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Abstract—In this paper, we propose a high-rate space-time
block code (STBC) for millimeter-wave wireless communica-
tion systems that are equipped with reconfigurable multiple-
input multiple-output (MIMO) antennas. We assume that each
reconfigurable antenna element has the capability of forming
its beam and can independently change the characteristics of
its radiation pattern'. We exploit this feature of the antenna
elements to construct the proposed space-time block code where
each coded symbol is sent over independent beams. As a result,
the received coded symbols at different receive antennas will have
different power levels, a desired property that can be used in data
detection. We show that the proposed code achieves a coding rate
of two and requires a low-complexity maximum likelihood (ML)
detector. We carry out computer simulations that demonstrate
the performance of the proposed code and shows its superiority
in compared to previous rate-2 STBC counterparts. We also
comment on the generalization of the proposed STBC for higher
MIMO dimensions.

Index Terms—Multiple-input multiple-output (MIMO), recon-
figurable antennas, space-time block coding.

I. INTRODUCTION

The millimeter-wave (mmWave) technology operating at
frequencies in the 30 and 300 GHz range is considered as a
potential solution for the Sth generation (5G) wireless commu-
nication systems to support multiple Gigabits per second data
rates [3], [4]. The large communication bandwidth available
at mmWave frequencies allows users to transmit more data at
a given time compared with microwave-band wireless systems
with stringent bandwidth, where the communication spectrum
of each user is about a few MHz or less. Large propagation
path loss is, however, the main drawback of the signal trans-
mission in the mmWave band that can adversely affect the
bit-error-rate (BER) performance of the system and reduce the
coverage areas of the transmitted signal [5]. One remedy to
this problem is to use reconfigurable antennas. Such antennas
can adjust their radiation pattern characteristics, such as shape,
beamwidth, direction, or polarization, in response to real-
time system requirements or environmental conditions. There
are several works in the literature on performance analysis
of MIMO systems employing reconfigurable antennas at low
microwave frequency bands [6]-[11].

IComposite right-left handed (CRLH) leaky-wave antenna (LWA) is an
example of reconfigurable antennas with such characteristics [1], [2].

From the physical layer perspective, if reconfigurable an-
tennas are used in mmWave systems, new signal processing
algorithms need to be designed to benefit from the antennas
capabilities. Essentially, the previous microwave-band signal
processing algorithms which are developed based on the
assumption of omni-directional signal propagation and rich
scatterer environment may not remain optimal for mmWave
systems [12]. This can be attributed to the propagation charac-
teristics of the signal that are particular to the mmWave band,
which are quite different than those encountered in the mi-
crowave band [13]. At the mmWave frequencies, multipath is
insignificant, while attenuation from atmospheric precipitation
is more important [14].

The space-time block codes (STBCs) is one of the key
building blocks of wireless communication systems that their
performance will be impacted by signal propagation behavior
in mmWave systems. The STBCs have been designed based on
the well accepted notion that the transceiver is equipped with
omni-directional antennas, while in the mmWave systems,
the radiation pattern of the antennas need to be directive to
compensate for the large path loss at mmWave frequencies.
Therefore, the STBCs designed for conventional MIMO sys-
tems ignore the antenna gain and directivity in the mmWave
systems. Naturally, a more effective STBC design approach
should exploit the directive radiation pattern of the antennas
utilized in mmWave systems.

In this paper, we propose a high-rate space-time block code
for a 2x2 MIMO system equipped with reconfigurable antenna
elements. The proposed code uses the properties of the recon-
figurable antennas to enhance the coding rate, while reducing
the computation complexity of the receiver. In particular, we
design a STBC code based on the rotated quasi-orthogonal
coding principles [15]-[18]. At each time slot, the system
transmits multiple rotated symbols each intended for a partic-
ular desired direction and receive antenna. The deployment of
reconfigurable antennas at the transmitter enables the system
to amplify the transmitted signal towards the desired receive
antenna, while placing nulls towards the remaining directions
[19]. By using this mechanism, the system suppresses the
interference from the undesired beams at the receiver. This
is feasible if the antenna elements at the transmitter and



receiver sides are separated sufficiently. For example, the
optimal antenna spacing for a uniformly spaced 2 x 2 LoS
MIMO system operating at 60 GHz with a transmitter-receiver
distance of 10m to 30m is 16cm to 27cm on both sides,
respectively [20]. For such a 2 x 2 MIMO system, we show
that the proposed code achieves a coding rate of rwo. We also
demonstrate that the decoding complexity of ML detection
can be reduced to O(M?) from O(M*), where M is the
cardinality of the signal constellation.

For comparison purposes, we study the performance of
the recent rate-2 STBCs, including the Matrix C [21] and
maximum transmit diversity (MTD) [22] codes, under the same
system settings. The Matrix C code is a threaded algebraic
space-time code [23], which is known to be one of the
efficient STBCs of size 2 x 2. However, this code has a high
decoding complexity which grows with the fourth power of the
modulation order for maximum likelihood (ML) decoding. In
[22], the authors proposed a high-rate STBC, referred to as
MTD code, designed based on the linear combination of two
Alamouti codes. The MTD code has lower ML complexity
compared to Matrix C. However, the MTD code only designed
for systems with omni-directional radiation pattern antennas
and restricted to MIMO systems with two transmit antennas.
Our proposed code, however, can be generalized to systems
with more than two antennas and are designed to exploit the
directivity of the reconfigurable antennas in mmWave systems.
Our computer simulations demonstrate the performance of
the proposed code and shows its superiority in compared to
previous rate-2 STBC counterparts.

The rest of this paper is organized as follows. In Section II,
we describe the system and signal model. In Section III, we in-
troduce the proposed high-rate STBC for 2 x 2 MIMO systems
and present a low complexity ML decoder for the proposed
STBC. Simulation results are presented in Section IV, and
concluding remarks are appeared in Section V.

Notation: Throughout this paper, we use capital boldface
letters, X, for matrices and lowercase boldface letters, x,
for vectors. ()7 denotes transpose operator. A o B denotes
the Hadamard product of the matrices A and B and ||A||r
represents the Frobenius norm of the matrix A. Moreover,
diag(ay,ag, - ,a,) represents a diagonal n x n matrix whose
diagonal entries are aq,aso, - - - ,a,. Finally, C denotes the set
of complex valued numbers.

II. SYSTEM MODEL AND DEFINITIONS

We consider a single-user mmWave system with V; and
N, transmit and receive antennas, respectively, where the
transmitter is equipped with directive reconfigurable antennas
to overcome the signal power degradation due to high pathloss
in mmWave systems. We assume that the channels are quasi-
static and flat fading and the channel coefficients remain
constant over the duration of one codeword.

The proposed space-time block code, C € CN+*”' can be
expressed as

Cé[ChCZa"' 7CT]7 (l)

where T is the number of time slots and c; £

[e1(t),ca(t), -+ ,en, (H)]T € CNex1 is transmitted codeword
from N; antennas during the ¢-th time slot. The index j in
¢;(t) refers to the j-th transmit antenna. The received signal

over T time slots is represented by Y € CN~*T and can be
given as
Y= H,(0)C+Z, @
where
C £ diag{cy,co, - ,c7}, 3)

and Hy(¢) £ [Hy(1,0),--- ,Hy(T,¢)] € CN>*TNt s the
channel matrix and Z € CV*T is a zero-mean complex white
Gaussian noise matrix consisting of statistically independent
components of identical power Ny. The entries of H,(¢) can
be computed as the Hadamard product of the independent and
identically distributed (i.i.d.) Rayleigh channel matrix, H €

CNr-xNi and the antenna gain matrix, G(t,¢) € CNr->*Ne,
ie.,

Hg(t7 ¢) = H © G(t7 (b) (4)
where H £ [hl,-” 7hNt] with h]‘ = [hl,j,'” ,thj]T

and G(t,¢) = [g1(d1,e).82(d2), . 8N, (dn,,¢)] with

gi(0jt) = [91,5(0jt)s 92,5 (Djt)s - s gn,.; (D)7

Definition 1:(Transmission rate) If N information sym-
bols in a codeword are transmitted over 1" channel use, the
transmission symbol rate is defined as

N,
s = T 5
s =5 S
and the bit rate per channel use is then given by
ry =15 logy M, (6)

where M is the cardinality of the signal constellation. Note
that a STBC is said to be full-rate when the number of
transmitted symbols per channel use (pcu) is equal to the
number of transmit antennas, i.e., when ry, = N; [22].
Definition 2:(Maximum likelihood decoding complexity)
The maximum likelihood (ML) decoding metric that is to be
minimized over all possible values of codeword C is given by

C= arg min|[Y — H,C|%. 7)

If we assume that there are Ny, symbols to be transmitted in
each codeword, then the ML decoder complexity will be M Vs
for joint data detection. As we will show in sequel, we can
reduce the ML complexity to M™N+/2 due the proposed code
structure.

III. PROPOSED 2 x 2 STBC DESIGN

To simplify the presentation, we consider a 2 x 2 MIMO
system. We take the information symbols {s1, s2, s3,54} to
construct a 2 X 2 matrix code that is transmitted during 7' = 2
time slots from Ny = 2 transmit antennas. The proposed STBC
is built based on the principles of rotated quasi-orthogonal



codes, where half of the transmitted symbols are chosen from
a signal constellation set A and the other half are chosen from
a rotated constellation set e7%1 A with the rotation angle of 6,
[15]-[17]. The rotation angle is chosen to ensure that every
constellation point is uniquely distinguishable and to maximize
the coding gain. For N; = 2 transmit antennas, the proposed
codeword C in (1) is given by
T

ci(1) _o

01(2)

where © = Uy, x diag{1,e7%1} and Uy is an 2 x 2 Hadamard
matrix. Hence, we can rewrite (8) as
] N E))

ci(l) e(2)
[ c2(1)  e2(2) }
In this representation, 6; denotes the rotation angle, which
can be selected based on different optimization criteria. For
example, it can be chosen such that the diversity or the coding
gain of the proposed STBC is maximized.

Remark 1: The proposed code can be extended for more
than two transmit antennas. For example, a 4 x 4 block code
can be constructed for transmission of 16 symbols using 4
transmit reconfigurable antennas during 4 time slots. The
number of receive antenna required in this case will be 4.

To proceed further, let us explain the function of reconfig-
urable antenna elements during the signal transmission. One
of the requirements in mmWave wireless system is to use
highly focused “pencil beam” antennas [24] to compensate
the large pathloss at mmWave frequencies. Reconfigurable
antennas with highly directive beams can be used to serve this
purpose. To model the antenna radiation pattern, we consider
a rectangular function as a proper abstraction to capture the
direction steerability and beamwidth characteristics of the
antenna [25]. Using this model, the directive antenna gain
between the j-th transmit antenna and the ¢-th receive antenna,
9i,;(¢;,1), can be given by

62(1)
C2 (2)

S1 83 ] (8)

S22 S4

s1+e%sy s —el%sy

s34+ ey

s3 —elf1g,

27 p _ Bsip . P
Baap’® Yt 2 < @5 < ¢j,t +

Je, otherwise

Bsin
2

Gij(bje) = {
(10)

where ¢Z;7t is the j-th transmit antenna pointing angle during
the ¢-th time slot transmission, Bsgp is the 3-dB antenna
beamwidth and g, is the antenna sidelobe level. Note that the
pointing angle (b;”t can be estimated using a single reconfig-
urable antenna [26]. Considering the radiation pattern (10),
we illustrate in Fig. 1 how the transmitted signals will arrive at
the receiver during the first time slot (¢ = 1). For more clarity,
we present these signals by equations (11)-(14) where y;(t)
denote the received signal at antenna ¢ during time slot ¢. In
these equations, h; ; is the channel fading coefficient between
the j-th transmit and the i-th receive antenna, g; ;(¢; ) is the
antenna gain at the receive antenna ¢ from the transmit antenna
j during the ¢-th time slot, and z;(t) is the additive Gaussian
noise with zero-mean and variance Ny. h; ;’s are modeled

Mainlobe Sidelobe
n=h, 1811 (@), + hl.zgl.z (¢2,| Je,(D+z,(1)

,|g|1(¢1|)‘ (l) » >

= 1S,
«,L(QL)Q @ Rx,
R
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Fig. 1. The received signals at the first and second antennas
during the first time slot (¢ = 1).

Mainlobe

as independent identical distributed (i.i.d.) complex Gaussian
variables with zero-mean and unit variance.

If highly directive reconfigurable antennas with low sidelobe
levels, say about —20dB [27] are used, the received signal
from the sidelobe can be combined with the link noise to
produce a single noise term. For example, the new noise term
associated with the first receive antenna and the first time slot
is given

Z1(1) = h12 g1,2(¢2,1) c2(1) + 21(1). (15)

Similarly, we can express the other new noise terms and
rewrite the received signal defined in (11)-(14) as

y1(1) = hyy gral(eny) (s1+ €% s0) + 21(1), (16)
y2(1) = ho2 ga2(d2,1) (s3 + 7% s4) + Z2(1), (17)
Y1(2) = h12 g12(d22) (51 — /% s2) + £1(2), (18)
y2(2) = ho1 g2.1(¢1,2) (83 — €% s54) + 22(2) (19)

For decoding, consider the following two squared cost
functions:

fi(s1,82) = |11 (1) —h1191.1(P11) (51 + e?%55)|2

+y1(2) — h1291,2(¢2,2) (51 — €j0182)\2, (20)

fa(s3,80) = |y2(1) = ha2 g2,2(d2,1) (53 + €% 50)
+y2(2) — ho1 921 (d1.2) (53 — /% s4) .
Assuming known channel coefficients and antenna gain at the

receiver, the symbols {s1, s2, 83,54} can be jointly detected
using an ML decoder as follows:

2y

(§1, §2, §3, §4) = argmin (fl (81, 82) + f2(83, 84)) (22)

81,82,83,84
The computational complexity of the receiver in this case
s O(M*). However, considering the structure of the cost
functions f1(s1,s2) and fa(ss, s4), we observe that the min-
imization problem (22) can be broken into two independent
sub-minimization problems, because f; only depends on sy
and so and f, depends on s3 and s4, hence, we can write:

(81, 82) = argmin f1(s1, s2), (23)

S$1,52



mainlobe

y1(1) = h11g1.1(d11) (51 + €% 52) +h1 o gr2(d21) (53 + €% s4) +21(1),

sidelobe

mainlobe

sidelobe

and
(§3, §4) = argmin f2(83, 84).
83,54
Therefore, instead of minimizing the cost function in (22) over
all possible values of (s1, s2, 83, 54), one can simultaneously
minimize the cost functions in (23) and (24) over (s1, s2) and
(s3, 84), respectively.

Remark 2: The ML decoding complexity of the proposed
code is O(M?) since only two symbols are jointly decoded at
a time. Moreover, for this code the diversity order of 2 can be
achieved in a 2 x 2 MIMO configuration, which is because of
highly directive signal propagation in mmWave systems. Table
I compares the ML decoding complexity and diversity order
of the proposed code with those of Matrix C, MTD, Alamouti

(11)
sidelobe
Y2(1) = o1 g2.1(d1,1) (51 + €% 52) + hoo goo(h2.1) (53 + 7% 54) +20(1), (12)
mainlobe
Y1(2) = h12 912(02.2) (51 — €% 52) + b1 g1,1(1,2) (53 — 7% 54) +21(2), (13)
sidelobe
Y2(2) = h22 g2.2(¢2.2) (51 — €%155) + ho 1 g2.1(¢1,2) (53 — €77 54) +22(2). (14)
mainlobe
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and V-BLAST schemes for a 2 x 2 MIMO system equipped
with reconfigurable antenna elements. The complexity of the
proposed code can be reduced to O(M) using a conditional
ML decoding technique. This will be further investigated in
our future works.

IV. SIMULATION RESULTS

In this section, we present our computer simulation results
to verify the performance of the proposed STBC scheme. We
compare the bit-error-rate (BER) performance of the proposed
code with that of the Alamouti code. We also make some
comparisons with that of the previous rate-2 STBC codes. In
all experiments, we consider a 2 x 2 MIMO structure, where
the antennas at the transmitter side are directive reconfigurable
antennas with 3dB beamwidth of Bsyp = 40° and sidelobe
level of —17dB, unless otherwise indicated. The receive an-
tennas are assumed to be omni-directional.

Fig. 2 compares the BER performance of the proposed
STBC code with the Alamouti code. We implement the Alam-
outi code in two different ways. In the first implementation, we
consider omni-directional antenna at both the transmitter and
the receiver. In the second implementation, we use directive
reconfigurable antenna at transmitter and omni-directional
antenna at the receiver similar to the setting used for our

-15 -10 -5 0 5 10 15

SNR
Fig. 2. Bit error rate performance of the proposed STBC with N, =
2 and spectral efficiency of 4 bits pcu in Rayleigh fading channels.

proposed code. Fig. 2 shows the results for a spectral efficiency
of 4 bits per channel use, i.e., we use QPSK modulation for our
proposed code and 16QAM modulation for the Alamouti code.
This follows from the fact that the proposed STBC achieves
a rate of 2 symbols per time slot while the Alamouti codes
achieve a rate of 1 symbol per time slot. Considering this
setting the receiver in both cases receives equal amount of
bits per channel use. As shown in this figure, the proposed
code outperforms the Alamouti code with omni-directional and
directive antennas. In particular, at a bit error rate of 1073, the
performance improvement compared to the Alamouti coding
scheme with omni-directional and directive antennas is nearly
4 and 3 dB, respectively.

It is observed form the results in Fig. 2 that the diversity
order provided by the Alamouti code is higher than the
proposed code, i.e., in high SNR the slop of the BER curve
of the Alamouti code is larger than the proposed code. This is



TABLE 1. Comparison of diversity order and ML decoding complexity of STBCs

Coding Scheme | Symbol rate (rs) Diversity order ML decoding complexity
Proposed code 2 2 O(M?)

Matrix C [21] 2 2 O(M?*)

MTD [22] 2 2 O(M?)

Alamouti [28] 1 2 O(M)

V-BLAST [29] | 2 1 O(M?)

103 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

BER

5| i i i i i i i i

10
15 20 25 30 35 40 45 50 55 60

Bsap (degree)

Fig. 3. Bit error rate performance versus beamwidth for a reconfig-
urable MIMO system using the proposed STBC code with N, = 2
and spectral efficiency of 4 bits pcu in Rayleigh fading channels.

because, the diversity order of the Alamouti code is 4 while
the diversity order of the proposed code is 2. However, this is
insignificant because in practice the system will operate in low
to medium SNR regions where the proposed code outperforms
the Alamouti code.

Fig. 3 shows the BER performance of the proposed code
against the antenna beamwidth at SNR of 15dB. As it is
expected, the BER performance of the system deteriorates as
the antenna beamwidth become larger. For mmWave systems,
the use of directive antennas with beamwidth of 7.8° has been
reported by now [30]. As shown in this figure, for this range
of beamwidth the system can achieve a BER value close to
1075,

In Fig. 4, we compare the BER performance of the proposed
STBC code with that of the Matrix C and MTD codes
presented in [21] and [22], respectively. It is clear from these
results that the proposed code outperforms MTD code over all
SNR values. Moreover, the proposed code obtains an identical
performance as Matrix C code. Nevertheless, as shown in
Table I, the the decoding complexity of the proposed code
is O(M?) whereas that of the Matrix C code is O(M*). Note
that for the fairness, we used a similar system settings for all
these codes and the proposed code i.e., the antenna elements at
the transmitter are directive reconfigurable and at the receiver
are omni-directional ones.

BER

Proposed STBC with Reconfigurable Antennas : 4
WV Matrix C with Reconfigurable Antennas [21] : ]
=—HB— MTD with Reconfigurable Antennas [22]
10'5 i i i i i
-15 -10 -5 0 5 10 15
SNR (dB)

Fig. 4. Bit error rate performance of the proposed STBC code with
N, = 2 and spectral efficiency of 4 bits pcu in Rayleigh fading
channels.

V. CONCLUSIONS

We proposed a high rate space-time coding technique for
mmWave MIMO systems employing antennas with reconfig-
urable radiation patterns. The proposed code is constructed
based on the principle of quasi-orthogonal space-time coding
scheme. We showed that ML decoding complexity of the
proposed code can be reduced from O(M*?) to O(M?), where
M is the size of signal constellation used at the transmitter. We
provided simulation results that demonstrated the performance
of the proposed coding scheme and showed its superiority
compared to that of recent rate-2 STBC schemes.
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