’ dmin }-

(19)
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Based on Eq. (19), the SVD-TAS algorithm is given by

dSVD (HM ) i

H; = argue{fnﬁxN in (20)

Ny}
Compared to the conventional QRD-based TAS, this bound-
aided algorithm has the following advantages:

e Using the SVD-based bound of Eq. (18), the calcula-
tion of the distance dfgilgt is independent of the APM
modulation order;

e Moreover, the SVD operation of Eq. (18) is performed
on the smaller channel matrices of size (N, x 2) com-
pared to the QRD-based ED-TAS, which is performed on
(2N, x 4)-element matrices. In [25], the complexity of
SVD-TAS [23] was further reduced through an alternative
computation of the singular value.

IV. THE PROPOSED LOW-COMPLEXITY ED-TAS

As shown in subsection III, the conventional QRD-based
ED-TAS is capable of achieving the optimal BER, but it
imposes high complexity. In contrast, the SVD-based ED-TAS
imposes a lower complexity at the cost of a BER performance
degradation, because the derived bound may be loose and the
corresponding TAS results may be suboptimal.

To circumvent this problem, in this section, a pair of ED-TAS
algorithms are proposed. Specifically, an improved QRD-TAS
is proposed, where a tighter QRD-based lower bound of the
ED is found for replacing the SVD-based bound of [23], while
the sparse nature! of the error vectors of SM is exploited to
avoid the full-dimensional QRD operation. Then, for striking
a further flexible BER vs complexity tradeoff, we propose an
EVM-based ED-TAS algorithm, which exploits the error vector
selection probability to shrink the search space.

A. The Proposed QRD-Based ED-TAS

1) The QRD-Based Bounds: To evaluate the value of dﬂgilgt
more accurately, in this paper, we apply the QRD-based bound
to replace the SVD-bound of Eq. (18). Specifically, the sub-
matrix H, ;; of Eq. (18) is first subjected to the QRD [38],

yielding H,;; = Qf{ where Q is an (N, x 2) column-wise
orthonormal matrix and R is a (2 x 2) upper triangular matrix
with positive real-valued diagonal entries formulated as

R= Ri1 Ria .
0 Ry»

Let [ﬁ]k = Iék,k denote the kth diagonal entry of R. Based
on this decomposition, another lower bound of the distance

2

dfr?::t in Eq. (18) can be formulated as
joint QRD—bound
dmin = dmin - )
= min RJ2. } min ||[sq,s
ivjzl,"-,L,i#_j{[ ]mm saspES ”[ a b]”F ,
= min RJ2. yql
i,j:l,m,L,i;ﬁj{[ Lin}min 2

n SM, the transmit vector x only has a single non-zero element, hence the
number of non-zero elements of the error vectors e;; of SM is no more than 2.
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where [R]rznin
of the upper matrix R, given by

is the minimum squared nonzero diagonal entry

[ﬁ] ) =min{R51’1,I§2,2}. (23)
min

Lemma I: For an (N, x 2)-element full column-rank matrix
H, ;; associated with its minimum squared singular non-zero

value )‘mm(Hu ij) for SVD and its minimum squared diag-
onal non-zero entry [R]Iznln of R for QRD, respectively, the

inequality [R]mln > mm(Hu ij) is satisfied.

According to the analysis process in Section III of [38], the
formulation of Lemma 1 is straightforward. As a result, the
lower bound of Eq. (22) achieved by the QRD is tighter than
that of the SVD algorithm in Eq. (18).

To derive an even tighter upper QRD bound than that of
Eq. (22), the permutation matrix II,, can be invoked for

calculating A of Eq. (22) as

min

= min i@, R I e 50| 4
i,j=1,--,L,
i#],Sqa,SpES

where II,, is an orthogonal matrix satisfying l'[;1 = I'IZ,.

Since the size of the channel matrix H, ;; = [h, (i), —h, (j)]
is N, x 2, we only have two legitimate permutation matrices
M, € C>*? m = 1,2, namely

10 01
l'[1=|:01:|and l'[2=|:10:|.

For each matrix II,,, similar to Eq. (22), the corresponding
QRD-based bound is

(25)

2 2
oint . ~ . T T
dﬂnln — .. min L I:Rm] . min ‘Hm [Saa Sb] H
i,j=1,-,L,i#]j min | s,,55€S F
= 12 all
= [Ra] i, (26)

where R,, is the upper triangular part of the QRD of
the equivalent matrix Hy ;;II,,. Note in Eq. (26) that
the permutation matrix does not change the distance

of “H;[Saasb]”i and we have HSI;I,IGIS ||H;£[Sa,sb]T||i _

Smm ” [5q, 5517 || F—da”

2., For the permutation matrices given

in Eq. (25), we can obtain two different values Ry Imine
(m =1,2), which are given by [Rl]mm = m1n{R1 1(IIy),
Rya(My)} and [Rolmin = min{Ry,1(T), Ry 2 (ITy)}. Here,
Ry 1(I1,,) and Ry »2(IT,,), m = 1,2 are the diagonal elements
of I~{m.

Remark: The bound of Eq. (22) constitutes a special case of
the bound of Eq. (26), which can be obtained by setting m = 1.

Based on Eq. (26), an improved QRD-based upper bound of

the distance dJO-l:llt is given by
dJOlm

dQRD —bound_P
min =

min
@27
= min

R 2 dal]
i.,j:1,~~,L,l75j{[ QRQ_P]mm} min*

where we have [IiQRQJa]Iznin = max{[lil]ilin, [Rg]zmin}.

Lemma 2: For an (N, x 2)-element full column-rank
matrix H, ;; having a minimum squared diagonal non-zero
entry [Ii]2 for its QRD and a value of [RQRQ P]mm =
max{[Rl]mm, [RZ]rznin} based on the pair of legitimate permuta-
tion matrices I, € (szz m = 1, 2, respectively, the inequal-
ity [Roro_p1%;, = [R]2, is satisfied.

Since we have [R]Izn in [R1 ]mm, Lemma 2 can be obtained.

2) The Proposed QRD-Based ED-TAS: According to
Lemma 2, the QRD bound of Eq. (27) is tighter than that
of Eq. (22). Hence, we use this tighter bound to derive the
proposed QRD-based ED-TAS as

H; =arg max

ME{I,-",NU} min min

{ drs;‘ig;lal’ dspatlal’ dQRD bound_P} . (28)
Note that the complexity of the QRD-based TAS is domi-
nated by the computation of [ﬁm]min. In general, the full QRD
can be adopted in Eq. (26) for solving Eq. (27). However, this
may impose a high complexity. In order to reduce this com-
plexity, for a fixed channel H,, ;;, we found that the value of
[ﬁm]min only depends on the diagonal entries of ﬁm, namely
Iék,k(l'[m)(k = 1, 2), which can be directly calculated as [38]

det[(G(1 : k)G : k)]
det[(G( : k —1)HGU : k-1’

Ry 1k = Ry (T) =\/ (29)

where G(1:k) denotes a matrix consisting of the first k
columns of Hy, ;;IT,,. In the classic V-BLAST systems, the cal-
culation of Eq. (29) suffers from the problem of having a high
complexity [38]. In SM, the number of non-zero elements of
the error vectors of SM is up to 2. This sparse character leads
to the simple sub-matrix H, ;; = [h, (i), —h,(j)] € C¥*2 and
hence the values of Iék,k(l'lm)(m = 1,2,k =1, 2) are given by

Ri (M) =/ [h ()7, (30)
(i) = \/ a1 + Iy G — 2R{ha ()" hu ()}
’ b, (i) 1%
(31)
Ri,1(I) = /I ()15 (32)
and
~ O34y (D13 —2R (hy, () hy, ()}
Ry (IIp) = — (33)
’ [Ty (NI

The complexity of our proposed QRD-TAS of Eq. (28)
is dominated by the computation of Iék,k(Hm), m=1,2. In
SM, these values only depend on the values of ||hu(i)||%,
Ilhy, (j) ||%- and h, (i)7h,(j), which are elements of the matrix
H”H, as shown in Egs. (30)-(33). Based on this observa-
tion, we can calculate the values of Rk,k(nm), m=1,2 by
reusing these elements for the different TAS candidates H,,,
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TABLE 1
COMPLEXITY COMPARISON OF DIFFERENT TAS ALGORITHMS FOR SM SYSTEMS

TAS algorithm [

ED Optimality

Computational complexity ]

Exhaustive ED-TAS [13]

optimal N (5N, — HM?

Maximum-norm based
TAS of [21]

sub-optimal

2Nt Ny — Nt

Minimum-correlation
based TAS of [15]

sub-optimal

2NNy — NP+ 3NNy — 1)

Conventional QRD-based
ED-TAS of [24]

optimal 2N; Ny — Ny +32N; (N; —1)(Ny — %)ﬁ

(N g pys =M for PSK, N g p yy=4 for QAM)

Conventional SVD-based
ED-TAS of [23]

sub-optimal

2NNy — Ny + DNy - Dy - D)

Simplified SVD-TAS [25]

sub-optimal

NN N, 4 11) + Ny@Ny ~ 1)

Proposed QRD-based

sub-optimal

2NZN + 3N (N — 1)

ED-TAS
Proposed EVM-based M-PSK: optimal | 2NN, — N2 + LN, (N, — Y +7)
sub—optimal, K <v 2 2, 15
ED-TAS M=QAMI™ il K=o 2NNy = N} + BGNi(N; = 1)
Exhaustive TAS&PA — (7)) Cpa
. CpQrD + Cpa

Low-complexity TAS&PA e C + Cpa =

W plexity TAS PA CEVM + CPA

hence the resultant complexity is considerably reduced com-
pared to the conventional QRD-based ED-TAS, as will show in
Table I.

To confirm the benefits of the QRD-based bound derived in
Eq. (27), Fig. 2 shows the BER performance of the proposed
QRD-based ED-TAS algorithm in contrast to the existing SVD-
based ED-TAS of [23]. Moreover, we add the performance
of the norm-based TAS of [13] and of the exhaustive-search
based optimal ED-TAS of [21] as benchmarks. In Fig. 2, the
number of TAs is set to Ny =4, where L =2 out of N; =
4 TAs were selected in these TAS algorithms. As expected,
since the proposed QRD-based ED-TAS has a tighter bound,
in Fig. 2 it performs better than the SVD-based ED-TAS.
Quantitatively, observe in Fig. 2 that this scheme provides an
SNR gain of about 1.2 dB over the SVD-based ED-TAS at
the BER of 107>, In Fig. 2, we also observe that the QRD-
based ED-TAS achieves a near-optimum performance, where
the performance gap between the proposed QRD-based ED-
TAS and the exhaustive-search-based optimal ED-TAS is only
about 0.2 dB. We will provide more detailed comparisons about
the BER and the complexity issues in Section VI.

B. The Proposed EVM-Based ED-TAS

In this section, for striking a further flexible tradeoff in terms
of the BER attained and the complexity imposed, we propose
an EVM-based ED-TAS algorithm. The proposed EVM-TAS
directly calculates the value of dpin(H,,) for the specific TAS
candidate H,,, rather than exploiting the equivalent decision
metric of Eq. (13) or the estimated bound of (18). Specifically,
we will derive simple optimization metrics for both PSK and
QAM constellations, where the error-vector selection probabil-
ity is exploited for reducing the search space.

1) The Calculation of dmin(H,) in EVM-Based ED-TAS:
Specifically, the M-PSK constellation can be expressed as
Spsk = {e/ i, m=0,---, M — 1}, and the symbols of the
rectangular M = 4 QAM constellation belong to the set
of [36]

10°
—O— conventional SM, 2x2, [6QAM
—l— optimal ED-TAS of [24]
) —+}— norm-based TAS of [13]
10" F ~¥ -SVD-based ED-TAS of [23] [25] J
—O— proposed QRD-based ED-TAS
-2 L B
10
=4
m
@107 3
| \O ]
10
N4, L=2, N=2, 16QAM \)
Transmit rate= 5bits/symbol
107 L L L L L ]

0 3 6 9 12 15 18 21 24 27 30
SNR(dB)

Fig. 2. BER performance comparison of the existing TAS algorithms and the
proposed QRD-based ED-TAS algorithm. The setup of the simulation is based
on Ny =4, N, =2, L =2 and 16-QAM. The transmit rate is 5 bits/symbol.

1
Soam = —=={a+bj,a —bj, —a+bj, —a — bj}, (34)

~/ Bk
where we have B, = %(4" —1)anda,be{l,3, - 2k — 1}.
Similar to Eq. (14), the calculation of dmin(Hy) is parti-
tioned into three cases: d;ﬁl al, diﬁiual and dﬂgilgt. As shown in
Egs. (15)-(16), d>&™

min

APM dA™M a5 [39]

min

depends the minimum distance of the

M — PSK
M — QAM °

for

-2
JAPM _ {44$1n (m/M) o 35)

min =
Bk

. spatial . ..
while dnﬁn relies on the minimum squared modulus value

d%fld“lus of the APM constellation as

M — PSK
M — QAM"

for

for (36)

min 2

dM_odulus — { 1
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Based on Egs. (35) and (36), the complexity of computing the
values of d;lgn” al and dﬁiﬁal in Egs. (15)-(16) may be deemed
negligible. Hence, we only have to reduce the complexity of
computing @™ which can be achieved as follows:

min °
joint—EV M . . . 2
iy = min  [h@)s —h(DspllE
i,j=1,,L,i#]j
Sa,SHES (37)
: 2 12 2 N2
= min (sl @3+ Isp 1y )13~ 2mapw.
ij=1,- L,
i#].Sa,sp€S

where we have mapy = fR{sfsbhu (i)h, (j)}, which relies on
the specific APM scheme adopted. Next, we will derive the sim-
plified metrics dﬂr?;:thVM for the general family of M-PSK and
M-QAM modulated SM systems.

2) Simplification for M-PSK Schemes: For a pair of
M-PSK symbols s, = e/ 47 and sp=el o , the possible values
of sHs, obey e/ 7, (b —a) € (—(M — 1), --- , (M — 1)}.
As aresult, mapym of the general M-PSK scheme obeys:

mapm € {R{h, ()7, (j)} cos 6, —I{h, ()T h, ()} sin6,},

(38)
where 6, = 2% n = —(M — 1), --- , (M — 1). Since the min-
imum ED is considered in Eq (37), only the maximum value

of mapm needs to be considered, which is given by Eq. (39),
shown at the bottom of the page. As shown in Eq. (39), the num-
ber of possible 6, values is reduced from 2M — 1 to % + 1.

According to Eq. (39), |s,|* =1 and |sy|* = 1, the distance
oM EVM o Eq. (37) is simplified for M-PSK as follows:

min

joint=EV M _
dmin -

min [lhy ()17 + 1y ()17 =2m ppsk (Hy).
ij=1, L,
i#]
(40)
Example: The constellation points s, and s, of
BPSK and QPSK modulation schemes belong to the
set  Sppsk = {£1} and  Sgpsk={=%l, *j}, respec-
tively. Based on Eq. (39), the corresponding optimized
metrics  mpy_psk(H,) = maxmapy are simplified to
my—psk(H,) = [R{b, ()Th,(j)}]  and  ma_psk(H,) =
max{|R{hy (1) hy, ()Y, [3th () D, ()} |}, respectively.
As shown in Egs. (37)-(40), since we have |s, =1, s> =

1 and a reduced set sf sp for M-PSK constellation, the com-
djoint—E VM
min

9

plexity of calculating is low, as it will be shown in
Table I.

3) Simplification for M-QAM Schemes: When M-QAM
constellations are considered, the calculation of di?ilgt_EVM in
Eq. (37) becomes substantially complicated, because there are
many combinations of the values of |sa|2, Isbl2 and sf sp in
Eq. (37), which lead to different received SM-symbol distances.
To derive a simplified optimized metrics for M-QAM, we first

introduce the following Lemma.

] — — —
[ Je4Qam| | M
| 0 320aM i
0.99
. N 160AM
2 I 3QAM
S 098} 8
3
o
G
o
> 097} :
z
e
£ 096¢ 1
o
=
H
0.95+ B
0.94 L ‘ ‘ .
0 1 2 3 4 5

K values

Fig. 3. The statistical probability of the norm error vectors relying on K mini-
mum moduli, yielding the optimal ED-TAS solution, where the system setup is
Ny =4, N, =2and L =2.

Lemma 3: It is highly likely that an error vector associated
with a small norm value yields the FD value of Eq. (9). Thus,
the search space to be evaluated for finding the FD can be
reduced to a few dominant error vectors having small norm
values.

Proof: Based on the Rayleigh-Ritz theorem of [37], for
a fixed channel matrix H, ;; and a given error vector e;;,
the distance amongst the received symbols is bounded by
M i) e [* = [Huei |* = 22, (Hui) Jeis
A2 (Hy i) is the maximum squared singular value of the sub-
matrix H, ;; = [h, (i), —h,(j)]. It may be readily shown that

the values of Aﬁm(Hu,i ) and Aiﬁn(Hu,i}-) are constants for

2
, where

a fixed channel realization H, ;;, while the value of ||e,- I ”2
depends on the specific APM constellation points. Based on the
bound above, it is highly likely that an e;; with a small norm
yields low upper bound and lower bound. Hence it has a high
probability of generating the FD value, as it will be exemplified
in Fig. 3. |

Based on Lemma 3, for the sake of striking a beneficial
trade-off between the BER performance and complexity for
M-QAM, the search space is limited to the error vectors hav-
ing small modulus values and only these vectors are utilized to
compute the FD metric. Specifically, we first evaluate all possi-
ble modulus values 71, T», T3, - - - , T, of all the legitimate error
vectors €;;, then we find the K smallest Tx from the full set
of {T7, Tz, T3, - - - , T,,} and only consider the set of e;; having
moduli lower than Tk to compute dmin(H,). In this process,
the error vectors can be divided into the pair of sub-sets | and
D, based on their sparsity, where D contains the error vectors,
which have only a single non-zero element, while D, contains

mpy—psk(Hy,) = max mapm =

= max
ne{0,--- .M

1}{5R{hu (i)"hy, (j)}cos0,—I{h, (i) h, (j)}sinG, }
/4}{|:R{hu<i)Hhu(j)}cos On —I{h, ()T, (j)} sin 6, |}

max
nef-(M—1),- .M~

(39)
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the error vectors, which have two non-zero elements. As will
be shown in our simulation results, K = 3 is a good choice
for diverse configurations, hence we only provide the simplified
dOMEVM g0l K < 3 as follows.

expressions of d .
For K =1, according to the M-QAM

tion of Eq. (34), only error vectors having T = '/ﬁik
and D, are

constella-

are considered and the associated sets DD

i =L , el i=1,---
given 1 by Dy = m{:l:2e,, +2je;},i =1, L and
D2 = - (GEL £ Ler — (1 & eyl iy j =1, L0 #
J» respectively, where e; and e; are the active TA selection

vectors in Eq. (2). Since only the minimum ED is considered,
the set D can be reduced to D = ﬁ{Zei},i =1,---,L.

Moreover, based on the set Dy, it is find that the elements s,

L i
and2s;, belong to thezreduced set m{:l:l =+ 1j} and we have
| =

15 ﬂ% Isp)? = 7 and silsy € ﬁl{il, +1j}. Substituting

these values into Eq. (37), we get the simplified optimized
metric for K = 1 as

djoint—EVM_ .
min, K=1 = min
i,j=l, L,

i#J,

7 Iy D7 + 5 I (DI F=2m 70 4

(41)
where we have

K=1
mM7QAM= max maApM

2 2
= max {— R0, )0 ()] - ]J{hua)"hu(j)}(} L @)
Bk Bk

For the case of K = 2, all the error vectors €;; having mod-
uli lower than 7, are used for FD calculation. Compared to

= i A
K =1, we have to consider the added error vectors m{:l:2 +

2je;}(i =1,---, L) having T» = /%,
and do not change the set [D,. After eliminating all collinear
elements, the set D1 of K =2 is reduced to ﬁ{Zei, +2 +

which belong to I;

2je;},i =1,---, L. Moreover, since only the minimum dis-
tance is investigated, the set is further reduced to D =
\/#Fk{Ze,'},i =1,---, L, which is the same as that of K = 1.
Therefore, the setups of K =1 and K = 2 will provide the
same FD din (Hy,).

Moreover, for
error vectors ej;

the case of K =3, besides the
for K =2, the error vectors having

T = }3—2 should be considered, which are given by
ﬁ{(:ﬁ £ 1j)e; — (£1 £ 1j)e;j, (£1 £3j)e; — (£1 £ 1j)e;},
i,j=1,---,L,i # j.For these added error vectors, we have
sHs, e ﬂik{:i:2 =+ 4j, 4 £ 2j} and two legitimate combinations

10

of the values of [s,|? and |sp|* as: (1) |s,|* = %, |sp|? = B

IEEE TRANSACTIONS ON COMMUNICATIONS

and (2) |sq1? = 2, |sp|?> = =. For each combination, similar
to the process of Eqgs. (41)-(42), we can substitute the values
of [s4|%, |sp|* and s/s, into Eq. (37) and get the simplified
optimized metric for K = 3 as

joint—EVM . joint—EVM jjoint—EVM jjoint—EVM
Ain k=3 =min{d iy dyin ) 2 dming) )
(43)
joint—EVM joint—EVM . .
where d| . ) and d . @ are the simplified ED for the

above-mentioned two combinations, given by Eq. (44), shown
at the bottom of the page.

4) The Proposed EVM-Based ED-TAS: Based on the sim-
plified versions of dfr(:il;n_EVM for M-PSK and M-QAM
schemes derived in Eqs. (41) and (43), the solution of our
EVM-based ED-TAS algorithm is given by

H; = arg (45)

max { min > “min > ““min

dsignal dspatial djoint—EVM}.
uefl,- Ny}

Note that similar to the proposed QRD-TAS, the terms
by, ()17 Iy ()i and h, ()7, (j) in Egs. (40)-(44) are
elements of the matrix H”H. Then, we can find the solu-
tion of Eq. (45) by reusing these elements for different TAS
candidates H,,.

Fig. 3 shows the probability that the error vectors having the
minimum norm do result in finding the optimal ED-TAS solu-
tion as a function of K. For example, we have a probability
of 97% for 16-QAM modulated SM for K = 1 using N; = 4,
L =2 and N, = 2. Moreover, it is observed from Fig. 3 that
this probability is also high for other QAM schemes; hence the
EVM-based ED-TAS can be readily used in diverse scenarios.
In general, for striking a flexible BER vs complexity tradeoff,
we can adjust the parameter K to reduce the search space to a
subset of the error vectors that may yield the optimal ED-TAS
solution with a high probability.

Note that in [17] a PEP-based TAS (PEP-TAS) algorithm was
proposed, which was based on a different search set reduction.
The main differences of the proposed EVM-TAS and the PEP-
TAS of [17] are:

e The PEP-TAS is based on the assumption that a smaller
APM symbol amplitude leads to a smaller distance dfr(l)ill?t,
whereas based on our analysis it is highly likely that an
error vector with a small norm yields the distance dﬂsilgt.
e Moreover, in EVM-TAS, we propose to use the parameter
K for striking a flexible tradeoff between the conflicting
factors of the computational complexity imposed and the
attainable BER.

Remark: Compared to the EVM-TAS, the PEP-TAS con-
siders only the error vectors generated by M-QAM symbols
having the minimum amplitude. It can be shown that the non-
linear error vectors of the PEP-TAS are the same as those of the

(44)

joint—EV M . . . _
domy = min 2 @13 + 10 b )% — 2mE=% 1
ij=1,,
i#]
joint—EV M . 10 2 ) i _
dyine) = min I D11 + 5 e (DIF = 2my=pam
ij=1,
i#]

My =l Ay = Max ﬁ {[2R {0 () ()} +[49 (e () Ty ()}

)

4R{hy ()T hy ()} +[29thy () Th, ()} |}
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Fig. 4. BER performance comparison of the existing TAS algorithms and the
proposed EVM-based TAS algorithm for Ny =4, N, = 2, 16QAM and L = 2.
The transmit rate is 5 bits/symbol.

EVM-TAS associated with K = 1. Therefore, it can be viewed
as a special case of EVM-TAS by setting K = 1.

Fig. 4 shows our BER comparison for the existing TAS
algorithms and the proposed EVM-TAS algorithm. The sim-
ulation parameters are the same as those of Fig. 2. Firstly,
as proved in Section IV-B and observed in Fig. 3, the prob-
ability that the error vectors do indeed result in the optimal
ED-TAS solution is the same for the cases of K = 1 and K = 2.
Hence, they provide the same BER performance, as shown in
Fig. 4. Furthermore, we observe in Fig. 3 that this probabil-
ity is increased from 0.975 to 0.998 upon increasing K from 1
to 3. As a result, in Fig. 4 the performance of the EVM-based
ED-TAS associated with K = 3 is improved compared to that
scheme with K = 1. Moreover, compared the results in Figs. 2
and 4, the EVM-based ED-TAS outperforms the SVD-based
ED-TAS for K = 3.

V. JOINT TAS AND PA ALGORITHMS FOR SM

Similar to the TAS technique, PA is another attractive link
adaptation technique conceived for SM, which has been advo-
cated in [7], [11], [28], [29]. The process of PA can be modeled
by the PA matrix P, which is given by

(46)

P:dlag{plv 7pL}1

,pq,...

where p, controls the channel gain of the gth TA. Here, we let
Zézl pg = 1 for normalizing the transmit power. Based on our
TAS algorithms, we propose a pair of combined algorithms for
jointly considering the PA and TAS as follows:
1) TAS&PA
e Step I: Each (N, x N;) channel matrix H has Ny =
(12') possible subchannel matrices H,, each of
which corresponds to a specifically selected (N, x
L) MIMO channel. For each H,,, we calculate the
corresponding PA matrix P, and its FD with the aid
of the algorithm of [29].
e Step 2: The particular combinations of H, P, (u =
1,---, Ny) constitute the legitimate TAS&PA

candidates. Let us interpret the matrices H,P,
(u=1,---, Ny) as being the equivalent channel
matrices of Section IV and select the specific can-
didate with the maximum free distance as the final
solution.
Since for each channel realization H, there are Ny pos-
sible PA matrices P,(u = 1,---, Ny), we have a high
computational complexity if Ny is high. Next, we intro-
duce a lower-complexity solution for this joint TAS and
PA algorithm.

2) Low-complexity TAS&PA

e Step I: Assume P, =Ip(u=1,---, Ny) and use
the proposed low-complexity QRD-based ED-TAS
or the EVM-based ED-TAS algorithm to select a
particular subset of TAs from the set of options,
which corresponds to Hj;.

e Step 2: Calculate the power weights for the selected
TAs, which can be represented by the PA matrix Pj;.
During this step, the low-complexity PA algorithm
of [29] can be invoked. In the simple TAS&PA, the
PA matrix only has to be calculated once, hence the
associated complexity is low.

VI. SIMULATION RESULTS

In this section, we provide simulation results for further char-
acterizing the proposed QRD-based ED-TAS, EVM-based ED-
TAS and TAS&PA schemes for transmission over frequency-
flat fading MIMO channels. For comparison, these performance
results are compared to various existing TAS-SM schemes of
[13], [21], [23], [25], to the classic TAS/maximal-ratio combin-
ing (TAS/MRC) schemes of [40], as well as to the TAS&PA
aided V-BLAST of [32]. In our simulations, the single-stream
ML detector of [34], [35] is utilized.

A. BER Comparisons of Different TAS Algorithms for SM

In Fig. 5, we compare the BER performance of various TAS-
SM schemes for 4 bits/symbol associated with N; = 8, L =4,
N, = 4 and QPSK. We also considered the conventional single-
RF based TAS/MRC arrangement of [40] as benchmarker. As
seen from Fig. 5, the proposed QRD-based ED-TAS outper-
forms the conventional SVD-based ED-TAS of [23], as also
formally shown in Fig. 2. Moreover, as expected, in Fig. 5
the EVM-based TAS is capable of achieving the same per-
formance as the optimal ED-TAS of [21]. We also confirm
that our proposed EVM-based ED-TAS schemes outperform
the norm-based TAS of [13] and the QRD-based ED-TAS pro-
posed for PSK modulation. These results are consistent with the
analysis results in Section IV, where the EVM-based TAS has

considered all legitimate error vectors for simplifying &% in

Eq. (40), while the QRD-based ED-TAS may achieve uncorrect
estimation of dfr(l)ilm
Eq. (27).

Fig. 5 also shows that our new TAS-SM schemes outper-
form the TAS/MRC scheme of [40]. The main reason behind
the poorer performance of TAS/MRC is the employment of

a higher modulation order required for achieving the same

o due to the employment of lower bound of
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Fig. 5. BER comparison at m = 4 bits/symbol for the proposed TAS-SM
schemes, the existing TAS-SM schemes and the classic TAS/MRC scheme
having Ny =8 and L = 4.

0 T T T T
10 —/— conventional SM, 4x4,QPSK
—<— TAS with MRC [40]
——f—— norm-based TAS of [13]
10—1 —O—— SVD-based ED-TAS of [23][25] | 4
——O— proposed QRD-based ED-TAS
[ ] proposed EVM-based TAS
— — — —optimal ED-TAS of [24]
-2 L u
10
24
o
S (4 3
4 | 4
10
TAS-SM: N~=16, L=4, N,=4, QPSK
TAS with MRC: N=16, L=1, N,=4, 16QAM \
Transmit rate=4 bits/symbol
1 0»5 N N L - L I L
0 2 4 6 8 10 12 14 16
SNR (dB)

Fig. 6. BER comparison at m =4 bits/symbol for the proposed TAS-SM
schemes, the existing TAS-SM schemes and the classic TAS/MRC scheme
having Ny = 16 and L = 4.

throughput as our SM-based schemes. Note that this benefit
depends on the particular MIMO setups. To be specific, as noted
in [23], the TAS-SM and the TAS/MRC schemes exhibit dif-
ferent BER advantages for different system setups. However,
similar to the results achieved in [23], our new TAS-SM
schemes strike an attractive tradeoff between the complexity
and the BER attained. The above-mentioned trends of these
proposed TAS-SM schemes are also confirmed in Fig. 6, where
the number N, of TAs increases from 8 to 16.

In Fig. 7, a spatially correlated MIMO channel model charac-
terized by H"" = RY?HR./? [24], [41] is considered for the
proposed QRD-based ED-TAS and EVM-based TAS (K = 3)
schemes, where R; = [r;j]n,xn, and R, = [r;j]n, xn, are the
positive definite Hermitian matrices that specify the transmit
and receive correlations, respectively. In Fig. 7, the compo-
nents of R, and R, are calculated as r;; = r7; = ri=ifori < j,
where r is the correlation coefficient (0 < r < 1). Here, the
simulation parameters are the same as those of Figs. 2 and 4
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Fig. 7. BER comparison of different TAS algorithms for SM systems in
correlated Rayleigh fading channels.
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Fig. 8. BER comparison at m = 7 bits/symbol for the proposed QRD-based
ED-TAS and EVM-based ED-TAS with 64-QAM.

for 5 bits/symbol transmissions. We found that the BER curves
of the EVM-based TAS schemes and of the optimal ED-TAS
are almost overlapped (similar to the results seen in Fig. 4),
hence for clarity in Fig. 7 we simply provide the BER curves
for the EVM-based TAS schemes only. Compared to the BER
curves in Figs. 2 and 4 for the correlation coefficient r = 0, we
observe in Fig. 7 that the BER performance of all schemes is
substantially degraded by these correlations. However, the pro-
posed schemes remain capable of operating efficiently for the
correlated channels.

In Fig. 8, we further compare the proposed QRD-based
ED-TAS scheme and the proposed EVM-based TAS schemes
for a higher modulation order, where the 64-QAM scheme is
employed. Observe in Fig. 8 that the proposed QRD-based
ED-TAS scheme outperforms the EVM-based TAS scheme in
conjunction with K =1 and the corresponding performance
gain is seen to be about 1 dB. Similar to the results in Figs. 2
and 4, the EVM-based TAS associated with K = 3 provide
an improved BER compared to that scheme with K = 1. At
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Fig. 9. BER performance comparison of the TAS algorithms and of the
proposed TAS &PA algorithms in SM systems, having the transmit rate of
3 bits/symbol.

BER=107, the performance gap between the proposed EVM-
based TAS with K = 3 and the proposed QRD-based ED-TAS
becomes negligible.

The main conclusions observed from Figs. 2, 4 and 5-8 are:
(1) the proposed EVM-based TAS and QRD-based ED-TAS
schemes exhibit different BER advantages for different sys-
tem setups; (2) the proposed QRD-based ED-TAS is preferred
to the QAM-modulated SM schemes, since its complexity is
independent of the modulation order; (3) The proposed EVM-
based TAS is preferred to the PSK-modulated SM schemes,
since it can achieve the performance of optimal ED-TAS at
the reduced error vector set. (4) For the QAM-modulated SM
schemes, the parameter K of the proposed EVM-based TAS can
be flexibly selected for striking a beneficial trade-off between
the complexity imposed and the BER attained.

B. BER Comparisons of TAS Algorithms and TAS &PA
Algorithms for SM

In this subsection, we focus our attention on studying the
BER performance of our TAS&PA algorithms. Here, for the
low-complexity TAS&PA, the proposed QRD-based ED-TAS
as well as the EVM-based ED-TAS algorithms are utilized and
the corresponding algorithms are termed as the QRD-based
ED-TAS &PA and the EVM-based ED-TAS &PA, respec-
tively. Note that the EVM-based ED-TAS achieves the same
performance as the optimal ED-TAS for the PSK-modulated
SM schemes. The BER performances of other TAS algorithms
are similar to the results seen in Figs. 2, 4 and 5-8. Hence,
for clarity, when only pure TAS is considered, we simply
provide the corresponding BER curves of the proposed EVM-
based ED-TAS and of the conventional norm-based TAS as
benchmarkers.

Fig. 9 compares the BER performance of the proposed
TAS&PA arrangement to that of other SM-based schemes. In
Fig. 9, the parameter setup is Ny =6, L =4, N, =2 and
M = 2. It becomes clear from Fig. 9 that the TAS&PA algo-
rithms advocated outperform both the EVM-based ED-TAS and

1 00 T T T T T
—+— norm-based TAS of [13]
> —(Q— the EVM-based ED-TAS (optimal ED-TAS)
10_1 | —— proposed QRD-based ED-TAS &PA
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—— optimal TAS &PA
w 107} ;
aa]
m
107 3
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5 Transmit rate= 4 bits/symbol
10 . . . s SN . s
0 3 6 9 12 15 18 21 24 27 30
SNR(dB)

Fig. 10. BER performance comparison of the TAS algorithms and of the
proposed TAS &PA algorithms in SM systems, having the transmit rate of
4 bits/symbol.

10°
—O— conventional SM, 2x2, BPSK
. — <O - VBLAST, 2x2, BPSK
107! — 0 - VBLAST, TAS &PA [32]
—#&— SM, QRD-based ED-TAS & PA
—— SM, EVM-based ED-TAS & PA
) 102}
23]
m \CO)\
N
107} e}
AN
\O .
=} °
107} N \O AN
\ Q
\ N
N=4, L=2, N2, BPSK \ \O N
1 075 Transllnil rate= I2 bils/syr:]bol , , \|:| I I \Q
0 3 6 9 12 15 18 21 24 27 30

SNR(dB)

Fig. 11. BER performance comparison of the proposed TAS &PA algorithms
in SM systems and the conventional identical-throughput TAS&TA algorithm
in V-BLAST systems, where the throughput is 2 bits/symbol (N; = 4, N, = 2,
L =2).

the norm-based ED-TAS. At a BER of 10_5, the exhaustive-
search based optimal TAS&PA provides 9.5 dB and 4 dB SNR
gains over the norm-based ED-TAS and over the EVM-based
ED-TAS, respectively. Moreover, the low-complexity QRD-
based ED-TAS &PA provides about 4 dB SNR gain over the
EVM-based TAS operating without PA.

Fig. 9 also shows that the EVM-based ED-TAS &PA outper-
forms the QRD-based ED-TAS&PA and is capable of achieving
almost the same BER performance as the optimal TAS&PA.
The performance advantages of our schemes are attained as
a result of exploiting all the benefits of MIMO channels. The
above-mentioned trends of these TAS&PA algorithms recorded
for SM are also visible in Fig. 10, where a SM system using
Ny =6, L =4, N, = 2 and QPSK modulation is considered.

In Fig. 11, the BPSK-modulated V-BLAST scheme and its
TAS&PA-aided counterpart [32] associated with zero-forcing
successive interference cancellation (ZF-SIC) are compared to
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TABLE II
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COMPLEXITY COMPARISON OF DIFFERENT TAS-SM ALGORITHMS IN DIVERSE CONFIGURATIONS

TAS algorithm Configuration 1 Configuration 2 Configuration 3

(Ny=4, N =2 | (Ny=8 N, =4 | (Nt=8 N =2

L =2, 16QAM) L =4, QPSK) | L =2, 64-QAM)

Exhaustive ED-TAS [13] 13824 8512 1032192

Maximum-norm based TAS [21] 12 56 24

Conventional QRD-based ED-TAS [24] 2060 6029 38253

SVD-based ED-TAS [25] 102 588 444

Proposed QRD-based ED-TAS 82 596 340
84, K =1 360, K =1

Proposed EVM-based ED-TAS 180, K = 3 756 308, K = 3

Exhaustive TAS&PA 4626 46340 256788
Proposed QRD-based ED-TAS&PA 853 1004 9511
855, K =1 9531, K =1

Proposed EVM-based ED-TAS&PA 951, K =3 1164 9979, K =3

our TAS&PA based schemes. For maintaining an identical-
throughput, in Fig. 11 we let N, =4, N, =2, L =2 and use
BPSK for all schemes. Observe in Fig. 11 that our TAS&PA
based SM schemes outperform the TAS&PA aided V-BLAST
schemes by about 5-6 dB SNR at the BER of 107>,

C. Complexity Comparison

Table I shows the complexity comparison of various TAS
algorithms conceived for SM, where the total number of float-
ing point operations is considered. The Appendix provides the
details of our computational complexity evaluations for the pro-
posed TAS algorithms list in Table I. The complexity estimation
of the existing TAS algorithms can be found in [15], [23] and
[24]. Moreover, our complexity analysis is similar to that of
[23] and [24].

Explicitly, in Table II, the quantified complexity of different
TAS algorithms for some specific configurations are provided.
As shown in Table I, the proposed QRD-based ED-TAS has a
similar complexity order to that of the low-complexity SVD-
based ED-TAS of [23], while exhibiting a lower complexity
compared to the conventional QRD-based ED-TAS of [24].
For example, the proposed QRD-based ED-TAS imposes an
approximately 168 times and 25 times lower complexity than
the exhaustive ED-TAS and the conventional QRD-based ED-
TAS for configuration 1. This is due to the fact that it is capable
of avoiding the high-complexity QRD operation by directly
computing the bound parameters of Eq. (27). Moreover, as
shown in Tables I-II and Figs. 4-8, the EVM-based ED-TAS
advocated is capable of striking a flexible BER vs complexity
trade-off by employing the parameter K for diverse M-QAM
schemes. Furthermore, the proposed low-complexity TAS&PA
schemes impose a lower complexity than the exhaustive-search
based TAS&PA and only impose a slightly increased complex-
ity compared to the proposed EVM-based TAS and QRD-based
TAS schemes. By considering the BER vs complexity results
of Tables I-II and Figs. 9-11, the proposed low-complexity
TAS&PA is seen to provide an improved BER performance at
a modest complexity cost.

VII. CONCLUSIONS

In this paper, we have investigated TAS algorithms con-
ceived for SM systems. Firstly, a pair of low-complexity

ED-TAS algorithms, namely the QRD-based ED-TAS and the
EVM-based ED-TAS, were proposed. The theoretical analysis
and simulation results indicated that the QRD-based ED-TAS
exhibits a better BER performance compared with the conven-
tional SVD-based ED-TAS, while the EVM-based ED-TAS is
capable of striking a flexible BER vs complexity trade-off. To
further improve the attainable performance, the proposed TAS
algorithms were amalgamated with PA. A pair of beneficial
joint TAS-PA algorithms were proposed and our simulation
results demonstrated that they outperform both the pure TAS
algorithms and the TAS&PA algorithm designed for spatial
multiplexing systems.

APPENDIX

Computational complexity of the proposed TAS algorithms
designed for SM systems.

A. The Proposed QRD-Based ED-TAS

As detailed in Section IV-A, the calculation of the QRD-
based bound of Eq. (27) only depends on the elements of
the matrix H”H, which incurs a complexity in the order
of comp(H"H) = 2Nl2Nr — Ntz. Then, we can calculate the
values of Iék,k(l'[m), (m=1,2, k=1,2) in Egs. (30)-(33)
by reusing these elements for the different TAS candi-

dates H,. Specifically, the calculation of ,/|h,( j)||2, Jj=
1,---, N; for estimating 151,1(1'[,41), m = 1,2 in Egs. (30) and
(32) requires N; flops. Moreover, to calculate the values of
Rz,z(ﬂ,,,),m = 1,2 in Egs. (31) and (33), we have to con-
sider (IZ‘) possible combinations (i, j) for computing the value
of [ M@+ ()IE=2R (ha () hu ()}
I ()17
the complexity imposed is 5 flops. Hence, the complexity
of computing 152,2(1'[,,,), m=1,21is 5(1\2]’) flops. The overall
complexity of the proposed QRD-based ED-TAS is

. For each combination,

Cporp = 2N?N; — N7 + N; +5() (47)
= 2NN, + 3N, (N; — 1).

Note that based on Eq. (28), gModulus = gAPM g gall -+ g

. min min min
constants for a specific APM scheme and the calculation of

signal spatial .
dniign and dﬂﬁnl can also exploit the common elements, such

as [[hy, ()15 + IIhy (D% — 2R{hy, ()7 hy, ()}, [y, (D)%, in the
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calculation of the bound of dfr?iigt, as shown in Egs. (15) and

(16). Hence, the complexity imposed can be deemed negligible.

B. The Proposed EVM-Based ED-TAS

Similar to the proposed QRD-based ED-TAS, the com-
putational complexity of EVM-based ED-TAS is also domi-
nated by computing dfr?ilgt. Specifically, we also first have to
evaluate the elements ||hL,(i)||%-, ||hu(j)||%, and h, (1)7h,()),
which incurs a complexity of 2Nl2Nr — sz flops. Then,
for M-PSK, the simplified version of dﬂl?il:t is given in
Eq. (40), which has to consider (1\2,’) legitimate TA com-
bination (i, j). For each combination (i, j), the computa-
tion of the term my_psk(Hy,) of Eq. (39) has to consider
(% + 1) possible 6, values. For each 0,, the complexity of
evaluating |R{h, (i), (j)} cos 6, —I{h, () Th, (j)} sin 6, is
4 flops. Moreover, for a specific mypsk(H,) and a fixed
combination (i, j), the computation of |, (i) [|% + [lh, (j)||% —
2m p—psk (H,) in Eq. (40) requires 3 flops. Hence, the overall
complexity of the M-PSK modulated EVM-based ED-TAS is

CegyMm = 2N12Nr — N}2 + (1\2/’) {4 (% + 1) + 3}

48
—ON2N, - N2+ ANV S nr+7). Y

For the M-QAM scheme, this complexity depends on the
parameter K. Specifically, the simplified versions of a'f:l)il;n are
different for different values of K. In general, for a given K,
we first characterize all possible combinations of |s, |2 and |sp|%
by using the method of Section IV-B. Let us assume that the
number of these combinations is G. For each combination, we
can simplify Eq. (37) similar to the process of Eqgs. (43)-(44),
which corresponds to G simplified equations and each requires
15 flops, as shown in Eq. (37). Since () legitimate TA com-
binations (i, j) should be considered in Eq. (37), we arrive at a
complexity of 15G(1\2]’) for all possible combinations. Overall,
the complexity of the EVM-based TAS for M-QAM modulated
SM is

N,
Cevm = 2N2N, — N? + 150( ’). (49)

2

Note that the complexity of Eq. (49) is an approximate result,
which can be further refined based on the specific simplified
version of dﬂ:l)ilgt. For example, based on Egs. (41) and (43)
derived for K = 1 and K = 3, similar to the complexity anal-
ysis of M-PSK, the computational complexity orders of the
EVM-based TAS for K = 1 and K = 3 are
2 2 N
CevM-TAS = 2N/ N, — N} + 6( ) ), (50)

and
2 2 N
CevM-TAS = 2N/ N, — Nf +22 5 ) (51)

C. The Proposed PA & TAS

The exhaustive-search based TAS&PA algorithm has to cal-
culate all legitimate PA matrix candidates. According to Section

V, there are Ny = (IZ’) legitimate PA matrix candidates P, (u =
1,---, Ny), which can be obtained by using the method pro-
posed in [29]. The complexity of computing each PA matrix is
Cpa (Eq. (22) in [29]) flops. Hence, the associated complexity
of the exhaustive-search based TAS&PA algorithm is Ny Cpa
flops. By contrast, the low-complexity TAS&PA algorithm first
selects the optimal TA subset and then calculates the PA matrix
for the selected set. Hence, the associated complexity order of
the low-complexity TAS&PA algorithm is Ctas + Cpa flops,
where Ctas is the complexity of the TAS algorithm employed,
i. €. CEVM or CPQRD-
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Abstract—The benefits of transmit antenna selection
(TAS) invoked for spatial modulation (SM) aided multiple-input
multiple-output (MIMO) systems are investigated. Specifically,
we commence with a brief review of the existing TAS algorithms
and focus on the recently proposed Euclidean distance-based TAS
(ED-TAS) schemes due to their high diversity gain. Then, a pair
of novel ED-TAS algorithms, termed as the improved QR decom-
position (QRD)-based TAS (QRD-TAS) and the error-vector
magnitude-based TAS (EVM-TAS) are proposed, which exhibit
an attractive system performance at low complexity. Moreover,
the proposed ED-TAS algorithms are amalgamated with the
low-complexity yet efficient power allocation (PA) technique,
termed as TAS-PA, for the sake of further improving the system’s
performance. Our simulation results show that the proposed
TAS-PA algorithms achieve signal-to-noise ratio (SNR) gains of
up to 9 dB over the conventional TAS algorithms and up to 6 dB
over the TAS-PA algorithm designed for spatial multiplexing
systems.

Index Terms—Antenna selection, MIMO, power allocation,
spatial modulation, link adaptation.

I. INTRODUCTION

PATIAL modulation (SM) and its variants constitute a
class of promising low-complexity and low-cost multiple-
input multiple-output (MIMO) transmission techniques [1]-[5].
However, the conventional SM schemes only achieve receiver-
diversity, but no transmit diversity [6]. To circumvent this
impediment, recently some SM solutions have been proposed
[71-[11] on how to glean a beneficial transmit-diversity gain
both with the aid of open-loop as well as closed-loop transmit-
symbol design techniques.
As an attractive closed-loop regime, transmit antenna selec-
tion (TAS) constitutes a promising technique of providing a
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high diversity potential as offered by the classic MIMO archi-
tectures. TAS has been lavishly researched in the context of
spatial multiplexing systems [12]. As a new MIMO technique,
SM can also be beneficially combined with TAS. Recently,
several TAS algorithms have been conceived for the class of
SM-MIMO systems with the goal of enhancing either its bit
error rate (BER) or its capacity [13]-[20]. In [13], a norm-
based TAS algorithm was proposed for providing diversity gain.
In [14], a closed-form expression of the SM scheme’s outage
probability was derived for norm-based TAS. In [16], a two-
stage TAS-based SM scheme was proposed for overcoming the
specific constraint of SM, namely that the number of transmit
antennas has to be a power of two. In [17], a novel TAS crite-
rion was proposed for circumventing the detrimental effects of
antenna correlation. In [18], the joint design of TAS and con-
stellation breakdown was investigated and a graph-based search
algorithm was proposed for reducing the search complexity
imposed. In [19], a low-complexity TAS algorithm based on
circle packing was proposed for a transmitter-optimized spa-
tial modulation (TOSM) system, which trades off the spatial
constellation size against the amplitude and phase modulation
(APM) constellation size for improving the system’s aver-
age bit error probability (ABEP). The adaptive TAS algorithm
conceived for TOSM was further developed in [20], where
a low-complexity two-stage optimization was proposed for
selecting the best transmission mode.

More recently, the research of TAS-aided SM has been
focused on the optimization of the Euclidean Distance (ED) of
the received constellation points, since they achieve a high
diversity gain at a moderate complexity compared to other
TAS criteria [21]-[24]. Specifically, in [21] and [22] the ED-
based TAS algorithm (ED-TAS) was compared to the signal-
to-noise ratio (SNR)-optimized and capacity-optimized algo-
rithms, and a low-complexity realization of ED-TAS, termed
as the QR decomposition-based TAS (QRD-TAS) was pro-
posed. The QRD-TAS algorithm constructs an ED-element
matrix and exploits the QRD of the resultant matrix for reduc-
ing the imposed complexity. Moreover, in [24], the authors
exploited the rotational symmetry of the APM adopted for the
sake of reducing the complexity of QRD-TAS. Compared to
directly optimizing the ED, in [23], Ntontin et al. proposed
a low-complexity singular value decomposition-based TAS
(SVD-TAS) algorithm for maximizing the lower bound of the
ED. In [25], the complexity of SVD-TAS was reduced through
an alternative computation of the singular value. In [26], the
transmit diversity order of ED-TAS was quantified. In [27], the
authors proposed several low-complexity TAS schemes relying

0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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on exploiting the channel’s amplitude, the antenna correla-
tion, the ED between transmit vectors and their combinations
for selecting the optimal TA subset for the sake of improv-
ing the system’s reliability. However, as shown in [21]-[27],
the QRD-TAS achieves an attractive BER performance at the
cost of adopting high-complexity QRD operations, while the
low-complexity SVD-TAS may suffer some performance loss.

On the other hand, power allocation (PA) is another promis-
ing link adaptation technique for MIMO systems. Recently, PA
has been extended to SM systems [28]—-[31]. For example, in
[28], an adaptive PA algorithm based on maximizing the min-
imum ED was proposed, which is capable of improving the
system’s BER performance, while retaining all the single-RF
benefits of SM. Subsequently, this attractive PA algorithm was
further simplified in [29]. However, to the best of our knowl-
edge, the potential benefits of TAS intrinsically amalgamated
with PA have not been investigated in SM-MIMO systems.

Against this background, the contributions of this paper are:

1) We investigate the benefits of ED-TAS and propose a pair
of novel ED-TAS schemes for SM-MIMO systems. In
these schemes, we first classify the legitimate EDs into
three specific subsets and then invoke a carefully designed
upper bound as well as a set-reduction method for the
most dominant set imposing a high complexity.

2) Specifically, we propose an improved QRD-TAS, where
a tighter QRD-based lower bound of the ED is derived to
replace the SVD-based bound of [23]. A low-complexity
method is proposed for directly calculating the bound
parameters, in order to avoid the high-complexity QRD
or SVD operations of [21]-[24]. More importantly, com-
pared to the conventional SVD-TAS of [25], the achieved
QRD-based tighter bound can achieve a better BER
performance.

3) Moreover, for striking a flexible tradeoff in terms of the
BER attained and the complexity imposed, we propose
an error-vector magnitude based TAS (EVM-TAS), which
exploits the error vector selection probability to shrink
the search space. The relevant optimization metrics of
EVM-TAS are also derived for different PSK and QAM
schemes.

4) Finally, we intrinsically amalgamate the proposed ED-
TAS with the recently conceived PA technique of [29] for
fully exploiting the MIMO channel’s resources. A pair of
different joint TAS-PA algorithms are conceived, which
provide beneficial gains over both the conventional TAS
algorithms and over the TAS-PA techniques designed for
spatial multiplexing systems [32].

The organization of the paper is as follows. Section II intro-
duces the system model of TAS-based SM, while Section III
reviews the family of existing TAS algorithms designed for
SM. In Section IV, we introduce the proposed QRD-TAS and
EVM-TAS algorithms. In Section V, the joint design of the ED-
TAS and PA algorithms is proposed. Then, we carry out their
complexity analysis. Our simulation results and performance
comparisons are presented in Section VI. Finally, Section VII
concludes the paper.

Notation: (-)*, ()T and (-)# denote conjugate, transpose, and
Hermitian transpose, respectively. Furthermore, || - || stands
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for the Frobenius norm. I denotes a (b x b)-element iden-
tity matrix and the operator diag{-} is the diagonal operator.
R{x} and J{x} represent the real and imaginary parts of x,
respectively.

II. SYSTEM MODEL

Consider a SM system having N; transmit and N,
receive antennas, as depicted in Fig. 1. The frequency-
flat quasi-static fading MIMO channel is represented
by H=[h(1),h2), -, h(N)]~ CENQO, Iy, «n,), where
h(1),h(2),--- ,h(N;) are the column vectors corresponding
to each transmit antenna (TA) in H. The receiver first selects
L TAs according to a specific selection criterion. Then, the
receiver sends this information to the transmitter via a feedback
link. As shown in [23], let U, denote the uth legitimate TA
subset, where we have

Ui =1{1,2,---,L},
Up={1,2,--- L -1, L+1},

Uny ={N:—L+1,---, Ns}. ()
In Eq. (1), there are Ny = (]Z’) possible TA subsets, each of
which corresponds to an (N, x L)-element MIMO channel. As
shown in Fig. 1, b = [by, ..., by ] is the transmit bit vector in
each time slot, which contains m= log, (L M) bits, where M is
the size of the APM constellation. In SM, the input vector b is
partitioned into two sub-vectors of log, (L) and log, (M) bits,
denoted as by and b,, respectively. The bits in by are used for
selecting a unique TA index ¢ for activation, while the bits of
b, are mapped to a Gray-coded APM symbol slq € S. Then, the
SM symbol x € CL*! is formulated as
J qth
x:slqeqz[o,-~-,slq,---,O]T’ @)
where e, (1 < g < L) is selected from the L-dimensional basis
vectors (as exemplified by e; =[1,0,--- ,O]T). In the sce-
nario that U, is selected, the signal observed at the N, receive
antennas is given by

y = H,x + n, 3)
where H,, is the (N, x L)-element TAS matrix correspond-
ing to the selected TA set Uy, and n is the (N, x 1)-element
noise vector. The elements of the noise vector n are complex
Gaussian random variables obeying CN (0, Ny).

The receiver performs maximum-likelihood (ML) detection
over all legitimate SM symbols x € CL*! to obtain

o . 2 . q 12
k=argmin ly— Hux|lz =argmin |y —hu(@)s/ [ @)

where X is the set of all legitimate transmit symbols and h,, (q)
is the gth column of the equivalent channel matrix H,,. The
complexity of the single-stream ML detection of Eq. (4) is low,
since a single TA is activated during any time slot [34], [35].
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Fig. 1. The system model of the TAS-based SM system.

III. CONVENTIONAL TAS ALGORITHMS

This section offers a brief state-of-the-art review of the
existing TAS algorithms proposed for SM systems.

A. The Maximum-Capacity and The Maximum-Norm Based
TAS Algorithms

The capacity C,, of the SM-aided MIMO system depends on
the classic transmitted signal slq and the TA index signal e;. As
shown in [21], [33], the capacity Cs relying on the signal slq and
the channel H,, is lower bounded by

1 L 112
o= lom(+plh®Ip) <C O
where hy, (i) is the ith column of H,, and p is the average SNR
at the receiver. Moreover, the capacity Cta relying on the signal
€, is bounded by Cta < log,(L) [33]. It is proved in [33] that
the total capacity C,, = Cta + C; is bounded by
a < C, <a+logy(L), (6)
Based on the bound of Eq. (6), a maximum-capacity based TAS
algorithm was formulated in [21] as

H; =arg max «.

ue{l,- Ny}

(7

Based on Eq. (5), the optimization objective @ of Eq. (7) is
maximized by selecting the L TAs associated with the largest
channel norms out of the N; TAs, which is equivalent to the
maximum-norm based TAS [13] given by

®)

H; = ar max H,|>.
ii gue{l,-~-,NU} (IH,, |+

B. The Exhaustive Max-dmin Based ED-TAS

In order to improve the BER performance of SM, the free
distance (FD) dmin Was optimized in [21]. For a given channel
H,, its FD can be formulated as

dmin(H,) = min  ||H,(x; — Xj)”i“
x;,x;eX
X; #Xj

. 2 . HyyH
= min |H,e;;||,. = min e;>H 'H,e;; 9
e,'jeIE ” u®ij ”F e,'_,-eIE iju u%ij» ( )

Yy Y
o : 1\7: = //\/\ S
L out of N, J T Detection
L L Tl TNr
y
f:f Adaptive Unit
3
fg Channel TAS
% Information Algorithms
o
5%

where we have the error vector ¢;; = X; — X;, X;,X; € X. In
[21], the max-dpi, aided ED-TAS algorithm is defined as

H; = argL maxN }dmin(Hu)- (10)
ef{l,,Ny

{1,

The optimum solution obeying the objective function of
Eq. (10) can be found by an exhaustive search over all possi-
ble (') candidate channel matrices and all the different error
vectors, which imposes a complexity order of O(NtzM 2). This
results in an excessive complexity, when high data rates are
required.

C. The Conventional QRD-Based ED-TAS

In order to reduce the complexity of the exhaustive ED-TAS
of Eq. (10), in [21] an ED-TAS based on an equivalent decision
metric D(u) was formulated as:

H; =arg max {min[D()]}, (11)
uefl,- ,Ny}

where D(u) is an (L x L)-element sub-matrix of an upper tri-

angular (N; x N;)-element matrix D obtained by deleting the

specific rows and columns that are absent in u, while min[D(x)]

is the minimum non-zero value of D(u). Here, the (i, j) — th

element of D can be expressed as

' 2
D;; = min ||H(Slei —SZej)”F
51,52€S 2 (12)
= min_|lh(i)s; —h(j)s2ll%,
Sl,S2€§

where s; and s, are M-ary APM constellation points,

while h(i) and h(j) are the ith and jth columns of

H. Provided that we have i = j in Eq. (12), the corre-

sponding element becomes D;; = minS(||h(i)||% |s1 — sz|2) =
51,82€

inI;M ||h(i)||2 , Where dl‘gil;M is the minimum distance of the

APM constellation. For the case of i # j, D;; is re-formulated
in the real-valued representation of the QRD as

Dij = min
s11,521 €R{S},
510,520 GJ{S}

2
HR[SU, S10, =21, _SZQ]THFa (13)

where we have s,; = R{s,} and s,9 = JI{s,} for n =1, 2,
while R is a (4 x 4)-element upper triangular matrix created
by the QRD of the resultant channel matrix [21]. As shown in
[21], the complexity order of this QRD-TAS is O(NEM ), which
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increases only linearly with the modulation order M. In [22]
and [24], both the modulus and the symbol set symmetry of
the APM constellations were exploited for further reducing the
complexity of this algorithm.

D. The Conventional SVD-Based ED-TAS

Although the QRD-based ED-TAS of Eq. (13) is capable of
finding the optimal solution, its complexity imposed is a func-
tion of the modulation order M. Moreover, the high-complexity
QRD has to be applied to the (2N, x 4)-element channel matri-
ces [21], [22], [24]. Hence, the complexity of this TAS remains
high. This problem was circumvented in [23], where the ED
was classified into three categories as follows

. signal ,spatial ;joint
din(H,) = min {438 P g 4
where we have
signal . N2 2
i = _min_ [y )} ming, 2,65 150 — 55|
i=l,---,
; . 2 (15)
=dA™ min b, ()13
i=1, L
spatial . . 2 - )
dmin = min ”hu(l)_hu(])||pm1nsleS|sl|
i,j=1,-,L
i#] 06)
Modul . . N2
=dpin " min by (@) = by ()
i,j=1,-,L
i#j
joint . . . 2
dn = min [l (@Dse — b (Dspl7 -
ij=1,.,Li#] 17)
Sa,Sp,ES,a#b

In Eq. (16), the term dnl\ﬁ‘r’]d“ms = mirsl Is;|2 is the minimum
NS

squared modulus value of the APM constellation. Since the
calculations of @€ and @ in Egs. (15) and (16) do not

depend on the sirznénof APMmércl)nstellation and the correspond-
ing complexity is low, the complexity of computing the FD of
Eq. (14) is dominated by the computation of dﬂr?ilgt in Eq. (17).
To reduce this complexity, in [23] the Rayleigh-Ritz theorem
was utilized for driving a lower bound of dfr?ilrr:t as

joint . . 4 2
A = min @), —he (DIlsa 5517 | 3
i,j=1,~,L,i#j
Sa,SpES,a7#b

> dSVD—bound

= “min ,

= mir}‘ ” A2 (Hyij) SHI’IS)I;S ” [5a> sp]" Hzp

i,j=1,---,L,i#j
= min A2, (H,;;)d™
T mln( MJJ) min (18)
where we have dﬁ}iln= mirelS H[sa,sb]THi and H, ;; =
Sa,Sh
[h, (i), —h,(j)] is an (N, x 2)-element matrix. Here,

Ainin(Hy,i7) is the minimum squared singular value of the
submatrix H, ;;. Upon exploiting Eq. (18), the distance
dmin(Hy,) of Eq. (14) is bounded by

SVD - signal ,spatial ;SVD—bound
dmin (H,) = Inln{dmin ’ dmin ’ dmin }-

19)
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Based on Eq. (19), the SVD-TAS algorithm is given by

dSVD (HM ) i

H; = argue{fnﬁxN in (20)

,Nu}
Compared to the conventional QRD-based TAS, this bound-
aided algorithm has the following advantages:

e Using the SVD-based bound of Eq. (18), the calcula-
tion of the distance dfgilgt is independent of the APM
modulation order;

e Moreover, the SVD operation of Eq. (18) is performed
on the smaller channel matrices of size (N, x 2) com-
pared to the QRD-based ED-TAS, which is performed on
(2N, x 4)-element matrices. In [25], the complexity of
SVD-TAS [23] was further reduced through an alternative
computation of the singular value.

IV. THE PROPOSED LOW-COMPLEXITY ED-TAS

As shown in subsection III, the conventional QRD-based
ED-TAS is capable of achieving the optimal BER, but it
imposes high complexity. In contrast, the SVD-based ED-TAS
imposes a lower complexity at the cost of a BER performance
degradation, because the derived bound may be loose and the
corresponding TAS results may be suboptimal.

To circumvent this problem, in this section, a pair of ED-TAS
algorithms are proposed. Specifically, an improved QRD-TAS
is proposed, where a tighter QRD-based lower bound of the
ED is found for replacing the SVD-based bound of [23], while
the sparse nature! of the error vectors of SM is exploited to
avoid the full-dimensional QRD operation. Then, for striking
a further flexible BER vs complexity tradeoff, we propose an
EVM-based ED-TAS algorithm, which exploits the error vector
selection probability to shrink the search space.

A. The Proposed QRD-Based ED-TAS

1) The QRD-Based Bounds: To evaluate the value of dﬂgilgt
more accurately, in this paper, we apply the QRD-based bound
to replace the SVD-bound of Eq. (18). Specifically, the sub-
matrix H, ;; of Eq. (18) is first subjected to the QRD [38],

yielding H, ;; = Qf{ where Q is an (N, x 2) column-wise
orthonormal matrix and R is a (2 x 2) upper triangular matrix
with positive real-valued diagonal entries formulated as

R= Ri1 Rio .
0 Ryp

Let [ﬁ]k = Iék,k denote the kth diagonal entry of R. Based
on this decomposition, another lower bound of the distance

@

dfr?::t in Eq. (18) can be formulated as
joint QRD—bound
dmin = dmin < 5
= min RJ2. } min ||[sq,s
ivjzl,"-,L,i#_j{[ ]mm saspES ”[ a b]”F ,
= min RJ2. gl
i,j:l,m,L,i;ﬁj{[ Lin}min )

n SM, the transmit vector x only has a single non-zero element, hence the
number of non-zero elements of the error vectors €;; of SM is no more than 2.
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where [R]rznin
of the upper matrix R, given by

is the minimum squared nonzero diagonal entry

[ﬁ] . =min{R51’1,I§2,2}. (23)
min

Lemma 1: For an (N, x 2)-element full column-rank matrix
H, ;; associated with its minimum squared singular non-zero

value )‘mm(Hu ij) for SVD and its minimum squared diag-
onal non-zero entry [R]Iznln of R for QRD, respectively, the

inequality [R]mln > mm(Hu ij) is satisfied.

According to the analysis process in Section III of [38], the
formulation of Lemma 1 is straightforward. As a result, the
lower bound of Eq. (22) achieved by the QRD is tighter than
that of the SVD algorithm in Eq. (18).

To derive an even tighter upper QRD bound than that of
Eq. (22), the permutation matrix II,, can be invoked for

calculating o of Eq. (22) as

min

= min [, R T e 50| 4
i,j=1,--,L,
i#Jj,5q,SpES

where II,, is an orthogonal matrix satisfying l'[;1 = I'IZ,.

Since the size of the channel matrix H, ;; = [h, (i), —h, (j)]
is N, x 2, we only have two legitimate permutation matrices
M, € C**? m = 1,2, namely

10 01
l'[1=|:01:|and l'[2=|:10:|.

For each matrix II,,, similar to Eq. (22), the corresponding
QRD-based bound is

(25)

2 2
t . ~ .
itz min AR,] 4 min Mg )" |
i,j=1,-,L,i#]j min | s,,55€S F
Nk all
= [Ra] i, (26)

where R,, is the upper triangular part of the QRD of
the equivalent matrix Hy ;;II,,. Note in Eq. (26) that
the permutation matrix does not change the distance

of “H;[Saasb]”i and we have HSI;I,IGIS ||H£,[Sa,sb]T||i _

Smm ” [5q, 5517 || F—da”

2., For the permutation matrices given

in Eq. (25), we can obtain two different values Ry Imine
(m =1,2), which are given by [Rl]mm = m1n{R1 1(IIy),
Rya(My)} and [Rolmin = min{Ry,1(T), Ry 2(ITy)}. Here,
Ry1(I1,,) and Ry 2(IT),), m = 1,2 are the diagonal elements
of I~{m.

Remark: The bound of Eq. (22) constitutes a special case of
the bound of Eq. (26), which can be obtained by setting m = 1.

Based on Eq. (26), an improved QRD-based upper bound of

the distance dJO-l:llt is given by
dJOlm

dQRD —bound_P
min =

min
27
= min

R 2 dal]
i.,j:1,~~,L,l75j{[ QRQ_P]mm} min*

where we have [IiQRQJa]Iznin = max{[lil]ilin, [Rg]zmin}.

Lemma 2: For an (N, x 2)-element full column-rank
matrix H, ;; having a minimum squared diagonal non-zero
entry [Ii]2 for its QRD and a value of [RQRQ P]mm =
max{[Rl]mm, [RZ]rznin} based on the pair of legitimate permuta-
tion matrices II,, € (szz m = 1, 2, respectively, the inequal-
ity [Roro_p1%;, = [RI2, is satisfied.

Since we have [R]Izn in [R1 ]mm, Lemma 2 can be obtained.

2) The Proposed QRD-Based ED-TAS: According to
Lemma 2, the QRD bound of Eq. (27) is tighter than that
of Eq. (22). Hence, we use this tighter bound to derive the
proposed QRD-based ED-TAS as

H; = arg max

ME{I,-",NU} min min

{ drs;‘ig;lal’ dspatlal’ dQRD bound_P} . (28)
Note that the complexity of the QRD-based TAS is domi-
nated by the computation of [ﬁm]min. In general, the full QRD
can be adopted in Eq. (26) for solving Eq. (27). However, this
may impose a high complexity. In order to reduce this com-
plexity, for a fixed channel H,, ;;, we found that the value of
[ﬁm]min only depends on the diagonal entries of ﬁm, namely
Iék,k(l'[m)(k = 1, 2), which can be directly calculated as [38]

det[(G(1 : k)P G : k)]
det[(GU : k —1)HGA : k-1’

[Ry Ik = Ry (T) =\/ (29)

where G(1:k) denotes a matrix consisting of the first k
columns of Hy, ;; I1,,. In the classic V-BLAST systems, the cal-
culation of Eq. (29) suffers from the problem of having a high
complexity [38]. In SM, the number of non-zero elements of
the error vectors of SM is up to 2. This sparse character leads
to the simple sub-matrix H, ;; = [h, (i), —h,(j)] € C¥*2 and
hence the values of Iék,k(l'lm)(m = 1,2,k =1, 2) are given by

Ri () =/ [h()IF, (30)
(i) = \/ a1 + Iy ) — 2R ()" hu ()}
’ b, (i) 1%
(31)
Ry1(I) = /I ()15 (32)
and
~ O3+ (D13 —2R (hy, () hy, ()}
Ry (IIp) = — (33)
’ [Ty ()Nl

The complexity of our proposed QRD-TAS of Eq. (28)
is dominated by the computation of Iék,k(Hm), m=1,2. In
SM, these values only depend on the values of ||hu(i)||%,
Ilhy, (j) ||%- and h, (i)"h,(j), which are elements of the matrix
H”H, as shown in Egs. (30)-(33). Based on this observa-
tion, we can calculate the values of Rk,k(nm), m=1,2 by
reusing these elements for the different TAS candidates H,,,
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TABLE 1
COMPLEXITY COMPARISON OF DIFFERENT TAS ALGORITHMS FOR SM SYSTEMS

TAS algorithm [

ED Optimality

Computational complexity ]

Exhaustive ED-TAS [13]

optimal N (5N, — HM?

Maximum-norm based
TAS of [21]

sub-optimal

2Nt Ny — Nt

Minimum-correlation
based TAS of [15]

sub-optimal

2NNy — NP+ 3NNy — 1)

Conventional QRD-based
ED-TAS of [24]

optimal 2N; Ny — Ny +32N; (N; —1)(Ny — %)ﬁ

(N g ppr =M for PSK, N g pyy=4 for QAM)

Conventional SVD-based
ED-TAS of [23]

sub-optimal

NNy — Ny + 2N - Dy - D

Simplified SVD-TAS [25]

sub-optimal

NN N, 4 11) + Ny@Ny — 1)

Proposed QRD-based

sub-optimal

2NZN, + 3N/(N; = 1)

ED-TAS
Proposed EVM-based M-PSK: optimal | 2NN, — N2 + IN;(N, — Y(M +7)
sub—optimal, K <v 2 2, 15
ED-TAS M—QAMI™ il K=o 2NNy = N} + RGN (N = 1)
Exhaustive TAS&PA — (7)) Cpa
: CpQrD + Cpa

Low-complexity TAS&PA e C + Cpa =

W plexity TAS PA CEVM + CPA

hence the resultant complexity is considerably reduced com-
pared to the conventional QRD-based ED-TAS, as will show in
Table I.

To confirm the benefits of the QRD-based bound derived in
Eq. (27), Fig. 2 shows the BER performance of the proposed
QRD-based ED-TAS algorithm in contrast to the existing SVD-
based ED-TAS of [23]. Moreover, we add the performance
of the norm-based TAS of [13] and of the exhaustive-search
based optimal ED-TAS of [21] as benchmarks. In Fig. 2, the
number of TAs is set to Ny =4, where L =2 out of N; =
4 TAs were selected in these TAS algorithms. As expected,
since the proposed QRD-based ED-TAS has a tighter bound,
in Fig. 2 it performs better than the SVD-based ED-TAS.
Quantitatively, observe in Fig. 2 that this scheme provides an
SNR gain of about 1.2 dB over the SVD-based ED-TAS at
the BER of 107>, In Fig. 2, we also observe that the QRD-
based ED-TAS achieves a near-optimum performance, where
the performance gap between the proposed QRD-based ED-
TAS and the exhaustive-search-based optimal ED-TAS is only
about 0.2 dB. We will provide more detailed comparisons about
the BER and the complexity issues in Section VI.

B. The Proposed EVM-Based ED-TAS

In this section, for striking a further flexible tradeoff in terms
of the BER attained and the complexity imposed, we propose
an EVM-based ED-TAS algorithm. The proposed EVM-TAS
directly calculates the value of dnin(H,,) for the specific TAS
candidate H,,, rather than exploiting the equivalent decision
metric of Eq. (13) or the estimated bound of (18). Specifically,
we will derive simple optimization metrics for both PSK and
QAM constellations, where the error-vector selection probabil-
ity is exploited for reducing the search space.

1) The Calculation of dmin(H,) in EVM-Based ED-TAS:
Specifically, the M-PSK constellation can be expressed as
Spsk = {e/ i, m =0,---, M — 1}, and the symbols of the
rectangular M = 4 QAM constellation belong to the set
of [36]

10°
—O— conventional SM, 2x2, 16QAM
—l— optimal ED-TAS of [24]
: —+}— norm-based TAS of [13]
100k V' -SVD-based ED-TAS of [23] [25]| J
—O— proposed QRD-based ED-TAS
-2 L p
10
=4
m
@107 3
| \O ]
10
N4, L=2, N,=2, 16QAM \)
Transmit rate= 5bits/symbol
107 L L L L L ]

0 3 6 9 12 15 18 21 24 27 30
SNR(dB)

Fig. 2. BER performance comparison of the existing TAS algorithms and the
proposed QRD-based ED-TAS algorithm. The setup of the simulation is based
on Ny =4, N, =2, L =2 and 16-QAM. The transmit rate is 5 bits/symbol.

1
Soam = —=={a+bj,a —bj, —a+bj, —a — bj}, (34)

~/ Bk
where we have B = %(4" —1)anda,be{l,3, - 2k 1}.
Similar to Eq. (14), the calculation of dpyin(H,) is parti-
. . . ysignal  spatial
tioned into three c.asels. dniin R dmm1
Eqgs. (15)-(16), &5

min

APM dAM a5 [39]

min

joint .
and d; °. As shown in

depends the minimum distance of the

M — PSK
M — QAM °

for

)
JAPM _ {44$1n (m/M) o 35)

min =
Bk

. spatial . ..
while dnﬁn relies on the minimum squared modulus value

d%fld“lus of the APM constellation as

M — PSK
M — QAM"

for

for (36)

min 2

dM_odulus — { 1
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Based on Eqgs. (35) and (36), the complexity of computing the
values of d;lgn“ al and dﬁiﬁal in Egs. (15)-(16) may be deemed
negligible. Hence, we only have to reduce the complexity of
computing @™ which can be achieved as follows:

min °
joint—EVM . . . 2
diyin = min  [h@)se —h(DspllE
i,j=1,,L,i#]j
Sa,SHES (37)
: 2 12 2 12
= min (sl @3+ Isp Iy ()13 — 2map.
i,j=1,--,L,
i#],Sa,sp€S

where we have mapy = fR{sfsbhu (i)h, (j)}, which relies on
the specific APM scheme adopted. Next, we will derive the sim-
plified metrics dﬂg;:thVM for the general family of M-PSK and
M-QAM modulated SM systems.

2) Simplification for M-PSK Schemes: For a pair of
M-PSK symbols s, = e/ %7 and sp=el o , the possible values
of sHs, obey e/ 7, (b —a) € (—(M — 1), --- , (M — 1)}.
As aresult, mapym of the general M-PSK scheme obeys:

mapm € {R{h, ()7 hy, (j)} cos 6, —I{h, ()T h, ()} sin6,},

(38)
where 6, = 2% n = —(M — 1), --- , (M — 1). Since the min-
imum ED is considered in Eq (37), only the maximum value

of mapm needs to be considered, which is given by Eq. (39),
shown at the bottom of the page. As shown in Eq. (39), the num-
ber of possible 6, values is reduced from 2M — 1 to % + 1.

According to Eq. (39), |s,|* =1 and |sy|* = 1, the distance
oM EVM o Eq. (37) is simplified for M-PSK as follows:

min

join=EVM_
dmin -

min [lhy ()17 + 1y ()17 =2m ppsk (H,).
i j=1,-,L,
isij
(40)
Example: The constellation points s, and s, of
BPSK and QPSK modulation schemes belong to the
set  Sppsk = {1} and  Sgpsk={=%l,*j}, respec-
tively. Based on Eq. (39), the corresponding optimized
metrics mpy_psk(H,) = maxmapy are simplified to
may—psk(H,) = [R{b, ()Th,(j)}|  and  ma_psk(H,) =
max{|R{hy (i) hy, ()}, [3th ()Tl (7)) |}, respectively.
As shown in Egs. (37)-(40), since we have |s, =1, s> =

1 and a reduced set sf sp for M-PSK constellation, the com-
djoint—E VM
min

9

plexity of calculating is low, as it will be shown in
Table I.

3) Simplification for M-QAM Schemes: When M-QAM
constellations are considered, the calculation of di?ilgt_EVM in
Eq. (37) becomes substantially complicated, because there are
many combinations of the values of |sa|2, Isbl2 and sf sp in
Eq. (37), which lead to different received SM-symbol distances.
To derive a simplified optimized metrics for M-QAM, we first

introduce the following Lemma.

] — — —
[ Je4Qam| | I
|| 7320aM )
0.99
. I 160AM
2 I 3QAM
S 098} 8
3
o
G
o
> 097} .
z
Ne)
£ 096¢ 1
o
=
H
0.95+ B
0.94L ‘ ‘ .
0 1 2 3 4 5

K values

Fig. 3. The statistical probability of the norm error vectors relying on K mini-
mum moduli, yielding the optimal ED-TAS solution, where the system setup is
Ny =4, N, =2and L =2.

Lemma 3: It is highly likely that an error vector associated
with a small norm value yields the FD value of Eq. (9). Thus,
the search space to be evaluated for finding the FD can be
reduced to a few dominant error vectors having small norm
values.

Proof: Based on the Rayleigh-Ritz theorem of [37], for
a fixed channel matrix H, ;; and a given error vector e;;,
the distance amongst the received symbols is bounded by
M i) e [* = [Huei |* = 22, (Hu i) Jeis
22 (Hy ;) is the maximum squared singular value of the sub-
matrix H, ;; = [h, (i), —h,(j)]. It may be readily shown that

the values of Aﬁm(Hu,ij) and Ailin(Hu,,-j) are constants for

2
, where

a fixed channel realization H, ;;, while the value of ||e,- I ”2
depends on the specific APM constellation points. Based on the
bound above, it is highly likely that an €;; with a small norm
yields low upper bound and lower bound. Hence it has a high
probability of generating the FD value, as it will be exemplified
in Fig. 3. |

Based on Lemma 3, for the sake of striking a beneficial
trade-off between the BER performance and complexity for
M-QAM, the search space is limited to the error vectors hav-
ing small modulus values and only these vectors are utilized to
compute the FD metric. Specifically, we first evaluate all possi-
ble modulus values T1, T», T3, - - - , T, of all the legitimate error
vectors €;;, then we find the K smallest Tx from the full set
of {T7, Tz, T3, - - - , T} and only consider the set of e;; having
moduli lower than Tk to compute dmin(H,). In this process,
the error vectors can be divided into the pair of sub-sets | and
D, based on their sparsity, where D contains the error vectors,
which have only a single non-zero element, while D contains

mpy—psk(Hy,) = max mapm =

= max
ne{0,--- .M

1}{5R{hu (i)"hy, (j)}cos0,—I{h, (i) h, (j)}sinG, }
/4}{|:R{hu<i)Hhu(j)}cos On —3{h, (), (j)} sin 6, |}

max
nef-(M—1),- .M~

(39)
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the error vectors, which have two non-zero elements. As will
be shown in our simulation results, K = 3 is a good choice
for diverse configurations, hence we only provide the simplified
dOMTEVM g0l K < 3 as follows.

expressions of d
For K =1, according to the M-QAM

tion of Eq. (34), only error vectors having T = '/ﬁik
and D, are

constella-

are considered and the associated sets DD

i =L . el i=1,---
given 1 by D) = m{:l:2e,, +2je;},i =1, , L and
D2 = - (GEL £ Ler — Gl & el iy j =1, L0 #
J» respectively, where e; and e; are the active TA selection

vectors in Eq. (2). Since only the minimum ED is considered,
the set D can be reduced to D = ﬁ{Zei},i =1,---,L.

Moreover, based on the set Dy, it is find that the elements s,

L i
and2s;, belong to thezreduced set m{:l:l =+ 1j} and we have
| =

15 ﬂ% Isp)? = 7 and silsy € ﬁl{il, +1j}. Substituting

these values into Eq. (37), we get the simplified optimized
metric for K =1 as

djoint—EVM_ .
min, K=1 = min
i,j=l, L,

i#],

7 Iy D7 + 5 I (D1 F=2m 70 o

(41)
where we have

K=1
mM7QAM= max maApM

2 2
= max {— R0, )0 ()] - ]J{hua)"hu(j)}(} L @)
Bk Bk

For the case of K = 2, all the error vectors €;; having mod-

uli lower than 7, are used for FD calculation. Compared to
I

K =1, we have to consider the added error vectors ﬁ{:ﬂ +
2je;}i=1,---,L) having T, = /%, which belong to D

and do not change the set D,. After eliminating all collinear
elements, the set D; of K = 2 is reduced to ﬁ{Zei, +2 +
2je;},i =1,---, L. Moreover, since only the minimum dis-
tance is investigated, the set is further reduced to D; =
\/#Fk{Ze,'},i =1,---, L, which is the same as that of K = 1.
Therefore, the setups of K =1 and K =2 will provide the
same FD din (Hy,).

Moreover, for
error vectors ej;

the case of K =3, besides the
for K =2, the error vectors having

T3 = }3—2 should be considered, which are given by
ﬁ{(:ﬁ £ 1j)e; — (£1 £ 1j)ej, (£1 £3j)e; — (£1 £ 1j)e;},
i,j=1,---,L,i # j.For these added error vectors, we have
sHs, e ﬂik{:i:2 =+ 4j, &4 £ 2j} and two legitimate combinations

10

of the values of |s,|? and |sp|* as: (1) |s.|* = %, lsp|? = B
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and (2) |sq1? = 2, |sp|? = =. For each combination, similar
to the process of Eqgs. (41)-(42), we can substitute the values
of |s4|%, Isp|* and s/s, into Eq. (37) and get the simplified
optimized metric for K = 3 as

joint—EVM . joint—EVM jjoint—EVM jjoint—EVM
Ain k=3 =min{d w1 dyin ) 2 dnine) )
(43)
joint—EVM joint—EVM . .
where d| . ) and d, . @ are the simplified ED for the

above-mentioned two combinations, given by Eq. (44), shown
at the bottom of the page.

4) The Proposed EVM-Based ED-TAS: Based on the sim-
plified versions of dfr(:il;n_EVM for M-PSK and M-QAM
schemes derived in Eqs. (41) and (43), the solution of our
EVM-based ED-TAS algorithm is given by

H; = arg (45)

max { min > “min > ““min

dsignal dspatial djoint—EVM}.
uefl,- Ny}

Note that similar to the proposed QRD-TAS, the terms
Iy, ()17 Iy (Il and h, ()7, (j) in Egs. (40)-(44) are
elements of the matrix H”H. Then, we can find the solu-
tion of Eq. (45) by reusing these elements for different TAS
candidates H,,.

Fig. 3 shows the probability that the error vectors having the
minimum norm do result in finding the optimal ED-TAS solu-
tion as a function of K. For example, we have a probability
of 97% for 16-QAM modulated SM for K = 1 using N; = 4,
L =2 and N, = 2. Moreover, it is observed from Fig. 3 that
this probability is also high for other QAM schemes; hence the
EVM-based ED-TAS can be readily used in diverse scenarios.
In general, for striking a flexible BER vs complexity tradeoff,
we can adjust the parameter K to reduce the search space to a
subset of the error vectors that may yield the optimal ED-TAS
solution with a high probability.

Note that in [17] a PEP-based TAS (PEP-TAS) algorithm was
proposed, which was based on a different search set reduction.
The main differences of the proposed EVM-TAS and the PEP-
TAS of [17] are:

e The PEP-TAS is based on the assumption that a smaller
APM symbol amplitude leads to a smaller distance dfr(l)ill?t,
whereas based on our analysis it is highly likely that an
error vector with a small norm yields the distance dﬂsilgt.
e Moreover, in EVM-TAS, we propose to use the parameter
K for striking a flexible tradeoff between the conflicting
factors of the computational complexity imposed and the
attainable BER.

Remark: Compared to the EVM-TAS, the PEP-TAS con-
siders only the error vectors generated by M-QAM symbols
having the minimum amplitude. It can be shown that the non-
linear error vectors of the PEP-TAS are the same as those of the

(44)

joint—EV M . . . _
domiy = min 2 @13 + 120 I )HI% — 2mE=%
ij=1,,
i#]
joint—EV M . 10 2 ) i _
dyine) = min g I D11 + 5 I (DIF = 2my=pam
ij=1-,
i#]

My =l Ay = Max ﬁ {[2R {0 () ()} +[49 (e () Ty ()}

)

4R{hy () T hy ()} +[29thy () Th, ()} |}
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Fig. 4. BER performance comparison of the existing TAS algorithms and the
proposed EVM-based TAS algorithm for Ny = 4, N, = 2, 16QAM and L = 2.
The transmit rate is 5 bits/symbol.

EVM-TAS associated with K = 1. Therefore, it can be viewed
as a special case of EVM-TAS by setting K = 1.

Fig. 4 shows our BER comparison for the existing TAS
algorithms and the proposed EVM-TAS algorithm. The sim-
ulation parameters are the same as those of Fig. 2. Firstly,
as proved in Section IV-B and observed in Fig. 3, the prob-
ability that the error vectors do indeed result in the optimal
ED-TAS solution is the same for the cases of K = 1 and K = 2.
Hence, they provide the same BER performance, as shown in
Fig. 4. Furthermore, we observe in Fig. 3 that this probabil-
ity is increased from 0.975 to 0.998 upon increasing K from 1
to 3. As a result, in Fig. 4 the performance of the EVM-based
ED-TAS associated with K = 3 is improved compared to that
scheme with K = 1. Moreover, compared the results in Figs. 2
and 4, the EVM-based ED-TAS outperforms the SVD-based
ED-TAS for K = 3.

V. JOINT TAS AND PA ALGORITHMS FOR SM

Similar to the TAS technique, PA is another attractive link
adaptation technique conceived for SM, which has been advo-
cated in [7], [11], [28], [29]. The process of PA can be modeled
by the PA matrix P, which is given by

(46)

P:dlag{plv 7pL}1

,pq,...

where p, controls the channel gain of the g¢h TA. Here, we let
Zézl pg = 1 for normalizing the transmit power. Based on our
TAS algorithms, we propose a pair of combined algorithms for
jointly considering the PA and TAS as follows:
1) TAS&PA
e Step I: Each (N, x N;) channel matrix H has Ny =
(12') possible subchannel matrices H,, each of
which corresponds to a specifically selected (N, x
L) MIMO channel. For each H,,, we calculate the
corresponding PA matrix P, and its FD with the aid
of the algorithm of [29].
e Step 2: The particular combinations of H, P, (u =
1,---, Ny) constitute the legitimate TAS&PA

candidates. Let us interpret the matrices H,P,
(u=1,---, Ny) as being the equivalent channel
matrices of Section IV and select the specific can-
didate with the maximum free distance as the final
solution.
Since for each channel realization H, there are Ny pos-
sible PA matrices P,(u = 1, ---, Ny), we have a high
computational complexity if Ny is high. Next, we intro-
duce a lower-complexity solution for this joint TAS and
PA algorithm.

2) Low-complexity TAS&PA

o Step I: Assume P, =Ip(u=1,---, Ny) and use
the proposed low-complexity QRD-based ED-TAS
or the EVM-based ED-TAS algorithm to select a
particular subset of TAs from the set of options,
which corresponds to Hj;.

e Step 2: Calculate the power weights for the selected
TAs, which can be represented by the PA matrix P;;.
During this step, the low-complexity PA algorithm
of [29] can be invoked. In the simple TAS&PA, the
PA matrix only has to be calculated once, hence the
associated complexity is low.

VI. SIMULATION RESULTS

In this section, we provide simulation results for further char-
acterizing the proposed QRD-based ED-TAS, EVM-based ED-
TAS and TAS&PA schemes for transmission over frequency-
flat fading MIMO channels. For comparison, these performance
results are compared to various existing TAS-SM schemes of
[13], [21], [23], [25], to the classic TAS/maximal-ratio combin-
ing (TAS/MRC) schemes of [40], as well as to the TAS&PA
aided V-BLAST of [32]. In our simulations, the single-stream
ML detector of [34], [35] is utilized.

A. BER Comparisons of Different TAS Algorithms for SM

In Fig. 5, we compare the BER performance of various TAS-
SM schemes for 4 bits/symbol associated with N; = 8, L =4,
N, = 4 and QPSK. We also considered the conventional single-
RF based TAS/MRC arrangement of [40] as benchmarker. As
seen from Fig. 5, the proposed QRD-based ED-TAS outper-
forms the conventional SVD-based ED-TAS of [23], as also
formally shown in Fig. 2. Moreover, as expected, in Fig. 5
the EVM-based TAS is capable of achieving the same per-
formance as the optimal ED-TAS of [21]. We also confirm
that our proposed EVM-based ED-TAS schemes outperform
the norm-based TAS of [13] and the QRD-based ED-TAS pro-
posed for PSK modulation. These results are consistent with the
analysis results in Section IV, where the EVM-based TAS has

considered all legitimate error vectors for simplifying @5 in

Eq. (40), while the QRD-based ED-TAS may achieve uncorrect
estimation of dfr(l)ilm
Eq. (27).

Fig. 5 also shows that our new TAS-SM schemes outper-
form the TAS/MRC scheme of [40]. The main reason behind
the poorer performance of TAS/MRC is the employment of

a higher modulation order required for achieving the same

o due to the employment of lower bound of
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Fig. 5. BER comparison at m = 4 bits/symbol for the proposed TAS-SM
schemes, the existing TAS-SM schemes and the classic TAS/MRC scheme
having Ny =8 and L = 4.
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Fig. 6. BER comparison at m =4 bits/symbol for the proposed TAS-SM
schemes, the existing TAS-SM schemes and the classic TAS/MRC scheme
having Ny = 16 and L = 4.

throughput as our SM-based schemes. Note that this benefit
depends on the particular MIMO setups. To be specific, as noted
in [23], the TAS-SM and the TAS/MRC schemes exhibit dif-
ferent BER advantages for different system setups. However,
similar to the results achieved in [23], our new TAS-SM
schemes strike an attractive tradeoff between the complexity
and the BER attained. The above-mentioned trends of these
proposed TAS-SM schemes are also confirmed in Fig. 6, where
the number N, of TAs increases from 8 to 16.

In Fig. 7, a spatially correlated MIMO channel model charac-
terized by H'" = R}?HR./? [24], [41] is considered for the
proposed QRD-based ED-TAS and EVM-based TAS (K = 3)
schemes, where R; = [r;j]n,xn, and R, = [r;j]n, xn, are the
positive definite Hermitian matrices that specify the transmit
and receive correlations, respectively. In Fig. 7, the compo-
nents of R, and R, are calculated as r;; = r; = ri=ifori < j,
where r is the correlation coefficient (0 < r < 1). Here, the
simulation parameters are the same as those of Figs. 2 and 4
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Fig. 7. BER comparison of different TAS algorithms for SM systems in
correlated Rayleigh fading channels.
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Fig. 8. BER comparison at m = 7 bits/symbol for the proposed QRD-based
ED-TAS and EVM-based ED-TAS with 64-QAM.

for 5 bits/symbol transmissions. We found that the BER curves
of the EVM-based TAS schemes and of the optimal ED-TAS
are almost overlapped (similar to the results seen in Fig. 4),
hence for clarity in Fig. 7 we simply provide the BER curves
for the EVM-based TAS schemes only. Compared to the BER
curves in Figs. 2 and 4 for the correlation coefficient r = 0, we
observe in Fig. 7 that the BER performance of all schemes is
substantially degraded by these correlations. However, the pro-
posed schemes remain capable of operating efficiently for the
correlated channels.

In Fig. 8, we further compare the proposed QRD-based
ED-TAS scheme and the proposed EVM-based TAS schemes
for a higher modulation order, where the 64-QAM scheme is
employed. Observe in Fig. 8 that the proposed QRD-based
ED-TAS scheme outperforms the EVM-based TAS scheme in
conjunction with K =1 and the corresponding performance
gain is seen to be about 1 dB. Similar to the results in Figs. 2
and 4, the EVM-based TAS associated with K = 3 provide
an improved BER compared to that scheme with K = 1. At
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Fig. 9. BER performance comparison of the TAS algorithms and of the
proposed TAS &PA algorithms in SM systems, having the transmit rate of
3 bits/symbol.

BER=107, the performance gap between the proposed EVM-
based TAS with K = 3 and the proposed QRD-based ED-TAS
becomes negligible.

The main conclusions observed from Figs. 2, 4 and 5-8 are:
(1) the proposed EVM-based TAS and QRD-based ED-TAS
schemes exhibit different BER advantages for different sys-
tem setups; (2) the proposed QRD-based ED-TAS is preferred
to the QAM-modulated SM schemes, since its complexity is
independent of the modulation order; (3) The proposed EVM-
based TAS is preferred to the PSK-modulated SM schemes,
since it can achieve the performance of optimal ED-TAS at
the reduced error vector set. (4) For the QAM-modulated SM
schemes, the parameter K of the proposed EVM-based TAS can
be flexibly selected for striking a beneficial trade-off between
the complexity imposed and the BER attained.

B. BER Comparisons of TAS Algorithms and TAS &PA
Algorithms for SM

In this subsection, we focus our attention on studying the
BER performance of our TAS&PA algorithms. Here, for the
low-complexity TAS&PA, the proposed QRD-based ED-TAS
as well as the EVM-based ED-TAS algorithms are utilized and
the corresponding algorithms are termed as the QRD-based
ED-TAS &PA and the EVM-based ED-TAS &PA, respec-
tively. Note that the EVM-based ED-TAS achieves the same
performance as the optimal ED-TAS for the PSK-modulated
SM schemes. The BER performances of other TAS algorithms
are similar to the results seen in Figs. 2, 4 and 5-8. Hence,
for clarity, when only pure TAS is considered, we simply
provide the corresponding BER curves of the proposed EVM-
based ED-TAS and of the conventional norm-based TAS as
benchmarkers.

Fig. 9 compares the BER performance of the proposed
TAS&PA arrangement to that of other SM-based schemes. In
Fig. 9, the parameter setup is Ny =6, L =4, N, =2 and
M = 2. It becomes clear from Fig. 9 that the TAS&PA algo-
rithms advocated outperform both the EVM-based ED-TAS and

1 00 T T T T T
—+— norm-based TAS of [13]
? —(Q— the EVM-based ED-TAS (optimal ED-TAS)
10_1 | —— proposed QRD-based ED-TAS &PA
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Fig. 10. BER performance comparison of the TAS algorithms and of the
proposed TAS &PA algorithms in SM systems, having the transmit rate of
4 bits/symbol.
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Fig. 11. BER performance comparison of the proposed TAS &PA algorithms
in SM systems and the conventional identical-throughput TAS&TA algorithm
in V-BLAST systems, where the throughput is 2 bits/symbol (Ny = 4, N, = 2,
L =2).

the norm-based ED-TAS. At a BER of 10_5, the exhaustive-
search based optimal TAS&PA provides 9.5 dB and 4 dB SNR
gains over the norm-based ED-TAS and over the EVM-based
ED-TAS, respectively. Moreover, the low-complexity QRD-
based ED-TAS &PA provides about 4 dB SNR gain over the
EVM-based TAS operating without PA.

Fig. 9 also shows that the EVM-based ED-TAS &PA outper-
forms the QRD-based ED-TAS&PA and is capable of achieving
almost the same BER performance as the optimal TAS&PA.
The performance advantages of our schemes are attained as
a result of exploiting all the benefits of MIMO channels. The
above-mentioned trends of these TAS&PA algorithms recorded
for SM are also visible in Fig. 10, where a SM system using
Ny =6, L =4, N, = 2 and QPSK modulation is considered.

In Fig. 11, the BPSK-modulated V-BLAST scheme and its
TAS&PA-aided counterpart [32] associated with zero-forcing
successive interference cancellation (ZF-SIC) are compared to
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TABLE II
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COMPLEXITY COMPARISON OF DIFFERENT TAS-SM ALGORITHMS IN DIVERSE CONFIGURATIONS

TAS algorithm Configuration 1 Configuration 2 Configuration 3

(Ny=4,N=2 | (Ny=8 N, =4 | (Nt=8 N, =2

L =2, 16QAM) L =4, QPSK) | L =2, 64-QAM)

Exhaustive ED-TAS [13] 13824 8512 1032192

Maximum-norm based TAS [21] 12 56 24

Conventional QRD-based ED-TAS [24] 2060 6029 38253

SVD-based ED-TAS [25] 102 588 444

Proposed QRD-based ED-TAS 82 596 340
84, K =1 360, K =1

Proposed EVM-based ED-TAS 180, K = 3 756 308, K = 3

Exhaustive TAS&PA 4626 46340 256788
Proposed QRD-based ED-TAS&PA 853 1004 9511
855, K =1 9531, K =1

Proposed EVM-based ED-TAS&PA 951, K =3 1164 9979, K =3

our TAS&PA based schemes. For maintaining an identical-
throughput, in Fig. 11 we let N, =4, N, =2, L =2 and use
BPSK for all schemes. Observe in Fig. 11 that our TAS&PA
based SM schemes outperform the TAS&PA aided V-BLAST
schemes by about 5-6 dB SNR at the BER of 107>,

C. Complexity Comparison

Table I shows the complexity comparison of various TAS
algorithms conceived for SM, where the total number of float-
ing point operations is considered. The Appendix provides the
details of our computational complexity evaluations for the pro-
posed TAS algorithms list in Table I. The complexity estimation
of the existing TAS algorithms can be found in [15], [23] and
[24]. Moreover, our complexity analysis is similar to that of
[23] and [24].

Explicitly, in Table II, the quantified complexity of different
TAS algorithms for some specific configurations are provided.
As shown in Table I, the proposed QRD-based ED-TAS has a
similar complexity order to that of the low-complexity SVD-
based ED-TAS of [23], while exhibiting a lower complexity
compared to the conventional QRD-based ED-TAS of [24].
For example, the proposed QRD-based ED-TAS imposes an
approximately 168 times and 25 times lower complexity than
the exhaustive ED-TAS and the conventional QRD-based ED-
TAS for configuration 1. This is due to the fact that it is capable
of avoiding the high-complexity QRD operation by directly
computing the bound parameters of Eq. (27). Moreover, as
shown in Tables I-II and Figs. 4-8, the EVM-based ED-TAS
advocated is capable of striking a flexible BER vs complexity
trade-off by employing the parameter K for diverse M-QAM
schemes. Furthermore, the proposed low-complexity TAS&PA
schemes impose a lower complexity than the exhaustive-search
based TAS&PA and only impose a slightly increased complex-
ity compared to the proposed EVM-based TAS and QRD-based
TAS schemes. By considering the BER vs complexity results
of Tables I-II and Figs. 9-11, the proposed low-complexity
TAS&PA is seen to provide an improved BER performance at
a modest complexity cost.

VII. CONCLUSIONS

In this paper, we have investigated TAS algorithms con-
ceived for SM systems. Firstly, a pair of low-complexity

ED-TAS algorithms, namely the QRD-based ED-TAS and the
EVM-based ED-TAS, were proposed. The theoretical analysis
and simulation results indicated that the QRD-based ED-TAS
exhibits a better BER performance compared with the conven-
tional SVD-based ED-TAS, while the EVM-based ED-TAS is
capable of striking a flexible BER vs complexity trade-off. To
further improve the attainable performance, the proposed TAS
algorithms were amalgamated with PA. A pair of beneficial
joint TAS-PA algorithms were proposed and our simulation
results demonstrated that they outperform both the pure TAS
algorithms and the TAS&PA algorithm designed for spatial
multiplexing systems.

APPENDIX

Computational complexity of the proposed TAS algorithms
designed for SM systems.

A. The Proposed QRD-Based ED-TAS

As detailed in Section IV-A, the calculation of the QRD-
based bound of Eq. (27) only depends on the elements of
the matrix H”H, which incurs a complexity in the order
of comp(H"H) = 2Nl2Nr — Ntz. Then, we can calculate the
values of Iék,k(l'[m), m=1,2, k=1,2) in Egs. (30)-(33)
by reusing these elements for the different TAS candi-

dates H,. Specifically, the calculation of ,/|h,( j)||2, Jj=
1,---, N; for estimating 151,1(1'[,41), m = 1,2 in Egs. (30) and
(32) requires N; flops. Moreover, to calculate the values of
Rz,z(ﬂ,,,),m = 1,2 in Egs. (31) and (33), we have to con-
sider (IZ‘) possible combinations (7, j) for computing the value
of [ M@+ ()IE=2R (ha () hu ()}
I ()17
the complexity imposed is 5 flops. Hence, the complexity
of computing 152,2(1'[,,,), m=1,21is 5(1\2]’) flops. The overall
complexity of the proposed QRD-based ED-TAS is

. For each combination,

Cporp = 2N?N; — N7 + N; +5() 47)
= 2NN, + 3N, (N; — 1).

Note that based on Eq. (28), gModulus = gAPM g gall -+ qpe

. min min min
constants for a specific APM scheme and the calculation of

signal spatial .
dniign and dﬂﬁnl can also exploit the common elements, such

as [[hy, ()15 + Ihy (D% — 2R{hy, ()7 hy, ()}, [y, (D)%, in the
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calculation of the bound of dfr?iigt, as shown in Egs. (15) and

(16). Hence, the complexity imposed can be deemed negligible.

B. The Proposed EVM-Based ED-TAS

Similar to the proposed QRD-based ED-TAS, the com-
putational complexity of EVM-based ED-TAS is also domi-
nated by computing dfr?ilgt. Specifically, we also first have to
evaluate the elements ||hL,(i)||%-, ||hu(j)||%, and h, ())7h,()),
which incurs a complexity of 2Nl2Nr — sz flops. Then,
for M-PSK, the simplified version of dﬂl?il:t is given in
Eq. (40), which has to consider (1\2,’) legitimate TA com-
bination (i, j). For each combination (i, j), the computa-
tion of the term my_psk(Hy,) of Eq. (39) has to consider
(% + 1) possible 6, values. For each 0,, the complexity of
evaluating |R{h, (i), (j)} cos 6, —I{h, () Th, (j)} sin6,] is
4 flops. Moreover, for a specific mypsk(H,) and a fixed
combination (i, j), the computation of |hy (i) |3+ lh, (j)||% —
2m p—psk (H,) in Eq. (40) requires 3 flops. Hence, the overall
complexity of the M-PSK modulated EVM-based ED-TAS is

CegyMm = 2N12Nr — N}2 + (1\2/’) {4 (% + 1) + 3}

48
—ON2N, - N2+ ANV S nr+7. Y

For the M-QAM scheme, this complexity depends on the
parameter K. Specifically, the simplified versions of df:l)ilgl are
different for different values of K. In general, for a given K,
we first characterize all possible combinations of |s, 12 and |sp|%
by using the method of Section IV-B. Let us assume that the
number of these combinations is G. For each combination, we
can simplify Eq. (37) similar to the process of Eqgs. (43)-(44),
which corresponds to G simplified equations and each requires
15 flops, as shown in Eq. (37). Since () legitimate TA com-
binations (i, j) should be considered in Eq. (37), we arrive at a
complexity of 15G(1\2]’) for all possible combinations. Overall,
the complexity of the EVM-based TAS for M-QAM modulated
SMis

N,
Cevm = 2N2N, — N? + 15G< ’). (49)

2

Note that the complexity of Eq. (49) is an approximate result,
which can be further refined based on the specific simplified
version of dﬂ:l)ilgt. For example, based on Egs. (41) and (43)
derived for K = 1 and K = 3, similar to the complexity anal-
ysis of M-PSK, the computational complexity orders of the
EVM-based TAS for K =1 and K = 3 are
2 2 N
CevM-TAS = 2N/ N, — N} + 6( ) ), (50)

and
2 2 Ny
CevM-TAS = 2N/ N, — N{ +22 5 ) (51)

C. The Proposed PA & TAS

The exhaustive-search based TAS&PA algorithm has to cal-
culate all legitimate PA matrix candidates. According to Section

V, there are Ny = (IZ’) legitimate PA matrix candidates P, (u =
1,---, Ny), which can be obtained by using the method pro-
posed in [29]. The complexity of computing each PA matrix is
Cpa (Eq. (22) in [29]) flops. Hence, the associated complexity
of the exhaustive-search based TAS&PA algorithm is Ny Cpa
flops. By contrast, the low-complexity TAS&PA algorithm first
selects the optimal TA subset and then calculates the PA matrix
for the selected set. Hence, the associated complexity order of
the low-complexity TAS&PA algorithm is Ctas + Cpa flops,
where Ctas is the complexity of the TAS algorithm employed,
i. e. CEVM or CPQRD-
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