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An Efficient Space Time Block Code
for LTE-A System
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Abstract—In this study, a new space time block code (STBC) is
proposed for long term evolution-advanced (LTE-A) system that is
equipped with three time slots and two antennas. The introduced
STBC has the following characteristics: i) it achieves rate one and
full diversity, ii) its maximum likelihood (ML) decoding requires
a joint detection of three real symbols, iii) the minimum determi-
nant value (MDV) does not vanish by increasing signal constella-
tion size, and iv) bit error rate (BER) results show that the pro-
posed STBC outperforms previously presented schemes for LTE-A
at high SNRs.

Index Terms—LTE-A, maximum likelihood detection, minimum
determinant, space time block code (STBC).

I. INTRODUCTION

ULTIPLE input multiple output (MIMO) systems have

received great attention due to achieving higher data
rates and higher performance than the traditional single antenna
systems in wireless communications. Space time block codes
(STBCs) are known as well-suited techniques that provide an
effective diversity method to mitigate fading in wireless chan-
nels. Design of the codes that achieve full rate and full diversity
[1] is of great interest.

The third generation partnership project (3GPP) has been
working on the next generation wireless systems (4G) under the
project long term evolution-advanced (LTE-A) [2]. The number
of time slots in 3GPP for data transmission is not guaranteed to
be an even number. In the LTE-A, the mobile station is equipped
with two antennas where its frame structure allows three time
slots for data transmission [3]. Therefore, STBC is an efficient
scheme to combat channel fading between the mobile station
and base station in LTE-A system.

Hybrid STBC (AL code) [4] is the first STBC proposed for
three time slots and two antennas. Its encoding matrix uses two
time slot Alamouti [5] scheme followed by one time slot repeti-
tion transmission. The hybrid scheme in [4] has rate one and its

Manuscript received May 01, 2014; revised July 24, 2014; accepted July 25,
2014. Date of publication July 31, 2014; date of current version August 06,2014.
The associate editor coordinating the review of this manuscript and approving
it for publication was Prof. Rodrigo C. de Lamare.

V. Abbasi is with the Department of Electrical Engineering, Urmia Univer-
sity, Urmia 57561-15311, Iran (e-mail: st_v.abbasi@urmia.ac.ir).

M. G. Shayesteh is with the Department of Electrical Engineering, Urmia
University, Urmia 57561-15311, Iran, and also with the Wireless Research Lab-
oratory, ACRI, Electrical Engineering Department, Sharif University of Tech-
nology, Tehran 11365-9363, Iran (e-mail: m.shayesteh@urmia.ac.ir).

M. Ahmadi was with the Department of Electrical Engineering, Urmia Uni-
versity, Urmia 57561-15311, Iran. He is now with the Department of Electrical
Engineering, Iran University of Science and Technology, Tehran 16846-13114,
Iran (e-mail: mojtabaahmadialmasi@gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LSP.2014.2344623

decoding is linear, but it does not achieve full diversity. Quasi
orthogonal STBC (QSTBC) proposed in [6], is another scheme
that achieves full diversity and rate one with the maximum like-
lihood (ML) detection complexity of order O(AM?), where M
is the size of the used symbol constellation. The minimum de-
terminant value (MDV) of this code vanishes by increasing A .
A version of group decodable STBC (GSTBC) scheme was in-
troduced in [7] for LTE-A system that achieves rate one and
full diversity with symbol-wise detection complexity of order
O(M?"). Recently, a novel STBC scheme has been proposed in
[8] which achieves rate one and full diversity and has non-van-
ishing determinant characteristic. It has detection complexity of
order O(A{'*), and its bit error rate (BER) performance is close
to [7].

In this study, we present an efficient STBC for LTE-A system.
The proposed scheme has interesting characteristics as: 1) it
achieves rate one and full diversity, ii) its ML decoding needs
a joint detection of three real symbols, iii) the MDV does not
vanish by increasing signal constellation size, iv) it gives good
trace criterion [9], [10] in terms of orthogonality of columns of
encoding matrix and high minimum trace value [9], [10], v) it
has high MDYV, and vi) it achieves lower BER than [7] at high
SNRs and outperforms [6] and [8] in all SNRs.

Notation: Throughout the letter, j = /—1, small letters, bold
letters, and bold capital letters denote scalars, vectors, and ma-
trices, respectively. A represents the conjugate transpose of
matrix A. (), ()%, ()*, E[], and | - | indicate the real part,
imaginary part, complex conjugate, expectation, and absolute
value, respectively. The quantity X denotes the STBC encoding
matrix.

II. SYSTEM MODEL

We consider a MIMO system with N, transmit antennas and
N, receive antennas. It is assumed that the channel is quasi-static
Rayleigh flat fading and constant in the block length of T'. We
also assume that the channel state information (CSI) is known at
the receiver but unknown at the transmitter. The received signal
can be expressed as

Y = /gXH +Z (1)

where Y is the 7' x N, complex matrix of the received signals
and X is T' x .V, complex matrix of the transmitted symbols that
are drawn from an A{ -size constellation. The normalization ¢ is
to ensure that the SNR at the receiver is independent from the
number of transmit antennas and depends on the throughput. H
is the V¢ x V. complex matrix that contains channel coefficients
having Gaussian distribution with zero mean and unit variance.
Z is T x N, complex noise matrix whose elements are i.i.d.
complex Gaussian random variables with zero mean and unit
variance.
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III. PROPOSED STBC

In this section, we propose a rate one and full diversity code
for LTE-A system (I' = 3 and N, = 2). The motivation is to
design a code in which each symbol appears in four entries of
the encoding matrix (more than [8]) in a way that it yields better
coding gain and trace criteria. Moreover, our goal is to find a
code that uses equal number of symbols in all entries of encoding
matrix as opposed to previously presented codes in [6], [7], and
[8]. By this manner, the interferences within each entry of the
encoding matrix will be the same. In addition, we aim to design
a code with low detection complexity. We also use the symbols
and their conjugates such that the columns of encoding code
matrix are orthogonal. Orthogonality satisfies an important part
of trace criterion [9], [10].

According to the trace criterion [9] and [10], the best subop-
timal codes are those for which the matrix X#X, (X = X —
X.X # X) where X is the transmitted block code and X is the
detected one, are such that the main diagonal elements are as
close as possible to each other, and the row-wise sum of the ab-
solute values of the elements of off main diagonal is as small as
possible for each row.

The places of each symbol in the encoding matrix should be
selected such that better trace criterion and high minimum deter-
minant value are obtained. To achieve high trace value, we place
symbols in the encoding matrix in a manner that in addition to
orthogonality of columns of encoding matrix, the cross terms in
trace(X*X) cancel each other and the square terms are added.
This also leads to low detection complexity.

Considering the mentioned conditions, our designed code is
obtained as follows

1 r; —xy 2y + 23
Xp=—=|z2+az3 a5 —aj 2)
r3 —xy eyt X
Therefore,
- TTo L 0
X% =
%= ()
where
L =05 (|7 — #2* + |72 + 75)° + |75 — 71 ) 4)
Lo =05 (|21 + 22| + |72 — 25]° + |75 + 71[°) 5)

where #; = x; — &, #; is the transmitted symbol and i; is the
detected symbol. Considering (3)-(5), we observe that X/'X,
matrix of the proposed scheme is diagonal with unequal main
diagonal elements. It is also seen from (2) that the columns of
the code are orthogonal. In addition, since each entry of the pro-
posed code matrix contains two symbols, the intersymbol inter-
ference is the same for all entries.
The trace of the proposed code is calculated as

trace (X,’J’X,,) =L+ L =2(7) + %> +|5]7)  (6)
It is observed that the trace contains only square terms. The de-
terminant of X' X, is computed as

det (X;IXP) =LiL; =025 [(gl —5)  + G485 + (5 —51)°
+ (52 —51)" 4 (51 +56)” + (56 — 52)°]
X [(§1 + §3)2 + (53 — §5)2 + (35 + §1)2

4+ (2 +8) 4 (51 —86) + (56 +52)°] ™)
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where

x)] =8 + jso, 22 =83+ js1.23 = 85 + jse (8)
and 5, = s; — §; where s; is the real or imaginary part of the
transmitted symbol and 5, is the corresponding detected part. It
is clear that the determinant is nonnegative. But for example if
§1 = 83 = 83 = 0 and S = —§4 = —S_‘b', then d(‘t(XZ)IXp) = 0.
Therefore, in this case the proposed code cannot achieve full
diversity. To escape zero determinant, we avoid canceling the
terms in the parenthesis (for example (5, — 53)). To this end, we
use stretching technique [11] as

X1 = 871 +j32 (9)
ro = asj +j'\/2 —a’sq (10)
r3 = m‘iq +]b96 (ll)

which guarantees E[|2;|*] remains unchanged after stretching,
0 < a,b < v/2, and a,b # 1. In this way, full diversity is
achieved. In order to obtain the optimum coding gain, it is de-
sired to maximize the minimum of det(X%X,). The optimiza-
tion of encoding matrix has been considered in [11] and [12].

A. Non-Vanishing Property

Here, we prove that the MDYV does not vanish by increasing
symbol constellation size. For standard M-QAM, we consider
5; = dwinm, wWhere m; is an integer number and d,,,;, is the min-
imum Euclidian distance between the symbols in the constella-
tion. We assume dmin = 2 in the trace and determinant evalua-
tion of different codes.

Considering (7), after stretching, we obtain det(X]/X,) =
0.254%, L) L, where

Lll = (m, — amg)2 + (amz + V2 — b27n5)2
+ (V2 = b2my —m, )2 + (mo — \/2 — 0,27774)2

+ (V2 — a2ma + l)m,g)2 + (bime — m,g)2 (12)
L) = (my + ams)® + (amaz — V2 — 62ms)”
+ (V2 —b2my +m )2 + (mo + \/mnu)2
+ (V2 — a2my — l)m,g)2 + (bmne + m,g)2 (13)
From the above, we observe that
Lll Lf_y = (g1 (m1,ms,ms) + g2 (mao,ma, me))
(gs (my,mz, ms)+ ¢ga (ma,mq,me)) (14)

where g; s are nonnegative functions and g, and g; are indepen-
dent of g5 and g4. It can be found that the minimum of L' L} is
obtained in the two cases: 1) my = ma = mg = 0,2) my =
my = ms = 0. The other cases result in higher values. Below,
we assess the two cases.

Case 1) mo =m4 =me =0,then go = g4 = 0 and

L = (m; — amg)z + (ams + V2 = 172771,5)2

+ (\/2 —bBZmy —m)* (15)
L.lz = (m1 + cvm;;)Q + (ams — V2 — l)2m5.)2
+ (V2 = 2ms 4+ my )’ (16)

In this case, we consider two options (i and ii).
i) One of the 1, msy, or mj; is zero.
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—Ifm, = 0, then

LI, = da%mst + 4(2 — b2)277154 + 4a” (2 — b2) maZms> (17)

The minimum of L} I}, is obtained for |inz| = 1,ms = 0
or ms = 0,|ms| = 1 which result in min, = 4a* or
mine = 4(2 — b*)?, respectively.

—If my = 0, similar to the above discussion, we have
ming = 4 or minyg = 4(2 — %),

—If ms = 0, we obtain mins = 4a” or ming = 4.

ii) None of m,, ms, and ms are zero. It can be found that

— L5 is minimum if mazm, < 0, mams > 0, and m ms <
0, which is possible.

— L{ is minimum if mymq > 0, mgms < 0, and myms >
0 which is not possible.
We can conclude that min(L}) > min(L5). Thus, to
minimize L} L), we minimize L, and L, 4+ Ly’ simulta-
neously which is possible. From (15) and (16), we have

(18)
If mi = —m3 = —ms = =#£1, then L) + L, and
min{L}, L5} are minimized simultaneously which give
min(L} L5) as

min; = 4 (l +o* + (2 — 1)2) ta+tavV2—02+V2— 62)

-(1—1—(1,2—1— (2—1)2) —a—aV2 =12 —\/2—62)

L'| + L'Q =4 (171,12 + (12'1‘1132 + (2 — bz) m52)

Case 2) m; = my = ms = 0, similar to the case 1 discus-
sions, we obtain the following minimumes.

ming = 41)’1, ming = 4(2 — (1,2)2, min g = 4.
min;| = 4(2 - (LQ)Q, min o = 46, min s = 4,
mingy = 4 (1 + B2 + (2 — (1,2) +b —1—17'\/2 — a4+ V2 - a2)
X (1—1—1)2 + (2—(12) —bh—bV2 —qa? —'\/2—(1,2)

Considering the minimums of case 1 and case 2, we observe
that they are obtained when m; € {0,£1}, which means the
minimum distance of constellation determines the minimums.
Therefore, by increasing the constellation size, the minimum
values do not decrease; hence the proposed code has the non-
vanishing property.

B. Maximization of MDV

Now, we obtain the optimum values of « and 4 that maximize
the MDYV, i.e., achieve the maximum coding gain.

* k . . . . B
a®,b" = arg max {min {min;, miny, ..., ming4}}
T oah
) . P T 22, 212
= arg max {min |da ", 4b ,4(2—(1, ) ,4(2—1) ) R

(19)

After manipulation, we obtain «* = 0.8245 and 6*=0.8245 which
yield MDV = 0.25d%;, x 1.8483 = 7.39.

By imposing the coefficients a and b, the trace after stretching
will be as

ming, ming 4]}

trace (X‘lrf{p> =25} 4 255 4 2078, + 2 (2 - 0,2) 5

+2(2-b*)85 +2b°5; (20)
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The maximum value of minimum trace is obtained as 8 when
a = 1and b =1 (no stretching). But in this case, full diversity is
lost as mentioned. For «* = 0.8245 and * = 0.8245, we have

min [tra,ce(}_{;r}zp)] =1.36d>,;, = 5.44. 21

C. Detection Complexity

Consider a single antenna receiver, the ML decoder metric for
the proposed code can be obtained as
1Y — Xph|” = fr(siiss.85) + fr (s2.50,56)  (22)

where

fr(s1.83,85)= —'\/§R,e {1‘3 (hi (\/m&@ —31)

15 (V)
—V2Re { (zr; (+¢ﬁ)
—V2Re {ry (h] (s1—ass)—h3 (s1+ass))}

+ (12 )?+h2]?) (|51|2+|a‘53|2+ V2—b2s5

+(as1s3) (Jh2|* = ke [?)
—|—(\/2—1)25135) (|]l2|2—|h1|2)+(a‘\/2—1125355) (|/L1|2—|hg|2)
(23)

£1 (82051, 56) =—V2Re {jry (BT (s3—Dse)+D5 (bss+s52))}
—2Re {jrg (h : (—\/ﬁ.u —bsﬁ)
15 (Vam))
—2Re {jrl (h‘{ (\/ﬁ 54 —s2)
R (32 + Jm@)}
i +1af) (Joof + V2=,
+(Va=aZsas ) - (bl = |f?)
+(bsase) (|h,2|2—|hl|2)+(b'\/ms,isa) (B> =hal?) (24)

‘+|556|2>

where r; is the received signal at the ith time slot.

It is clear that the minimization of the metric is equivalent to
minimization of fr and f; independently. Therefore, the ML de-
coding of the proposed code requires a joint detection of three
real symbols, that is, the complexity is of order O(3*°) for
square symbol constellation. For non-square symbol constella-
tions, in which M = MprM;, where Mpr and 3 are the sizes
of the real and imaginary parts of constellation, respectively, the
complexity is of order O((max(Mg, M;))?).

IV. PERFORMANCE EVALUATION

We evaluate the performance of the proposed code in terms of
BER, detection complexity, peak to average power ratio (PAPR)
[11], MDYV, and trace criterion. In the simulations, we assume
E[|z:|*] = 1 and the normalization is imposed on ¢ (eq. (1)).

Because of the low performance of Alamouti [5] and AL
codes [4] (hybrid scheme), the results of these codes are not de-
picted. Moreover, it has been shown in [7] and [8] that the code
in [6] has higher BER than [7] and [8]. In addition, it has higher
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Fig. 1. BER curves of the proposed code, GSTBC [7], and [8] for 2, 4, and 6
bpcu by 4-QAM, 16-QAM, and 64-QAM, respectively.

TABLE I
DETECTION COMPLEXITY OF DIFFERENT CODES
Code [7] [8] Proposed
Complexity | O(M') | O(M") | O(M")

detection complexity, (O(M*)). Therefore, we compare the pro-
posed code with those of [7] and [8].

Fig. 1 shows the BER curves where we have considered 2,
4, and 6 bits per channel usage (bpcu), i.e., throughput, using
4-QAM, 16-QAM, and 64-QAM constellations, respectively.
We observe that our code has lower BER than [7] at high SNRs
and outperforms [8] (and consequently [6]) in all SNRs.

Table I shows the detection complexity of different codes and
Table II demonstrates the PAPRs of the codes for various con-
stellations where PAPR is computed using eq. (2) of [11].

The group decodable code [7] shown in (25) utilizes constel-
lation rotation to achieve better BER performance. In this code
complexity is the main factor (group decodability).

s5 + Jse
S1+ 83 — J83 — j84
—51+ 52 — js3 + jsa

s$1 4+ 852+ js3 + Jsa
—55 + j56
—51+ 52 — js3 + jsa

X = (25)

From the group decodability aspect, the proposed code is also
two group decodable where there are three real symbols in each
group. According to the notation of [7], the group matrices of
our code can be written as

{Cr1.Cr2.C13}.{C11.1.C112.Crr 3},

1 1 1 p —1 1
:{75[?1 ﬂ’ﬁ[é .

1 -1 — -1 - 0 0
Il o}&[l _1},&_{1 1”
{‘/2[—1 4 VZoly o) V2L 4

for s1, s3, s5, s2, sa, and s, respectively.
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TABLE II
PAPR OF DIFFERENT CODES
Code [7] [8] Proposed
4-QAM 1.88 1.98 1.98
16-QAM 2.6 3.57 3.57
64-QAM 4.44 4.63 4.63
TABLE III
MDYV AND TRACE VALUE OF THE PROPOSED CODE AND [8]
Code [8] Proposed
MDV 5.82 7.39
Trace 4.85 5.44
TABLE IV
REQUIRED £} /Ny (dB) TO ACHIEVE THE SAME BER FOR
DIFFERENT CODES AND DIFFERENT bpcus
code [7] [8] proposed
BER=2x10" 4-QAM (2 bpcu) 24.32 24.32 24.2
BER=2x10"* 16-QAM (4 bpcu) 23.33 23.4 22.89
BER=2x10" 64-QAM (6 bpcu) 22.01 22.28 21.56

The amounts of minimum determinant and minimum trace
of [7] for 4-QAM are 16 and 8, respectively, that are higher
than those of the proposed code (7.39, 5.44). However, our code
has lower BER than [7] at high SNRs. This is because of diag-
onal property of X/'X,, that is also a part of trace criterion [9],
[10]. Unlike our code, the code in [7] does not have non-van-
ishing property. The detection complexity of the proposed code
is slightly higher than [7].

In the code of [8] each symbol is placed in three entries of
the encoding matrix as depicted in (27). It uses stretching tech-
nique to achieve full diversity and high coding gain. It has de-
tection complexity of order O(M'*) which is the same as our
code. X/, X5 matrix is diagonal. In [8], the PAPRs of the two
antennas differ, while they are the same in our code. However,
the two codes have the same PAPR. This code and our code have
non-vanishing property. Table IIT shows the MDV and minimum
trace value of the two codes. We observe that the minimum trace
and minimum determinant of the proposed code are higher than
those of [8], which result in lower BER of our code.

x  (—ay — r§)/_\/§
ry (2} —25)/V2

[+ a3)/V2

Xz = (27)

ry  (x

Table IV demonstrates the required SNRs to achieve specified
BERs for different codes and throughputs. It is observed that
the proposed code has better performance.

V. CONCLUSION

In this paper, we proposed an efficient STBC scheme for three
time slots and two transmit antennas. The detection complexity
of the proposed scheme for square symbol constellation is lower
than [6], slightly higher than [7], and equal to [8]. The results
show that our code has lower BER than [7] at high SNRs and
outperforms [8] and [6] in all SNRs. Further, it has non-van-
ishing property.
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