PEP-BOUND ROTATION ANGLE OPTIMIZATION OF 8-TRANSMIT-ANTENNA
QUASI-ORTHOGONAL SPACE-TIME BLOCK CODES'

Rohan Grover, Weifeng Su, and Dimitris A. Pados*

Department of Electrical Engineering, State University of New York at Buffalo, NY 14260
E-Mail: {rgrover, weifeng, pados}@eng.buffalo.edu

ABSTRACT

We derive a new expression for the rotation angles that maximize

the diversity (eigenvalue) product of the 8 X 8 two-symbol decod-

able quasi-orthogonal space-time block code (QO-STBC). We show

that the previously proposed sum-eigenvalue maximization criterion

for the design of rotation angles is not relevant/applicable to the

8-transmit-antenna QO-STBCs and we suggest, instead, minimum

eigenvalue maximization. Finally, working directly with the pairwise-
error-probability (PEP) upper bound expression, we obtain new true

PEP-upper-bound optimal rotation angles. Simulation studies demon-
strate and compare the error rate of the three design criteria (diversity

product, minimum eigenvalue, PEP upper bound).

Index Terms— Constellation rotation, diversity product, pairwise-
error-probability (PEP), quasi-orthogonal space-time block codes (QO-
STBC), sum or minimum eigenvalue maximization.

1. INTRODUCTION

Orthogonal space-time block codes (O-STBC) [1] achieve full trans-
mit diversity and allow single-symbol (two real symbols) maximum
likelihood (ML) decoding. The drawback of O-STBCs is that full-
rate codewords do not exist for more than two transmit antennas. For
the case of four transmit antennas, the rate limitation of O-STBCs
was overcome by quasi-orthogonal (QO) STBCs at the expense of
diversity loss [2]-[4]. Full-rate full-diversity quasi-orthogonal code-
words for four transmit antennas were then formed in [5], [6] by re-
taining the code structure of [2], [3] and modifying the constellation
of some of the symbols. ML decoding of the QO-STBCs in [5], [6]
requires joint detection of two symbols (four real symbols). Inter-
leaving real and imaginary parts of different symbols enables single-
symbol decoding of full-rank, full-diversity QO-STBC:s for the four-
transmit-antenna case [7], [8], at the expense of some performance
loss in comparison with joint two-symbol dectection [5].

The codewords in [1]-[8] partition the symbols into orthogonal
sets and ML detection requires only joint decoding of the symbols
in each orthogonal set independently. As the complexity of the ML
decoder increases exponentially with the number of symbols in each
orthogonal set, a trade-off between rate/diversity and decoding re-
quirements is taking shape, especially for large number of transmit
antennas. In [9], for 8 transmit antennas QO-STBCs that attain full
diversity and full rate were presented that require, however, joint de-
tection of four symbols (eight real symbols). Reduction in complex-
ity was achieved for the 8-antenna case through the process of inter-
leaving the real and imaginary parts of different symbols [10], [11];
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the codewords can be partitioned into four orthogonal sets and hence
require joint two-symbol decoding only.

All QO-STBC:s discussed above achieve full diversity order by
employing constellation rotation (CR) that aims to maximize the di-
versity product. This, in turn, leads to minimization of the upper
bound on pairwise-error-probabilities (PEP) at (asymptotically) high
signal-to-noise ratios (SNR) [12]. For space-time codes with large
diversity order and/or large number of transmit antennas, diversity
product maximization may not provide satisfactory PEP bound min-
imization and error-rate performance over operable SNRs [13].

In this paper, we consider specifically 8-transmit-antenna, full-
rate QO-STBCs and analyze their optimization via constellation ro-
tation. We limit our studies to two-symbol decodable 8 x 8 codes
and provide a new, alternative codeword form to the one in [10] to
aid our analysis. We examine four different rotation angle optimiza-
tion criteria: (i) We find a new expression for the rotation angles
that maximize the diversity product of the suggested codeword; (ii)
we show that sum-eigenvalue maximization as proposed in [13] is
irrelevant/non-applicable to the 8-transmit-antenna QO-STBCs and
(iii) suggest instead (and solve) minimum-eigenvalue maximization;
and, finally, (iv) we use directly the PEP upper bound to obtain new
true PEP-upper-bound optimal rotation angles.

The rest of the paper is organized as follows. In Section 2
we present the alternative code structure for the 8 x 8 QO-STBC.
Rotation-angle design criteria are discussed and analyzed in Section
3. Section 4 presents simulation results that demonstrate the error-
rate performance of CR modified versions of the codeword accord-
ing to the examined criteria. A few concluding remarks are drawn in
Section 5.

2. CODE STRUCTURE

Let V¢ be the number of transmit antennas, /N, the number of re-
ceive antennas, and 7T the number of time slots over which the code
is transmitted. We denote the number of transmitted symbols by K.
Herein, we are interested in QO-STBCs with N; = T = K = 8.
The symbols ax, k = 1,..., K, to be transmitted are formed by
mapping the incoming bits onto known constellations, e.g. quadrature-
amplitude-modulated (QAM), while their corresponding constella-
tion rotated version ax, k = 1,..., K, is created by

Gm = (amr + iamr)e’?, m=1,2,5,6, "
Gn = (ang +ians)e”, n=3,4,7,8,

where axr and ayr denote the real and imaginary part of the symbol
ak, respectively, and ¢, 0, are the rotation angles to be optimized.
The symbols ay, are interleaved to form zx, k=1,..., K,
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T1 = air +1Gs1, T2 = Q2R + a6,
T3 = Q3R + 171, T4 = G4R + 08I,
T5 = Gs5R + @11, Te = A6R + 1021,
T7 = arr +1G31, T3 = AsR + 1A45.

(€3

We propose the following new form for the transmitted code-
word X:

[ 1 ®2 w3 T4 i
* * * *
—T9 Iy —Ty4 XT3 0
4x4
X3 X4 X1 i)
* * * *
—X x —X xT
X = 4 3 2 1
Ts5 Te x7 Ty
—%g r3 —xF 7
O4xa
X7 xrs Is5 Te
* * * *
L —Tg X7 —Tsg Ts

3)

Upon reception, joint decoding of the symbol pairs {(a1, as), (az, as),

(as,ar), (as,as)} is ML optimum.

It can be shown that our suggested code structure in (3) is equiv-
alent to the one in [10]. Mathematically, the algebraic simplicity of
(3) will enable our theoretical CR analysis that follows. Practically,
an intriguing aspect of (3) is that (unlike the codewords in [10], [11])
the codeword may be applied to a 4-transmit-antenna system across
eight time slots without any loss in rate (or diversity order under a
four-slot block fading assumption).

3. OPTIMIZATION OF ROTATION ANGLES

The probability of receiving the codeword X when X #* X is trans-
mitted is upper bounded by [12]

I i 1 M
PrX—X)< (T[S ax 4
"t )§2<¢1{1+f§f}) @

where A is the received signal energy, R is the rank of (X — )~(),
and \;, i = 1,..., R, are the eigenvalues of (X — X)" (X — X).
The aim is to obtain rotation angles ¢, 6 in (1) which minimize (4)
over all codeword pairs. To proceed, we require the eigenvalues \;
of (X—X)# (X —X). Set AX £ X —X and Axy, 2 x4~ s, k =
1,...,8; then,

AaIQ AbIQ

0
H . AbL,  Aals
AXTAX = o Ady  Adl, )
AdIQ ACIQ
where

Ba = S Ak,

Ab - K2 ORe{ Az} Ay ko) ©
Ac = iI:(K+1|Axk|2v

Ad 2 f:lf_(fQRe{A;rZAxk+K/2}, K =4

squares, the set of minimum eigenvalues over all possible codewords
pairs is

{(Aa1r — Adsgr)?, (Aair + Adsgr)?, )
(Aair — A@M)Q, (Aar + AEL3I)2}

and represents the worst case scenario for the upper bound in (4).
As long as all eigenvalues in (8) are non-zero, full diversity order is
achieved.

We now consider four different criteria to optimize the rotation
angles and show how ¢, f can be obtained for each criterion using
(8).

3.1. Diversity product maximization

At high SNR values assuming full transmit diversity and N, = 1,
(4) can be approximated by

(M N A
Pr(X—>X)§§<H)\i) <_4_M> : ©

i=1
Worst-case minimization of the bound in (9) is equivalent to maxi-
mization of the minimum product of the eigenvalues (determinant of
AXH AX) over all possible codeword pairs, which in turn is com-
monly represented by the diversity product ¢,

¢ = ;min % ‘det [AXAXH

2N, X

Diversity product maximization was used as the rotation angle de-
sign criterion in [10], [11]. For the codeword in (3), the minimum
determinant of AX® AX over all codeword pairs is

} ‘I/QT) .0

min (det(AXT AX)) = [(Aalg — Addg)(Aas, — Aad)]”

= [(Aaircos($) — Aairsin(¢))? — (Aazrcos(0) — Aasrsin(6))?]*
[(Aairsin($) + Aairrcos(9))? — (Aazrsin() + Aasrcos(0))?]*

(11)
and ¢, 6 should be chosen to maximize (11). We evaluate and note
that the codeword in (3) (and the proposed codewords in [10], [11])
achieve diversity product of 0.1735 with 4-QAM constellation and
0.1030 with the non-rectangular 8-QAM constellation for the 8-
transmit-antenna case.

3.2. Minimum sum-of-eigenvalues maximization

In [13], it was proposed that for high diversity order systems (num-
ber of transmit antennas greater than four) the minimum trace of
AXH AX be maximized over all codeword pairs. From our expres-
sion (7), we observe that

min (Tr(AX7 AX))
+(Aarr — Aasr)® + (Aar + Aasr)?]
= 4[AG3 R + AG3g + Aa3; 4 Aad;]
4[AaTg + Ad3g + Aai; + Aazy]

(12)
and is independent of ¢, 6.
Hence, for the proposed codeword and that of [10], [11], the
sum-of-eigenvalues criterion in [13] is not relevant.

3.3. Minimum eigenvalue maximization

If r < N eigenvalues of AX” AX are significantly less than 1,

then even for large SNR values, 1 + fﬁ: ~ 1 and (4) is approxi-

From (5) we observe that the eigenvalues of AX AX are {(Aa — Ab), mated by

(Aa+ Ab), (Ac— Ad), (Ac+ Ad)} and exist with multiplicity of
two. Expanding and simplifying, the eigenvalues are as shown in (7)
on top of the following page. As each eigenvalue is a summation of

A e A\ (V=)
Pr(X—>X)§§<H Ai) <_4_M> . (13)
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{ (AG@1r — Atsgr)? + (AGer — AGur)? + (Adsr — Aarr)? + (Adsr — Adsr)?,

(AG1r + Aasr)® + (Aazr + Aasr)® + (Aasr + Aarr)® + (Ader + Adsr)?,
(Aasr — AZL?R)Q + (Aaer — AdsR)2 + (Aair — Ad31)2 + (Aagr — A@U)Q,
(

@)

Adsr + Aarr)? + (AlGer + Adsr)? + (Adir + Aasr)® + (Ader + Adar)® }.

The system seems to lose diversity; for the codeword in (3) and the
codewords in [10], [11], the occurrence of the eigenvalues in pairs
causes loss of diversity in steps of two. In such circumstances, it
appears reasonable to consider rotation angle choices that maximize
the minimum possible eigenvalue over all pairs of codewords. For
our code structure in (3), the rotation angles that maximize the min-
imum eigenvalue are

(¢,0) = argmazx min {(A&m — Aasgr)?,
.0
(Aa1r + Aasgr)?, (Aair — Aasr)?, (Aair + AaS[)Q} .
(14)

3.4. PEP-bound Minimization

We now prove that for all STBCs that employ CR and have no more
than two unique eigenvalues of AX AX over all possible code-
word pairs, maximization of the diversity product is equivalent to
minimization of the upper bound on PEP for all SNRs. Minimization

of the bound in (4) is equivalent to maximizing Hle {1 + fjéj }

If A1 and A2 represent the 2 unique eigenvalues of AX® AX, then

argmaz [12, (1 + :1413;

= argmazx [1 + ﬁ(z\l +X2) + A2 ()\1>\2)]

1s)
where p denotes the multiplicity of the eigenvalues. Since ;7()\1 +
X2) = tr(AXT AX) = |AX||% is independent of rotation angles'
we need to maximize only the product of the eigenvalues to minimize
the bound in (4). In the case of a single unique eigenvalue (as in O-
STBCs for example), the STBC is independent of the rotation angle.

While the case of two unique eigenvalues applies to the 4 x 4
QO-STBC codes proposed in [5], [7], [8] and their choice of rotation
angle is PEP-bound optimal, for the 8 x 8 codewords four unique
eigenvalues exist and maximizing the eigenvalue (diversity) product
over all possible codeword pairs does not necessarily minimize the
maximum bound in (4).

We now directly find the rotation angles that minimize the max-
imum (worst case) PEP upper bound. Substitution of (8) in (4) gives
us the worst case scenario for all codeword pairs. We need to opti-

(6,0) = argmaz TTL_, [(1+ 4
Ai =

mize ¢, 6 such that
)] 2
¢,0 '

{(A@1r — Aasr)’, (Aa1r + Aasr)’,
(Adu — Aa31)2, (AELH -+ Ad3[)2} , 1=1,2,3,4.
(16)
Suitable values for A are such that A\; > 1Vi =1, 2,3, 4.

4. SIMULATION STUDIES

We now evaluate the performance of the QO-STBC in (3) under min-
imum eigenvalue CR optimization by (14), diversity product CR op-
timization by (11), and the proposed direct maximum PEP-bound

!Constellation rotation or interleaving does not change the transmitted
energy of the STBC codeword.

) = argmazx [(1+ fﬁj) (1+ 2}3?)]1)

CR optimization by (16). In Fig. 1, we plot the block-error-rate ver-
sus SNR when the symbols are chosen from a 4-QAM constellation.
For direct PEP-bound optimization of ¢, 6, we use a fixed energy
value A that corresponds to received SNR of 20dB. We observe that
the rotation angles that maximize the diversity product and the rota-
tion angles that minimize the maximum PEP bound provide the best
results with the latter having indeed better performance. The exact
angle values are shown in Table I (along with the resulting diversity
product and minimum eigenvalue).

In Fig. 2, we repeat the studies of Fig. 1 for symbols chosen
from a 8-QAM non-rectangular constellation [5]. To obtain the PEP-
bound optimal ¢, 6 values we fix A to the value that corresponds
to received SNR of 30dB. Again all calculated values are given in
Table 1. For reference purposes, we include in our Fig. 2 compar-
isons the 8 x 8 single-symbol decodable STBC in [7]. Since the
code in [7] contains only two unique eigenvalues the rotation angle
of tan™"(1/2) is PEP-bound optimal for that code; since its rate
is 3/4, we select symbols from a 16-QAM constellation to ensure
equal spectral efficiency for all codewords under comparison. The
PEP-bound optimized codeword in (3) offers a gain of about 1 dB
over the single-symbol decodable STBC in [7]. The minimum eigen-
value optimized version performs almost similarly well. As argued
in Section 3.3, due to decreased values of the minimum eigenvalues
as compared to the 4-QAM scenario, the maximum diversity (eigen-
value) product optimized system seems to lose diversity over the
operable SNR range. Similar performance loss was also observed
in [10] when the rotation angles were chosen to maximize the diver-
sity product.

T T

R, o minimum eigenvalue
: : = = diversity product

—— maximum PEP bound

Block Error Rate

i i
10 11 12 13 14 15 16 17 18 19
SNR (dB)

Fig. 1. Block-error-rate versus SNR for 4-QAM constellation.

5. CONCLUSIONS

We gave an alternative representation of the 8 X 8 two-symbol decod-
able quasi-orthogonal space-time block code (QO-STBC) and found
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TABLEI

OPTIMAL ANGLES
| QAM | Criterion (0,0) Diversity Product | Min. Eigenvalue
4 Diversity Product (37.9,21.4) 0.1747 0.0093
4 Min. Eigenvalue (30.9,13.3) 0.1623 0.0524
4 Max. PEP Bound (28.5,40) 0.1352 0.0112
8 Diversity Product | (tan™!(2)/2,tan=1(1/2)/2) 0.1071 2.35 x 1074
8 Min. Eigenvalue (3, tan=1(2)) 0.0732 0.0022
8 | Max. PEP Bound (7.2,25.1) 0.0792 2.7 x 10~4
10° ; = nas,” in Proc. IEEE 6th Int. Symp. Spread-Spectrum Tech-
L S f,?igﬁ,,'ﬂn[ZLigenva|ue niques and Applications (ISSSTA 2000), Parsippany, NJ, Sept.
RN = - diversity product 2000, pp. 429-432.
4 ~ —— maximum PEP bound

107k ] l|

Block Error Rate

i
10 12 14 16 18 20 22
SNR (dB)

Fig. 2. Block-error-rate versus SNR for non-rectangular 8-QAM
constellation (16-QAM for the rate 3/4 code in [7]).

three different sets of rotation angle values: maximum diversity-
product optimal, maximum minimum-eigenvalue optimal, and mini-
mum maximum-pairwise-error-probability-bound (PEP) optimal. As
a side result, we showed that maximization of the sum of eigenvalues
is an irrelevant/non-applicable criterion for the 8-transmit-antenna
QO-STBCs.

The rotation angle design criterion that this work is eventually
promoting is the direct minimization of the maximum value of the
PEP upper bound. As we showed for any STBC, diversity prod-
uct maximization succeeds in minimizing the maximum PEP-upper-
bound value only if two unique eigenvalues alone appear over all
codeword pairs (not the case of course, for the examined 8 x 8 QO-
STBC). For larger symbol constellations with decreased Euclidean
distance, minimum eigenvalue maximization may be an effective
simple alternative.
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