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Abstract—In this correspondence paper, a novel machine learning (clus-
tering) based blind decoding method is proposed for the space-time line
code (STLC) systems without the information of modulation size and chan-
nels. The number of clusters, which is equivalent to the modulation size, is
estimated from the received signals by using a k-mean cluster validation
metrics, such as silhouette score and Davies—Bouldin index, and the clus-
ter indices are directly mapped to the transmitted binary information bits.
To improve the clustering performance, received signal normalization and
the initial centroids of the clusters are designed by exploiting the combined
STLC signal structure. From the numerical results, it is verified that the
proposed blind decoding method can achieve near-coherent decoding per-
formance with either small-size modulation, low noise at the receiver, or a
large number of transmit antennas.

Index Terms—Machine learning, clustering, k-mean algorithm, blind
decoding, space—time line code.

I. INTRODUCTION

Recently, various machine learning techniques have been applied to
the communication systems. For examples, a support vector machine
(SVM) is applied for antenna selection [1], reinforcement learning for
evolved NodeB selection [2], and deep learning for the multiple access,
channel estimation and allocation, and traffic control [3]-[6].

In this study, by employing a machine learning technique, we pro-
pose a blind decoding method for the full-spatial-diversity achieving
space—time line code (STLC) systems [7]-[11]. The proposed blind
decoding method does not require the channel state information (CSI)
and modulation information, namely the modulation type and size. The
conventional STLC receiver decodes the transmitted information bits
with the partial CSI, i.e., an effective channel gain, and the modulation
information. Unlike an automatic modulation classification method (see
[12] and references therein) that uses a supervised learning algorithm
with training, we consider an unsupervised learning method, i.e., k-
mean clustering [13], by exploiting the structure of the combined STLC
signals.

The number of clusters, which can be interpreted as the modula-
tion size, is determined based on a Davies—Bouldin (DB) validity in-
dex and silhouette score [14], [15]. To improve the performance and
fast-and-accurate convergence of the clustering, we apply a signal nor-
malization technique and design the initial cluster centroids. Then, the
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cluster indices of the normalized signals are mapped to the transmitted
information bits, i.e., a decoding step. Numerical results verify that the
proposed blind decoding method can achieve the bit-error-rate (BER)
performance of a coherent decoding system that uses the information
of modulation and channels, especially when the modulation size or
the noise at the receiver is small or the number of transmit antennas is
large.

II. SIGNAL MODELS OF STLC SYSTEMS

We consider an STLC system, in which a transmitter has /N transmit
antennas, while a receiver has two receive antennas. The transmitter
modulates the coded/uncoded information bits to symbols, denoted by
x, and generates the STLC symbols, denoted by s. One resource block
(RB) consists of K symbols, and 7" RBs constitutes one frame. The
STLC system transmitter transmits frame by frame discontinuously.
The channel is assumed to be static over one RB, yet it varies over
different RBs, i.e., quasi-static or block fading channels.

A. STLC Transmission and Received Signal Model

Let h,.,[t] be the channel gain of RB ¢ between the nth transmit
antenna and the rth receive antenna, where ne{1,..., N}, r € {1,2}
and t € {1,...,T}. The channel h, ,[t] is an independent and identi-
cally distributed (i.i.d.) complex Gaussian random variable with zero
mean and unit variance, i.e., . [t] ~ CA(0, 1). Consider an M-size
modulation, i.e., M alternative symbols exist on a constellation dia-
gram. log, M information bits are modulated to one of M symbols, z,
which conforms to E[z] = 0 and E[|z|*] = 1.

We consider the STLC processing of = for the tth RB of the nth
transmit antenna. Note that the channels are static within one RB and
the STLC processing of all antennas are identical to one another. The K
consecutive STLC symbols transmitted through antenna n are obtained
by the STLC processing with CSI b, [t] = [y, [t]ha, o [t]T as follows

[7]-[11]1 (K ' =1...,K/2):
x;k’—l[ﬂ
s 1
H el ] v

where sy, [t] is the STLC symbol transmitted through the nth trans-
mit antenna at the kth symbol transmission time of RB ¢, such that
2
E|sg.n[t]]” = 1,Vn.
The received signal of the kth symbol in RB ¢ at receive an-
tenna 7 is then written as follows (r = {1,2}, k = {1,..., K}, and
t={1,...,T}:

Sl | _ 1 [ hialt] honll]
suwnlt] | IRaltll] B3 ul6] —hi [

Yrklt] = D B[tk nlt] + v k[t],

n=1
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where v,.  [t] represents an i.i.d. complex additive white Gaussian noise
(AWGN) that conforms to a normal distribution with a zero mean and
variance 02, i.e., v, i [t] ~ CN(0,02).

v

B. Combined STLC Signal Model

Using (1) to (2), we can specifically represent the received signals
at receive antenna r for the even (k = 2k) and odd (k = 2k’ — 1) time
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signals as follows (K’ = 1,..., K/2):

yr,Zk’—l[t] = nz::l l(;::[z]u (hT,n[t}xzk/—l[t] + h;,n[t]x;k’ [t])
+ v ok [t (3a)
el = Y- ol ns e 0 - 0 ldel)

1

3
Il

+ vy ok 2] (3b)

The receiver then combines the even- and odd-time signals in (3) for
the STLC decoding as follows [7]-[11]:

Yiaw 1 [t] + Yo [t] = aft]zaw 1 [t]

+ ook -1[t] + V3 op [t], (4a)
= Yiow [t] + ¥ [t] = alt]vowt]
— vk [t] + o3[t (4b)

where at] is the effective channel gain of the tth RB that is defined as
alt) = S0, [lAalf)]-

As shown in [7]-[11], with the knowledge of the partial CSI, i.e.,
a[t], instead of the full CSI, a simple maximum-likelihood detector can
be applied to independently detect ok [t] and zpp [t] from the com-
bined signals (4a) and (4b), respectively. The effective channel gain
can be blindly estimated [16]. For phase-shift keying (PSK) symbol
detection, even aft] is not required as it does not affect the phase in-
formation. In the next section, we propose a machine-learning-based
blind-detection method that implicitly learns the effective channel gain
a[t] and modulation size M.

III. CLUSTERING-BASED BLIND DECODING METHOD

In this section, we propose a clustering-based decoding method for
the blind decoding of the combined STLC signals in (4). For ease of
description of the proposed method, in Fig. 1, the examples of the
constellation diagrams and clustering results for the 16-quadrature am-
plitude modulation (QAM) and 8-PSK cases are depicted under vari-
ous environments and system configurations. From the top to bottom
rows, environments are as follows: i) 1/02 =30 dB and N =1 for
16-QAM, ii) 1/02 =10dB and N =1 for 16-QAM, iii) 1/02 =
10 dB and N = 8 for 16-QAM, iv) 1/02 =30dB and N =1 for
8-PSK, and v) 1/02 = 10dB and N = 1 for 8-PSK. From the left
to right columns, 1) y,. x[t], ii) dg[t], iii) dy[t] with C,,, iv) the clus-
ters with the random-initial cluster centroids and iv) the clusters with
the designed initial cluster centroids are shown, whose details will be
introduced shortly.

The received STLC signals in (3) appear randomly in the constel-
lation diagram as shown in the first column of Fig. 1. However, com-
bining the STLC signals in (4) removes the phase distortion caused
by the channels as shown in the second column in Fig. 1. Let de-
note the combined STLC signals in (4) by the data samples, d;[t],
asfollows (k = {1,..., K}andt = {1,...,T}): dp[t] £ a[t]zs[t] +
vg[t], where if k = 2k" — 1, di[t] = yiap-1[t] + Y o [t] and vy [t] =
Vi ok -1 [t] + 03 5 [t], and if k= 2K, di[t] = —yi o [t] + Y5 50 [t]
and vy[t] = —vy ap[t] + 05 5 [t]. Since the effective channel gain of
STLC, i.e., a[t], is a real value, the shape of the constellation points
is sustained and phase distortion from the complex-value channels is
removed.
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The combined STLC signals {dy[t]} are then clustered. As earlier
mentioned, the number of clusters is ideally equivalent to the modula-
tion size M, and each cluster index of the signal is uniquely mapped to
log, M-bitsequence, which is a decoding (or demodulation) procedure.
Here, two questions arisen during the learning system implementation
are how to reliably cluster di[t] and how to determine the cluster in-
dices to map them uniquely to the binary information sequences. We
propose k-mean method! with the following five steps and provide the
feasible answers.

STEP 1: The first step is a signal normalization step. Because the
number of data samples from one RB may not be sufficient to be ac-
curately clustered. For example, if one RB ¢ consists of 168 16-QAM
symbols, i.e., K = 168, there would be around 16 samples in one clus-
ter, which is insufficient to be clearly clustered if an additive noise
is severe. To overcome this issue, the whole data samples of 7" RBs
in a frame are used for the clustering. However, the effective channel
gain «ft] for RB t, i.e., d[t] = [di[t]dy[t] - - - d[t]]T, varies for dif-
ferent RBs (see the second column of Fig. 1, specifically Fig. 1.(a2),
in which d[1] and d[2] are highlighted by red-color ‘CJ” and green-
color ‘A, respectively). Thus, d[t] needs to be normalized to align all
dy[t]’s for all t by suppressing the real-value channel gain a[t] as fol-
lows: d[t] = d[t]/ ||d[t]|| » for given ¢, such that ||d[t]||% = 1 for all ¢,
where d[t] = [d,[t]ds[t] - - - dx[t]]T and || - ||  is a Frobenius norm of
a vector. Throughout the signal normalization step, the channel effect
is smoothed out and all data samples, dy [t], Yk and V¢, can be approx-
imately aligned as shown in the third column of Fig. 1, and they are
now ready to be used for the clustering.

The normalization step requires O (K1) time complexity. Note that
the time complexity of the normalization step is independent of the
modulation size M.

STEP 2: This step is to determine the number of clusters. There are
various clustering validation methods to find the optimal number of
clusters according to various metrics, such as the Calinski-Harabasz
indices, gap statistics, DB indices and silhouette scores [14], [15]. In
this study, the DB index and silhouette score are used as they are proper
to the k-mean algorithm [15]. Here, the minimum and maximum sizes
of clusters, i.e., the minimum and maximum modulation sizes, are as-
sumed to be known at the receiver, yet the assumption is not necessarily
required. The random-initial centroids are used for the initial clustering,
where the number of centroids is between the minimum and maximum
sizes of possible modulation, denoted by M,,;,, and My, .« respectively.
If the clustering is perfectly performed without error, the number of
clusters through the clustering validation, denoted by M, is identical
to the modulation size, i.e., M = M.

The time complexity of this step is O( KT (Muax — Moin + 1)q),
where ¢ is the number of iterations for a given cluster size [ 17]. Note that
the number of iterations is smaller than five in our simulation, which
is relatively negligible compared to KT, we then omit it from the time
complexity and approximate it as O(KT(Mmax — Momin + 1)q) =~
O(KT Myax)-

STEP 3: To improve the clustering performance and to label the
indices of the clusters in the next step, in the third step, we design
M-initial centroids by exploiting the structure of the constellation of
the estimated modulation type in Step 2. The random-initial centroids,
which are typically used for a traditional k-mean algorithm, cause poor
clustering results as shown in the fourth column of Fig. 1), especially
when the iteration number is insufficient. Furthermore, after the clus-
tering with the random-initial centroids, it is intractable to label the

! As shown later, the clusters are supposed to be hypersphere in a constellation
diagram, thus, a simple and efficient £-mean algorithm is considered in this study
for the clustering.
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Fig. 1.

Constellation diagrams when 16-QAM and 8-PSK modulations are used. From left to right columns, i) v, [t], i) di[t], iii) di[t], and iv)

the clusters and corresponding bit sequences are shown. From top to bottom rows, environments are as follows: i) 1/ 012, =30 dB and N =1 for
16-QAM, ii) 1 /o2 = 10 dBand N = 1 for 16-QAM, iii) 1 /02 = 10 dBand N = 8 for 16-QAM, iv) 1 /02 = 30 dBand N = 1 for8-PSK,andv) 1 /o2 = 10 dB
and N = 1 for 8-PSK. The z- and y-axes represent the in-phase and quadrature components, respectively.

cluster indices due to the randomness. Since the shape of a constel-
lation of dy[t]s is ideally (i.e., if there is no noise) equivalent to that
of the original modulated symbols, we design the initial centroids, de-
noted by Cy where £ = 1,.. ., M, such that they are scaled version of
the original constellation points of the modulated signals.

For example, if log, M is an even number in Step 2, the receiver
declares the transmitted signals are the QAM signals, and the initial
centroids (@, ,b.m,,) for the QAM signals are designed as follows
(my,my € {1,.. .,MO‘S}):

min{R(d)}+ (m; —1) max{R(d)} —min{R(d)}

g = o . G
_ x C_l min <k (_i
by = min{i‘s(d)}+(m2—1)max{\y(]\;(];s I_mln{d( sy

where d = [d[1]T -+ d[T]7]T and R(d) and 3(d) take the real and
imaginary values of d, respectively. In Fig. 1(a3), (b3), and (c3), the ‘o’
mark shows the designed initial centroids from (5) when log, M =4,
i.e., 16-QAM signals. The designed initial centroids will be used for
the k-mean clustering in the next step and the ¢th centroid Cy pro-
duces cluster £. In other words, the cluster indices, which are shown
in Fig. 1(a3), (b3), and (c5), are the same as the centroid indices {{},
which are determined as follows (1, m, € {1,..., M%%}):

0=VM(my—1)+ms. (6)

If log, M is an odd number in Step 2, the receiver declares the
transmitted signals are the PSK signals, and (a,by,) for the PSK
signals are designed as follows (m = 1,..., M):

@, = 7y o8 (0,) and b, = ysin (0,,) , (7)
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where 6,,, = 27(m — 1)/ M and ~ is the average distance between the
normalized PSK symbols {d}[t]} and the origin in the constellation
diagram as shown in Fig. 1(d3). The average distance v is obtained
asy = 2= o | [t]|. The resultant cluster index ¢ from the
initial centroid C'y is determined as shown in Fig. 1(d5) and (e5), i.e.,

N}

L=mme{l,..., ®)

The time complexity of this step is O(M ), whichis negligible compared
to the complexity of Step 2.

STEP 4: With the designed CY, the k-mean clustering is performed.
Here, squared Euclidian distance is used as the distance metric. In the
fifth column of Fig. 1, all d [t]’s in a frame are clustered by one iteration
of a k-mean algorithm with the designed M -initial centroids, C’s.
From this example, it is clear that the designed initial centroids provide
better clustering performance than the random-initial centroids, whose
clustering results with five iterations are shown in the fourth column
of Fig. 1. The time complexity of the k-mean clustering for a given
number of clusters, i.e., M, is O(KTM) [17].

STEP 5: The last step is to map the cluster indices of the data samples
to the corresponding binary sequences, i.e., information bits. This step
can be interpreted as a decoding or demodulation step. For example, in
Fig. 1(a5), if dj [t] is a member of cluster *7°, the decoded bits for the
kth transmitted symbol in the ¢th RB will be ‘0010.” In other words,
the receiver decodes the equivalent combined STLC signal xy,[t] in (4)
to ‘0010.

The time complexity of the mapping step is O(1).

Remark 1: The overall time complexity from Step 1 to Step 5 is
O(KT + KT Moy + M + KTM + 1) &~ O(KT M,.y), which is
comparable to the time complexity O (KT M) of the conventional co-
herent decoding systems.

Remark 2: The proposed scheme using unsupervised learning, i.e.,
aclustering, is independent of the SNR. However, the supervised learn-
ing methods, such as k-nearest neighbors (k-NN) and an SVM, require
to train for each modulation type under a given SNR condition. To learn
all possible modulation types and to cover the whole SNR regime, the
training period could be prohibitively large, which hinders the receiver
from employing the supervised learning methods.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, the BER performance of the proposed k-mean-based
blind decoding scheme is evaluated. The squared Euclidian distance
is used for cluster validation and clustering. If a cluster loses all its
member observations, a new cluster that consists of the one point fur-
thest from its centroid is generated during the clustering. Clustering
starts with the initial cluster centroids designed in Step 3, and does not
use any new initial cluster centroids until the clustering is completed.
Each observation is assigned to the cluster with the closest centroid,
i.e., a batch update for low time complexity. The maximum number of
iterations is set to be 10. One RB consists of 168 16-QAM symbols
and the number of RBs per frame is set as 7' = 10 RBs by referring
to 5G new radio frame structure [19]. The number of transmit anten-
nas is set as N € {1,2,4,8}. The list of the number of clusters in
the cluster validation includes all possible modulation types, i.e., M,
and it is designed and shared between transmitter and receiver as in
an adaptive modulation system [18]. In our simulation, we set the list
by {1,2,3,4,16,64}. Here, M = 1 and M = 3 is for BPSK and 8-
PSK, respectively, and the others are for QAM. If there is no common
information regarding the possible modulation types, the list includes
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Fig.3. BER performance (16-QAM) over N when 1/02 = {5,10} dB.

the integers starting from one to M,,., as large as possible depend-
ing on the system computational capability. The following methods are
compared:
® Naive k-mean that starts with a random centroid and with given
M (similar results without given M are omitted).

® L-mean with initialized centroids, C), and M obtained from a
silhouette score, where the overall silhouette value is computed
for the clustering solution by averaging the silhouette values for
all points, and each cluster contributes to the overall silhouette
value proportionally to its size.

e J-mean with initialized centroids, C, and M obtained from a DB

index.

® Coherent STLC as a benchmarking method, i.e., an STLC system

with given M and «ft] [7]-[11].

In Fig. 2, the BER is evaluated across 1/02 when the transmitter has
one antenna, i.e., N = 1. From the results, we see that the initial cluster
centroids are critical to properly cluster the data symbols. Note that the
naive k-mean algorithm with the random-initial centroids provides very
poor performance because of the random indexing and corresponding
incorrect mapping, regardless of the knowledge of the exact modula-
tion size M. However, using the designed initial cluster centroids, C'y,
the k-mean provides the similar BER trend to the coherent decoding
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that knows exact M and «[t]. When M = 4, a DB index provides the
accurate M than a silhouette score, while when M = 2, the silhouette
score outperforms the DB index. When the modulation size is small,
i.e., M = 2, both clustering evaluation methods perfectly estimate the
number of clusters, as a result, coherent decoding performance is ob-
tained when 1/02 > 5 dB. However, for 16-QAM, 1/0? greater than
30 dB is required for the coherent decoding performance. This require-
ment can be relaxed by using more transmit antennas, which increases
a[t] and improve clustering performance. This is verified in Figs. 1
and 3.

In Fig. 3, the BERs are shown by varying the number of trans-
mit antennas, when 16-QAM symbols are transmitted and 1/0? =
{5, 10} dB. From this results, it is verified that the proposed k-mean-
based blind decoding method can achieve near coherent decoding per-
formance if the transmitter has multiple antennas more than two for
1/02 =10 dB and five for 1/02 = 5 dB.

V. CONCLUSION

In this paper, a novel k-mean-based decoding method with the ini-
tial cluster centroids was proposed for the blind decoding of the STLC
symbols. From the numerical results, it was verified that the proposed
blind decoding method can achieve almost coherent decoding perfor-
mance, especially, when the modulation size is small and/or the number
of transmit antennas is sufficiently large. The proposed blind decoding
method is expected to be applied to the various STLC schemes.
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