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ABSTRACT The space-time line code (STLC) has been recently proposed in the literature. In STLC
systems, the channel state information is assumed to be known at the transmitter, but not at the receiver.
In the conventional STLC systems, the inputs of the STLC encoder are either M-ary phase shift keying
symbols or M -ary quadrature amplitude modulation symbols and can achieve diversity order with very low
detection complexity. In order to further improve the error performance of the STLC systems, in this paper,
rotated Golden codewords based STLC (RGC-STLC) systems are proposed. We extend the 1 x 2 and 2 x 2
transmit-receive antenna structure in the conventional STLC into 1 x 4 and 2 x 4 transmit-receive antenna
structures in the proposed RGC-STLC system. The inputs of the proposed RGC-STLC encoder are the
rotated Golden codewords. Compared to the conventional 1 x 2 and 2 x 2 STLC systems, the 1 x4 and 2 x 4
RGC-STLC systems achieve a higher diversity order. Based on the feature of the rotated Golden codewords,
low complexity detection schemes for the 1 x 4 and 2 x 4 RGC-STLC systems are further proposed. Finally,
the union bounds on the average symbol error probability for the 1 x 4 and 2 x 4 RGC-STLC systems are
derived and shown to match the simulation results very well at high signal-to-noise ratios.

INDEX TERMS In-phase and quadrature maximum likelihood detection, reduced complexity detection,

space-time block code, space-time line code (STLC), threshold based signal detection.

I. INTRODUCTION
There exists an ever-growing demand to increase data trans-
mission rate and improve communication reliability in Sth
and beyond-5th generation wireless communication systems.
In general, data transmission rate can be increased by employ-
ing multiplexing techniques and the reliability of a wire-
less communication system can be improved by employing
diversity techniques. Multiple-input multiple-output (MIMO)
techniques can be used to increase data transmission rate
and/or improve the reliability of a wireless communication
system. Actually, there is a tradeoff between data trans-
mission rate and communication reliability in terms of the
diversity-multiplexing gain [1]. In this paper, the main focus
is to improve on the reliability of communications in a single-
input multiple-output (SIMO) or MIMO system setting.

In the literature, the encoding approach of a MIMO system
enables the system to increase the data transmission rate
and/or improve the reliability of a wireless communication
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system. For example, the space-time block code (STBC) is
one type of MIMO system. A well-known STBC system
with two transmit antennas is the Alamouti STBC which
achieves full diversity at the receiver [2]. The encoding of the
Alamouti STBC makes the codeword matrix orthogonal. The
orthogonal codeword matrix further requires linearly com-
bining the received signal to detect the transmitted symbol.
Another example of an STBC is the Golden code [3]. The
encoding of the conventional Golden code enables the Golden
code system to simultaneously achieve diversity order and
multiplexing gain. However, the maximum likelihood (ML)
detection complexity of the Golden code is proportional to
O(M*), which is very high.

In the above two examples, the channel state informa-
tion (CSI) is assumed to be known or fully estimated at the
receiver. When the CSI is fully known at the transmitter, not
the receiver, the diversity order can also be achieved through
the encoding of the space-time line code (STLC), which is
recently proposed in [4]. In all STLC systems, the receiver
only needs to linearly combine the received signals. No CSI or
effective channel gain is required for detecting M -ary phase

VOLUME 10, 2022


https://orcid.org/0000-0002-5768-1965
https://orcid.org/0000-0002-2494-1855
https://orcid.org/0000-0002-1538-249X

H. Xu et al.: Rotated Golden Codewords Based Space-Time Line Code Systems

IEEE Access

shift keying (M-PSK) symbols at the receiver. However, it is
required to estimate the effective channel gain for detecting
M -ary quadrature amplitude modulation (M -QAM) symbols.
If the effective channel gain is fully estimated at the receiver,
the STLC systems achieve diversity order with very low
detection complexity. This is the key feature of the STLC
systems.

Since the STLC was proposed, the technique has been
applied in different communication systems. For exam-
ple, STLC has been applied in massive MIMO and
multiuser systems with antenna allocations [5]. STLC has
also been applied in the uplink non-orthogonal multiple
access (NOMA) random access system [6]. An STLC
coded regenerative two-way relay system has been stud-
ied in [7]. Very recently, double STLC and generalized
STLC have been proposed in [8] and [9], respectively.
Compared to the conventional STLC, double STLC and gen-
eralized STLC provides the multiplexing gain and spatial
diversity.

Since the CSI is known at the transmitter, transmit antenna
selection is an easy way to achieve a higher diversity order,
and consequently improve error performance in an STLC
system. On this note, transmit antenna selection for STLC
systems and multiuser STLC has been discussed in [10] and
[11], respectively.

In the literature, there are other approaches to achieve
an increased diversity order. The simple way to achieve
receive diversity order is that the receiver has more indepen-
dent receive antennas. However, only two receive antennas
are available in the STLC systems because of the spe-
cial encoding of the STLC at the transmitter. Signal space
diversity (SSD) is another technique to improve diversity
order [12]. In SSD systems, the signal diversity is achieved
by transmitting the in-phase and quadrature of the rotated
multi-dimensional signal in independent fading channel.
While no additional bandwidth, transmit power and receive
antennas are required in SSD systems, ML detection is
required to achieve optimal error performance. Recently,
Golden codeword based SIMO (GC-SIMO) modulation has
been proposed in [13]. In [13], an increased diversity order
can be achieved through the transmission of the Golden
codewords. The ML detection complexity of GC-SIMO is
proportional to O(M?), where M is the order of the modu-
lation. Very recently, an alternative encoding of the Golden
code has been proposed in [14]. The rotated Golden code-
word is also proposed in the alternative encoding of the
Golden code. Compared to the conventional Golden code-
word, the rotated Golden codewords are able to convert one
two-dimensional ML detection into two one-dimensional ML
detections. Hence, in this paper, we propose to apply the
rotated Golden codewords in the STLC system. We refer to
the proposed system as a rotated Golden codewords based
STLC (RGC-STLC) system. We extend 1 x 2 and 2 x 2
in the conventional STLC into 1 x 4 and 2 x 4 in the
proposed RGC-STLC system. In order to achieve the optimal
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error performance, the in-phase and quadrature ML (IQML)
detection is proposed in this paper. The IQML detection
complexity of the RGC-STLC is only proportional to O(2M).

The encoding of the rotated Golden codewords can be
regarded as superposition encoding in the NOMA system.
The threshold based signal detection (TSD) can also be
applied to detect the transmitted symbols in the proposed
RGC-STLC system. By aid of the TSD, in this paper,
a reduced complexity IQML (RC-IQML) is further pro-
posed. Compared to the IQML, the RC-IQML further reduces
detection complexity. Typically, the detection complexity of
the proposed RC-IQML is very low at high signal-to-noise
ratios (SNRs).

The error performance of the conventional STLC with
and without transmit antenna selection has been analyzed
in [10]. In order to derive a closed-form error performance
expression, the union bounds on the average symbol error
probability (ASEP) for the proposed 1 x 4 and 2 x 4
RGC-STLC systems are also derived in this paper.

The main contributions of this paper are summarized as:

e Both 1 x 4 and 2 x 4 RGC-STLC systems are proposed.
The proposed RGC-STLC systems also achieve an increased
diversity order, and have a low complexity signal detection.

e The union bound of the ASEP of the proposed 1 x 4 and
2 x 4 RGC-STLC systems are derived;

e By aid of the TSD, the RC-IQML is proposed to detect
the transmitted symbols for both 1 x 4 and 2 x 4 RGC-STLC
systems.

The remainder of this paper is organized as follows: in
Section II, the system models of the proposed 1 x 4 and
2 x4 RGC-STLC systems are presented. The signal detection
schemes of the proposed 1 x 4 and 2 x 4 RGC-STLC systems
are presented in Section III. In Section IV, the union bounds
of ASEP for the 1 x 4 RGC-STLC systems are derived. The
simulation results for the 1 x4 and 2 x 4 RGC-STLC systems
are demonstrated in Section V. Finally, the paper is concluded
in Section VI.

Notation: Bold lowercase and uppercase letters are used
for vectors and matrices, respectively. [-1F and [-]* represent
the transpose and conjugate operations, respectively. ()2, | - |
represents Hermitian and magnitude operations, respectively.
D(-) denotes the constellation demodulator function. Let x
be a complex valued symbol. Re{x} denotes the operation
to select the in-phase or real part of x. Q(-) is the Gaussian
Q-function. ), ()€ denotes the in-phase and quadrature
components, respectively.

Il. SYSTEM MODEL

In this paper, we mainly focus on the proposed 1 x 4 and
2 x 4 RGC-STLC systems. We will present the rotated
Golden codewords in Subsection A, reveal the encoding
and decoding/detection of the conventional STLC systems
in Subsection B, and then describe the 1 x 4 and 2 x 4
RGC-STLC systems in Subsection C and Subsection D,
respectively.
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A. THE GOLDEN CODE

The Golden code is a linear dispersion STBC (LD-STBC)
with two transmit antennas and two or more receive antennas
[3]. The Golden code achieves full-rate and full-diversity.
Its encoder takes four complex-valued symbols and gener-
ates four super-symbols. Let x; be an M QAM symbol with
E{lx;|?} = &, x; € Q,i € [ : 4], where  is the signal set
of MQAM. The Golden code transmission matrix is given
by [3]:

X11 X
X =[Xi Xo] = [x; xj;] : M

where x| = %fsa(xl + x20), x20 = \/Lgo_l(xl + x20), x12 =

Lo +x40) and vo1 = Ly @0 +x140), with 6 = 155,

0=1—0,a=1+j0,&a =1+j1—0)and y =j. Since
E{|xi|*} = &, we have E{|xi|*} = ¢, i,k € [1:2].

In (1), there are four super-symbols, %a(xl + x20),
\L@&(xl + x20), \%a(}g + x46) and Lsy&(;g + x40). In this
paper, we refer to these super-symbols as the Golden code-
words. These super-symbols form two pairs of Golden code-

1 1= ] 1
words {Tga(xl + x2_9), %a(xl + x20)} and {\_fsa()@ +
x40), \%y&(xg + x49)} in the conventional Golden code.
In this paper, only the pair of Golden codewords {%@a(xl +
x20), %&(xl + xzé)} is applied in the proposed STLC
system.

In the pair of Golden codewords, both « and & are complex.
Let o = |a|¢/?! and & = |a|e/%2. For convenient discussion,

- L = Ligl = L i
we further let 81 = ﬁ|a| and B, = ﬁ|a| = ﬂ|a|0. Itis
noted that (,61)2 + (,32)2 = 1. It is also easy to derive that
Lalo = g0 = -8
/5 |Ol| ﬂ2 1-

If we rotate x1; = %a(xl + x76) by angle —¢; and x2; =
\/Lg&(xl + x20) by angle —¢,, we then have:

@2.1)
2.2)

g1 = e ¥xy; = Bixi + Baxa,
g2 = e/ xp = Pox1 — Pixa.

Both g1 and g7 in (2.1) and (2.2) are referred to as rotated
Golden codewords (RGC), which will be applied in the pro-
posed STLC system.

The N; x N, STLC has been documented in [4], where
N; = 1 or N; = 2 and N, = 2 are the numbers of transmit
antennas and the number of receive antennas, respectively.
The encoding and linear combination detection (LCD) of the
conventional STLC have been presented in [4]. However,
[4] did not explain how the encoding and the LCD of the
STLC are derived from theory. In the following subsection,
we reveal how the encoding and the LCD may be derived
from theory.

B. EXTENDING ALAMOUTI ENCODING INTO STLC
ENCODING AND DECODING

Consider an N; x N, Alamouti scheme with N; = 2 and N, =
1. Let h,,,n; € [1 : 2], be the channel fading coefficient
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between transmit antenna n; and the receive antenna. Let
xi, i € [1: 2] be MQAM symbols with E{|x;|?} = &, where
x; € 2. In terms of transmitting xik and x,, the Alamouti
codeword matrix is given by [2]:

X:[xik le 3)

—X3 X

At the receiver, the received signals are given by:

st | X x||m n
R el A C

where n;, i € [1 : 2] represents the additive white Gaussian
noise (AWGN) elements.
Ignoring the noise terms in (4), then (4) may be rewritten

as:
St h]xi" + hyxo )
s | —hlxik + hoxy |-

(5) is further rewritten as:

sl (A h X1
|:szi| - [hz —hy | x5 ©)
hy —hy

In (6), let H = |:
H 2 2, (10
We further have H" H = (|h1|* + |h2|7) .

]. H is an orthogonal matrix.

01
Either (5) or (6) can be regarded as the encoding of the

STLC system.

Suppose there is another N; x N, system with N; = 1 and
N, = 2. The channel fading coefficient between the transmit
antenna and receive antenna n,, n, € [1 : 2], is denoted as Ay,
which is known at the transmitter. (6) can be regarded as the
encoding of the 1 x 2 system assuming that the CSI is known

at the transmitter.
* *

H
Multiplying [Zl hfl :| in both sides of (6), we have:
2 —h

h h;”sTZhT ws Ve w7 [ o
/’l2 —h1 52 hz —h1 /’l2 —h1 x;‘ ’

(7) is further rewritten as:

[hlsT + hﬁsz} — s |:X1} , @)

* * *
has] — his2 X5

where 8, = |h1|2 + |h2|*.
(8) can be regarded as the decoding or detection for the
above scheme, which will be discussed in detail below.
Suppose s7 and s3 are transmitted in the above 1 x 2 system,
the received signal r,, s+ in terms of the receive antenna n,
and the transmitted symbol s7, i € [1 : 2] are given by:

rist = hisi +np g, 9.1
sy = hlsé + ny,s%s 9.2)
rysr = host +ny s, 9.3)
s = hass + no g 9.4)
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If noise terms in (9.1) to (9.4) are ignored, then substituting
(9.1) to (9.4) into (8), we have:

(10.1)
(10.2)

T,st +r2s* = &px1,

*
r2,sT —rig = 62X7.

Either st + r;)sz in (10.1) or r*’s,f — g in (10.2)
represents LCD. The LCD of x; and x> in (10.1) and (10.2)
is the same as the ones in (16a) and (16b) in [4]. Hence, from
the Alamouti orthogonal codeword matrix we have derived
the encoding and decoding or detection of the STLC. In the
following two subsections, we will describe in detail the
proposed 1 x 4 RGC-STLC and 2 x 4 RGC-STLC systems.

C. 1 x 4 ROTATED GOLDEN CODEWORDS BASED
SPACE-TIME LINE CODE SYSTEM

In this subsection, we only consider the 1 x4 RGC-STLC sys-
tem. Based on (2.1) and (2.2), the rotated Golden codewords
g2i—1 and go; are given by:

g2i—1 = Bi1x2i—1 + Baxzi, (11.1)

82 = Bax2i—1 — Bi1x2i (11.2)

where i € [1 : 2]. x¢, k € [1 : 4] are the squared M QAM

symbols with E [|xk|2] = ¢&. The modulation order of the
squared MQAM is M.

The proposed 1 x 4 RGC-STLC system needs two block
transmissions, where each block contains two time slots. Let
hi = [Mai-1 m2lT € C>*!, be the i block channel
fading vector, where h,, ,, is defined as the channel fading
coefficient between the transmit antenna n; and the receive
antenna n,. hy,, ,, are independent and identically distributed
(i.i.d) complex Gaussian random variables (RVs) distributed
as CN(0, 1). Every hy, 5, lasts one block transmission and
takes on another independent value in the next one block
transmission. In the proposed 1 x 4 RGC-STLC system n; =
1. Define ;2 = |hyi—1|*> + |h1.2i|%, which is the sum of
the channel gains in the i block transmission. Similar to the
definition in [4], \/ﬂ is defined as the effective channel gain.

Based on (6), the encoder of the proposed 1 x4 RGC-STLC
takes the rotated Golden codewords go;—1, g2; and the chan-
nel coefficients hp 2 1 and h1 2; as inputs, and outputs
RGC-STLC symbols, 5] and 5, which are given by:

st = [h} 181 + I 583 \/E’ a12.1)
sy = [} 287 — I}, 1g3]\/8172, (12.2)
= [h} 3gz+h14g4]\/8172, (12.3)

! (12.4)

S% = [hT,482 hi 384]\/E

It takes two block transmissions to transmit RGC-STLC
symbols in the proposed 1 x 4 RGC-STLC system. As dis-
cussed earlier, each block transmission contains two time
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slots. If sf{ is transmitted in the k™ time slot of the i block
transmission, then at receive antenna 2{— 1 and 2i the received
signals zj 2;—1 and zx ; are given by:

(13.1)
(13.2)

Zk2i—1 = N1 2i—18) + Nk 2i-1,
Zk,2i—0 = N1 2i—08} + Nk 2i0,

where ng 2,1 and ng 2; are distributed as CN (O,%), where p
is the SNR at each receive antenna in the proposed 1 x 4
RGC-STLC system.

D. 2 x 4 ROTATED GOLDEN CODEWORDS BASED
SPACE-TIME LINE CODE SYSTEM

In this subsection, we consider the 2 x 4 RGC-STLC system.
The definitions of the channel fading vector, the effective
channel gain and the rotated Golden codewords g7;—1 and g»;

are exactly the same as those in the 1 x 4 RGC-STLC system.

. . )x2+2 2
Again, define §; 4 = Zn,_l Zn, —(i— 1)X2+1 1, 17

the sum of the channel gains in the i block transmission.

Then, based on (6), the encoder of the proposed 2 x 4
RGC-STLC takes the rotated Golden codewords g2;—1, g2i
and the channel coefficients &, (i—1yx24n,, 1 € [1: 2], n, €
[1 : 2] as inputs, and outputs two pairs of RGC-STLC
symbols, s;t’l and S;;,Z’ which are given by:

which is

1
= [k, 181 + Iy, 185] Now (14.1)
* * 1
2 = [hy, 287 — hy, 1831 \/m (14.2)
1
Sw = Uy, 382 + Hy 483 ——= N (14.3)
* * 1
o = [hy, 485 — Iy, 3841 —— N (14.4)

Transmit antenna n; transmits 551,1 and s’n, , during

time slot 1 and time slot 2 of the i block transmission,
respectively.

In the proposed 2 x 4 RGC-STLC system, it takes four
time slots to transmit two pairs of RGC-STLC symbols for
each transmit antenna. During time slot k of the i block
transmission if transmit antenna n, = 1 transmits Sil, ¢ and
transmit antenna n, = 2 transmits séy « then at receive anten-
nas 2i—1 and 2i the received signals z 2;—1 and zj ; are given

by:

21,2i-1 = M1 18] |+ ho 185 | H012i-1, (15.1)
21,2i-0 = M1 rc428] | + horeg28y | +n12i-0,  (15.2)
22,0i-1 = 14187 5 + 2185 5 + 122i-1,  (15.3)

22,2i-0 = hi rx428) 5 + hope4285 5 + m22i-0, (15.4)

where rx = (i — 1) x 2, ny, 2i—1 andnn 2Tt € [1:2],i¢€
[1 : 2] are exactly the same as those in (13 1) and (13.2) in
the 1 x 4 RGC-STLC system.
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IIl. SIGNAL DETECTION SCHEMES FOR THE 1 x 4 AND

2 x 4 RGC-STLC SYSTEMS

Similar to the discussion in [4], at the receiver the effective
channel gain is required to be estimated for detecting M QAM
symbols. In this paper, we assume that the effective channel
gain is perfectly estimated at the receiver. The signal detection
schemes of the 2 x 4 RGC-STLC systems are the same as
the ones of 1 x 4 RGC-STLC systems except for different
effective channel gain. The effective channel gain is 6 2, k €
[1:2]inthe 1 x 4 RGC-STLC systems, while the effective
channel gainis 8¢ 4, k € [1 : 2] in 2 x 4 RGC-STLC systems.
Thus, in this section, we mainly focus on the signal detections
for the 1 x 4 RGC-STLC systems.

A. LINEAR COMBINATION DETECTION FOR 1 x 4
RGC-STLC SYSTEM

LCD for the conventional STLC has been discussed in [4].
In Subsection II.A, we revealed how the LCD is derived in
(10.1) and (10.2) from theory. In this subsection, we will
apply (10.1) and (10.2) to detect the transmitted symbols in
the proposed 1 x 4 RGC-STLC system. The received signals
in (13.1) and (13.2) in the 1 x 4 RGC-STLC system can be
further rewritten as:

1 = hiasp +mia, (16.1)
k2 = hiasg + nia, (16.2)
%3 = hast + s, (16.3)
24 = hyasi 4+ g4, (16.4)
where k € [1 : 2].
Based on the LCD, we further have:
ro= 81281+ 011+, (17.1)
r = /022820 +n13+1, (17.2)
r3 = /81283 +n}, —m1, (17.3)
ry = /82284 + 1} 4 — M3, (17.4)

where ri = 211+ 25,5, =213 +25 4,13 =2} , — 22,1 and
rs =214 — 223

Letw; =n11 +n§’2, wy = n1,3—|—n;4, w3 = nT,Z_nZJ and
wq =nj 4 —na3.w;, i € [1:4],are distributed as CN(O,%).

Let rg1 = r1/\/(T, rg2 = }’2/,/52, , Vg3 = r3/ 32’1 and
rg4 = r4/,/82,2. Based on the encoding of rotated Golden
codewords in (11.1) and (11.2), the linearly combined signals
are expressed as:

= x4 P+ P, (18.1)
V61,2 82,2

o = xp 4 P2y = P (18.2)
81,2 82,2

s = vy 4 —Ps + P2, (18.3)
V12 82,2

X4 = x4 + P2 w3 — A w4, (18.4)
81,2 822
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where rx; = Birg1 + Bargz, rxa = Porgr — Birga, rx3 =
B1rg3 + Bargs and rx4 = Borgz — B1rga. In the derivation of
(18.1) to (18.4), we apply 7 + 7 = 1.

Finally, the estimation of the transmitted symbols are given
by:

Xi = D(rx;). 19)

B. IN-PHASE AND QUADRATURE MAXIMUM
LIKELIHOOD DETECTION
The above LCD algorithm also has very low detection com-
plexity. However the above detection scheme cannot achieve
full diversity from 81 2 and 822 in the RGC-STLC system.
In this subsection, we propose a detection scheme, IQML to
achieve full diversity from §; 7 and 87 .

Since B and B, are real, (11.1) and (11.2) can be rewritten
as:

Qi1 = (Bixy_y + Baxh) +i(BixS_| + Paxs).  (20.1)
g = (Boxhi_y — Bixd) +j(Boxl_ | — Bix$). (20.2)

Let gi = g/ +jg% xi = x/ +jx2, i € [1 : 4]. (20.1) and
(20.2) can be further rewritten as:

i1 = Py + Paxy.

8]271' = /32)‘51'—1 - llegi’

21.1)
21.2)

where p € [I, Q].

Since only squared M QAM is taken into account in this
paper, we have K = +/M. Let Q be the signal set of x” and
), be the signal set of g”. The cardinalities of f and &,

are K and M, respectively. Thenin (21.1) and (21.2), xf € Q';(

and g¥ € Q.
The linearly combined signals in (17.1) to (17.4) can be
rewritten as:

= /812812 + Boxh) + (22.1)
5 = /822(Bax? — Brxb) + wh, (22.2)
ry = /812(Bixs + Box}) + wh, (22.3)
ry = /822(Boxk — i) + w. (22.4)

The IQML detection of the transmitted xp; 1 and xp; can
be expressed as:

[%2i-1 %2i] = , min (dy._, +dy), (23)
Xpi—1%2; €8k
where
dgl-,l = |r§’i,1 - \/51,2(/31)65,-,1 + ﬁzxgi)lz, (24.1)
dy, = |k, — \/822(Boxb,_ — Bixb)IE (24.2)

The above IQML detection does achieve full diversity from
81,2 and 87 2, however the detection complexity in terms of
two absolute operations is proportional to O(M). In order to
meet the aim of STLC, low complexity detection, we propose
the RC-IQML detection in the following subsections.
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C. THRESHOLD BASED SIGNAL DETECTION

Both g5, | and g5, in (11.1) and (11.2) can be regarded as a
pair of superposition encodings in NOMA systems. The TSD
has been proposed to detect the transmitted symbols [15].
In this subsection, we apply the TSD to detect xp;_; and xp;.
Leti =1, then (11.1) and (11.2) can be rewritten as:

gl = Bixl + poxb,
g = /32Xf — Bixb,

Wherexf € Q’,’( andgf:.7 € Qﬁ,,

Given x” € Qi € [1 : 2], based on either g} in (25.1)
or gg in (25.2), Q‘;[ can be constructed. Suppose QI;(
Q) = [-3,—1, 1, 3] then we have Q}, = Qf, =[—4.129,
—3.078, —2.428, —2.026, —1.376, —0.975, —0.727, —0.325,
0.325, 0.727, 0.975, 1.376, 2.026, 2.428, 3.078, 4.129]. For
convenient discussion, we let z}c = —3, s ,zfc = 3 in

the signal set SZP and z = —4.129,--. §6 4 129 in

the signal set Qlfﬁ In 916’ it is easily seen that zg # z
for k1 7& k2

Suppose z(’_é, is transmitted over an AWGN channel, which
is given by:

(25.1)
(25.2)

y= zg + n, (26)

where 7 is distributed as CN (0, o).

At the receiver, the transmitted symbol in (26) can be
estimated by using the TSD. The thresholds play a key role in
the TSD. Let tt’jl, k € [1 : M — 1], represent these thresholds.
These thresholds tt];l are easily derived as:

Zk—H _ k

b4
k k 8 8
L =2 + s 27
For convenient discussion, we set tt% = —o0 and tth = 400.

Now we apply the TSD in (27) to estimate the transmitted
symbol. Suppose 7,/ < y < tfh'. Then the TSD esti-
mates the transmitted signal as zﬁ,‘. As discussed in [15], the
superposition coding of (25.1) and (25.2) can be alternatively
expressed as encoding functions fi and f>. Given x{’ = ZI;", i€
[1:2] then g’f =7, and gg = 7y are expressed as:

g =1 (4, (28.1)
= (44, (28.2)

where zg , zg IS QPM
The signal detection at the receiver can be regarded as two
inverse functions f,"' and f,"'. Suppose that the g? and g5 are

estimated as g’f = zgl and g’; = zz,z at the receiver, then the

estimation of xf’ ,i € [1 : 2] can be expressed as two inverse
functions f1_1 and fz_l, which are given by:

5= ()
[ 58] =57 ()

(29.1)

(29.2)
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D. REDUCED COMPLEXITY IQML DETECTION

In this subsection, we propose a RC-IQML algorithm. From
the previous subsection, it is easily seen that the transmitted
xp can be estimated based on either fl_1 in (29.1) or f2_1 in
(29 2). If £ = 252, the probability of transmitting x/’ = %52
is very large If both ' = 2 and 25" = 27, we directly
output the estimation of the transmltted x} as %% and xJ as
52 I 28 # 252, we perform IQML to estimate the trans-
mitted xf’ . The implementation of the RC-IQML is shown in
Algorithm 1. In Algorithm 1, we only detect the transmitted
symbols x1 and x; by use of the RC-IQML. Similarly, we can
also detect the transmitted symbols x3 and x4 by use of the
RC-IQML.

Algorithm 1: Implementation of the RC-IQML
Input:
(1): ¥ in (22.1) and 4 in (22.2);
(2): B1 and Ba;
(3): Estimation of transmitted x;: &7, £
i€[l:2],and Q.
Output: Finally estimated %;, i € [1 : 2].

and x;,

Clear Q}C, Q)zc;
fori < 1to2do
if £' = &7 then

i oh.
QL =X
else
i .
QL = QF;
end if
end for
if 2f' = 2> AND #5' = £ then
+~81.
X = x1 ;
X2 = x2 .

else
=] — /E(ﬁlxi’ + Baxh)I%;
dy = |ry — /522(Bax} — ﬂ1x2)|2
[)Acl )ACQ] = min 17691 xpeSZZ(d —|—dp)
end if

IV. UNION BOUND ON THE AVERAGE SYMBOL ERROR
PROBABILITYOFTHE1 x 4AND 2 x 4

RGC-STLC SYSTEMS

In this section, we focus on the derivation of the union bound
on the ASEP of the 1 x 4 and 2 x 4 RGC-STLC systems.
We will derive the ASEP union bound for 1 x 4 and 2 x 4
RGC-STLC systems in Subsection IV.A and Subsection IV.B,
separately.

A. THE ASEP UNION BOUND OF THE 1 x 4

RGC-STLC SYSTEM

The derivation of the ASEP union bound for the 1 x 4
RGC-STLC system is based on one pair of received signals,
either (17.1) and (17.2) or (17.3) and (17.4). In this section,
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(17.1) and (17.2) will be used to derive the ASEP union
bound. Both (17.1) and (17.2) are rewritten as:

r1 = +/812(B1x1 + Pax2) + wi, (30.1)
ry = /822(Bax1i — Pi1x2) + w, (30.2)

where w;, i € [1 : 4], are distributed as CN(O,%).

Using (30.1) and (30.2), either x; or x, may be taken into
account in the following derivation. We use only x; to derive
the union bound of the symbol error probability. Let p,(e) be
the ASEP of x| during the transmission. Since there are M
signal values of x1, p,(e) may be expressed as:

M
pale) = plelxi = pla = 2, 31)
k=1

where p(e|x| = ZI;I) is the conditional error probability when

X| = Zp is transmitted. p(x; = Z)I?) is the probability for
ki

X1 =2 -

If x; = P

' were directly transmitted, p(e|x; = z)'ﬁ) would
be easily derived. However the proposed RGC-STLC system
transmits either g = B1x] + Baxp or g2 = Bax; — Brxz, not
x1. At the receiver only linearly combined received signals
V81281 +wi and /8, 2g> +w are known, and x; 4 n; is not
known. Thus, we need to derive the symbol error performance
of the proposed RGC-STLC system based on the linearly
combined received signals \/Egl + wi and \/@gz + wy.
Based on the encoding of the rotated Golden codewords in
(11.1) and (11.2), transmitting x; = zI;l is equivalent to trans-
mitting one pair of M rotated Golden codewords (g1, g2),
where g1 = B1x1+B2x2, 82 = Box1—B1x2, X1 = Zpy, X2 € Q2.
Then p(e|x; = zﬁ‘) in (31), can be expressed as:
M
plelvi =2 = 3 plelgr, gptr =22, (32)
ko=1
Let g = (g1,42) and ¢ = (g1, &2). The pairwise error
probability (PEP) P(g — 2) is defined as g which is detected
as g at the receiver. Then the p(e|gi, g2) in (32) is the PEP
P(g — &). For p(x = ') = 7 and p(x2 = 2%) = 17, pa(©)
may be further expressed as:

| MM
pl@=125% > P2 (33)
ki=1ky=1
The conditional PEP P(g — g|hy, hy) is given by:
P(g — glh1,hy) =P(A>B), (34)

where

A=1r — /8128117 +|r — /822821%
B=1|r —/812811* + |r2 — /8228

Substituting (30.1) and (30.2) into A and B we further have:
A=wil +wal%

B = |\/812dy +wi|* + |\/82,2d> + wa|?.

whered; = g1 — g1 and dr = g2 — 2.
P (A > B)in (34) is further derived as:

P(A=B)=P(C=D), (35)
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where

C = Re{,/(S],szW]} —l—Re{,/Sz,zd;Wz};

D = 3{812ldi > + 82.2da]).

C is the equivalent AWGN component distributed as
N(O, {8121d11* + 8221d2 7} 5).

Finally, we have:

P(g — glhi,hy) =P(A=B)

=0 (/ 4ﬁ{81,2|d1|2 + 52,2|d2|2}> . (36)
£

Define the instantaneous SNR at the receive antenna / during
time slot i as y;; = {|h,',1|2},0. Since h;; are i.i.d complex
Gaussian RVs distributed as CN (0, 1) we have y;; = p. Let
vi = Vi1 + vi2. Then the PDF of y; is given by [15]:

1 _¥
friyi) = —vie i, 37
Vi
where y; = i = p.

Finally, the PEP P(g — @) is given by:

P~ @)
+o00 +o0
= /0 /0 P(g — glhy, ho)fy, (YD, (v2)dyidys.
(38)

In order to derive a closed-form expression for PEP P(g —
8), we need to approximate the Gaussian Q-function in (38)
for integration. Taking into account conciseness of the ASEP
expressions and approximation accuracy, we approximate
QO(+) in (36) using the trapezoidal rule as:

1p1 2 &2
Q) ~ —|=ze" 2T+ ) e |, (39
2C[2 ]; ]

where s, = sinz(kn /(2c)) and c is the number of partitions
for the integration in the Q-function.

Substituting (37) and (39) into (38), P(g — &) may be derived
as:

Pig — 8

-G

d,
14 &%

c—1

2
>+2

B. THE ASEP UNION BOUND OF THE 2 x 4

RGC-STLC SYSTEM

(30.1) and (30.2) are the equivalent received signal models for
the 1 x 4 RGC-STLC ASEP union bound analysis. Since the
signal detection schemes of the 2 x 4 RGC-STLC systems
are the same as the ones of the 1 x 4 RGC-STLC systems
except for different effective channel gain based on (30.1) and
(30.2), the equivalent received signal models for the 2 x 4
RGC-STLC ASEP union bound analysis is given by:

rt = 4/01,4(B1x1 + Bax2) +wi, (41.1)
ry = /624(Box1 — Bix2) + wa. (41.2)
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In (30.1) and (30.2), 82 = |h12i-1]*> + |h1.2i]%, while
in (41.1) and (41.2), 84 = Yoo XA i,
It is easily seen that the diversity order of §; » is 2, while the
diversity order of §; 4 is 4. Similar to the error performance
analysis for the 1 x 4 RGC-STLC system, (33) is also the
union bound on the ASEP for the 2 x 4 RGC-STLC system.
But the P(g — g) for 2 x 4 RGC-STLC system is given by:

Pig— 2)
c—1 2

2
Z%[H(Hl%)uz (ﬁﬂ (42)

k=1 k=11=1

where the definition of p is the same as earlier.

V. SIMULATION RESULTS

In this section, we present the simulation results for the
proposed 1 x 4 and 2 x 4 RGC-STLC systems for 16QAM
and 64QAM. As discussed in Section II system model, it is
assumed that the CSI is fully known at the transmitter. It is
also assumed that the effective channel gains are known at
the receiver. Rayleigh frequency-flat fading channels with
AWGN, as described in (13.1) and (13.2) are considered in
all simulations. For comparison, we also simulate the con-
ventional 1 x 2 and 2 x 2 STLC systems.

In all figures, the legend, “N; x 2 STLC MQAM stands
for conventional N; x 2 STLC MQAM; the legend, “N; x
4 RGC-STLC MQAM”, stands for the proposed N; x 4
RGC-STLC MQAM.

In this section, we firstly discuss the detection complex-
ity of the IQML and RC-IQML, then analyze the error
performance of the proposed RGC-STLC systems, and
finally compare the error performance between the proposed
RGC-STLC system and the conventional STLC system.

A. DETECTION COMPLEXITY ANALYSIS

As discussed in Section III.C, the IQML achieves optimal
error performance with detection complexity M, where
detection complexity is in terms of the number of absolute
operations per symbol in either (24.1) or (24.2). However,
it is difficult to quantify the number of absolute opera-
tions in the RC-IQML detection. We analyze the detec-
tion complexity for the RC-IQML detection through
simulations.

FIGURE:s 1 and 2 show the simulated detection complexity
of the 1 x 4 and 2 x 4 RGC-STLC 16QAM and 64QAM
with IQML and RC-IQML detection schemes, respectively.
For the proposed 1 x 4 and 2 x 4 RGC-STLC MQAM, it is
observed from FIGURE:s 1 and 2 that:

1) The detection complexity of the IQML scheme is M,

which is constant;

2) The detection complexity of the RC-IQML scheme

decreases as the SNR increases.

3) The detection complexity of the RC-IQML for the

RGC-STLC decreases as the number of transmit anten-
nas increases.
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—&— 1x4 RGC-STLC 16QAM RC-IQML
=—©— 1x4 and 2x4 RGC-STLC 16QAM IQML
—— 2x4 RGC-STLC 16QAM RC-IQML
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FIGURE 1. Detection complexity of RGC-STLC 16QAM vs SNR.

—8— 1x4 RGC-STLC 64QAM RC-IQML
—&— 2x4 RGC-STLC 64QAM RC-IQML
—©— 1x4 and 2x4 RGC-STLC 64QAM IQML

40

Detection Complexity
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T

20 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35
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FIGURE 2. Detection complexity of RGC-STLC 64QAM vs SNR.

..
.,
e

—&— 1x4 RGC-STLC 16QAM IQML
4|=0= 1x4 RGC-STLC 16QAM RC-IQML
107 uuu@-== 1x4 RGC-STLC 16QAM union bound
==+@===2x4 RGC-STLC 16QAM union bound

—8— 2x4 RGC-STLC 16QAM IQML
105 |= B~ 2x4 RGC-STLC 16QAM RC-IQML

0 5 10 15 20 25 30
SNR (dB)

FIGURE 3. Error performance of the RGC-STLC 16QAM vs SNR.

B. ERROR PERFORMANCE ANALYSIS

In this subsection, we analyze the symbol error performance
of the proposed RGC-STLC systems. FIGURESs 3 and 4 show
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= Q= 1x4 RGC-STLC 64QAM RC-IQML
10-4 + 1x4 RGC-STLC 64QAM IQML
===+ 1x4 RGC-STLC 64QAM union bound
===H==-2x4 RGC-STLC 64QAM union bound
= DO~ 2x4 RGC-STLC 64QAM RC-IQML
—8— 2x4 RGC-STLC 64QAM IQML

0 5 10 15 20 25 30 35
SNR (dB)

10°

FIGURE 4. Error performance of the RGC-STLC 64QAM vs SNR.
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. —©— 2x4 RGC-STLC 16QAM IQML
107 F E
102 F 5
o
L
7]
103 F =
%,
10—4 b ’...‘ 4
0,
k-
10—5 L L L L L L
0 5 10 15 20 25 30 35

SNR (dB)

FIGURE 5. Error performance comparison between RGC-STLC and STLC
16QAM.

the error performance of the Ny x 4 RGC-STLC with 16QAM
and 64QAM, respectively. The ASEP union bounds of the
proposed N; x 4 RGC-STLC M QAM in (33), are also shown
in FIGURESs 3 and 4, respectively. From FIGUREs 3 and 4,
it is observed that:

1) Compared to the 1 x 4 RGC-STLC M QAM systems,
2 x 4 RGC-STLC MQAM systems achieves at least
7 dB at the symbol error rate (SER) of 2 x 1073;

2) Until the SER of 2 x 107, the RC-IQML achieves the
error performance of IQML,;

3) The ASEP union bounds match the simulated SER at
high SNRs. Typically, the ASEP union bounds of 2 x
4 RGC-STLC MQAM systems overlap the simulated
SER at high SNRs.

C. RGC-STLC MQAM VS CONVENTIONAL STLC MQAM

In this subsection, we compare the symbol error perfor-
mance between the proposed N; x 4 RGC-STLC MQAM
systems and the conventional N; x 2 STLC M QAM systems.
FIGURE:s 5 and 6 show the error performance comparison
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FIGURE 6. Error performance comparison between RGC-STLC and STLC
64QAM.

between the proposed RGC-STLC and the conventional
STLC with 16QAM and 64QAM, respectively. In the follow-
ing discussion, all comparisons are at the SER of 2 x 107>,
From FIGURE:s 5 and 6 it is observed that:

1) Compared to the 1 x 2 STLC MQAM systems, 1 X
4 RGC-STLC MQAM systems achieves at least 7 dB.
However, 2 x 4 RGC-STLC M QAM systems achieves
only around 3 dB compared to 2 x 2 STLC MQAM
systems;

2) Simulation results in FIGUREs 5 and 6 validate that
both 2x2 STLC M QAM systems and 1 x4 RGC-STLC
MQAM systems achieve the same diversity order.

VI. CONCLUSION

In order to further improve the error performance of the
STLC system, in this paper, the RGC-STLC system was
proposed. The configuration of two receive antennas in the
conventional STLC system was extended to the configuration
of four receive antennas in the proposed RGC-STLC system.
A reduced complexity detection scheme, RC-IQML, was
proposed to detect the transmitted symbols in the RGC-STLC
systems. In order to validate our simulations, the ASEP union
bounds of the proposed RGC-STLC systems were derived.
Simulation results and union bounds showed that 1 x 4
RGC-STLC M QAM systems achieves at least 7 dB compared
to 1 x 2 STLC M QAM systems. However, 2 x 4 RGC-STLC
MQAM systems only achieves around 3 dB compared to 2 x 2
STLC MQAM systems.
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