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ABSTRACT

Generalized Spatial Modulation (GSM) is a recent Multiple-Input Multiple-Output (MIMO) scheme, which
achieves high spectral and energy efficiencies. Specifically, soft-output detectors have a key role in achiev-
ing the highest coding gain when an error-correcting code (ECC) is used. Nowadays, soft-output Maxi-
mum Likelihood (ML) detection in MIMO-GSM systems leads to a computational complexity that is un-
feasible for real applications; however, it is important to develop low-complexity decoding algorithms
that provide a reasonable computational simulation time in order to make a performance benchmark
available in MIMO-GSM systems. This paper presents three algorithms that achieve ML performance. In
the first algorithm, different strategies are implemented, such as a preprocessing sorting step in order to
avoid an exhaustive search. In addition, clipping of the extrinsic log-likelihood ratios (LLRs) can be incor-
porating to this algorithm to give a lower cost version. The other two proposed algorithms can only be
used with clipping and the results show a significant saving in computational cost. Furthermore clipping
allows a wide-trade-off between performance and complexity by only adjusting the clipping parameter.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Multiple-Input Multiple-Output (MIMO) systems have been
widely used because of their remarkable capacity to improve
the transmission rate and reliability of wireless communications
[1,2]. More recently, a concept known as Spatial Modulation (SM)
[3,4] has emerged, which is a promising digital modulation tech-
nology to achieve an attractive tradeoff between spectral efficiency
and energy efficiency. The SM technique uses the spatial domain to
transmit information in addition to classical signal constellations,
activating only one transmit antenna per channel usage. Based on
SM, many different works have been proposed [5-9]. SM can be
further generalized as the Generalized Spatial Modulation (GSM)
[10-12], which is capable of achieving higher spectral efficiency
compared to the conventional SM. GSM activates more than one
transmit antenna in each time slot, achieving higher transmission
rates that grow considerably faster with the increase in the num-
ber of transmit antennas.

GSM uses a subset of Transmit Antennas (TAs) in each time slot,
so the information bits are split into two parts: the first part se-
lects the subset of activated TAs, and the second part generates the
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modulation symbols that are transmitted by the active antennas.
Thus, the detection process on the receiver side becomes compli-
cated because both the subset of the TAs as well as the symbol
vector have to be estimated.

Several hard-output detectors have been proposed for MIMO-
GSM systems [13-17]. Some of them use different strategies that
are aided by successive sphere decoders that achieve fast ML de-
tection. Examples of detectors of this type are the Sorting As-
sisted Successive Sphere Decoding Algorithm (SA-SSDA) [14]| and
the Box Optimization Hard Decoder aided by Box-Optimization
bound (BOHD) [16]. In practice, almost all wireless communica-
tions systems use an error-correcting code (ECC) to enhance data
reliability, which requires soft-output demodulation algorithms to
achieve the highest coding gain. To this end, several soft-output
detectors have been proposed for MIMO-GSM systems. The op-
timal Maximum Likelihood (ML) soft-output decoder for MIMO-
GSM systems requires an exhaustive search over all active antenna
and modulated symbol combinations, making it impractical for
most applications. To reduce the computational cost, several low-
complexity soft-output ML implementations have been reported
for MIMO-GSM systems where different meaningful strategies have
been employed [18-21].

As discussed above, the soft-output ML detection becomes im-
practical for MIMO-GSM, especially when the number of possi-
ble TA combinations or the number of transmit antennas is large.
On the other hand, since the computation complexity of soft-
output ML detectors for MIMO-GSM is too high, the use of clip-
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ping [22] allows the detection performance and complexity to be
conveniently adjusted, making the algorithms suitable for practi-
cal applications. Hence, one of the main challenges is to provide
low-complexity detectors with negligible performance loss. Even
though this task has been widely discussed in the literature, it is
also necessary to provide fast decoders to perform soft-output ML
detection in MIMO-GSM systems. Among other uses, researchers
must have a benchmark bit error rate (BER) with a reasonable
computational cost in order to reduce the simulation time when
investigating their MIMO-GSM proposals. To the best of the au-
thors’ knowledge, none of the soft-output detectors already pro-
posed address the issue of optimal ML detection.

In this context, this work aims to provide meaningful contri-
butions to the design of soft-output ML detectors for MIMO-GSM
systems, presenting three algorithms that achieve the ML perfor-
mance. The first one can work with and without clipping, whereas
the other two can be used only for the clipped case. Throughout
this work, we reformulate the MIMO-GSM problem for soft-output
detection, and we apply several strategies that are used in hard-
output detection [14,16] in order to provide soft-output ML detec-
tion with manageable computational cost.

In the first proposed algorithm, a sorting step is carried out first
to sort the TA combinations. Also, the log-likelihood ratios (LLRs)
are suboptimally calculated at this stage to reduce the computa-
tional complexity. In the second stage, the LLRs are updated to
their optimal values through recursive tree searches. A modified
version of the Single Tree Search (STS) algorithm [23] is used for
this purpose. Note that the target of the proposed algorithm is to
achieve the soft-output ML solution with an manageable computa-
tional cost. In addition, the clipping of the LLRs in the tree search
for optimal solutions has been incorporated in this algorithm.

The two alternative proposals have been developed using clip-
ping. Both algorithms are based on the Double Tree Search (DTS)
detector proposed in [24] for MIMO systems. This detector achieves
the clipped soft-output ML solution at a reduced computational
cost because it takes advantage of the fast Box Optimization Hard
Detector (BOHD) algorithm [25]. The results show that these two
different proposals are very effective in reducing the computational
complexity.

The remainder of this paper is organized as follows.
Section 2 presents the system model and the soft-output ML
detection for MIMO-GSM. Section 3 explains the method proposed
for reducing the computational complexity of the soft-output
ML detection without clipping. Section 4 describes the proposed
method when clipping is used. Two additional methods are also
outlined for the clipping case. Section 5 presents the experimental
results of applying the proposed algorithms for different simula-
tion setups. Finally, the conclusions are presented in Section 6.

2. MIMO-GSM with soft-output ML detection

Consider a MIMO-GSM system equipped with N; and N; trans-
mit and receive antennas, respectively. At each slot time, only Ny
transmit antennas are activated, where N; > N; and Ny > N; > 1 are
assumed without loss of generality. Therefore, the total number of
possible TA combinations is (ﬁ;) Nevertheless, not all of the pos-
sible combinations are valid.

The block diagrams of the MIMO-GSM transmitter and receiver
are shown in Fig. 1. A data frame of source information bits b =
[b1,bs, ..., bg] is encoded by a channel code to generate a code-
word ¢ = [cq,C3,...,cy]. Then, the codeword is interleaved with a
random bit interleaver. Afterwards, n = n; + n, interleaved coded
bits are used for each transmission and divided into two parts.
The first part (composed by n; bits) is used to activate certain
Nq antennas of N;. Thus, of the total number of possible config-
urations only N. =2" TA combinations are permitted. Let I' =
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(¢1, &2, ..., ¢N,) be the set of valid TA combinations. Each valid ¢
TA configuration, for k=1, ..., N¢, can be described as a set of in-
dices, & = {iy, ik, ""ikNu} with 1 < ikj <N and j=1,...,Ng The
second part (composed of n, = Nylog, (M) bits) is used to modu-
late the Ny modulation symbols to be transmitted by the activated
antennas. The symbols are taken from a M-ary Quadrature Ampli-
tude Modulation (M-QAM) denoted as €.

Let H e CN*Nt and v e CN*1 be the MIMO channel matrix and
noise vector, whose elements follow the complex Gaussian distri-
bution with CA(0,1) and CN (0, 62), respectively. If the transmis-
sion is carried out through the ;‘,:h valid TA combination, the corre-
sponding channel submatrix can be defined as Hy e CNrxNa  There-
fore, the receiver signal y e CM*1 is given by

y=Hx+V=H,s+V, (1)

where x=1...,0,5q,..., 0,89,..., 0. sn,- 0,...]" is the transmitted
symbol vector and s={sq,...,sy,]7 is the transmitted M-QAM
symbol vector, which corresponds to the ¢, antenna configuration
indices.

On the receiver side, soft information in the form of LLRs is sent
from the soft-output demodulator to the channel decoder, as can
be observed in Fig. 1. In this work, we focus on the design of this
demodulator. Given the received signal vector, the soft-output de-
modulator can compute the LLRs of the encoded bits denoted as
Le(cy) foru=1,...,nas

2
¥y exp(-IBE 3 cila(e)

ngxé‘ eXp( Z]#u C]LG(C]))

where x{ and x/} are the subsets of the MIMO-GSM signal x of
size QN fulfilling x¥ ={xe x :cy=1} and @ ={xe x : cy =0},
respectively. Lq(c;) represents the a priori information. Since we
assume that no prior information is available in the detection pro-
cess, all valid TAs and all constellation points are considered to be
equally likely. Thus, the term 3°;,, c;Lqa(c;) can be omitted from
Eq. (2). Omitting this term and denoting the metric corresponding

Le(cy) =1In (2)

lly—Hx||> HXH2

to the x MIMO-GSM vector as d¥ = ”y;ﬂ Eq. (2) can be rewrit-
ten as
> yexy €Xp(—d")
Le(cy) =In| X5 ———= (3)
erx(‘; exp(_d )

Furthermore, the well-known Max-Log MAP detection rule
[26] can be applied and (3) can be simplified as

Le(cy) = min (d*) — min (d%). (4)
xexf xexg

For each bit c¢;, one of the two minima in (4) corresponds
to the hard-output MAP detection problem expressed by ML —

. ] 2 . . . _HxML||2
arg Minyey Hyg#” with the associated distance dML = ”yljri"z”
Thus, the second minimum in (4) can be obtained as
- . — Hx||?

F— -

xe)(cf’ﬁ,u o

where X%ﬂ is the set of the MIMO-GSM signal y, fulfilling chffll =

{x € x : cy =M}, with ¢ being the binary complement of the ¢,
bit of the ML solution. We call these other minimum distances as
counter-hypothesis distances d¥ [23]. Therefore, the LLR in (4) can
be computed as

Le(cy) = (@M — d*)(1 — 2¢Mh). (6)

A trivial approach for solving (6) would be to use an extended
constellation, using "0” for the detection of inactive antennas and
using a standard soft-output ML detector such as the Single Tree
Search (STS) [23] or the Box Optimization Repeated Tree Search
(BORTS) [24]. However, the search complexity of these algorithms
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Fig. 1. LDPC coded MIMO-GSM system.

will become prohibitively high when N; or M increases. Further-
more, these methods cannot be easily applied when N; > N; be-
cause it is not possible to compute the required triangular factor-
ization of the channel matrix which is needed for the tree detec-
tion.

3. The proposed ML strategy for soft-output detection without
clipping

The excessive complexity of the MIMO-GSM soft-output ML de-
tection limits its application. To reduce the complexity while main-
taining optimal performance, we propose a new two-stage algo-
rithm. The main idea, which is also used by some hard-output de-
tection algorithms such as SA-SSDA [14]| or BOHD [16], is to split
the problem into N, subproblems. Thus, for each valid TA config-
uration, we can obtain a smaller problem to solve. To do this, we
must reformulate the soft-output MIMO-GSM detection problem.

According to (1) and assuming equally likely a priori values, the
metrics d* in (4) depend on the ¢, combination and can also be
calculated as

[ly — Hg,sl|?
dy = 702“ . (7)

Then, the LLRs of the bits that select the TA combination L. (c;)

with t = (1,...,n;) can be computed as
Le(c) = min (dy)— min (dy) (8)
Gelkses  °K Geelkses ok

where F’{ and F’g represent a subspace of the total TA combina-
tions T' of size N, fulfilling that I'¥={{, eI :¢; =1} and T§ =
{¢k € T : ¢t = 0}, respectively.

Likewise, the LLRs of the n, modulated bits, Le(c;) with r=

(ny +1,...,n) can be computed as
Le(cr) = min (d.)—- min (d} 9
(e = min_(df) - min () 9

where S} and S|, represent a subspace of the set signalling S of size
QNa, fulfilling that Si={seS:¢=1}and Sj ={s € S: ¢ =0}, re-
spectively.

As in (4), for each bit ¢; and c;, one of the two minima in (9)
and (8) corresponds to the hard-output MAP detection problem.

~ ML AML . ||y—H§kS||2
, § =arg mm ———m——— 10
(Ck ) g{kel",ses o? ( )
”y - H‘MLgML| |2
- — e (11)

o2
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Fig. 2. Illustration of the procedure of the OSTS algorithm.

Thus, by denoting ¢ as the tth bit used to select the koL TA
combination, (8) can be computed as
Le(ce) = (@M —d') (1 — 2cMb). (12)
Likewise, by denoting ¢ as rth bit in the $ML solution, (9) can
be computed as
Le(cr) = (@ —d") (1 —2"), (13)
With dt and d” in (12) and (13) being the counter-hypothesis
distances associated with the TA combination and the transmitted

symbol, respectively. These counter-hypothesis distances are calcu-
lated as:

- —H, s||?

d'= min M (14)
{‘keI‘EML seS o

; . |ly —Hgsl|

dr min 62“ (15)

.
g’keF,seSEML

In the counter-hypothesis distances, M and ¢M denote the bi-

nary complement of the ¢; and c; bit in the label of f,ﬁ"’L and SML,
respectively.
ML

Thus, the detection process computes the values of aML, fk ,
$ML d' Vt, and d" Vr. These values could be solved for each an-
tenna configuration . Then, by comparing the solutions of all TA
configurations, we can calculate Egs. (12) and (13). To solve each
subproblem, the STS algorithm can be considered a suitable de-
tector. It ensures that each node in the tree search is visited only
once when searching for the ML solution and all the distances of
the counter-hypotheses simultaneously. The number of calculated
nodes of the STS compared to other algorithms (such as the RTS)
is significantly lower. However, applying the STS algorithm for each
subproblem ¢, can be computationally expensive because N dif-
ferent subproblems must be totally solved. To further reduce the
detection complexity, the proposed algorithm (called Ordered Sin-
gle Tree Search (OSTS)) applies different strategies in two stages.
The procedure of the algorithm is illustrated in Fig. 2, and its pseu-
docode implementation is given in Algorithm 1.

Algorithm 1: The proposed Ordered Single Tree Search for
GSM Algorithm (OSTS).

Input: y, H, , Q; . R, Vk, Q

Output: L.(cy;) Vn

/* Stage A */
1 for k=1:N. do
2|z = Quy
3 i{k = Q(R{k_lzlk)
4 de =lly- H{kifknz
5d= [d;l,dgz,...,dch]
6 [w1,wy, ..., wy, ] = argsort(d);
7 6™ — o dML = d(wy); ML= 2w
g d = mingw (d) ¥t
9 d = minE,rv[L (d) Vr
/* Stage B */

10 fori=1:N; do

1 L [V, &M §VL it dT]= STS_G(zay, Rey, dM, £, 8ML L,
d". &)

12 Le(ce) = (dME —db)(1 —2cMb) e

13 Le(cr) = (dML —d") (1 —2c¢ML) v

3.1. Description of the OSTS algorithm

3.1.1. Stage A: Sorting and initializing step

In hard-output detection [14,16], the use of an adjustable radius
across all of the subproblems and the reordering of the different ¢
configurations achieves a large reduction in complexity. A similar
strategy is implemented in the proposed soft-output detector.

First, the configurations must be sorted so that the correct con-
figuration is detected in the first positions. The sorting method
proposed in [14] uses the matrix Q,, of each configuration ¢
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which is obtained after the QR-decomposition of the channel ma-
trix H,, . The QR decomposition gives a unitary matrix Q;, € CN*r
and an upper triangular matrix R, € CNr*Na_ Given that the last
Ny — Ng rows of R(k are zeros, the QR decomposition is usually
rewritten as

Hy, = QR; = Q, (Ré,“) = () (Rék‘) (16)

where Ry, € CNaxNa Q, € CNrxNa and Q, € CNrx(Nr=Na) _ Thus,

H
1y = Hy 11> = 1% - (¢ — QR )1 = ||<g§1)y— (Rg)m)snz

k2

— QY y — R sl + QY vl (17)
However, this method cannot be used if N; = N, because the
term used for the sorting (||Q§Hk2y||2) does not exist. On the other
hand, [16] proposes a simple but efficient sorting method that can
be used without any limitation. This ordering strategy, which is
based on the Zero Forcing (ZF) estimator of each subproblem is

used in the proposed algorithm:

z, = Quy (18)

5 -1
Ly = Q(Rfk Z(k)’ (19)
where Q(-) gives the nearest constellation symbol. Then, the Eu-
clidean distance associated at each estimator d2{ is computed and
k
stored in the vector of distances d = [dfz ,d2{ s d2{ .
1 2 Nc

The valid TA combinations are then sorted according to the Eu-

clidean distance, from smallest to largest,

[w1, @y, ..., wN, ] = argsort(d) (20)

where sort() defines an ordering function for reordering the ele-
ments of the input vector in ascending order, and w; and wy, are
the indices of the maximum and minimum value in d, respectively.

In addition, to find the ordered TA combinations, the initial and

} AML o - - —
suboptimal values of dML, ¢, ML, d' and d" are computed in this

stage. The ZF estimators of the different subproblems are used to
compute these approximations according to

& =0 dm=d@); " =2,m (21)
dt = I?Mip(d) vt (22)
d = nC]A}Ln(d) vr. (23)

Thus, in this step, the different configurations have been sorted
and the main parameters needed by the STS algorithm have been
initialised to suboptimal values. By means of these two strategies,
the computational cost of the second stage can be reduced.

3.1.2. Stage B: Exact LLR computation

After the preprocessing stage, a modified STS algorithm is
used to solve each ML ¢ subproblem. The STS_G function in
Algorithm 1 denotes the STS algorithm proposed in [23] by adding
the following adjustments.

o List administration: The original STS uses a list administration
to update the counter-hypothesis distances of the transmitted
bits d" in order to find the ML solution and all of the counter-
hypothesis distances simultaneously. In our case, it is necessary
to use two list administrations: one for the transmitted bits,
and one for the bits that select the TA combination. Therefore,
when a leaf node has been reached, the decoder must also up-
date the second list administration with one of two options:
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« If a new ML hypothesis is found, all dt such that ¢; = E{V’
set to dML,
« Otherwise, all d with ¢; = M and d(s) < d! are set to d(s),
with d(s) being the Euclidean distance of the leaf node.

e Pruning criterion: Another important key to complexity reduc-
tion in the STS algorithm is the pruning criterion. This crite-
rion is based on the fact that a subtree that originated from a
given node is only visited if the ML distance or the counter-
hypothesis distances of the transmitted bits are going to be up-
dated. Therefore, we must modify this pruning criterion to also
take into account the counter-hypothesis distances of the bits
that select the TA combination. Thus, in addition to the condi-
tions described in [23], the pruning radius r must be updated
according to

r=max{r.d'|(t=1,....n7) A (cc = c"1)}. (24)
In summary, for each ¢ configuration, the STS_G algorithm is
executed, and the order of execution of ¢, is the one given in Stage

A by w;. In addition, in order to reduce the computational com-
plexity, the main approach is not to initialise the values of dML,

L are

koL, ML dt and d', as in the original STS algorithm. For each con-
figuration, these initial values are taken from the output of the pre-
vious solved configuration w;_; or from the values of Stage A if it is
the first subproblem to be solved. Therefore, for each configuration,
the distances used are lower bounded, reducing the computational
complexity of the following subproblems. For this reason, it is im-
portant to place the correct configuration in the first positions.

4. The proposed ML strategy for soft-output detection with
clipping

In practical applications, the complexity of the max-log LLR can
be reduced by the use of clipping [22]. Therefore, given a clipping
parameter L;p, the dynamic range of LLRs is bounded according to

[Le(cu)| < Lclips Vu. (25)

The key issue is to analyse that (25) in conjunction with
(12) and (13) results in an upper bound of the counter-hypothesis
distances d' and d". Therefore, the counter-hypothesis distances
that are larger than dM! 4 L;, do not need to be computed ex-
actly and can be set to the value d"”L+Lcl,-p. Thus, the computa-
tional complexity can be reduced and becomes the case with clip-
ping more relevant from a practical point of view. Obviously, this
leads to performance degradation, so the value of Ly;, can be used
to suitably adjust the detection complexity/performance trade-off.
Three different strategies for the case with clipping are presented
in this work.

4.1. Description of the clipped OSTS

The proposed OSTS described above is easily adapted for the
case with clipping. For this purpose, Stage A can be easily modified
by replacing Eqs. (22) and (23) by the following:

d' = minga{d, d"! + Ly} Ve (26)

d" = minga {d, d"" + Ly} Vr. (27)

Stage B, the exact LLR computation is changed in order to com-
pute clipped LLR values. This procedure can be inserted into the
STS_G algorithm, as in the original STS algorithm [27] by just ap-
plying the next adjustment when a leaf node has been reached and
a new ML hypothesis has been found:

dt = min{cft, aMt 4 Lclip} vVt (28)
d" = min{d", d™ 4 L;,} Vr. (29)
The remaining steps of the STS_G algorithm are not affected.
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4.2. Description of the ODTS algorithm

The Double Tree Search (DTS) proposed in [24] modifies the
original STS algorithm when the clipping strategy is applied. The
DTS algorithm takes advantage of the fast BOHD algorithm [25] to
first calculate the dML distance. Then, the STS is modified since
it only needs to find the counter-hypothesis distances. Therefore,
the computational cost is considerably reduced with respect to the
original STS. We denote this new modified version of the STS_G
algorithm as STS_GM.

To implement DTS for MIMO-GSM systems (ODTS), we first ex-
ecute Stage A as in the clipped OSTS algorithm, in order to reduce
the computational complexity of Stage B. After the preprocessing
stage, the DTS algorithm proposed in [24] is used to solve each ML
¢y, subproblem, adding the following adjustments. The initial radius
of the BOHD algorithm is the ML distance of the previous config-
uration since we use an adjustable and propagated radius to im-
prove efficiency. Consequently, when the initial radius in the BOHD
is smaller than the distances of all possible solutions, the detection
ends very fast and no solution is returned. Thus, if the dc"‘f’il solu-
tion given by the BOHD algorithm is lower than the propagated
distance dML, the propagated distance and the counter-hypothesis
distances must be updated according to

d" = min{d', dM" + L} Ve, (30)
d = min{d_r, dCI\gXL + Lclip} vr, (31)
ML = g, (32)

Then, the STS_GM is used, which is the STS_G algorithm with-
out the search of the ML solution since the solution has al-
ready been computed by the BOHD algorithm. Therefore, the
STS_GM computes the counter-hypothesis distances that are lower
than those already computed. The pseudocode is the same as
Algorithm 1 modifying STS_G by DTS. The performance of the al-
gorithm is shown in Fig. 3.
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4.3. Description of the BO-DTS algorithm

Box optimization (BO) has been proposed as an aid to the
MIMO detector in different works [24,25,28]. The MIMO detection
problem is given by:

XML = argmin |[H-x—y|°.
xeQMNe cCM

(33)

Then, the auxiliary box optimization problem can be stated as:

Xr =argmin |H-x —y||%,
xeCMNe

min (Re(£2))<Re(x;)<max (Re(2)) ,1<i<m

min (Im(2))<Im(x;)<max (Im(2)) ,1<i<m

(34)

where x;,1 <i < N; are the components of the vector x. This prob-
lem is derived from (33), discarding the condition that the com-
ponents of the solution belong to the constellation 2. The prob-
lem (34) is a continuous optimization problem and can be solved
much faster than (33). The solution of this auxiliary problem pro-
vides extremely tight bounds that can be used to speed up stan-
dard sphere Decoders by radius shortening and branches pruning
as shown in [24,25]. This technique can be also used for GSM prob-
lem detection. In hard-detection for GSM [16], it was used in order
to achieve a lower bound of the minimum Euclidean distance for
each configuration. This strategy can also be used for soft-detection
to reduce the number of configurations that are totally analysed.
Thus, in Stage A we can compute the solution of the continuous
least squares problem for each configuration ¢, as

St = argmin Hy - H;ksHZ.
seS (35)

min (Re(£2))<Re(s;)<max (Re(£2)) .1<i<N,
min (Im(2))<Im(s;) <max (Im(2)) ,1<i<N,

This problem is derived from (10) for each configuration ¢
and discarding the condition that the components of the solu-
tion belong to the 2 constellation. In this case, the boundaries of
the search area are box-shaped, hence the name Box Optimization

STAGE A Preprocessing
As in OSTS algorithm ﬁ“ 2
Y BOHD DTS STS-GM
ML
STAGE B LLR Computation L l e
Y "’
ML
i if (M < ML) e
-t il pa » 9
> d = min{d', & + L, } = &
d = min{(T, d¥V + Ly} @
A
M =ML a‘i’ 7 ML
}
ML ML Pih ML ML ML
i wy . — W; =37 i WN, —t
d d d d d
d d d d d d
> DTS |——> e ——> DTS f[——> - ——>{ DTS |—>

Fig. 3. Illustration of the procedure of the ODTS algorithm.
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(BO). An efficient algorithm for solving this problem adapted to the
MIMO problem was proposed in [25]. Therefore, for each configu-
ration, a lower bound on the minimum Euclidean distance can be
computed as drw, = ||y — H, $t,, ||2 and stored in the vector of dis-
tances d. Thus, Stage A is modified and the different configurations
are sorted according to the distance dry, using the BO solver pro-
posed in [25] to compute s‘r;k in line 2 of Algorithm 2.

Algorithm 2: The proposed Box-Optimization Assisted Double
Tree Search for GSM Algorithm (BO-DTS).

Input: y, H;k, k=1,2,....,N;, Q

Output: L.(cy),u=1,2,..., n

/* Stage A */
1 for k=1:N; do
2 sArck = BO(y, 2, H;k)

2§k = Q(sAer)
dé“k =lly- HCkZCkHZ
drg, = |ly — Hg, Sk, |I°

LS B P

6d= [drgl,dr;-z, ...,erNC]

7 (w1, wy, ..., wy,] = argsort(d);
~ ML o A
8 =w; dM=d(w); M= Zf ML
_ k
9 dt = minc-.y\/n_ (d) Vvt
_ t
10 d" = mingw (d) Vr
T
/* Stage B */
1 fori=1:N; do
/* Modified DTS Algorithm */
12 | if dr,, <d"! then
13 da“ﬁ'iL= BOHD(y, H,, , d*)
14 if dl < dM! then
s dhL — gy
16 (M= wid” = min(d", dM + Ly;,) Vr
17 d-t = min(d_[, dML + LClip) \43
18 if dM' < min(d", d*) then
19 L [dt d']= STS_GM(y, H,, .8M.d" d", ;ML o)

n

0 Le(c) = (M —df) (1 —2cM) vt
1 Le(cr) = (dML —d)(1 —2cMLy  vr

N

Moreover, in Stage B, these distances can be used to discard
configurations. In other words, when a new configuration w; is go-
ing to be explored, (i.e.,, a DTS algorithm is executed for w;), the
distance dML has already been updated to the smallest distance
found so far. Then, if the lower bound distance of this configura-
tion drwi is greater than the current d", the w; configuration can
be safely ignored because the distance of any signal in this con-
figuration will be greater than d"! and consequently greater than
dt ¥t and d" Vr. This procedure is graphically described in Fig. 4.
The pseudocode implementation is given in Algorithm 2.
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Table 2
Setups for Computed Simulations.
N Nqg Ny M-QAM N bps/Hz
Setup 1 4 2 4 64 4 14
Setup 2 8 2 8 64 16 16
Setup 3 8 4 8 16 16 20
Setup 4 32 4 4 16 64 22

In addition, the dry, distance can also be used within the DTS
algorithm, to avoid the execution of STS_GM algorithm. This is due
to the fact that, in some configurations, the dML distance will be
larger than dry,, and therefore we have to run the BOHD algorithm
within the DTS block in Fig. 4. However, if there are no counter-
hypothesis distances for d* ¥t and for d" Vr lower than dr,, the
STS_GM algorithm in the DTS detector can be ignored since it will
not find counter-hypothesis distances lower than those that have
already been computed.

The main features of the proposed algorithms and the refer-
enced algorithms are summarised in Table 1.

5. Simulation results

This section presents several numerical examples. We have cho-
sen four different setups to test our proposals (see Table 2). The
channels have been chosen independently and have been identi-
cally distributed Rayleigh fading. For the channel coding, an LDPC
of rate 1/5 has been used as specified in TS 38.212 [29]. The re-
sults of the Monte Carlo simulations are presented throughout this
section, where the E;/Ny is varying. The test were carried out run-
ning Matlab R2019 using a dual Intel Xeon CPU E5-2697 processor
with the Ubuntu operating system.

It is important to underline that the proposed methods pro-
vide the optimal ML performance as long as the detection schemes
used for computing the ML distance and the counter-hypothesis
distances are ML. The Bit Error Rate (BER) performance of two
ML soft-output detection algorithms without clipping is the same,
which also happens when comparing two soft-output ML detectors
with identical value of the clipping parameter. This has been ver-
ified by simulation, as illustrated by Fig. 5. Thus, any soft-output
ML algorithm, as well as those proposed in this paper, provide the
performance curves shown in Fig. 5.

For this reason, the main task of this section is to comparatively
evaluate the complexity of the different algorithms. As mentioned
above, the aim of the paper is to present different MIMO-GSM
ML algorithms that provide an upper bound on the attainable de-
tection accuracy with much lower computational complexity than
exhaustive detection or other ML algorithms already proposed. In
order to compare our proposals in terms of computational cost
(since in terms of BER any ML algorithm gives the same result),
the STS algorithm applied to the MIMO-GSM problem has been
selected, since it is one of the most efficient algorithms to pro-
vide soft-output ML results. Although some suboptimal algorithms
as [21] obtain near-optimal performance with low complexity for
particular antenna and constellation values, none of them achieves

Table 1

Main features of different algorithms for ML detection.
Algorithm  GSM  Soft-Output  No clipping  Clipping  Performance Ref.
STS No Yes Yes Yes max-log ML [27]
DTS No Yes No Yes max-log ML [24]
SA-SSDA Yes No - - ML [14]
BOHD Yes No - - ML [16]
OSTS Yes Yes Yes Yes max-log ML proposed
ODTS Yes Yes No Yes clipped max-log ML  proposed
BO-DTS Yes Yes No Yes clipped max-log ML  proposed
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S )
- Computation of d, ,k=1... N, BOHD STS-GM
using Box Optimization o d[‘,,""l DTS Hl, =7 .
- Estimation of ™%, E' vt, d vr —t —t
d if (@M < dMU){ d
- Sort with Box Optimization q p —t Z
d' = min{d', & + Lay}
(G GayeensCve) = (wr vy ) - —r
d =min{d , & + Laip}
M= @
STAGEB LLR Computation
flj" ML ML k"x\\d.\m ML ML ML
e d o _wm g de e g d v d
d 7 7 7 7 7 7
YerP DTS e Yer} DTS >oeee Yerb DTS >
Nlo No No

Fig. 4. Illustration of the procedure of the BO-DTS algorithm.

10° T w
+ Without Clipping
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[
w
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104 F
105 F
108 £
1077 1 | | | | d
-10 -5 0 5 10 15 20 25

Eb\NO(dB)

Fig. 5. BER performance comparison for the different setups with different values
of clipping.

the soft-output ML benchmark. Thus, our proposals have not been
compared with suboptimal algorithms in terms of complexity.

The computational complexity of MIMO tree search detectors is
usually measured through the number of expanded nodes. How-
ever, since each algorithm has a different cost in the expansion of
every node, this method cannot be the only parameter to compare
the computational cost of different methods. Thus, the number of
flops, another commonly used metric, has also been used for our
proposals. We have also recorded the computing times since the
final goal is to provide methods that can be executed faster. Nev-
ertheless, it important to note that the computing times eventu-
ally depend on the computing platform and on the implementa-
tion program. In our case, we have also recorded the number of
comparisons that each algorithm executes since rankings that are
only based on the other parameters procedure misleading results
because the STS algorithm involves many comparisons in the ex-
pansion of each node. Therefore, in order to have a comprehensive
comparative evaluation of all of the algorithms, we have taken into
account all of the parameters mentioned: the average number of
flops, times, expanded nodes, and comparisons.

5.1. Results without clipping

In the case without clipping, we compare the proposed OSTS
with the original STS algorithm. The STS algorithm has been ap-
plied to the MIMO-GSM problem in two ways. First, an STS algo-
rithm is run to solve each subproblem of (10). After completing
all of the subproblems, the detector takes the shortest distance as
ML solution (this procedure has been denoted as STS). Second, the
original STS is applied to solve (4) with the use of an extended
constellation, that is, using ”0” for the detection of inactive anten-
nas. This way of applying STS algorithm to the MIMO-GSM prob-
lem is denoted as STS_EC (STS with extended constellation). It is
important to note that the STS_EC cannot be used for Setup 4 since
it is not possible to obtain the required triangular factorization of
the channel matrix.

In terms of performance, as mentioned above, the three ML al-
gorithms provide the same BER curves. In terms of complexity, the
different complexity parameters were recorded for the different se-
tups and the results are shown in Fig. 6. The results show that ap-
plying the STS algorithm to each subproblem and comparing the fi-
nal results to obtain the ML solution reduces the complexity when
compared to the algorithm using an extended constellation. Fur-
thermore, if we apply the proposed strategies that give rise to the
OSTS algorithm, all of the evaluated parameters are considerably
reduced. This reduction in cost is independent of the system size,
although it is considerably higher when the size of the problem
increases, as is the case of Setup 4. The results for this setup are
shown in Fig. 6 which show how the different parameters are re-
duced by 5 to 10 times by the OSTS algorithm compared to the STS
method. This reduction depends on the working Eb/NO. Moreover,
the reduction in the number of flops is particularly significant, as
shown Fig. 6(b).

5.2. Results with clipping

In the case with clipping, we compare the OSTS (with clipping)
with the ODTS and BO-DTS algorithms. The comparison with the
STS algorithm (with clipping) has been omitted here since it was
proved in the previous subsection than the OSTS algorithm pro-
vides a much lower computational cost than the STS algorithm.
The experiments were performed with different values of the clip-
ping parameter. As mentioned above, the BER performance for the
same clipping value is the same when an ML algorithm is applied.
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Fig. 6. Average number of expanded nodes, flops, comparisons and computing times (seconds) different setups.

Table 3

Average time (seconds), expanded nodes, flops, and comparisons of the OSTS, ODTS, BO-DTS methods for the soft-output detection for Setup 1.

colrule Lyjp_1,

Lejip—3

Time

Nodes

Flops

Comps

Time

Nodes

Flops

Comps

Eb/NO(dB) -10
0STS 1.9e-2
ODTS 7.7¢-3
BO-DTS 5.0e-3
0STS 4.0e1
ODTS 8.2l
BO-DTS 5.1el
0STS 3.1e4
ODTS 5.9e3
BO-DTS 2.8e7
0STS 3.6e4
ODTS 1.3e3
BO-DTS 9.3e2
0STS 1.5e-2
ODTS 6.5e-3
BO-DTS 4.6e-3
0STS 5.7e1
ODTS 2.2e2
BO-DTS 1.7€2
0STS 4.2e4
ODTS 5.8¢3
BO-DTS 2.8e8
0STS 4.9e4
ODTS 2.1e3
BO-DTS 1.7e3

-5
1.7e-2
6.1e-3
5.0e-3
3.5el
1.0e2
8.9el
2.5e4
4.9e3
1.9e7
2.9e4
1.2e3
1.1e3
1.4e-2
6.2e-3
5.4e-3
5.6el
4.6e2
4.3e2
4.0e4
4.9e3
2.0e8
4.7e4
3.5e3
3.3e3

0
1.4e-2
4.9e-3
4.6e-3
3.4el
1.3e2
1.2e2
2.40e4
4.6e3
1.4e7
2.7e4
1.3e3
1.3e3
1.4e-2
6.7e-3
6.4e-3
5.6el
7.4e2
7.3e2
4.0e4
4.6e3
1.4e8
4.8e4
5.2e3
5.1e3

5
1.5e-2
5.3e-3
5.1e-3
3.2el
1.4e2
1.4e2
2.2e4
4.5e3
9.2e6
2.5e4
1.4e3
1.4e3
1.4e-2
6.8e-3
6.7e-3
5.7el
8.5e2
8.4e2
4.1e4
4.6e3
9.1e7
4.8e4
5.8e3
5.8e3

10 15
1.0e-2 1.0e-2
4.0e-3 4.0e-3
3.9e-3 3.9e-3
3.4el 3.3el
1.7e2 1.8e2
1.7e2 1.8e2
2.4e4 2.3e4
4.5e3 4.2e3
4.5e6 4e4
2.7e4 2.6e4
1.5e3 1.5e3
1.6e3 1.6e3
1.4e-2 1.4e-2
6.9e-3 6.9e-3
6.8e-3 6.8e-3
5.6e1l 5.6e1l
8.6e2 8.7e2
8.5e2 8.6e2
4.0e4 4.0e4
4.5e3 4.2e3
4.5e7 3.5e3
4.7e4 4.7e4
5.9e3 5.9e3
5.9e3 5.9e3
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Table 4
Average time (seconds), expanded nodes, flops, and comparisons of the OSTS, ODTS, BO-DTS methods for the soft-output detection for Setup 2.
Eb/NO(dB) -10 -5 0 5 10 15
Lejip=12 Time OSTS 2.1e-2 2.0e-2 2.0e-2 2.0e-2 1.9e-2 1.9e-2
ODTS 1.3e-2 1.2e-2 1.2e-2 1.2e-2 1.1e-2 1.1e-2
BO-DTS 1.1e-2 1.1e-2 1.1e-2 1.1e-2 1.1e-2 1.1e-2
Nodes OSTS 2.1el 1.7e1 1.8el 1.8el 1.6el 1.6el
ODTS 3.7el 3.6e1l 4.0el 4.2el 3.5e1 3.4el
BO-DTS 2.3el 3.2el 3.9e1 4.1el 3.5e1 3.3el
Flops OSTS 3.3e4 2.9e4 2.9e4 2.9e4 2.8e4 2.7e4
ODTS 1.9e4 1.9e4 1.9e4 1.9e4 1.8e4 1.8e4
BO-DTS 6.3e7 4.5e7 3.2e7 2.1e7 1.0e7 1.7e4
Comps OSTS 3.2e4 2.7e4 2.7e4 2.7e4 2.5e4 2.4e4
ODTS 1.1e3 1.0e3 1.1e3 1.1e3 1.0e3 9.6e2
BO-DTS 1.0e3 1.1e3 1.1e3 1.1e3 1.0e3 9.9e2
Lajip=3 Time OSTS 2.85e-2 3.1e-2 3.3e-2 3.2e-2 3.1e-2 3.1e-2
ODTS 1.5e-2 1.6e-2 1.6e-2 1.6e-2 1.5e-2 1.5e-2
BO-DTS 1.2e-2 1.4e-2 1.5e-2 1.5e-2 1.5e-2 1.5e-2
Nodes OSTS 3.4el 3.4el 3.7el 3.8el 3.5el 3.5el
ODTS 9.el 1.7e2 2.2e2 2.3e2 2.0e2 2.0e2
BO-DTS 7.4e1 1.6e2 2.2e2 2.3e2 2.0e2 2.0e2
Flops OSTS 4.2e4 4.1e4 4.3e4 4.3e4 4.1e4 4.2e4
ODTS 1.9e4 1.9e4 1.9e4 1.9e4 1.8e4 1.8e4
BO-DTS 6.3e7 4.5e7 3.2e7 2.1e7 1.0e7 1.7e4
Comps OSTS 4.4e4 4.3e4 4.6e4 4.6e4 4.3e4 4.4e4
ODTS 1.5e3 2.1e3 2.6e3 2.7e3 2.3e3 2.4e3
BO-DTS 1.5e3 2.2e3 2.6e3 2.7e3 2.4e3 2.4e3
Table 5
Average time (seconds), expanded nodes, flops, and comparisons of the OSTS, ODTS, BO-DTS methods for the soft-output detection for Setup 3.
Eb/NO(dB) -10 -5 0 5 10 15
Letip=1.2 Time 0STS 7.8e-2 3.0e-2 2.3e-2 1.7e-2 1.5e-2 1.4e-2
ODTS 2.4e-2 1.6e-2 1.4e-2 1.3e-2 1.2e-2 1.2e-2
BO-DTS 1.3e-2 1.2e-2 1.2e-2 1.1e-2 1.0e-2 1.0e-2
Nodes OSTS 5.2e2 1.4e2 8.4el 3.7el 1.6el 8.1593
ODTS 3.7e2 1.2e2 7.9e1 4.0el 1.9e1 1.2el
BO-DTS 1.1e2 7.1e1 6.6e1 3.7e1 1.8el 1.2el
Flops OSTS 1.3e5 4.5e4 3.0e4 2.0e4 1.5e4 1.4e4
ODTS 3.6e4 2.2e4 1.8e4 1.5e4 1.3e4 1.3e4
BO-DTS 6.9e8 5.3e8 3.9e8 2.6e8 1.2e8 led
Comps OSTS 1.7e5 4.8e4 2.7e4 1.3e4 7.6e3 5.3e3
ODTS 6.7e3 2.6e3 1.8e3 1.1e3 8.2e2 7.3e2
BO-DTS 3.2e3 2.3e3 2.1e3 1.5e3 1.2e3 1.2e3
Lejip—3 Time OSTS 8.2e-2 3.8e-2 3.2e-2 2.4e-2 2.09e-2 1.86e-2
ODTS 2.4e-2 1.6e-2 1.5e-2 1.3e-2 1.2e-2 1.2e-2
BO-DTS 1.3e-2 1.2e-2 1.3e-2 1.1e-2 1.1e-2 1.0e-2
Nodes OSTS 6.4e2 2.4e2 1.9e2 1.1e2 7.8e1 5.6e1
ODTS 4.8e2 2.4e2 2.4e2 1.5e2 1.0e2 7.2e1l
BO-DTS 1.9e2 1.7e2 2.1e2 1.4e2 1.0e2 7.1el
Flops OSTS 1.6e5 6.701e4 5.4e4 3.6e4 2.8e4 2.3e4
ODTS 3.6e4 2.2e4 1.8e4 1.5e4 1.3e4 1.3e4
BO-DTS 6.9e8 5.3e8 3.9e8 2.6e8 1.2e8 le4
Comps OSTS 2.1e5 0.7e5 6.1e4 3.6e4 2.5e4 1.8e4
ODTS 7.8e3 3.8e3 3.3e3 2.2e3 1.6e3 1.3e3
BO-DTS 3.9e3 3.3e3 3.5e3 2.6e3 2.0e3 1.7e3

It is important to recall that high clipping values improve perfor-
mance in terms of BER, but increase the computational cost of
the algorithms. Figure 5 shows the results for the different setups.
Moreover, this figure shows that when the clipping value is 3 (or
more), the performance degradation is almost negligible.

The complexity results are summarised in Tables 3, 4, 5, and 6,
where the average times, expanded nodes, flops, and comparisons
are presented for the different setups of Table 2 and clipping val-
ues of 1.2 and 3. It is important to highlight that, in most of the
evaluated cases, the number of expanded nodes by the OSTS algo-
rithm is lower than the expanded nodes by the ODTS and BO-DTS
algorithms. However, the number of comparisons performed by the
OSTS algorithm is very significant compared with those performed
by the other two algorithms. Furthermore, the computation times
is considerably reduced by the ODTS and BO-DTS. Clearly, it is evi-
dent that the computation time per node of the OSTS algorithm is

much higher than that of the ODTS and BO-DTS algorithms. There-
fore, even though the ODTS and BO-DTS expand more nodes, they
are more efficient than the OSTS algorithm.Thus, we can conclude
that, when clipping values are applied, the ODTS and BO-DTS al-
gorithms are more efficient in terms of complexity than the OSTS,
regardless of the size of the system.

The BO-DTS algorithm requires a previous run of the BO algo-
rithm in the preprocesing step. This means an increase in com-
putational cost, which is clearly reflected in the number of flops
executed by the algorithm. However, when the problem size in-
creases (Setup 3 and 4), the increase in computational cost at the
preprocessing stage (which is reflected in the number of flops) is
compensated by the complexity reduction in the second stage be-
cause many configurations can be pruned. Therefore, even though
the total number of flops is high, the number of expanded nodes,
time, and comparisons is considerably reduced, as Table 6 shows.

10
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Table 6
Average time (seconds), expanded nodes, flops, and comparisons of the OSTS, ODTS, BO-DTS methods for the soft-output detection for Setup 4.
Eb/NO(dB) -10 -5 0 5 10 15
Lejip=12 Time OSTS 7.5e-1 2.9e-1 1.3e-1 1.1e-1 1.1e-1 1.0e-1

ODTS 1.9e-1 1.3e-1 8.4e-2 7.9e-2 7.8e-2 6.4e-2
BO-DTS 6.7e-2 7.0e-2 5.4e-2 5.6e-2 5.9e-2 5.1e-2

Nodes OSTS 3.8e3 1.2e3 7.5e2 6.1e2 5.3e2 4.8e2
ODTS 2.6e3 1.5e3 1.7e3 1.9e3 1.8e3 1.5e3
BO-DTS 3.6e2 6.2e2 1.0e3 1.3e3 1.3e3 1.1e3

Flops OSTS 9.2e5 3.2e5 2.0e5 1.6e5 1.5e5 1.3e5
ODTS 2.4e5 1.3e5 1.0e5 9.1e4 7.5e4 5.1e4
BO-DTS 3.4e9 2.7e9 2.0e9 1.3e9 6.7e8 2.71e4

Comps OSTS 1.4e6 4.5e5 2.6e5 2.1e5 1.8e5 1.6e5
ODTS 4.9e4 2.7e4 2.6e4 2.6e4 2.4e4 1.9e4
BO-DTS 1.2e4 1.4e4 1.8e4 2.0e4 2.0e4 1.7e4

Lejip—3 Time OSTS 5.2e-1 2.1e-1 1.4e-1 1.2e-1 1.2e-1 1.1e-1

ODTS 1.5e-1 1.2e-1 1.4e-1 1.5e-1 1.4e-1 1.7e-1
BO-DTS 5.6e-2 7.0e-2 9.1e-2 1.0e-1 1.0e-1 9.97e-2

Nodes OSTS 4.2e3 1.5e3 8.7e2 7.1e2 6.5e2 6.2e2
ODTS 4.4e3 6.2e3 1.0e4 1.2e4 1.3e4 1.2e4
BO-DTS 1.2e3 3.4e3 6.8e3 8.7e3 9.3e3 9.0e3

Flops OSTS 1.0e6 3.8e5 2.2e5 1.9e5 1.7e5 1.7e5
ODTS 2.4e5 1.3e5 1.0e5 9.1e4 7.5e4 5.1e4
BO-DTS 3.4e9 2.7e9 2.0e9 1.3e9 6.7e8 2.7e4

Comps OSTS 1.5e6 5.4e5 3.0e5 2.5e5 2.2e5 2.1e5
ODTS 6.8e4 7.4e4 1.1e5 1.3e5 1.40e5 1.3e5
BO-DTS 2.0e4 4.2e4 7.6e4 9.4e4 1.0e5 9.6e4

Thus, in general terms, it is more efficient to use the BO-DTS algo-
rithm for large systems and the ODTS algorithm is recommended
for small systems.

6. Conclusions

In this work, three new algorithms for soft-output MIMO-GSM
detection have been presented. One of them, the OSTS, can be ap-
plied with and without clipping, and the other two can only be
used with clipping. The algorithms were tested in four setups with
different system sizes. The results have provided some very clear
conclusions. In the case without clipping, the proposed algorithm
significantly reduces the computational simulation cost compared
to other ML algorithms, which makes it relevant for use in these
cases. From a practical point of view, the clipped option is more
relevant. In the case with clipping, other options have been pro-
posed (the ODTS and the BO-DTS) which have been found to be
more efficient than the OSTS algorithm. Depending on the overall
size of the system, it is more convenient to select either the ODTS
or the BO-DTS. The ODTS provides a lower computational cost for
small sizes. However, when the system size increases, the BO-DTS
algorithm provides a cost that is considerably lower.
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