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Abstract—In this paper, imposing the Hadamard Transform
(HDT) on Orthogonal Space-Time Block Codes (OSTBC)
schemes using multiple transmit antennas is proposed in order
to increase the reliability and improve the error performance
of wireless communications. It is referred to as joint
Hadamard transform and OSTBC schemes with multiple
transmit antennas. However, HDT is used to change the
location of constellation points by converting the transmit
symbols of OSTBC system, and hence extending the Euclidean
distance between transmit symbols for a precise detection.
Simulation results demonstrated that increasing the number of
transmit antennas in OSTBC systems employing 8-PSK
improves the Bit Error Rate (BER) performance as in the case
of OSTBC 2 X 2 scheme where an SNR of about 13.5 dB is
required to achieve a BER of 1076, while only about 7 dB in
OSTBC 8 x 8 scheme is required to obtain the same error
probability. It is also demonstrated that imposing the
Hadamard criteria on the OSTBC 2 X 2,4 X4, and 8 X8
schemes has showed a performance improvement of about
3dB, 6dB and 9 dB, respectively, as compared to the
conventional OSTBC systems.
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improvement; hadamard transform

L INTRODUCTION

The major motivation in modern wireless communication
systems such as the Fourth Generation (4G) and the Fifth
Generation (5G) standards is the need to achieve high data
rate at the user end. This motivates the development and
study of Multiple-Input Multiple-Output (MIMO) systems
and large-scale MIMO systems. However, conventional
Single-Input Single-Output (SISO) transmission techniques
focus on optimum wireless communication in frequency and
time domain, where the main issue of these systems is using
a single frequency and the time is being limited, and hence
the latency and the bandwidth limitation are incurred in
SISO wireless communication systems [1]. Moreover, it is
shown in [2] that MIMO technology is considered as a
solution to SISO’s problem and used to improve the
reliability and increase the capacity of the wireless
communications, and to create spatial domain. In the
conventional Spatial Multiplexing (SMX) systems which is
one of MIMO techniques, the same transmitted symbols are
transmitted simultaneously from all transmit antennas to
increase the receiver gain by getting copies of the same

978-1-7281-3910-4/19/$31.00 ©2019 IEEE
DOI 10.1109/ICEEE2019.2019.00040

167

information symbol, each of which is subjected to a different
channel. Therefore, MIMO has been a promising technique
for Long Term Evolution (LTE) and LTE-Advanced (LTE-
A) that are developed by the Third Generation Partnership
Project (3GPP) in order to achieve high data rates [3].

In wireless communication systems, determining the
transmitted signal at the receiver is extremely difficult due to
the attenuation in multipath wireless environment. Deploying
multiple antennas is considered as the solution of this issue.
However, due to the fact that the receivers are typically
required to be small, receive diversity where multiple receive
antennas are deployed at the remote station is impractical.
Thus, it is motivated to consider transmit diversity.

Alamouti Space-Time Block Codes (STBC) scheme that
proposed in [4] is a well-known MIMO technique that
achieves full diversity, and presents the same diversity order
of Maximal Ratio Receiver Combining (MRRC) [4]-[6]. It is
an attractive approach of transmit diversity due to its
simplicity of implementation and feasibility of having
multiple antennas at the base station [7]. This promising
paradigm has been studied extensively as a technique that is
combating detrimental effects in wireless fading channels
where it uses the theory of designing Orthogonal STBC
(OSTBC) schemes with providing the maximum possible
transmission rate allowed by the theory for real signal
constellations designed by Tarokh in [5] besides achieving
the full diversity. OSTBC schemes with multiple transmit
antennas and the orthogonal transmission matrices that are
presented in [5] were to design codes that provide full
diversity by generalizing the theory of orthogonal designs. In
these orthogonal schemes with 3, 4, 5, 6, 7 and 8 transmit
antennas, the full rate power is not attainable as proved in [5,
Theorem 5.4.2] with the complex orthogonal design, and half
of the full transmission rate is achieved for any number of
antennas at the transmitter. Furthermore, Tarokh in his paper
[5] has also proposed codes with 3/4 of the full transmission
rate with a different strategy in designing OSTBC schemes
with three and four transmit antennas.

In [8], a novel method of joint Hadamard transform and
Alamouti STBC scheme is proposed in order to enhance the
error performance of wireless communications by delivering
one information symbol contains two points of the
modulated signal at one time slot without affecting the
structure of Alamouti STBC scheme. In this scheme, new
constellation points are obtained by multiplying the
modulated signal into Hadamard transform, and it takes the



advantage of the possibility of transmitting two points of
constellation into one symbol of Alamouti STBC scheme.
Therefore, Alamouti STBC scheme uses these new
constellation points as transmitted information symbols that
are transmitted through the wireless channel. The energy
symbol in this scheme is normalized as one symbol
comprises two points of modulation similar to the
conventional Alamouti STBC scheme [8].

In this paper, the construction of OSTBC schemes with
multiple transmit antennas and the receiver design are
considered and presented first, and the error performance of
these schemes with multiple transmit antennas and a
transmission rate of 1/2 is evaluated and compared to
Alamouti STBC systems over Rician fading channel. Then,
the Alamouti STBC 2 X 2 scheme that uses two time slots
for achieving channel cancellation as well as OSTBC 4 X 4
and 8 X 8 systems are extended to include the Hadamard
transform property in order to achieve higher capacity, and
hence better reliability without time delay [9], and to
improve the error performance of the conventional systems.

The rest of this paper is organized as follows: the system
models of Alamouti and OSTBC schemes using multiple
transmit antennas and Hadamard transform are described in
Section II. The joint Hadamard transform and OSTBC
schemes with multiple transmit antennas is presented in
Section III. Simulation results of the Bit Error Rate (BER)
performance are discussed in Section IV. Finally, the
conclusion of this paper is provided in section V.

IIL.

In this section, OSTBC schemes with multiple transmit
antennas and Hadamard transform are described.

A. Orthogonal STBC Schemes

In general, OSTBC schemes are used for MIMO
transmission to transmit multiple copies of a data stream
from number of transmit antennas and to exploit the various
received versions of the data in order to improve the
reliability of the data transfer. It combines all the copies of
the received signal in an optimal way to extract as much
information from each of them as possible, and uses both
spatial and temporal diversity and enables significant gains
to be achieved. OSTBC schemes are usually represented by a
transmission matrix X as expressed below, where each row
represents a time slot and each column represents one
antenna's transmissions over time [10].

Within this matrix, x,,, is the modulated symbol to be
conveyed in time slot m from antenna n.

An example of a full-rate and full-diversity complex
STBC is Alamouti schemes [4], which are designed with two
transmit antennas to transmit symbols to a single antenna or
two receive antennas. It is defined by the following
transmission matrix:

OSTBC SCHEMES AND HADAMARD TRANSFORM

X11 X1n

X = €Y)

Xm1 Xmn

X1

X2
xl*]

(2)
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In Alamouti STBC 2 X 1 and 2 X 2 schemes, two signals
are simultaneously transmitted from two antennas at a given
symbol period. At some instant of time t, the signal
transmitted from the first antenna is denoted by x; and from
the second antenna is x,. During the next symbol period at
time t + Ty, the signals —x; and x{ are transmitted from the
first and second antennas, respectively, where * is the
complex conjugate operation. Therefore, the transmission
rate of these scheme is unity, which is defined as the ratio of
the number of transmitted symbols x’s to be entered an
STBC encoder to the number of symbol periods [5]. This
also demonstrates how Alamouti coding involves coding in
both the spatial and time dimensions; hence, it is an example
of a space-time codes [10].

OSTBC schemes that are presented and the orthogonal
transmission matrices that are designed by Tarokh in [5] are
considered in this paper. The main characteristic of these
codes is the orthogonality property, where the transmission
matrices are designed with orthogonal columns. In these
schemes, the transmission is considered orthogonal which
implies that the receive antenna receives two completely
orthogonal streams. The rule of orthogonality of OSTBC
schemes is given as follows [11]:

XX" = TR% el Iy 3
where Iy, is the Ny-dimensional identity matrix, |x| stands
for the modules of the complex number x;, of the transmitted
data sequence with a set of n, scalar complex symbols, and
H represents the Hermitian transpose operation.

1) OSTBC Scheme with Three and Four Transmit
Antennas

In the complex OSTBC 3 X 4 and 4 X 4 transmission
matrices designed by Tarokh in [5], 4 symbols (xq, x5, X3
and x,) are transmitted in 8 time slots, and half of the full
transmission rate is achieved, i.e., the transmission rate of
these schemes is 1/2, because the number of transmitted
symbols is half the number of symbol periods. For instance,
at the transmitter of OSTBC 3 X 4 scheme, the first transmit
antenna transmits the original signal (x;, x, and x3), and
another copy of this signal is transmitted from another
antenna after a certain time interval T;. This mechanism
repeats itself for the third transmit antenna too. Similarly for
the OSTBC 4 x4 scheme with 4 symbols that are
transmitted in 8 time slots.

At the receiver side, each antenna receives a signal and
the conjugate form of it as described in [12]. As well as the
combining rule for these OSTBC schemes, and the combined
signals from the receive antennas that are sent to the
Maximum Likelihood (ML) detector are also discussed in
[12]. Then, the ML detector decides which symbol was sent
based on the minimum distance criteria as presented in [4].

2) OSTBC Scheme with Five, Six, Seven and Eight
Transmit Antennas

In the complex OSTBC 5x 8,6 x8,7 X8 and 8 X 8
schemes with transmission matrices designed by Tarokh in
[5], 8 symbols (xq, x,, X3, X4, X5, Xg, X7 and xg) are



transmitted in 16 time slots, and half of the full transmission
rate is achieved, hence these schemes lose half of the
theoretical bandwidth efficiency [5]. The received signals
and the combining rules of all these schemes as well as the
ML detection are following the same criteria that presented
in[12].

B. Hadamard Transform (HDT)

The Hadamard transform is a square matrix whose rows
are mutually orthogonal and every different row has +1s and
—1s entries. This means that each pair of rows in the
Hadamard matrix has matching entries in exactly half of
their columns and mismatched entries in the remaining
columns, and each pair of rows represents two perpendicular
vectors [13].

The Hadamard matrix of 2 X 2 order is expressed as [8]:

Goxz = [1 _11]

Generally, Hadamard matrices of n Xn order have
columns and rows are pairwise orthogonal and satisfy the
following formula [14]:

C)

H _ H _
= Guxn Guxn = My

)

GanGan
where [, is the identity matrix of n X n order.

I11. JOINT HADAMARD TRANSFORM AND OSTBC
SCHEMES WITH MULTIPLE TRANSMIT ANTENNAS

Exploiting the Hadamard property of the Hadamard
codes that already presented in [15 and references therein|
for higher order matrices is an enhancement technique to
enhance the performance of OSTBC schemes. It explores the
ability of Hadamard matrices in further improving the error
performance of OSTBC systems and shows that there is an
SNR improvement obtained by using Hadamard matrices as
compared to the conventional OSTBC systems. The general
system model of the improved OSTBC schemes using
Hadamard transform is as shown in Fig. 1.

A. OSTBC 2x2 Scheme with Hadamard Transform

In OSTBC 2 X 2 scheme, the modulated signal is sent to
the OSTBC system, while in the case of using Hadamard
matrices as in this paper, the output of the modulator is the
input of the Hadamard transform, and then the signal is sent
to the OSTBC encoder as shown in Fig. 1.

Let ¢, and ¢, are the two modulated symbols in OSTBC
2 X 2 scheme, therefore:

This matrix is obtained by multiplying the Hadamard
matrix to the modulated signal, and it is the matrix that
encoded using the OSTBC encoder instead of the modulated
signal as in the conventional system. Therefore, the first row
¢, + ¢, is equivalent to x; and the second row c; — ¢, is

¢ tc
G —C

(6)
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equivalent to x, in the transmission matrix of the
conventional OSTBC 2 X 2 scheme which can be written as:

¢ tc
—(c; =)

=y
(c1+c) ™

B. OSTBC 4x4 Scheme with Hadamard Transform

In OSTBC 4 X 4 scheme based on Hadamard transform,
let the four modulated symbols are (c;, ¢;, ¢z and c4). The
output matrix of the Hadamard transform is the
multiplication of the Hadamard matrix to the modulated
signal as in (8). In this equation, the first row (c¢; + ¢, +
c3 + ¢4), the second row (¢; — ¢, + ¢3 — ¢4 ), the third row
(c; + ¢ —c3 — ¢4) and the fourth row (¢; —c; — ¢35+ ¢4)
are equivalent to x;, X, X3 and x, in the transmission matrix
of the conventional OSTBC 4 X 4 scheme, respectively.

1 1 1 1 (&1 €+ Ct 3ty
1 -1 1 -1f|@f_|a-c+ta— (8)
1 1 -1 -—-1{|¢s €1+ C—C3—C4
1 -1 -1 1 Cy €4 —C—C3+¢Cy

C. OSTBC 8x8 Scheme with Hadamard Transform

In OSTBC 8 X 8 scheme using Hadamard transform,
consider the eight modulated symbols are (c;, ¢, c3, C4, Cs,
Ce, €7 and cg). The matrix that obtained by multiplying the
Hadamard matrix to the modulated signal is as written in (9),
where the first row (¢, + ¢, + ¢35 + ¢4 + ¢35 + ¢ + €5 + Cg),
the second row (¢, — c;+¢3 — €4 + C5 — g + €7 — Cg), the
third row (¢; + ¢, — c3—c4 + 5 + ¢ — ¢; — cg), the fourth
oW (€1 — €3 — €3 + €4 + C5 — cg — €7 + Cg), the fifth row
(cy + ¢y + 3+ ¢4 — €5 — g — €7 — Cg), the sixth row (¢; —
€, +c3—cC4—C5+Cg—Cy+cg), the seventh row (c; +
C; — C3 — C4 — C5 — Cg + €7 + cg) and the eighth row (c; —
Cy —C3 +C4 —C5 + Cg + c; —Cg) are equivalent to x;, x,,
X3, X4, X5, Xg, X7 and Xg in the transmission matrix of the
conventional OSTBC 8 X 8 system, respectively.

1 1 1 1 1 1 1 177¢€
1 -1 1 -1 1 -1 1 -1|j¢
11 -1 -1 1 1 -1 -1]|¢s
1 -1 -1 1 1 -1 -1 1]||ea]|_
1 1 1 1 -1 -1 -1 —1lle|™
1 -1 1 -1 -1 1 -1 1}|lcs
1 1 -1 -1 -1 -1 1 1]|le
l{ -1 -1 1 -1 1 1 -—1llcg!

rcy+cytce3tcy+cs5+cgt+c;+cg
Cp—Ctc3—Ccp+C5—Cg+Ccy;—cCg
Cp+C—C3—C,+C5+Cg—C7 —Cg
Cp—C—C3+Cp+C5s—Co—C7+cCg
¢ tc,+c3+c,—Cs—Co—C7—Cg
g —C+Cc3—C—Cs+Ce—Cy+ g
¢ +C; —C3—C4—C5—Cg+Cy+Cg
L c; —Cp—C3+C4,—C5+Cg+C7; —Cg

)
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Figure 1. System model of OSTBC schemes with multiple transmit antennas using Hadamard transform.
D. Channel Model IV. SIMULATION RESULTS

In this paper, we focus on indoor communications, where
a Line-of-Sight (LoS) component has the dominant effect as
compared to the non-LoS paths. More specifically, the
frequency flat Rician fading channel model is employed.
The Rician fading channel matrix is given by [16, 17 and
18] as:

K 1 NRXNT
H= K—_I_lHLoS+ K—_I_lHNLoS EC (10)

where K is the Rice factor denoting the power ratio between
H;,s and Hy; . It is found to be within the range of 8.34 to
12.04 dB for the 60 GHz indoor communication scenario.
The Hyjos denotes the random fast fading component, which
obeys the zero mean complex valued Gaussian distribution
and unit variance [19].

E. OSTBC-HDT Receiver

Equations (6), (8) and (9) illustrate that the constellation
points can be changed easily to increase the Euclidean
distance of the ML detector in order to distinguish the
symbols from multiple transmit antennas. However, the
transmitted signals are conveyed over an Np X Ny wireless
channel, and added to AWGN vector denoted as v which has
a complex independent and identically distributed random
variables with zero mean and unit variance. The received
signal of OSTBC schemes using Hadamard transform is
given as:

Y = HGynX + v 1D
where H € CNR*NT represents the Rician fading channel
matrix, Gy, is the Hadamard matrix of n X n order, and n is
the number of transmit antennas Nyp.

The multiplication of the channel matrix H € CNR*NT to
the Hadamard matrix Gy, € CNT*NT is known as the
effective channel H, = HG,,, € CNR*NT which is taken
into consideration in the ML detection at the receiver side
where the Hadamard transform symbols are decoded using
the ML decision criteria described in [4].

The ML detector leads to the best performance in terms
of the error probability per symbol despite the fact of its
complexity. It is the optimum detector in the sense of
minimizing the probability of error.
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In this paper, the performance results of joint Hadamrad
transform and OSTBC schemes with multiple transmit
antennas is provided and evaluated in terms of the BER
versus the Signal-to-Noise Ratio (SNR) as a measure of
performance. However, the BER performance of OSTBC
schemes with multiple transmit antennas up to 8 transmit
antennas and a transmission rate of 1/2 are simulated and
compared to Alamouti STBC 2 X 1 and 2 X 2 systems with
8-PSK (8-Phase Shift Keying) modulation technique. In
addition, the BER performance of OSTBC 2 X 1,2 X 2,4 X
4 and 8 X 8 schemes using Hadamard transform is presented
and compared to the conventional OSTBC systems. The
Rician fading channel is assumed with a Rice factor of
10 dB, and AWGN noise is considered.

The error performance of Alamouti STBC 2 X 1 and 2 X
2 schemes and OSTBC schemes with multiple transmit
antennas employing 8-PSK modulation is depicted in Fig. 2.
This figure reveals that there is a diversity gain between both
Alamouti STBC 2 X 1 and Alamouti STBC 2 X 2 schemes
of about 9 dB at the BER of 107°. It is also obvious from
this figure that the error performance improves as the
number of transmit antennas increases.

Fig. 3 shows the simulation results of the BER
performance of OSTBC 2 X 1 and 2 X 2 schemes using
Hadamard transform as compared to that of the conventional
schemes with 8-PSK modulation scheme. This figure clearly
demonstrates that there is an improvement of approximately
4 dB and 3 dB are obtained in OSTBC 2x 1 and 2 X 2
schemes with Hadamard transform over the conventional
OSTBC 2 x 1 and 2 X 2 schemes, respectively.

Moreover, Fig. 4 compares the BER performance of the
presented scheme of OSTBC 4 X 4 system using Hadamard
transform as compared to that of the conventional OSTBC
4 X 4 system employing 8-PSK modulation scheme. It is
clear from this figure that there is an improvement of
approximately 6 dB is obtained in OSTBC 4 X 4 scheme
using Hadamard transform as compared to the conventional
OSTBC 4 x 4 scheme.

Lastly as shown in Fig. 5, the BER performance of the
presented scheme of OSTBC 8 x 8 system with Hadamard
transform is compared to that of the conventional OSTBC
8 X 8 scheme with 8-PSK modulation technique. This figure
shows that there is a noticeable SNR improvement of about
9 dB is obtained in OSTBC 8 X 8 scheme using Hadamard
transform over the conventional OSTBC 8 X 8 scheme.
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Figure 2. BER performance of Alamouti and OSTBC schemes with
multiple transmit antennas employing 8-PSK over Rician fading channel

with K = 10dB.
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Figure 3. BER performance of Alamouti STBC 2 X 1 and 2 X 2 schemes
with Hadamard transform over Rician fading channel with K = 10dB.

To conclude, it has been shown from the simulation
results of this paper that applying Hadamard transform in
OSTBC schemes using multiple transmit antennas improves
the error performance of wireless transmission because it
gives a lower BER than that of the conventional OSTBC
schemes without applying Hadamard transform. This
explores the ability of Hadamard matrices in further
improving the error performance of OSTBC systems due to
the significant effect of the new constellation points on both
the real and imaginary values of the information signal [8].

Finally, it is noticeable from these results that the SNR
improvement (in decibel) obtained from using Hadamard
transform in Alamouti STBC 2 X 1 scheme is about 4 dB as
compared to the conventional scheme, while in OSTBC
systems with Ny = Ny =n it can be expressed as
101log,,(n) at all values of BER.
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Figure 4. BER performance of OSTBC 4 X 4 scheme with Hadamard
transform over Rician fading channel with K = 10dB.
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Figure 5. BER performance of OSTBC 8 X 8 scheme with Hadamard
transform over Rician fading channel with K = 10dB.

V.

The proposed scheme of joint Hadamard transform and
OSTBC schemes using multiple transmit antennas is
presented in this paper in order to enhance the system
performance. The BER performance of OSTBC schemes
with multiple transmit antennas (more than two antennas)
employing 8-PSK modulation technique is simulated, and
applying the Hadamard transform in these schemes is also
validated and compared with the conventional OSTBC
systems. The simulation results showed that the BER
performance of OSTBC schemes with multiple transmit
antennas is improved as the number of transmit antennas
increased. It is also seen that the error performance of the
wireless transmission using OSTBC schemes is further
enhanced by using Hadamard transform because it shows a
noticeable improvement of the system BER over the

CONCLUSION



conventional OSTBC systems without applying the
Hadamard transform. Moreover, an SNR improvement of
about 4 dB, 3 dB, 6 dB and 9 dB is achieved by imposing
the Hadamard transform on OSTBC 2 X 1,2 X 2, 4 X 4 and
8 X 8 schemes over the conventional OSTBC schemes,
respectively. Therefore, using the Hadamard transform could
be easily imposed and integrated into existing wireless
communication systems as it does not change the behavior of
the conventional schemes but it adds some manipulations to
the input of OSTBC schemes.

REFERENCES
[1]

Foschini, Gerard J., and Michael J. Gans. “On limits of wireless
communications in a fading environment when using multiple
antennas,” Wireless personal communications vol.6, issue.3, pp. 311-

335, March 1998.

Jan Mietzner, Robert Schober, Lutz Lampe, Wolfgang H. Gerstacker,
and Peter A. Hoeher, “Multiple-antenna techniques for wireless
communications - a comprehensive literature survey,” IEEE
Communications Surveys & Tutorials, vol.11, no.2, pp. 87-105, 2009.
Amitava Ghosh, Rapeepat Ratasuk, Bishwarup Mondal, Nitin
Mangalvedhe, and Timothy A. Thomas, “LTE-advanced: next-
generation wireless broadband technology,” IEEE Wireless
Communications vol.17, issue.3, pp. 10-22, June 2010.

(2]

(3]

[4] Alamouti, S.M. “A simple transmit diversity technique for wireless
communications,” IEEE Journal on Selected Areas in

Communications, vol.16, pp. 1451-1458, Oct. 1998.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
codes from orthogonal designs,” IEEE Trans. Inform. Theory, vol.45,
no.5, pp. 1456-1467, July 1999.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
coding for wireless communications: Performance results,” IEEE J.
Select. Areas Commun., vol. 17, pp. 451-460, Mar. 1999.

V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for
high data rate wireless communication: Performance analysis and
code construction,” IEEE Trans. Inform. Theory, vol. 44, pp. 744—
765, Mar. 1998.

(3]

(6]

(7

172

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18

[t}

[19

—

Thombhert Suprapto Siadari, and Soo Young Shin, “Joint Hadamard
transform and Alamouti scheme for wireless communication system,”
International Journal of Electronics and Communications (AEU),
vol.68, issue.9, pp. 889- 891, September 2014.

Christoph Windpassinger, Robert F.H. Fischer, Tomas Vencel, and
Johannes B. Huber, “Precoding in multiantenna and multiuser
communications,” IEEE Transactions on Wireless Communications
vol.3, issue.4, pp. 1305-1316, 2004.

Theodore S. Rappaport, Robert W. Heath Jr., Robert C. Daniels, and
James N. Murdock, “Millimeter Wave Wireless Communications,”
Englewood Cliffs, NJ, USA:Prentice-Hall, Sep. 2014.

R. Machado and B. F. Uchda-Filho, “Extended techniques for
transmit antenna selection with STBCs,” IEEE Journal of
Communication and Information Systems (JCIS), vol.21, no.3, pp.
188-195, December 2006.

T. Y. Elganimi and M. B. Elkhoja, “Performance enhancement of
orthogonal STBC schemes with multiple transmit antennas using
Hadamard matrices,” journal paper, unpublished.

Hedayat, A. and Wallis, W. D., “Hadamard matrices and their
applications,” Annals of Statistics. vol.6, no.6, pp. 1184-1238, 1978.

Seberry, J. and Yamada, M. “Hadamard matrices, sequences, and
block designs. In Contemporary Design Theory: A Collection of
Surveys,” John Wiley and Sons: Chichester, UK, pp. 431-560, 1992.

Wang, D. and Xia, X.-G. “Optimal diversity product rotations for
quasiorthogonal STBC with MPSK symbols,” IEEE Communications
Letters, vol.9, no.5, pp. 420-422, May 2005.

F. Bohagen, P. Orten, and G. E. @ien, “Design of optimal highrank
line-of-sight MIMO channels,” TEEE Transactions on Wireless
Communications, vol. 6, no. 4, pp. 1420-1424, 2007.

E. Torkildson, U. Madhow, and M. Rodwell, “Indoor millimeter wave
MIMO: Feasibility and performance,” IEEE Transactions on Wireless
Communications, vol. 10, no. 12, pp. 4150-4160, 2011.

P. Liu and A. Springer, “Space shift keying for LOS communication

at mmWave frequencies,” IEEE Wireless Communications Letters,
vol. 4, no. 2, pp. 121-124, 2015.

I. Sarris and A. R. Nix, “Ricean K-factor measurements in a home
and an office environment in the 60 GHz band,” in 16th IST Mobile
and Wireless Communications Summit, 2007.



