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ABSTRACT This paper characterizes rate-one (i.e., full rate) full-spatial-diversity-achieving communication
schemes based on the channel state information (CSI) availability and antenna configurations, i.e., CSI at a
transmitter (CSIT) or CSI at a receiver (CSIR) and the numbers of transmit and receive antennas M and N
(denoted by M x N), respectively. The maximum ratio combining (MRC), maximum ratio transmission
(MRT), and space-time block code (STBC) schemes are rate-one full-spatial-diversity-achieving method
facilitated for communication systems with: 1) 1 x N and CSIR; 2) M x 1 and CSIT; and 3) M x 1 and
CSIR, respectively. A novel space—time line code (STLC) is then introduced for a 1 x 2 system with CSIT,
and it is extended to an M x 2 STLC. The proposed STLC uses CSI for encoding at the transmitter and
enables the receiver to decode the STLC symbols without CSI. Also, the STLC encoding matrices with
various code rates and decoding (combining) schemes are designed for the M x 3 and M x 4 STLC systems:
A code rate of 3/4, 1/2, and 3/7 for the M x 3 systems and a code rate of 3/4,4/7, and 1/2 for the M x 4
systems. For each STLC scheme, a full-diversity achieving STLC decoding method is designed. Based on
analyses and numerical results, we verify that the proposed STLC scheme achieves a full diversity order,
i.e., MN, and is robust against CSI uncertainty. It is also shown that the array processing gain is inversely
proportional to the code rate. To verify the merit of STLC, we introduce a joint operation with STBC and
STLC schemes, called an STBLC system. The STBLC system achieves full-spatial-diversity gain in both
uplink and downlink communications. The new STLC achieving full-spatial diversity is scalable for various
code rates and expected to be applied to various wireless communication systems along with MRC, MRT,
and STBC.

INDEX TERMS Space-time code, space—time block code, space—time line code, spatial diversity gain,

multiple antennas.

I. INTRODUCTION

This study began as a fundamental attempt to look for
a counter part to a well-known spatial diversity scheme
known as the space-time block code (STBC). When
a multiple-antenna transmitter does not have any chan-
nel state information (CSI), a space-time code (STC)
such as the STBC technique, can provide full-spatial-
diversity gain [1]-[4]. The full-spatial-diversity gain can be
achieved through various techniques using multiple antennas
depending on what is known about the CSI at the trans-
mitter and/or receiver [5], [6]. A classical maximum-ratio-
combining (MRC) technique achieves full diversity when,
for example, a receiver with multiple antennas knows the
CSI [7]-[11]. As a counterpart of the MRC, a maximum-
ratio-transmission (MRT) technique was established that also
achieves full-spatial-diversity gain when a transmitter with
multiple antennas knows the CSI [12]-[14]. For clear and

simple comparison, we assume «-channel systems, in which
a-spatial channels are involved in communications, where
o > 2. A system with M -transmit and N -receive antennas has
o = MN channels, and its configuration is denoted by M x N .
The existing a(full)-spatial-diversity-achieving schemes can
be categorized according to their system configurations into
the following three schemes (see also Figs. 1(a)—(c), where
o =2):

e« MRC: 1 x 2 CSl is available at the receiver (Rx) only.

e MRT: 2 x 1 CSlis available at the transmitter (Tx) only.

o STBC: 2 x 1 CSIis available at the Rx only.

Here, one question arises: How do we achieve full-spatial
diversity gain for a 1 x 2 multiple-input multiple-output
(MIMO) system if CSI is available at the Tx only? This fun-
damental design question in full-spatial-diversity-achieving
schemes motivates us to attempt to investigate a simple STC
scheme with CSI at the transmitter as a counter part to STBC.
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FIGURE 1. Full-spatial-diversity-achieving schemes with two channels (i.e., M = 2). (a) MRC. (b) MRT. (c) STBC. (d) STLC.

Consequently, we devise a new STC scheme referred to as
space-time line code (STLC).

Precisely, in this study, we first devise a novel rate-one
full-spatial-diversity-achieving STC scheme with CSI at the
transmitter. In the proposed scheme, two information sym-
bols are encoded using the multiple channel gains (space)
and are transmitted consecutively (time). Given that the
coded symbols are transmitted sequentially through a single
transmit antenna, they are a line-shaped compared to the
block shape of STBC, justifying the name of this new STC
scheme as space—time line code (STLC). The STLC can be
directly extended to a system with multiple transmit antennas.
In this case, multiple independent STLCs are implemented
in parallel lines. Full diversity can be achieved by a simple
decoding scheme, i.e., a direct combining scheme of the
received signals at two receive antennas in two symbol times.
An STLC receiver does not need full CSI for the decoding.
Just the sum of all channel gain, which is a single real-
value variable, is required; however, even this is not necessary
for the detection of phase-shift keying (PSK) constellation
signals. The full diversity of STLC is verified by a signal-to-
noise ratio (SNR) analysis and by an uncoded bit error rate
(BER) simulation. The new full-spatial-diversity-achieving
STLC technique completes a missing part of the list above
(see Fig. 1(d), where o = 2):

o STLC: 1 x 2 CSl is available at the Tx only.

Further analytical and numerical results show that the
proposed STLC is robust against CSI uncertainty as in STBC.
Because the STLC is a full-spatial-diversity-achieving STC
scheme, it has the same design properties, e.g., the orthogo-
nality of encoding matrix and maximum-rate-achieving full-
spatial-diversity gain, and advantages identical to those of the
STBC, such as improved the error performance, data rates,
capacities, and coverage areas.

Next, the STLC is further studied for a system with more
than two receive antennas. The STLC encoding matrix C with
code rate-K /T is a T-by-K complex-valued matrix, where T
is the number of symbol transmissions and K is the length of

1024

information symbols. The designed STLC encoding matrix
consists of the channel gains, and it fulfills the orthogonal
property, i.e., CC is a diagonal matrix. Herein, six STLC
encoding matrices are designed. Three of them have code
rates 3/4, 1/2, and 3/7 and they are for a system with three
receive antennas. The other three STLCs having code rates
3/4,4/7,and 1/2 are for a system with four receive antennas.
For each of the designed STLC encoding scheme, an STLC
decoding scheme that combines the received STLC signals
is proposed in order to achieve full diversity order «. This
is verified by analytically showing that the instantaneous
received SNR has a scale of y, oxz / 012, where y, is the sum of
all channel gains involved in the communication and o2 /o2
is the SNR of the single transmit and receive antenna system.
Here, namely oxz is the transmitted symbol energy and ozz
is the variance of additive white Gaussian noise (AWGN)
at the receiver. Furthermore, the BER performance of each
designed code is rigorously evaluated and compared to show
the diversity gain and the achieved diversity order. From the
results, it is generally observed that it is better to achieve the
same data rate using more receive antennas.

Since the full CSI is required solely for a transmit-
ter, the STLC scheme is a relevant strategy for commu-
nications between high-capable (complex) transmitters and
minimal-function (simple) receivers. For example, internet-
of-things (IoT) and wearable devices are the applications of
the simple receivers, for which low cost, low complexity,
and low power consumption are required [15]. The new
full-spatial-diversity achieving structure, in which full CSI
is available only at the complex device, relieves the sim-
ple device from frequent channel estimations and complex
decoding and enables minimal-function operation by jointly
operating the STLC and STBC schemes, which is called
an STBLC. The proposed STLC scheme in this study is
expected to be applied to various applications of the MIMO
systems.

The rest of the paper is organized as follows. Section II
briefly describes the three existing full-spatial-diversity-
achieving schemes, i.e., MRC, MRC, and STBC.

VOLUME 6, 2018



J. Joung: Space-Time Line Code

IEEE Access

In Section III, we propose STLC, the new full-spatial-
diversity-achieving scheme, and present SNR analyses and
BER simulation results in order to verify the performance of
STLC. In Section IV, the STLC with various code rates is
designed for a system with three and four receive antennas.
Section V provides an application system, and Section VI
concludes this paper.

Notation: Superscripts T, H and * denote transposition,
Hermitian transposition, and complex conjugate, respec-
tively, for any scalar, vector, or matrix. Further, E stands
for the expectation of random variable x; for any scalar x,
vector x, and matrix X, the notations |x|, ||x||, and || X|F
denote the absolute value of x, the 2-norm of x, and the
Frobenius-norm of X, respectively; I, represents an x-by-x
identity matrix; and x ~ CN(0, 02) means that a complex
random variable x conforms to a normal distribution with a

zero mean and variance o 2.

Il. EXISTING FULL-SPATIAL-DIVERSITY-ACHIEVING
SCHEMES: MTC, MRT, AND STBC

We first briefly review the existing rate-one full-spatial-
diversity-achieving schemes. Throughout the paper, a chan-
nel gain the mth transmit antenna to the nth receive antenna
is denoted by h(;,—1)n 41, Where subscriptsm = 1, ..., M and
n=1,...,N are indices for the transmit and receive anten-
nas, respectively. Here, MN spatial channels exist. Defining
o = MN, the sum of «-spatial channel gains is then defined
as follows:

M N
Yo=Y hm-1nal* (1

m=1 n=1
For simplicity, we describe two-channel diversity systems
with o = 2, specifically the 1 x 2 MRC, 2 x 1 MRT, and
2 x 1 STBC systems, as depicted in Figs. 1(a), 1(b), and 1(c),
respectively.

A. MRC

Let x be an information symbol that conforms to a complex
normal distribution with E[|x|?] = o2, i.e., CN(0, 02). The
two Rayleigh-fading channels from the transmit antenna to
receive antenna n are denoted by Ay, i.e., iy ~ CN(0,1)
and h, ~ CN(0, 1). The transmitter has no CSI, and thus,
it transmits x without precoding to the receiver. The received
signal r,, ; at the receive antenna n at time ¢ is expressed as

T'n,1 :hnx"f‘zn,la n e {1, 2}, 2)
where, without a loss of generality (w.l.o.g.), we assume that

the total transmit power is limited by the symbol power crxz,
and z;,; is AWGN at the nth receive antenna at time ¢ with
zero mean and 03 variance; i.e., zy.r ~ CN(0, 012).

Because the optimal receive combining (postprocessing)
weights to maximize the receive SNR is A4} /o, at the nth
receive antenna [7], using the weights, the MRC output signal
is derived from (2) as follows [7]:

hy h3 V2
Lrii+ 2= Sx 4 ;(hlzl 1 +h221).  (3)

oz oz oz z
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TABLE 1. Encoding and transmit sequence for the STBC scheme.

Tx antenna 1 | Tx antenna 2

Tx time t = 1 T1 €9

Tx time t = 2 -3 ]

The combined signal in (3) is the input for a maximum likeli-
hood (ML) detector achieving full-spatial-diversity gain, and
the maximized received SNR is obtained by

2
o
SNRukc(r2) = 225 @)

4

From (4), it is clear that MRC obtains full-spatial-diversity
gain, i.e., two. The transmit rate is obviously one.

B. MRT
A transmitter has two antennas and CSI, while a receiver has
a single antenna without CSI, as shown in Fig. 1(b). From
the CSI, the transmitter can obtain the optimally weighted
(precoded) symbol for transmit antenna m that maximizes the
received SNR, as follows [12]:
*
Sm = —=X,
V72

where h,, denotes the channel gain from transmit antenna
m to the receive antenna. In (5), the denominator follows
the transmit power constraint, i.e., w.l.o.g., the total transmit
power is limited by the symbol power oxz as an MRC system.

The weighed signals are transmitted to the receiver, simul-
taneously through two antennas, and the received signal is
derived as follows:

m e {1,2}, 4)

ri1=hist +hosy + 2110 = /vx + 210 (6)

From (6), we can readily derive the received SNR of MRT as

Y02

SNRwmrT(y2) = 2 (7
Z

and clearly observe that the MRT achieves full-spatial-
diversity gain identical to the maximum SNR of MRC in (4).

C. STBC

Suppose a transmitter has two antennas without CSI, while
a receiver has one antenna and CSI, as depicted in Fig. 1(c).
Though the transmitter with multiple antennas has no CSI, the
receiver can achieve full-spatial-diversity gain using STBC
in Table 1 [2], where x; is the kth information symbol.
Two consecutive STBC symbols are transmitted through two
transmit antennas at two consecutive symbol times, = 1 and
t = 2. The receive signals are then written as follows:

r, = +h2 + 21,1,
f f
x5 xy
r = —h1—+h2—+Z12, ()
V2 V2
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respectively, where 1/+/2 is used for power constraint oxz at
each transmission time. The receiver rearranges ry | and ry 2
and forms vector r = [r] i rik 2]T, as expressed by

1 [h h2i||:xli| |:111:|A 1
r=— + | = —=Hqgx +z,
vl (O | R Y
(&)

where H (1 7) is the effective channel matrix of STBC and the
subscript (1, 2) represents the channel indices associated with
/’l] and hz.

Noting that Hj ») satisfies an orthogonal property, i.e.,
H g 2Hq,2) = I, for optimal decoding or combining, the
receiver multiplies H ﬁ ) by r. The decoded signals are then
derived as follows:

V2 ’
HA r="SDx+7, (10)
(1,2) \/E
where 7/ = H g 2% is a complex Gaussian noise vector with
a zero mean and covariance matrix E[z'(Z)?] = y,02I>.

From (10), we note that x; and x, can be estimated separately
by an ML detector, with the received SNR derived as

2
Y20,

202
From (11), we also observe that the STBC achieves full-
spatial-diversity gain, i.e., two. Note that there is no array
processing gain (i.e., the array gain is one) because xj is
transmitted using half of the total symbol energy axz. In gen-
eral, M array processing gain is achieved by a 2-by-M STBC
scheme.

SNRstBC(12) = (11)

IIl. NEW FULL-SPATIAL-DIVERSITY-ACHIEVING
SCHEME: STLC

A. SINGLE TRANSMIT ANTENNA AND TWO

RECEIVE ANTENNAS

Consider a system with one transmit and two receive anten-
nas, as depicted in Figs. 1(d). Channel gains A and h; repre-
sent the independent channel gains from the transmit antenna
to the receive antennas 1 and 2, respectively. The transmitter
has CSI, yet the receiver does not.

1) ENCODING AND TRANSMISSION SEQUENCE

Denote the STLC symbol transmitted at time ¢ by s;. Two
information symbols x; and xp are encoded to two STLC
symbols s; and s7, as follows:

st x| [ hy | [x}
el Al e

where C (1 7) is referred to as an STLC encoding matrix with
channels /) and hy. In this example, the STLC encoding
matrix C(j ) is designed to be identical to STBC effective
channel matrix H ;2 in (9). The two STLC symbols s; and
sp are consecutively transmitted during the first and second
symbol periods; they are expressed from (12) as follows

(Table 2):
s1 = hix| + h3x3, (13a)

1026

TABLE 2. Encoding and transmit sequence for the STLC scheme with one
transmit antenna.

Tx time ¢t = 2
s2 = hix] — hixa

Tx time t = 1
s1 = hiz1 + hiz;

Tx antenna 1

TABLE 3. Notations for the STLC received signals.

Rxtimet =1 | Rxtime ¢t =2
Rx antenna 1 1,1 71,2
Rx antenna 2 72,1 72,2
52 = Whx} — hixa. (13b)

To satisfy the transmit power constraint GXZ, the transmitter
normalizes s; and s, with n and transmits them consecu-
tively. The normalization factor 1 can be readily obtained as
n = 1//72 such that E[|ns;|*] = 0.

The four received symbols are then written as follows

(see Table 3):
|:”1,1 71,2]_[h1i| L[S s]+[Z1,1 Z1,2i|
1 2 ho \/%\1_,_24 21 22|
STLC
(14)

Substituting s; in (13a) into (14), each of the received signals,
Tn.t, 1s written as follows:

1
ri1 = ——=hi(hix) + h5x3) + 211, (15a)
: Nz ,
1
rp = ——=hi(3x] — hix2) +z12, (15b)
, Nz :
1
r1 = ——hy(hix1 + h3x3) + 22,1, (15¢)
: Nz :
1 k% *

2) DECODING SCHEME

The four received symbols in (15a) are combined to decode
the STLC symbols so that full-spatial diversity is achieved
as shown in Fig. 2. Directly combining {r,;} in (15a), the
receiver can decode the STLC symbols as follows:

ra4ri, = Vx5, (16a)
75,1 — T2 = /V2X2 +z§‘1 —21,2- (16b)

Note that (16a) is only a function of x; and (16b) is only a
function of x;. Thus, two separate ML detections of x| and x»
are possible, as in an STBC decoder. The effective channel
gain /¥, is needed during the subsequent ML detection
process. In contrast to MRC in (3), the STLC receiver does
not need full CSI. Instead, to combine the received signals
in (16a), only the effective channel gain is required and it can
be estimated by using the blind SNR estimation techniques
(see [16] and references therein). Thus, (16a) is called a blind
combining technique. Note that even the partial CSI ,/y; is
not required for PSK symbol detection.

An STBC decoding scheme which requires six operations
(four multiplications and two additions) of the complex val-
ues. On top of this, the STBC receiver needs to estimate the
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s9 = h3x] — hixzo
s1 = hjz1 + h3xs

TABLE 4. Rate-One STLC encoding and decoding structures for a system
with two receive antennas.

hy

Rx antenna 1

21,2

hg

Rx antenna 2

22,2

21,1 22,1

complex conjugate

\ |}1/1‘2 + |h2‘2

Z1  for non-PSK symbol detection o

b Ly

ML detector ML detector

FIGURE 2. Example of a new full-spatial-diversity-achieving 1 x 2 STLC
system.

channels which requires two operations if a simple linear
estimator is employed. On the other hand, since the proposed
STLC decoder performs only two additions of complex val-
ues for the decoding, the decoding complexity per symbol is
reduced roughly by 75%.

3) RECEIVED SNR OF STLC

Because the sum of two independent AWGNs is also an
AWGN, (z1,1 + zzz) and (z;] — z12) in (16a) are AWGN
with a zero mean and Zazz variance; specifically, (z“f,l +
22) ~ CN(0,202) and (=221 + 2},) ~ CN(0,20)).
Thus, the resulting instantaneous received SNR after the blind
combining is readily derived from (16a) as

2 2
121% V20

SNR = X — X 17

stLc(¥2) 207 2072 )

which is identical to the SNR of STBC in (11). From (17),
we verify that STLC achieves performance identical to that of
STBC in terms of the diversity gain and array processing gain.
The factor of two stems from the fact that the two AWGNSs are
directly combined at the receiver, as shown in (16a).

4) ENCODING AND COMBINING STRUCTURE
The encoding and decoding structures in (12) and (16a)
are not unique. Examples of possible STLC encoding and

decoding structures are listed in Table 4. In (12) and
(16a), we use an STLC matrix C?l’z) and Type-2 STLC

VOLUME 6, 2018

STLC encoding Decoding function: f(a,b) =a+b
matrices for z1 for Zo

Ca g = [t 12 F0iaora2) | S5, —r)
Clo = | a2 J0ias=r22) | S0Fme)

Can | Chy = nk nr Friniree) | fr5,me)
Clioy = | s ot f(=riasm22) | S051m2)

Type Encoding s1 and s2 Decoding for 1 | Decoding for &2
1 i =Caup [5] £ £C0)
2 S =Cuy i JAIOD) £G00)
3 S =Caa|a £G5) FAICD)
4 | [d]=can [ ) )
5 | 4] =Chal5] £ £
6 G| =Cha |5 £ FAICD)
7 3| =Cha | o £ £
8 | [d]=cu, i £ G0o)
9 | |d]=-Cupyla] —7C) —£()
10 | 5] =—Cug |2 —f*() —f(2)
11 Sl=-Caz | —1C,0) —F ()
12 | [si]=-cua | =17 —1*()
13 Z% :70(*1,2) (23] P ACD) =)
14 | (3] =-Ch, |3 —£(,) D
15 3| =—Clay | o (50 —fC)
16 | 1] =-Ciy|a —£(9) ~1(")

encoding-and-decoding structure. Here, f(-, -) is a decoding
function defined as f(a,b) = a + b. Note that all the
STLC encoding matrices in Table 4 fulfill an orthogonal
property, i.e., cic = y2I >, and their rank is two, which
provides the full-spatial-diversity order two [1], [17]. It is
apparent that the decoding scheme is determined according
to the encoding scheme. All of the encoding-decoding pairs
show identical performance capabilities, specifically, rate-
one and full-spatial-diversity gain; however, the requirements
for implementation may not be equal. For example, a type-2
STLC scheme requires conjugate operation at only one radio
frequency (RF) chain (e.g., Rx antenna 2 in Fig. 2), while a
Type-1 STLC scheme requires conjugate operations at both
RF chains. Hence, we can provide a design policy of the
STLC structure depending on the receiver capability.

B. MULTIPLE TRANSMIT ANTENNAS AND

TWO RECEIVE ANTENNAS

The STLC encoding proposed in Section III-A can be gener-
alized to a system with M multiple transmit antennas, where
M > 2. The STLC encoding for M transmit antennas can be
written as follows:

T x¥
* gk coL gk -C 1
[51,1 S1,2° Sy 1 Sm,2 Spm SM,2] = Caam) [m]’

(18)
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TABLE 5. Definitions of channels between the transmit and receive
antennas.

Tx antenna 1 | Tx antenna 2
Rx antenna 1 h1 hs
Rx antenna 2 ho ha

TABLE 6. Encoding and transmit sequence for the STLC scheme with two
transmit antennas.

Tx time t = 2
s1,2 = h3x] — hixa

Tx time t = 1
51,1 = hjz1 + hix]

Tx antenna 1

Tx antenna 2 | s21 = hjx1 + hjxl | s22 = hja] — hixs

where s, ; is the transmitted symbol through the mth transmit
antenna at time #, and the STLC encoding matrix C(1.2u) €
C2M*2 5 constructed as

T
T T T
Caomy = [C(I,Z) : "C(zm—l,zm) : "C(zM—l,zM)] .
(19)

Here, C 2/,—1,2m) is an STLC encoding matrix that consists of
hom—1 and h,,,. In (19), generally, C 2,—1,2m) can conform to
any STLC structure in Table 4. For this reason, C 1.2y fulfills
an orthogonality property as

M
H H
C(1:2M)C(1:2M) = Z C(2m—l,2m)C(2m*1»2m) = yomI>.
m=1

The decoding structure depends on the STLC encoding
structure, as shown in Table 4, similar to the case of a single
receive antenna system. The details are introduced with an
example of a 2 x 2 STLC system, as depicted in Fig. 3. The
notations for the channel gains for a 2 x 2 STLC are shown in
Table 5. Channels i3 and hy4 represent independent channel
gains from transmit antenna 2 to receive antennas 1 and 2,
respectively.

1) ENCODING AND TRANSMISSION SEQUENCE

For STLC with two transmit antennas, w.l.0.g., we apply
an STLC encoding matrix C?I,Z) and a Type-2 structure
in Table 4 to each transmit antenna, i.e., Con—12m =
C?2n1—1,2m) for all m € {1, 2}, with decoding functions f*(-, -)
and f(-,-) are used for estimating x; and x», respectively.
Thus, the encoding with x| and x; is written as follows:

ST,I /’l] h2

51,2 _ Cl(llyz) XT _ h; —hT x]* . (20)
S;l C?& ML hi h4>|< X

§2.2 0 —h3

The resultant STLC symbols are shown in Table 6.

To satisfy transmit power constraint axz, the transmitter
normalizes s1; and sz, according to 1. The normaliza-
tion factor n can be readily derived as n = 1/,/y4 such
that E |17s1,,|2 + E|17SQ,,|2 = axz for all ¢. The transmitter
then transmits 7ns;; and 7s2; through transmit antennas 1
and 2, respectively, simultaneously at time ¢. Concurrently,

1028

522 = th"{ — h§I2
8211 = h:l‘l + hj‘lxj

Tx antenna 2 Y
h3 h;;l

Rx antenna 2

s1,2 = h3x] — hizo
S$1,1 = ]’LTIl -+ hjlj

7 Tx antenna 1
lh/l hg

Rx antenna 1

21,2 22,2
21,1 22,1

complex conjugate

VI + [haf? + [hs]? + [ha?
for non-PSK symbol detection o

[

ML detector

!

ML detector

FIGURE 3. Example of a new full-spatial-diversity-achieving 2 x 2 STLC
system.

the receive symbols defined in Table 3 can be expressed
as follows:

S1,1 51,2
%,—J
[ﬁ,l 71,2]_[h1 h3}L STLC1 +[z1,1 Z1,2]
n1 2 hay  ha] Jva 52,1 52,2 2.1 22
STLC2
21

2) DECODING SCHEME

Because an STLC decoding structure follows the encoding
structure, specifically STLC encoding matrix C?],z) with a
Type-2 structure, from Table 4, the decoding scheme is read-
ily determined as follows:

[ ) =g+, = +an+ 5, (22a)
fy,—n2) =ry —rna=Jvax+25,—u2 (22b)

The combiner is shown in Fig. 3. Here, we reemphasize that
the receiver does not need full CSI to combine the received
signals, yet it requires the effective channel gain ,/y4 for the
ML detection of non-PSK symbols in the sequel.

3) RECEIVED SNR OF STLC
The resulting SNR after blind combining is readily derived
from (22a) as follows:

Y407
202"

SNRstLC(74) = (23)
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From (23), we verify that STLC with four channels undoubt-
edly achieves a diversity order of four (full-spatial-diversity
gain) and an array processing gain of two. Directly extending
the STLC encoding matrix in (20) for M transmit antennas,
and following (21) and the decoding scheme in (22a), we can
derive the received SNR of a system with M transmit and two

receive antennas as follows:

2 2
YaOy _ V2MOy

202 207
From (24), we find that an M x 2 STLC system can achieve
a diversity order of 2M and array gain of M, identical to the
diversity order and array gain of a2 x M STBC system.

The multiple transmit antenna STLC scheme designed in
this section can be applied to a massive MIMO system.
In [18], it was shown that the M-by-2 STLC system asymp-
totically achieves optimal (maximum) SNR as M increases,
and it achieves stable SNR, regardless of the spatial corre-
lation, and considerable robustness against channel uncer-
tainty at the transmitter. Furthermore, the massive MIMO
STLC was applied to a system that supports multiple users
(i.e., receivers). In this system, the transmit antennas are
allocated to each user in order to improve the aver-
age signal-to-interference-plus-noise ratio (SINR). In the
STLC antenna allocation system, each user achieves a full-
spatial diversity order from the allocated transmit antennas.
The STLC was also exploited to improve secure MIMO
communications [19].

SNRstLc(y2m) = (24)

C. PERFORMANCE VERIFICATION OF STLC
We present the Monte Carlo simulation results of the
BER performance for the four rate-one full-spatial-diversity-
achieving schemes, specifically MRC, MRT, STBC, and
STLC. For comparison purposes, no diversity scheme having
single transmit and receive antennas is included. Channels
are of the Rayleigh-fading type, i.e., h ~ CN (0, 1). Uncoded
coherent binary PSK (BPSK) is considered in the simulation.
In Fig. 4, two spatial channels, i.e., « = 2, are considered:
1 x 2MRC, 2 x 1 MRT, 2 x 1 STBC, and 1 x 2 STLC.
In Fig. 5, four spatial channels, i.e., « = 4, are considered:
1x4MRC,4x1MRT,2x2STBC, and2x2 STLC. As shown
in Figs. 4 and 5, the BER results demonstrate clearly that
the new diversity scheme STLC achieves performance iden-
tical to that of the STBC, and that all schemes achieve full-
spatial-diversity gain. There is degradation of 3 dB SNR for
STBC and STLC compared to MRC and MRT. As stated in
Section III, the reason for the 3-dB penalty in the STBC case
is the half-power transmission on each antenna, while that of
STLC is caused by the direct combining of received signals,
which directly combines the noise factors.

D. ROBUSTNESS AGAINST CSI UNCERTAINTY

The CSI at the STLC transmitter could be outdated in prac-
tice, as the CSI is obtained from channel estimation in the
previous receiving mode; i.e., a time-varying channel in a
time-division duplex (TDD) system. In addition, considering
the estimation error and the mismatch of channel calibration
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no diversity (1Tx,1Rx)
—6— MRC (1Tx,2Rx)
10%F —f— MRT (2Tx,1Rx)
—&— STBC (2Tx,1Rx)
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FIGURE 4. BER performance comparison of coherent BPSK with

1 x2MRC, 2 x 1 MRT, 2 x 1 STBC, and 1 x 2 STLC during Rayleigh fading.
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no diversity (1Tx,1Rx)
~6— MRC (ITx,4Rx)
10%F —f— MRT (4Tx,1Rx)
—=— STBC (2Tx,2Rx)
—%<— STLC (2Tx,2Rx)

0 2 4 6 8 10 12 14 16
o2/a? dB

FIGURE 5. BER performance comparison of coherent BPSK with

1 x 4 MRC, 4 x 1 MRT, 2 x 2 STBC, and 2 x 2 STLC during Rayleigh fading.

in the TDD systems, CSI uncertainty from the estimation
error is inevitable.

Denote an estimated CSI as h 2 h + €, where h is
the actual channel and € is the estimation error. Assuming
that the estimation errors of all channels are independent of
one another and that they conform to a normal distribution
with a mean of zero and variance of 03, we represent the
mean-squared error (MSE) of the estimation by 03, ie.,
E|h — h|*> = 2. Under CSI uncertainty, the SNRs of STLC
and STBC are now analyzed and compared. As a result, it
is analytically and numerically shown that STBC and STLC
provide identical performance levels even when the CSI con-
tains uncertainty.

1) SNR ANALYSIS OF 1 x 2 STLC UNDER

CSI UNCERTAINTY (o = 2)

Applying the uncertain CSI model, ie., b, = h, + €,
and €, ~ CNV(0, 062), to the encoding of the STLC sym-
bols in (13a), the received signals in (15a) are rewritten as
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follows:
rg = \/I—Thl(ﬁ’fxl +B5x3) + 211, (252)
V2
o = %hl(ﬁ;x;« — )42 (25)
V2
1 - -
r1 = ——hhix1 + 5x3) + 22,1, (250
V7
_ 1 Tk ok 7%
o = —hz(h2x1 - hl-xZ) + 22,2, (25d)

Vi
where y, = |12 + |ha 2. Using (16a), the receiver decodes
STLC from (25a) as

hief — hkep) x1
FLL A, = REE M
V7 V7

n (/’1165k + hzél)x;

! tan -, (26)
VY2
=1, = %) , (hleiﬁ-i-h;Ez)xz
’ VA %) V72
hey — hyeX) x*
Ve =me)t | s eob)

N
Assuming that the receiver knows the effective channel gain
(not full CSI) y»/ \/% for equalization and that the interfer-
ence terms, i.e., the second and third terms on the right-hand
side of (26a) and (26b), are AWGN, the SNR of 1 x 2 STLC
under CSI uncertainty is derived from (26a) as follows:

V300

2(nolo2 + (y2 +202)02)
In (27), we also assumed that the estimation error €,, data
symbol x,, and noise z,, are independent of one another (the
proof is tedious and is omitted in this paper). As expected,
when there is no channel uncertainty, i.e., 03 =0, (27) is
reduced to (17).

Similarly, under the CSI uncertainty, the decoded symbols
of STBC in (10) are written as ﬁg’z) (H (1,2x+z). Hence, the
estimates of x; and x, of STBC can be derived as follows:

5 (h]f’l|< + h;ez) X1 " (hzeik — hTGz) X2

SNRstLC(y2, 02) =

27)

X1 =Xx1 +
V2 V2
V2 (0 + €D + (i + )25 )
+ , (28a)
V2
hier + hael) x hiey — hier) x
562=xz+(11 22)2+(12 s€1) X1
V2 V2
V2 (05 + €z — (i + )3 )
+ . (28b)
V2

where the effective channel gain y» is assumed to be known
at the STBC receiver. From (28a), we can derive the SNR of
a2 x 1 STBC system and show that it is identical to that of a
1 x 2 STLC system, i.e.,

SNRstBC (12, 02) = SNRsTLC(12, 072). (29)
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10°
--o-- STLC(I1Tx,2Rx): analysis (27), (29)
—X— STLC(1Tx,2Rx): Monte Carlo simulation
—H— STBC(2Tx,1Rx): Monte Carlo simulation
—F— MRC(ITx,2Rx): Monte Carlo simulation
10F —&— MRT(2Tx,1Rx): Monte Carlo simulation
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m 10 02 /0% is 5 dB
107 /irf/rrf is 15 dB J
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FIGURE 6. BER performance over the MSE of CSI estimation for
two-channel systems.

The analysis in (29) shows that the SNRs of two-channel
STBC and STLC are identical even under an uncertain CSI
environment, which is also numerically verified in Fig. 6,
where BER with BPSK modulation is evaluated for a dif-
ferent channel uncertainty of 03, i.e., the MSE of channel
estimation. The analytical BER performance is determined
as BER = Q(+/2SNR) for BPSK [20], where the SNR is
the analytic SNRs in (27) and (29) and Q(-) is a Q-function,
ie., O(x) = \/#27 [ exp (‘T“Z) du. The analyses in (27)
and (29) are in good agreement with the numerical results.
It is observed that STLC and STBC are tolerant against CSI
uncertainty up to approximately 03 = 1073. For comparison
purposes, we include the BER performances of MRT and
MRC when applying the same CSI uncertainty model. As
in STBC and STLC systems, which provide identical per-
formance capabilities regardless of the channel uncertainty,
MRC and MRT systems perform similarly given different
levels of CSI uncertainty. For the case of MRC and MRT,
as in the cases of the STBC and STLC systems, the effective
channel gains, i.e., y, and/or y,, are assumed to be known at
the receivers.

2) SNR ANALYSIS OF 2 x 2 STLC UNDER

CSI UNCERTAINTY (o = 4)

Applying the channel uncertainty model to (18)—(22a) with
the same assumptions applied in the case when o = 2, we
can derive the estimates of x; and x, for a2 x 2 STLC system
as follows:

(/’lleik + hEEQ + /13621k - hj€3) X1

X1 =x1 +
)Z
(hleik - hzél + h36>3k + hje4) X2
V4
Vs +255)
TRALAAuU R, o (30a)

1z
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(hléik + hzéz + h3€;< + h:€4) X2

X) = x3 +
)z
n (—h]éik + h§€1 — h3621rk + hje3) xik
V4
Va1 — 2 )
4y e (30b)
Y4

From (30a), we can readily derive the SNR of a 2 x 2 STLC
system as

2
Y4 O
SNR ’ 5 4% . (31
sTLC(V4, 0F) = 2(y40 02+(V4+4062)0z2) b

As expected, (31) is reduced to (23) when 03 =0.
Similarly, the estimates of x; and x; for a 2 x 2 STBC
system are derived as follows:

- 1
X1 = Xx1 + )/_ (hléik + hzéz + h36; + hj€4) X1
A
1
+ 7/_ (—hTGz + hze]k — h§64 + h46;) X2
4

n V2(I + €D)z1 N V2(hy + €)7} ,

V4 Va
V2t + €k V2(hy + €2)7
Pl ks VR 22 (32a)
)Z: V4
- 1
Xy = x3 + )/_ (hTGl + hztEEF + h§63 + h462) X2
A
1
+ Z (h]éé6 — h;el + /’13,62‘|< — hZ€3) X1
N V2 + ez N2+ ez,
)Z: V4
V2 + € V2(h3 + €3)73
+ ( 4 4)22,1 _ 2,2. (32b)
Ya Ya

From (32a), we can derive the SNR of a 2 x 2 STBC system
and show that it is identical to that of a 2 x 2 STLC system,
as follows:

SNRstBC (74, 02) = SNRsTLC (14, 072). (33)

In Fig. 7, four-channel STBC and STLC systems, i.e., « =
4, are evaluated in terms of BER performance with BPSK
modulation for a different MSEs of channel estimation. For
the o« = 4 configuration, 1 x 4 MRC and 4 x 1 MRT systems
are compared. The results verify the analyses in (31) and (33).
As shown in (33), the new full-spatial-diversity scheme STLC
is robust against CSI uncertainty such as STBC. As expected,
the MRC and MRT schemes perform identically to each other
with respect to the CSI uncertainty.

IV. STLC DESIGNS FOR SYSTEMS WITH THREE AND
FOUR RECEIVE ANTENNAS

In this section, we propose encoding and decoding schemes
for complex orthogonal STLC for systems with three and
four receive antennas. For brevity, we first introduce an
encoding model with the encoding matrix and the transmitted
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--o-- STLC(2Tx,2Rx): analysis (31), (33)

o < STLC(2Tx,2Rx): Monte Carlo simulation
107 F —5— STBC(2Tx,2Rx): Monte Carlo simulation
—F— MRC(ITx,4Rx): Monte Carlo simulation
—A— MRT(4Tx,1Rx): Monte Carlo simulation
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MSE, o2

FIGURE 7. BER performance over the MSE of CSI estimation for
four-channel systems.

information symbol vector x = [x]-- -xg17. After show-
ing the normalized STLC symbol vector s = [5] e
whose code rate is K / T, the decoding model is provided
to obtain ¥ = [X]---Xg]7, which is the input of an ML
detector. The STLC, Wthh is designed here, for a system
with one transmit antenna and three receive antennas can
be directly extended to a system that has multiple transmit
antennas.

A RATE—% STLC DESIGN FOR THREE RECEIVE ANTENNAS
The encoding procedure for rate—% STLC is as follows:

********

. hi hy | 0

51 e et | [

2| 03 g L,%L_,},LU h31 To (34)
sp| 00 hs bl | |pl

S4 hs 0 —he

where C 1,\(/ T is an STLC encoding matrix with rate-K /T for a
system with N receive antennas and the two overlapped 2 x 2
STLC encoding matrices are highlighted by a dashed-line
boxed. In (34), we use C} /2 and —(C} j2)* for constructing
C; 3 3/4 Other 2 x 2 STLC encoding matrices introduced in
Table 4 can also be used, and C g 4 in (IV-A) is not unique. For
example, by extracting the flrst four rows and the firs three
columns from Ci /8 in (40), we can construct C% /4

After the normalization of s in (IV-A), the transmitted
STLC symbols are represented as follows:

n (hix} + h3x3), (35a)
52 = n (Whx1 — hixy + hx3), (35b)
53 = 1 (W5x3 + hijx3), (35¢)
Sa = n (3x] — h5x3), (35d)
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where the normalization factor n = /=, and it fulfills the
average transmission power constraint as shown below:

L=t
=2 lnsil =, (36)
t=1

Then, the STLC transmitter sends the STLC symbols
S1-- -84, sequentially, to the receiver. The received sig-
nals through the three receive antennas are written as
follows:

o T4 hy
1 o na|=|h|[51 54
31 e 134 h3
A0 24
+ |21 - 24| (37
3,1 234

Now, we introduce a decoding scheme. By simply combin-
ing the received signals in (37), without using full CSI, we can
decode the STLC signals as follows:

Yil=r{1+tn2+ri, =80+ +n2+5, (38a)
Yo =-—rio+ri+riy=g0—22+2, +2,,(38b)
B=ris—riat+no=gn+23—-24+22 ((38c)

where the effective channel gain g = \/g . Certainly, the
decoded signal X; is a function of only x;, which enables
an independent and simple ML detection. It should be noted
that even though only y3 is required for the ML detec-
tion at the receiver, it is not required for PSK symbol
detection.

From (38a), we can derive the received SNR for x; as
follows:

4)/30)(2

902
Here, it can be seen that the achieved diversity order is three,
which is full, and the array gain is 4/3.

SNR; =

(39)

B. RATE—% STLC DESIGN FOR THREE RECEIVE ANTENNAS
Here, we introduce the encoding and decoding structures
for rate—% STLC scheme. By decreasing the code rate
from 3/4 to 1/2, we can construct the STLC encoding
matrix without overlapping the 2 x 2 STLC matrices as

follows:

‘hy hy ' hg 0
El by —hil 0 —hy
: a0 i |
sh 0 —hs|—ha hi| T
ss| T T Ty Sk 0 | |as| @O
zﬁ h2 ~hil 0 B3 4
5 0 AL s |
0 —hs 'hy —hy!
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where we use four 2 x 2 STLC encoding matrices. Any of
the 2 x 2 STLC encoding matrices introduced in Table 4
can be used to construct a rate-1/2 STLC matrix Ci /8
in (40).

After the normalization of s in (40), the transmitted STLC
symbols are represented as follows:

51.= n (R{x} + kx5 + h3x3), (41a)
S) =1 (h2x1 hixy — h3x4), (41b)
53 = n (h3x1 — hixs — hjxs), (41c)
54 = n (—h3x3 — h3x§ + hix}), (41d)
55 = n (h{x] + h3x3 — h3x}), (41e)
S6 =1 (h2x1 — hlxz + h3x4) (41f)
57 = n (W3x1 + hix3 + I5xs), (41g)
53 = 0 (—h3x3 + hyxs — hix}), (41h)
where the power normalization factor n = #3 Then, the
STLC transmitter sends the STLC symbols 57 - - - 53, sequen-

tially, to the receiver, and the receiver combines the received
signals to decode the STLC signals as follows:

¥=1f1+ris+trnatnrnetrnitrng

=gx+ +astn2tnetnitng, (42
Xy=—rnp—rietry s —ris—rig

=gx—212— 21,6t Z;,l + 23’5 - 1;4 - Z;g, (42b)
X3 =—ria3+rg—ry,+rig+ry;—ris

=g —u3+u7—nH4+Hg+B — s (420
Xg =r{q4—rig—n3+rni—ra+rse

=gx4+2]4— 2 g —03+027—B2+236 (42d)

where the effective channel gain g = 2,/y3. The decoded
signal X; is a function of only x;, which enables an
independent and simple ML detection. Again, it should
be noted that though y3 is required for the ML detec-
tion at the receiver, it is not required for PSK symbol
detection.

From (42a), we can derive the received SNR for x; as
follows:

2307

NR; =
SNRx 302’

(43)

where it can be seen that the achieved diversity order is three
and the array gain is two.

C RATE—% STLC DESIGN FOR THREE RECEIVE ANTENNAS

Designing a low-code-rate (less than 1/2) STLC encod-
ing matrix from a high-code-rate STLC encoding matrix is
straight forward. For example, the encoding procedure for
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rate—% STLC is as follows:

o [ hy hy 0]
51 hiy —hii 0
> By 0 0
S3 T1
54 :C§/7w: 0 hy O za| . (44)
S5 0 0 A3 Z3
Sg "
57 0 0 h
0 0 h]

After the normalization of s in (44), the transmitted STLC
symbols are represented as follows:

51 = n(hix] + h3x3), (45a)
So=7n (h§x1 — hix), (45b)
53 = nhixy, (45¢)
54 = nhixa, (45d)
55 = nhjixs, (45¢)
56 = nhyx3, (451)
§7 = nhixs, (452)
where the power normalization factor n = 373

Then, the STLC transmitter sends the STLC symbols
s1 - - - 87, sequentially, to the receiver, and the receiver com-
bines the 21 received signals to decode the STLC signals as
follows:

X =r{j+n2+n3=ga+z,+n2+5s3 (46a)
Xp=—ripg+ri +ra=gn—z2.2+2, +r34 (46b)
X3 =r{s+ne+rnr=g3+2s+26+37. (460)

where g =,/ 7% The decoded signal Xy is a function of only

Xk, which enables an independent and simple ML detection.
From (46a), we can derive the received SNR for x; as
Tys0;
9012 '
Here, it can be seen that the achieved diversity order is three
and the array processing gain is 7/3.

SNR; = A7)

D. RATE—— STLC DESIGN FOR FOUR RECEIVE ANTENNAS
The encodmg procedure for rate-— STLC is as follows:

thi he 0 0 hy 0 O

[57] by —hiT k3 0 0 0
o 0 1 hs hi 0 0 |7
3 T I e Do ‘
sl a | O R0 ihg kg 0|l
ss| B 0 0 0 (hg | —hg hy) ||%a]
56 0 0 —hgx O 1 hl hy ||
S [ | Te
. ~hs 0 hy 0 0 hs
o 0 0 —hf 0 h%

' - @8)
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where four 2 x 2 STLC matrices are used with
overlapping.

After the normalization of s in (48), the transmitted STLC
symbols are represented as follows:

51.=n ()X} + m3x3 + hxy), (49a)
=] (h2x1 hixy + h§x3), (49b)
53 = n (M3x3 + hix} + hixd), (49c)
54 = 0 (—hjx2 + hyxs + Wixs), (49d)
55 = n (h3x} — Whx% + hixg), (49e)
S6 = 1 (—hjx3 + hixs + h}xg), (491)
57 = 17( hixy + h3x3 +h4x6) (49g)
58 = n (hjx1 — hixq + h3xs), (49h)

where the power normalization factor n =,/ %.

Then, the STLC transmitter sends the STLC symbols
s1 - - - 58, sequentially, to the receiver, and the receiver com-
bines the received signals to decode the STLC signals as
follows:

X = ril +ra— r;7 + 748

=gx1+2j 1 +22—5, tus, (50a)
Xp=—rio+ry +r33—raa

=gn—22+2 +B3— W4 (50b)
X3 =r{3+ri,+r2—r46

=g+ 3+5,+B2— 46 (50c)
Xg = —rig+nrna+ryis+ry

=gu—us+ns+is+ti (50d)
Xs=ri6—rs+r34+rss

=gxa+26—2s5+tnB4+;s (50e)
Xe = rik,S +ret+r3s+ rf{j

=gxa+2]5+26+n8+7 (501)

where g = 4%. Independent parallel ML detections of xi’s

are possible with a knowledge of y4. The value of y4 is not
required for PSK symbol detection.

From (50), we can derive the received SNR for x; as
follows:

Y407
5
3O’Z

SNR; = (S

It can be seen that the achieved diversity order is four and the
array processing gain is 4/3.
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E. RATE—% STLC DESIGN FOR FOUR RECEIVE ANTENNAS

The encoding procedure for rate—;—‘ STLC is as follows:

o by he | hy hy ]
51 ‘hy —hii 0 0
So L,* ,,,,, I .
54 hy 0 —h7 O 1
sa| =Clpz=| by 0 0 -k ii . (52)
85 0 hi —hi 0 o4
86 * *
0 0 h} —h

After the normalization of s, the transmitted STLC symbols
are represented as follows:

S1= n (] + h5x3 + B3 + hixg), (53a)
52 = n (h3x1 — hix2), (53b)
53=7n (h§x1 — h’f)g), (53¢)
54 =1 (hj{xl — hTX4), (53d)
55 = 1 (Wx2 — I5x3), (53e)
56 =1 (hsz - h§x4), (53h)
57.= 1 (hjxs — Iyxa), (53g)
where the power normalization factor n = ﬁ.

Then, the STLC transmitter sends the STLC symbols
s1 - - - 57, sequentially, to the receiver, and the receiver com-
bines the received signals to decode the STLC signals as
follows:

%
X1 =71y +1rn2+r3+r4a

=gx1+2j 1 +22+33+ua, (54a)
Xy =—ri2+ri;+r35+r16

= g0 —u2+2, +35+us (54b)
X3 =-r3+nrs+ r;‘,l +ra7

=g —u3+2s5+3, tur, (54¢)
Xy = —r{4y—re6—r37+71],

= 8X4 — 214 — 26— 37+ U1 (54d)

where g = \/;‘? . Clearly, with a knowledge of y4, an
independent and parallel ML detection for each x; is possible,
as the decoded signal Xy is a function of only xi. The value of
y4 is not required for PSK symbol detection.

From (54a), we can derive the received SNR for x; as
follows:

Tyso}

SNRy = 1602

(55)

It can be seen that the achieved diversity order is four and the
array processing gain is 7/4.
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F. RATE—% STLC DESIGN FOR FOUR RECEIVE ANTENNAS
The encoding procedure for rate—% STLC is as follows:

5t hi he
hE —ht
2| a2 T 1
¢ =Cyux = hy h4*: L@} (56)
54 BG =i

After the normalization of s in (56), the transmitted STLC
symbols are represented as follows:

s1=n (hix} +h2x2)’ (57a)

52 = n (h3x1 — hix2), (57b)

53=7n (h3x1 + h4x2), (57¢)
where the power normalization factor n = %

Then, the STLC transmitter sends the STLC symbols
51 - - - 54, sequentially, to the receiver, and the receiver com-
bines the received signals to decode the STLC signals as
follows:

* *
Xy =r{+r2+trztrig

=gx1+2] +n2+B33+ 14, (58a)
Xp=-rat+ry—ratris
=gn—u2+2, 54+ (58b)

where g = /2v4.

The decoded signal x; is a function of only x;, which
enables an independent and simple ML detection. It should
be noted that though the channel gain y4 is required for the
ML detection at the receiver, it is not required for PSK symbol
detection.

From (58a), we can derive the received SNR for x; as
follows:

Y40 xz
R
ZGZ

SNR; = (59)
It can be seen that the achieved diversity order is four and the
array processing gain is two.

G. PERFORMANCE COMPARISON

The STLC schemes are denoted by C1 to €7, and are
summarized in Table 7. The STLC C1 was designed in
Section III, and STL.Cs €2—C7 were designed in this Section.
The designed STLC with rate-K /T achieves an array process-
ing gain of MT /K, i.e., M divided by the code rate, and a
diversity order of MN, i.e., full diversity order . For a given
transmission data rate, the coding gain obtained by reducing
the constellation size increases. However, since the array
processing gain is inversely proportional to the code rate, it
decreases. Therefore, for a given system configuration, i.e.,
M and N, there is a tradeoff between coding gain and array
processing gain with the same diversity order. This analysis
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TABLE 7. Examples of orthogonal space-time line codes (STLC).

Tx | Rx Code | K | 1 Code rate Instantaneous Array gain Diversity order Sections
M | N (K/T) SNR (M /code rate) (M N full)
2 C1 2 | 2 1 (1/2)y2nr02 /02 M 2M Section 111
C2 | 3|4 3/4 (4/9)v3r102 /02 4M/3 Section IV.A
3] c3|4]s 1/2 (2/3)v3p102 o2 oM 3M " Section IVB
M c4 | 3|7 3/7 (7/9)vanr 02 /o2 7M/3 "Section IV.C
C5 | 6|8 3/4 (1/3)yans 02 /o2 4M/3 Section TV.D
4| ce | a7 47 (7/16)ya0102 /o2 TM/4 AM " Section IV.E
c7 | 4 |s 1/2 (1/2)74p102 /o2 oM " Section IV.F

TABLE 8. Examples of modulation schemes for BER comparison at transmission rate 3 bits/s/Hz and 1 bit/s/Hz.

Figs. 8 and 9 Figs. 10 and 11
Code Data rate Modulation scheme Data rate Modulation scheme
(bits/s/Hz) for K symbols (bits/s/Hz) for K symbols
C1 3.0 two 8-PSK 1.0 two BPSK
Cc2 3.0 three 16-QAM 1.0 one QPSK, two BPSK
C3 3.0 four 64-QAM 1.0 four QPSK
C4 3.1 two 256-QAM, one 64-QAM 1.0 one 16-QAM, one QPSK, one BPSK
C5 3.0 six 16-QAM 1.0 two QPSK, four BPSK
C6 3.0 three 64-QAM, one 8-PSK 1.0 one 16-QAM, three BPSK
Cc7 3.0 four 64-QAM 1.0 four QPSK

10° T T T T T
""" C1: N=2rate 1
-G- C2: N =3, rate 3/4
_1 -- C3: N =3, rate 1/2
10 S p E
- C4: N = 3, rate 3/7
~A L —— C5: N =4, rate 3/4
A —+— C6: N =4, rate 4/7
1072k : N =4, rate 1/2 -
4
83 E 4
=10
10 F i
A
100 F LR
\ﬂ"
10® ‘
5 10 15 20 25 30 35

a2/o? dB

FIGURE 8. BER performance versus o2 /o2 for space-time line codes at
3-bits/s/Hz; one transmit antenna, i.e, M = 1.

is verified by comparing the BER performances of the STLC
schemes designed in this paper.

Fig. 8 shows the BER at a transmission data rate
of 3 bits/s/Hz for STLC using one transmit antenna, i.e.,
M = 1. The modulation scheme used for each STLC is deter-
mined according to the code rate to achieve the transmission
of 3 bits/s/Hz. For example, 8-PSK is used for C1. Since
the STLC C1 transmits two 8-PSK symbols (i.e., K = 2)
for a symbol time of two (i.e., T = 2), the data rate is
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3 bits/s/Hz. On the other hand, for STLC C4 with a code rate
of 3/7, three symbols are transmitted for a symbol time of
seven. Here, two symbols are modulated by 256-quadrature
amplitude modulation (QAM) to carry 16 bits and one symbol
is modulated by 64-QAM to carry 6 bits. Thus, 22-bit infor-
mation is transmitted with a symbol time of seven, resulting in
adatarate of 22/7 & 3.1 bits/s/Hz. Similarly, by adapting the
modulation schemes, 3 bits/s/Hz are transmitted by €2, C3,
C5, €6, and C7 as listed in Table 8. Depending on the code
rates, BPSK and quadrature PSK (QPSK) are involved, as
well as 8-PSK, 16-QAM, and 64-QAM. Comparing the slope
of the BER curve in the high signal-to-noise region, we see
that the diversity orders of C1, C2-C3, and C4-C7 are two,
three, and four, respectively, i.e., MN, which is a full diversity
order [21]. For the case of data transmission at 3 bits/s/Hz,
a higher code rate provides better BER performance. For
example, at a BER of 1077, rate-3/4 €2 gives about 4 dB
gain over the use of rate-1/2 C3; and rate-3/4 C5 gives about
4.2 dB gain over the use of rate-1/2 C7. From this, we can
surmise that coding gain is more critical than array gain for
high date rate transmission (compared to the results of low
data rate transmissions, shown in Figs. 10 and 11). Similarly,
it is seen that at a BER of 107, the rate-3/4 C5 gives about
7.4 dB gain from the high diversity gain over the use of
rate-1 C1.

In Fig. 9, we evaluate the BER performance of STLC using
two transmit antennas, i.e., M = 2. The STLC scheme is
determined according to the number of receive antennas N,
as shown in Table 8. The same STLC scheme, which is used
as the STLC scheme in a single receive antenna system, is
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FIGURE 9. BER performance versus o2 /o2 for space-time line codes at
3-bits/s/Hz using two transmit antennas, i.e., M = 2.
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FIGURE 10. BER performance versus o2 /o2 for space-time line codes at
1-bits/s/Hz using one transmit antenna, i.e., M = 1.

applied to each transmit antenna, and accordingly, the diver-
sity order becomes double. Similar to the case when M = 1,
a higher code rate provides better BER performance for 3
bits/s/Hz data transmission. For example, at a BER of 1073,
rate-3/4 C2 and C5 give about 4 dB gain over the use of rate-
1/2 €3 and C7, respectively. It is seen that at a BER of 107,
the gain of the rate-3 /4 C5 over the use of rate-1 C1 is reduced
from 7.4 dB (Fig. 8) to 2.7 dB (Fig. 9), as the number of
transmit antennas is increased from one to two. The reason is
that much of the diversity gain is already achieved using the
receive antennas.

The simulation results in Figs. 8 and 9 demonstrate that
significant gains can be achieved by increasing the number of
receive/transmit antennas with very little decoding complex-
ity. This observation is valid for the data rate of 1 bit/s/Hz.

In Figs. 10 and 11, the BER performance at a data rate of
1 bit/s/Hz is evaluated for systems with one and two transmit
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FIGURE 11. BER performance versus o2 /o2 for space-time line codes at
1-bits/s/Hz using two transmit antennas, i.e., M = 2.

antennas, respectively. For each designed STLC scheme, the
modulation constellation is determined to transmit 1 bits/s/Hz
as listed in Table 8. Comparing Figs. 8 and 10, we see that
low data rate transmission achieves better BER performance,
which is the expected result.

For a low data transmission rate of 1 bit/s/Hz, rate-4/7
C6 outperforms rate-3/4 €5, which is the best code for the
3 bits/s/Hz data rate, as shown in Fig. 8. This implies that
array processing gain is more critical than coding gain for
low-rate data transmission. The diversity orders remain the
same regardless of the data rate. The same observation is
obtained for systems with two transmit antennas, as shown
in Fig. 11.

V. APPLICATION OF STLC

The proposed STLC is combined with STBC to sup-
port minimal-function lightweight devices, such as wear-
able devices, sensors, and many IoT devices, for which
low cost, low complexity, and low power consumption are
required [15]. To this end, using the reciprocity of the STBC
and STLC schemes, we design a protocol-efficient STBC-
and-STLC (STBLC) system, in which two devices, denoted
by A and B, communicate with each other using TDD, as
shown in Fig. 12. Note that a noncoherent detection causes
significant performance degradation, and thus, the channel
estimation is necessary at the receiver for coherent detec-
tion [22]. However, minimal-functional lightweight devices
may have the limited essential functions including time and
frequency synchronization, direct current offset estimation,
and channel estimation just before the data transmission.
Therefore, it is difficult to support such device without sig-
nificant performance degradation if no CSI is available. To
resolve this issue, the STBLC reifies and verifies STLC’s
benefits: i) the STLC enables the minimal operation of the
lightweight devices and ii) STBLC operating in a TDD mode
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FIGURE 12. System model considered in this study. Device A has full CSI,
while device B has no CSI. Downlink and uplink are directions from
device A to device B and from device B to device A, respectively.

requires less frequent channel estimations while sustaining
full-diversity gain.

We first design a 1 x 2 STBLC system and then extend
it to an M x 2 STBLS system. Using the various rates in
Section IV, the proposed STBLC can be readily extended to
M x 3 and M x 4 STBLS systems. Numerical results verify
that the proposed STBLC outperforms an existing scheme.
The proposed STBLC framework would have various poten-
tial applications in communication systems.

A. STBLC SYSTEM MODEL

For convenience, the direction of communication from device
A to B is denoted by downlink and that from device B to A
by uplink. Device A has M antennas and CSI, while device B
has two antennas without CSI. In other words, device A has
a CSI estimation function and more RF chains than device B.
Base stations (BSs) and access points (APs) are the example
applications of device A, while UE, wearable devices, and
simple IoT devices are the example applications of minimally
functional device B. For simple description, a single antenna,
i.e.,, M = 1, is assumed at device A, as shown in Fig. 13. The
system and results in this section can be directly extended
to the case of M > 1. Now, we introduce the details of the
proposed STBLC system in uplink and downlink communi-
cations.

1) UPLINK COMMUNICATIONS USING STBC (PHASE 1)
First, device B transmits a pilot symbol p; using the first
transmit antenna and then the next pilot symbol p, using
the second transmit antenna so that device A estimates the
channels h; and hy. Without loss of generality, the pilot
symbols are set to an arbitrary real value, i.e., p; = /P, where
P is the transmit power constraint of device B.

The signal received at device A is then expressed as fol-
lows:

[ra1 ra2]=[h R |:%1 0] + [za1 za2]

P2
(60)

From (60), the minimum MSE (MMSE)-based estimates of
channels are obtained as

1
hy, = — VA n = hy + €n, (61)
Pn

where the channel estimation error ¢, is defined as €, 2
zA,,,/\/ﬁ With no boosting of the pilot signal, w.l.o.g., we set
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P = ze = 1, and accordingly, €, conforms to a normal
distribution with a variance 02, i.e., €, ~ CN(0, 62), which
is the same as the AWGN.

After transmitting two pilot symbols, the device B sends
information symbols, denoted by b; and b, and for simple
description, b; is assumed to be modulated by a PSK symbol,
where E |bt|2 = axz = 1. Device B encodes b; and b; to
a 2 x 2 STBC symbol matrix and transmits it through two
antennas for two symbol times. Substituting > = 1and 6> =
022 to analyses in (252)—(29), the received SNR at device A is

derived as

)/2
SN RETBC _ 2

=m0l (62

2) DOWNLINK COMMUNICATIONS USING STLC (PHASE 2)
For the downlink communications, i.e., direction from device
A to device B, device A transmits PSK modulated symbols
a; and aj to device B. To achieve full-diversity gain using
a single transmit antenna at device A, device A encodes a
and a» by using the estimated CSI, namely izl and izz, during
the previous uplink communications, i.e., STLC encoding.
From (29), we can derive the received SNR of device B as
follows:

SNRlngLC — SNRETBC _ J/22

Titntoy

3) EXTENSION TO DEVICE A WITH MULTIPLE ANTENNAS
For the STLC case, the M STLC encodings are independent
of one another, and the corresponding STLC decoding at
device B is the same as the single-antenna STLC decoding
as stated in Section III-B. Similarly, for the STBC decoding
case, each receive antenna performs the STBC decoding in
(28a), and all the estimates obtained from the multiple receive
antennas are directly combined [2]. Of course, the multiple
receive antennas at device A do not require any modification
of device B.

B. MERITS OF AN STBLC SCHEME

The STBLC system has three important merits: i) minimal-
function device design, ii) less frequent channel estimations,
and iii) easier channel estimation.

First, owing to the new diversity scheme STLC, we can
design a device for dedicated and minimal capabilities. As
assumed in this study, device A has M antennas with CSI,
while device B has two antennas without CSI, i.e., the mini-
mal functions. Even with the minimal functions, full-diversity
gain can be achieved for both directions of communications,
namely during the uplink and downlink communications. If
two devices are communicating and one is superior to the
other in terms of hardware and functional capability, they can
be considered as devices A and B, respectively, and achieve
full diversity by using an STBLC scheme.

Second, channel estimation is less frequently required.
In typical communications, both devices involved in com-
munications always require the CSI as depicted in Fig. 14.

1037



IEEE Access

J. Joung: Space-Time Line Code

estimated CSI (le and fzz) is available

STLC Tx
downlink data a= [(11] e — }fl h_z ar| | 525
a2 52 h3 —hi] a2

STBC Rx

<Dl [E’l} 3 Pl ha ]H [r“] A TAL
by] [hs —hi] |7ha

b <~ MLD

Device A

limited CSI is available

'B.1.2 B L STLC Rx
> o
‘)‘ r R e N R D
2 B2ll | rpo+ Paaa
\ b
AN
5 | STBC Tx
& o . by
b e |:b1 b5 ] - uplink data b= b
it 1 by —b}
Device B

FIGURE 13. Proposed STBLC system achieving full-spatial diversity with STBC and STLC methods. Device A has full CSI, while device B has no CSI. Uplink
and downlink are directions from device B to device A and from device A to device B, respectively.
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FIGURE 14. Communication protocols. (a) A typical coherent detection system. (b) An STBLC system.

However, the CSI is required at device A only in the STBLC
framework. Thus, if the channel variation is not severe, as in a
block fading channel, the CSI, which is used for STBC sym-
bol decoding at device A, can be reused for the consecutive
STLC encoding. Once the device A obtains the CSI, it can
use the CSI for STBC decoding and also STLC encoding,
consecutively, during channel coherence time. Roughly, the
STBLC system needs CSI estimations at half the frequency
of the estimations of a conventional coherent system, and this
is true as the channel coherence time increases. Furthermore,
as we mentioned previously, the CSI estimation is performed
at device A only.

The third merit is the ease of channel estimation. Device A
can have a large number of antennas, e.g., a few hundreds of
antennas at a massive MIMO system [23], while device B
has only two antennas. Therefore, the CSI can be readily
estimated at device A by using only two orthogonal pilot
symbols and/or training sequences that are transmitted from
device B [24]. However, at least M -orthogonal pilot symbols
and/or training sequences are required to estimate the CSI at
device B, which causes a significant decrease of downlink
spectral efficiency. Note that the proposed STBLC requires
CSI at device A only.

C. BENCHMARKING SYSTEMS

In this section, we introduce two benchmarking systems to
justify the proposed STBLC system. The first benchmarking
system employs STBC for the uplink communications, and
it uses a preprocessing weight w, which is obtained from the
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estimated CSI at device A. The received downlink signal at
device B is expressed as follows:

B.1,1 hy ZB,1,1
A= way + |~ |, 64
[73,2,1} [hz] ! I:ZB,2,1i| ©4)

where the preprocessing weight w follows |w| = 1. Since
there is no CSI at device B, the two received signals are
combined as

rB1,1 + 721 = (h +h))war +2zp 1,1+ 22,1, (65)

which is a naive combination. The preprocessing weight w is

then designed such that the device B achieves the maximum

effective channel gain in (65) as follows:
(h1 + ho)*

W= ———,

lh1 + ha|

which is addressed by a beamforming (BF) scheme.! Using

w in (66) to (65), the combined signal becomes

(h1 + ho)(hy + ho)*

|h + ha|

lhy +ha + €1 + el ay

(Bt + k% + € +e§)a

|h1 + ho + €1 + €]

+2zB1,1+2B2.1, (67)

(66)

rp1,1+ 7121 = ay +zp,1,1 +2B2,1

—(e1 +€2)

where the effective channel gain of BF is |y 4+ hy + €1 + €2].

IThe term BF is a general term for preprocessing with multiple transmit
antennas at device A, which will be introduced in (69).
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The second benchmarking scheme is a no-diversity scheme
with a single antenna at devices A and B, i.e., a single-input
single-output (SISO) system. For the uplink communications
through the SISO channel, denoted by A, device B sends
b without any processing and device A performs receive
processing with A*, such that the uplink effective channel
gain is maximized. Similarly, for the downlink communica-
tions, device A sends a with preprocessing h* /|h|. Thus, the
downlink effective channel gain becomes a real value such
that device B can detect a without any receiver processing,
such as combining and equalization. The estimates of b and
a in the uplink and downlink communications, respectively,
are expressed as follows:

b =h*ran1 =h*(hb+z411)

= |h*b + €*hb 4 (B* + €*)z.1.1, (68a)
T %
a= rg1,1 = hTa-i-ZB,l,l
A
htela_ TP L (68b)
= €elaq— —a Z, .
|/’l—|—6| Al

For the M multiple antennas at device A, to sustain the
structure of device B, i.e., the naive combination in (65), the
combined receive signals are written as follows:

rg1,1 + 721 = (h1 +hy)way +zg 11 +282,1, (69)

where channel h,, is a 1 x M row vector, the mth element
of which is the channel between the mth transmit antenna of
device A and the nth receive antenna of device B, and w is an
M x 1 BF vector. The preprocessing vector w is defined as

(hy + )"
W=———,
lh1 + hol|

where iz,, = h, + €, and ¢, is a CSI estimation error vector.
Using w in (70) to (69), the received signal becomes

(70)

~ ~\H
(1 + o) (R + 2
‘ ay +zp1,1+2B2,1

rp1,1 +1rB21 = — —
oot
= |lhy +h2 + €1 + 2]l ay
| e
_(61+62)(1 2 1 2)01
k1 +hy + €1 + €2
+zB,1,1 +2B2,1, (71)

where the effective channel gain of BF is ||k +hy+ €1+ €]

D. PERFORMANCE COMPARISON

The three systems summarized in Table 9 are compared.
Here, for reference, the SISO system is also included. An
STBC-BF system is the benchmarking system introduced in
Section V-C. The STBC-BF uses STBC for uplink commu-
nication from device B to device A, while BF is employed
for downlink communication from device A to device B. An
STBLC system is the proposed system in Sections V-A, in
which STBC and STLC are used for uplink and downlink,
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FIGURE 15. BER performance across o2 /02 when device A has one

antenna and device B has two antennas, i.e., M = 1. (a) Average BER of
uplink and downlink. (b) BER of each link.

&

TABLE 9. List of compared systems: device A has M antennas with CSI
and device B has two antennas with no CSI.

Compared systems Uplink (8 — «) | Downlink (o — )
SISO no preprocessing preprocessing
STBC-BF 2 x M STBC M x 2 BF
STBLC 2 x M STBC M x 2 STLC

respectively. BPSK and QPSK modulations are used in the
BER simulation. Device A has M antennas with CSI, while
device B has two antennas.

In Fig. 15(a), the average BER of uplink and downlink
communications is shown to compare the system perfor-
mance when M = 1. Since the proposed STBLC system
achieves full-spatial-diversity gain (order of two) in both
uplink and downlink communications, it provides the best
performance. Clearly, the proposed method achieves higher-
spatial diversity gain compared to SISO and STBC-BF
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FIGURE 16. Monte Carlo simulation results of BER performance across
02 /2 when device A has two antennas and device B has two antennas,
i.e., M = 2. (a) Average BER of uplink and downlink. (b) BER of each link.

systems. To clearly observe the cause of the performance gap,
in Fig. 15(b), the BER performance of an each link is shown.
Here, we note that BF does not achieve diversity gain as in a
SISO system because device B does not have CSI. From the
results, we also verify the analyses in (62) and (63).

In Fig. 16, the BER performance is evaluated when M = 2.
From the results in Fig. 16(a), we see that the spatial-diversity
orders of SISO, STBC-BF, and STBLC are one, two, and
four, respectively. Therefore, STBLC system outperforms the
others. In Fig. 16(b), the BER performance of each link is
shown. Here, we see that BF with two antennas at device A
increases diversity gain compared to the SISO system.

VI. CONCLUSION
In this paper, full-spatial-diversity-achieving STLC was
newly proposed. The proposed STLC uses channel
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information for the encoding at the transmitter and it enables
the receiver to decode the STLC symbols without full channel
information. Throughout the rigorous SNR analysis, BER
simulation, and application example, the merits of STLC
were verified. The proposed STLC can also be extended to
exploit frequency diversity by using two adjacent carriers
instead of two adjacent symbol periods. The proposed STLC
is expected to be applied to many applications of various
MIMO systems desiring full-spatial diversity gain.
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