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The concept of close-loop beamforming for MIMO system was well known proposed the singular value decomposition on
channel matrix. This technique can improve the capacity performance, but the cost of feedback channel and the complexity
processing discard the interest of implementation. Therefore, this paper aims to investigate the benefit of using an open-loop
beamforming for MIMO system in practical approaches. The low-profile concept of open-loop beamforming which is convenient
for implementation is proposed by just inserting Butler matrices at both transmitter and receiver. The simulation and measurement
results indicate that the open-loop beamforming with Butler matrix outperforms the conventional MIMO system. Although, the
close-loop beamforming offers a better performance than open-loop beamforming technique, the proposed system is attractive
because it is low cost, uncomplicated, and easy to implement.

1. Introduction

The MIMO (Multiple-input-multiple-output) system is a
good quality of service such as channel capacity. In gen-
eral, MIMO systems consideration of channel capacity
is based on the array antennas at both transmitter and
receiver.Many works have proposed the method of eigen-
beamforming technique [1–5]. This technique utilizes the
properties of estimated channels by performing singular
value decomposition on channel matrix. Then eigenvectors
compositing of channel matrix are considered as pre- and
postcoding schemes for MIMO systems. This technique can
improve the capacity performance, but both transmitter and
receiver have to perfectly know the channel information,
named as close loop MIMO system. However, there are
many unattractive issues of using eigen-beamforming in
practice such as a requirement of high system complexity
and many procedures for channel feedback transmission.
In turn, for open loop beamforming, the transmitter sends
independent information symbols from multiple transmit
antenna elements to the receiver. The received channels are
not sent back to the transmitter. So, the transmitter does
not know the channel information. The pre- and postcoding

schemes do not require any additional complexity like close
loop system. Therefore, the study of using open loop is fo-
cused on in this paper.

In the research areas of MIMO system, many works
such as [6–9] have been proposed to enhance the channel
capacity in order to satisfy the user demand for high data rate
applications. Some studies have been focused on theoretical
works and some have been performed by measurements.
Nevertheless, most of them develop the technique to enhance
the channel capacity through channel behavior [10–12] such
as adjusting transmitted powers according to eigenvalue of
channels as so-called water filling method. In general, it
can be noticed that the theoretical consideration of channel
capacity is based on the array antennas at both transmitter
and receiver, but the channel characteristic is composed
of many angle parameters such as angle of arrival, angle
of departure, and angle spread. Therefore, it is interesting
to investigate the performance of MIMO system using
the open loop beamforming instead of the conventional
MIMO system. Recently, the authors in [13, 14] developed
the channel estimation of MIMO-OFDM system based on
open loop beamforming consideration. The applicability
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of open loop beamforming technique is dependent on the
channel stochastic information available to the receiver. The
design of suitable pilots is proposed by facilitating the direct
implementation of open loop beamforming and analyzing
the performances of different channel estimation techniques.
Although the significant improvement on MIMO capacity
can be expected by using open loop beamforming, so far
in the literature, there is no work to illustrate the capacity
benefit of using open loop beamforming. The reason is that
the pre- and postcoding schemes of angle transformations
increase the complexity on both transmitter and receiver.
Hence, it is challenging to find the technique with low
cost and complexity matching with the concept of open
loop beamforming. In [15], the proposed scheme uses a
discrete fourier transformation (DFT) to receive a signal
vector in RF domain. This can be realized by placing
a Butler matrix between the antenna elements and the
receiver switch. This paper presents only the simulations
results. There is no measurement result presented in this
paper. Clearly the difference between [15] and our paper is
on the measurements. In [16], the authors investigate the
correlation coefficients (line of sight and nonline of sight)
via both simulation and measurement results. However, the
analysis of correlation coefficients has not been analytically
discussed yet. This is the claim of our novelty, that our paper
presents the analytical analysis of correlation coefficients.
Moreover, the additional measurements have been done
by rotating the array direction for many degrees. These
measurements are different from [16] and give more insight
of using Butler matrix.We used the method of open loop
beamforming in [17] investigated the capacity performance
of compared with conventional MIMO system by computer
simulations. The results in [17] confirm the advantages of
using open loop beamforming. In this paper, the analytical
analysis of how open loop beamforming impacts on the
channel matrix is explained. Then, it gives a reason why
using open loop beamforming for MIMO system provides a
better performance over a conventional MIMO system. Also,
further work from [17] is carried out by manufacturing a
Butler matrix and performing the experimental results due
to the fact that only simulation results cannot claim the
use of the proposed system in practice. The reason why
Butler matrix is chosen is because Butler matrix is just
a low-complexity hardware that can offer the open loop
beamforming. In general, there are infinite choices to choose
the set of orthogonal steering vectors to form an open loop
beamforming. Therefore, it is hard to justify whether Butler
matrix provides the best performance among others. To
focus on hardware complexity, the other methods to form
open loop beamforming might need 16 phase shifters to
simultaneously form 4 beams while Butler matrix approach
uses only one low-cost printed circuit board. Thus, the
authors construct the 4 × 4 MIMO system employing an
open loop beamforming by Butler matrix which is a low-
profile concept and convenient for implementation. This
matrix simultaneously forms multiple departure or arrival
angles into four directions. By only inserting Butler matrix
next to antenna arrays, the conventional MIMO systems can
be transformed into the MIMO systems with open loop

beamforming without the need of additional burden on
processing units at both transmitter and receiver.

In summary, the contribution of this paper falls into
three main issues. At first, the analytical analysis of how
open loop beamforming impacts on the channel matrix is
originally provided. This helps the reader to understand
in a true benefit of open loop beamforming. Secondly,
the practical realization of open loop beamforming for
4 × 4 MIMO systems has been demonstrated. The third
contribution is on the experimental comparisons in terms
of channel capacity. All contributions confirm either new
concept or actual benefit of employing MIMO with open
loop beamforming. The paper is organized as follows. In
Section 2, the details of SISO system, conventional MIMO
system, close loop beamforming, and open loop beamform-
ing technique are described. Then in Section 3, the analytical
analysis of using open loop beamforming is explained. The
feature of Butler matrix to apply for open loop beamforming
is given in Section 4. Section 5 describes the details of
channel measurements. Section 6 provides the simulation
and measurement results of open loop beamforming realized
by Butler matrix in comparing with conventional MIMO
system. Finally in Section 7, the conclusion of this paper is
given.

2. System Model

2.1. SISO System. For a memoryless SISO (single-input-
single-output) system, the Shannon capacity is given by [8]

C = log2

(
1 +

Pth

PN

)
, (1)

where Pt is the transmitted power, h is the wireless channel
coefficient, and PN is the noise power in each branch of
antennas at the receiver. Note that the signal-to-noise-power
ratio (SNR) is defined as Pt/PN .

2.2. Conventional MIMO System. We consider the narrow-
band MIMO channel. Let x be a vector of the transmitted
signals with Nt transmitted antennas and let y be a vector
of the received signals with Nr received antennas. Then the
relation between transmitted and received signals is given by

y = Hx + n, (2)

where n is an Nr × 1 noise vector and H is an Nr × Nt

channel matrix. In this paper, the channel matrix is modelled
by using the concept of geometrical two-ring model. This
model is based on the extension of single-bounce two-ring
scattering model for flat fading channels [19]. With this
notation, channel output sequence can be written in matrix
form as the following expressions:

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

y1

y2

...

yNr

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

h11 h12 · · · h1Nt

h21 h22 · · · h2Nt

...
...

. . .
...

hNr1 hNr2 · · · hNrNt

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

x1

x2

...

xNt

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

n1

n2

...

nNr

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (3)
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Figure 1(a) shows the conventional 4×4 MIMO systems.
There is an arbitrary number of physical paths between the
transmitter and receiver [20]; the ith path having attenuation
of ai, makes an angle of φti(Ωti := cosφti) with the transmit
antenna array and angle of φri(Ωri := cosφri) with the receive
antenna array. The channel matrix H can be written as the
following expressions:

H =
∑
i

abi er(Ωri)et(Ωti)
∗, (4)

where

abi := ai
√
NtNr exp

(
− j2πdi

λc

)
, (5)

et(Ω) := 1√
Nt

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1

exp
[− j(2πΔtΩ)

]
...

exp
[− j(Nt − 1)(2πΔtΩ)

]

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (6)

er(Ω) := 1√
Nr

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1

exp
[− j(2πΔrΩ)

]
...

exp
[− j(Nr − 1)(2πΔrΩ)

]

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (7)

Also, di is the distance between transmit and receive anten-
nas along path ith. Note that (·)∗ is the conjugate and trans-
pose operation. The vector et(Ω) and er(Ω) are, respectively,
transmitted and received unit spatial signatures along the
direction Ω, λc is the wavelength of the center frequency in
a whole signal bandwidth. Assuming uniform linear array,
the normalized separation between the transmit antennas is
Δt (antenna separation/λc) and the normalized separation
between receive antennas is Δr (antenna separation/λc).
Note that the reason of normalization is because this
proposed system can work in any frequency band. Hence,
the normalization is made to neglect the unused parameter.
When channel state information (CSI) is not available at the
transmitter, the capacity of MIMO systems [21] expressed in
bits per second per hertz (bps/Hz) can be written as

C = log2 det
(

INr +
Pt

PNNt
HH∗

)
, (8)

where INr is the identity matrix having Nr × Nr dimension,
H is the channel matrix having Nr × Nt dimension with
H∗ being its transpose conjugate. In this paper, the channel
matrix H is normalized by ‖H‖2

F = NrNt .

2.3. MIMO System with Close Loop Beamforming Technique.
Figure 1(b) showed the close loop beamforming representa-
tion of MIMO systems. We can refer to eigen-beamforming
technique. Considering an MIMO channel with Nr × Nt

channel matrix H that is known to both the transmitter and
the receiver, the eigenvectors can be found by applying SVD
technique to channel matrix as shown below:

H = WSV∗, (9)

where Nr×Nr matrix W and the Nt×Nt matrix V are unitary,
and S is an Nr × Nt diagonal matrix. These two matrices
are used as pre- and postcoding matrices at transmitter and
receiver, respectively. So the channel matrix when applying
pre and post matrices can be written as follows:

He = W∗HV. (10)

Thus, the capacity of MIMO system is given by

C = log2 det
(

INr +
Pt

PNNt
HeHe∗

)
. (11)

2.4. MIMO System with Open Loop Beamforming Technique.
Figure 1(c) showed the open loop beamforming represen-
tation of MIMO systems. The open loop beamforming can
be represented by the transmitted and received signals. The
signal arriving at a directional cosine Ω into the receive
antenna array is along the unit spatial signature er(Ω) given
by (7). Hence, the particularly fixed sequence of Ω can form
a special set of Nr × 1 vectors given as

ξr :=
{

er(0), er

(
1
Lr

)
, . . . , er

(
Nr − 1
Lr

)}
. (12)

In (12), it can be noticed that there is a set of orthogonal
basis for the received signal space. This basis provides
the representation of received signals in the open loop
beamforming.

It is similarly defined for the open loop beamforming
representation of the transmitted signal. The signal transmit-
ted at direction Ω is along the unit vector et(Ω), defined in
(6). The set of Nt × 1 sequential vectors is given as

ξt :=
{

et(0), et

(
1
Lt

)
, . . . , et

(
Nt − 1
Lt

)}
, (13)

where Lt = NtΔt and Lr = NrΔr are the normalized antenna
array lengths of the transmitter and receiver, respectively.
Let Ut and Ur be the unitary matrices whose columns are
the basis vector in (13) and (12), respectively, which can be
written as

Ut = 1√
Nt

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 1 · · · 1

1 e(− j2π/Nt) · · · e(− j2π(Nt−1)/Nt)

...
...

. . .
...

1 e(− j2π(Nt−1)/Nt) · · · e(− j2π(Nt−1)(Nt−1)/Nt)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

,

(14)

Ur = 1√
Nt

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 1 · · · 1

1 e(− j2π/Nr ) · · · e(− j2π(Nr−1)/Nr )

...
...

. . .
...

1 e(− j2π(Nr−1)/Nr ) · · · e(− j2π(Nr−1)(Nr−1)/Nr )

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
.

(15)

We can transform the conventional MIMO system into
the open loop beamforming by the following expression:

Ha := U∗
r HUt . (16)
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Figure 1: System overviews.

Thus, the capacity of MIMO systems can be given by

C = log2 det
(

INr +
Pt

PNNt
HaHa∗

)
, (17)

where INr is the identity matrix having Nr × Nr dimension,
Ha is the channel matrix having Nr ×Nt dimension.

Figure 2 shows the simulated channel matrices from sta-
tistical modeling adopted by [20]. The basis for the statistical
modeling of MIMO fading channels is approximated by the
physical paths partitioning into angularly resolvable bins and
aggregated to form resolvable paths, whose channel gains are
Ha

kl. Assuming that ai of the physical paths is independent.
We use (4)–(7) to find channel matrix for conventional
MIMO and (14)–(16) to find channel matrix for open loop
beamforming.

3. Analytical Analysis of Open
Loop Beamforming

It has been demonstrated in the literatures [22–27] that
the channel capacity depends on the channel correlation.
The large amplitude of correlation coefficient degrades the
capacity performance. In this section, the analytical analysis
of how open loop beamforming improves the channel
capacity is described by showing the impact of using open
loop beamforming on the channel correlation.

Let the channel matrix be modeled as

H = Ψ1/2
r HiidΨ

1/2
t , (18)

where Hiid is the complex random matrix in which its
entries are identically independent distribution, Ψr and Ψt

represent the matrices of channel correlation at receiver and
transmitter, respectively.

Using Conventional MIMO System. According to (4), the
(k,l)th entry of correlation matrix at receiver is able to be
given as

Ψr|k,l = E

⎧⎨
⎩
⎛
⎝∑

i

abi e
− j2πkΔrΩriet(Ωti)

∗
⎞
⎠

×
⎛
⎝∑

i′
abi′e

− j2πlΔrΩri′ et(Ωti′)
∗
⎞
⎠
∗⎫⎬
⎭,

(19)

where E{·} is the expectation operation. Assuming all the
propagation paths are independent from each other, the
correlation element in (19) can be reduced to

Ψr|k,l =
∑
i

∣∣∣abi
∣∣∣2
e− j2π(k−l)ΔrΩri . (20)

Same as the receiver, the (k,l)th entry of correlation matrix at
transmitter is given by

Ψt|k,l =
∑
i

∣∣∣abi
∣∣∣2
e j2π(k−l)ΔtΩti . (21)

In literatures, the degradation of channel capacity
depends on the magnitude of correlation coefficient. As seen
in (20) and (21), the magnitude is varied by multipath atten-
uation factors and angle of arrival or departure. However, in
order to provide more insight on correlation coefficient, this
paper assumes the Gaussian distribution for the attenuation
ai and the uniform distribution for the directional cosine
within the range of angle spread σ . As a result, the mean of
correlation coefficient at receiver is given by

Ψr

∣∣∣
k,l
=
∫ ∑

i

∣∣∣abi
∣∣∣2
e− j2π(k−l)ΔrΩriprob

(
abi ,Ωri

)
dabi dΩri.

(22)
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Figure 2: Examples of Ha with different angle spreads at transmitter and receiver.

Because the property of each path is independent from
each other and also the attenuation is independent from the
directional cosine, then

Ψr

∣∣∣
k,l
=
∑
i

∣∣∣abi
∣∣∣2
e− j2π(k−l)ΔrΩri

sin(π(k − l)Δrσri)
π(k − l)Δrσri

, (23)

where abi is the mean value of abi and Ωri is the mean value
of Ωri.

In (23), it can be noticed that the mean of correlation
coefficient depends on the angle spread. This mean corre-
lation is close to 0 when the angle spread is large. If the
angle spread is very small and assuming the same mean of
directional cosine for all paths, then the magnitude of mean
correlation can be given by

∣∣∣Ψr

∣∣∣ =∑
i

∣∣∣abi
∣∣∣2
. (24)

With the same derivation as receiver, the mean of
correlation coefficient at transmitter is given by |Ψt| =∑

i |abi |
2
.

Using Open Loop Beamforming. According to (16) and (18),
the correlation matrices of open loop beamforming can be
formed as

Ha = Ψa(1/2)
r HiidΨ

a(1/2)
t . (25)

Then, the (k,l)th entry of correlation matrix at the receiver is
expressed by

Ψa
r

∣∣
k,l = E

⎧⎨
⎩
⎛
⎝er

(
k

Lr

)∗⎛⎝∑
i

abi er(Ωri)et(Ωti)
∗
⎞
⎠Ut

⎞
⎠

×
⎛
⎝er

(
l

Lr

)∗⎛⎝∑
i′
abi′er(Ωri′)et(Ωti′)

∗
⎞
⎠Ut

⎞
⎠
∗⎫⎬
⎭.

(26)

Assuming all the propagation paths are independent,

Ψa
r

∣∣
k,l =

∑
i

∣∣∣abi
∣∣∣2
(

er

(
k

Lr

)∗
er(Ωri)

)(
er

(
l

Lr

)∗
er(Ωri)

)∗
.

(27)
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Figure 3: Block diagram of Butler matrix [18].

For the mean value of open loop beamforming, the same
assumption with conventional MIMO has been used. From
(26), the mean of correlation coefficient at receiver is given
by

Ψ
a
r

∣∣∣
k,l
=
∫ ∑

i

∣∣∣abi
∣∣∣2
(

er

(
k

Lr

)∗
er(Ωri)

)

×
(

er

(
l

Lr

)∗
er(Ωri)

)∗
prob

(
abi ,Ωri

)
dabi dΩri.

(28)

Due to the independent property, then

Ψ
a
r

∣∣∣
k,l
=
∑
i

∣∣∣abi
∣∣∣2

∫
1
Nr

Nr−1∑
n=0

e( j2πnΔr ((k/Lr )−Ωri)) 1
Nr

×
Nr−1∑
n′=0

e(− j2πn′Δr ((l/Lr )−Ωri))prob(Ωri)dΩri

=
∑
i

∣∣∣abi
∣∣∣2 1

Nr
2

Nr−1∑
n=0

Nr−1∑
n′=0

e( j2πΔr ((nk−n′l/Lr )))

× e− j2π(n−n′)ΔrΩri
sin(π(n− n′)Δrσri)
π(n− n′)Δrσri

.

(29)

For a small angle spread,

Ψ
a
r

∣∣∣
k,l
=
∑
i

∣∣∣abi
∣∣∣2
(

1
Nr
· 1− e( j2πNrΔr ((k/Lr )−Ωri))

1− e( j2πΔr ((k/Lr )−Ωri))

)

×
(

1
Nr
· 1− e( j2πNrΔr ((l/Lr )−Ωri))

1− e( j2πΔr ((l/Lr )−Ωri))

)∗

=
∑
i

∣∣∣abi
∣∣∣2
e( jπ(Nr−1)(k−l)/Nr )

×
⎛
⎝ sin

(
πNrΔr

(
(k/Lr)−Ωri

))

Nr sin
(
πΔr

(
(k/Lr)−Ωri

))
⎞
⎠

×
⎛
⎝ sin

(
πNrΔr

(
(l/Lr)−Ωri

))

Nr sin
(
πΔr

(
(l/Lr)−Ωri

))
⎞
⎠.

(30)

For the transmitter, the mean of correlation coefficient can
be given as

Ψ
a
t

∣∣∣
k,l
=
∑
i

∣∣∣abi
∣∣∣2
e(− jπ(Nt−1)(k−l)/Nt)

×
⎛
⎝ sin

(
πNtΔt

(
(k/Lt)−Ωti

))

Nt sin
(
πΔt

(
(k/Lt)−Ωti

))
⎞
⎠

×
⎛
⎝ sin

(
πNtΔt

(
(l/Lt)−Ωti

))

Nt sin
(
πΔt

(
(i/Lt)−Ωti

))
⎞
⎠.

(31)

Due to the fact that
(

sin
(
πNtΔt

(
(k/Lt)−Ωti

))
/Nt sin

(
πΔt

(
(k/Lt)−Ωti

)))

=
⎧⎨
⎩
⎧⎨
⎩

1k/Lt = Ωti

< 1k/Lt /=Ωti.

(32)

The magnitude of mean correlation, for k /= l, at the
receiver when using open loop beamforming is given by

∣∣∣Ψa
r

∣∣∣ =
∣∣∣Ψa

t

∣∣∣ <
∑
i

∣∣∣abi
∣∣∣2
. (33)

Comparing between (24) and (33), the magnitude of mean
correlation achieved by using open loop beamforming is less
than using conventional MIMO system. Therefore, according
to the results in the literature [22–27], it can be implied
that the capacity of MIMO system can be improved when
applying open loop beamforming instead of conventional
MIMO.

4. Practical Realization Using Butler Matrix

Figure 3 shows a block diagram of Butler matrix [18] which
is applied to the concept of open loop beamforming for 4×4
MIMO systems. It is constituted by four 90◦ hybrid couplers,
2 phase shifters 45◦, and a crossover. The fixed beamforming
matrix is a bidirectional transmission. Hence, it can be used
for either receiver or transmitter.

It is easily shown that the weight vectors corresponding
to each port presented in Table 1 are mutually orthogonal.
Therefore, instead of using (14) and (15), the unitary matrix
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Table 1: Element phasing, beam direction, and interelement phasing for the Butler matrix shown in Figure 3 (conceptual).

θkl E1 (l = 1) E2 (l = 2) E3 (l = 3) E4 (l = 4) Beam direction Inter-element phasing

Port 1 (k = 1) −45◦ −180◦ 45◦ −90◦ 138.6◦ −135◦

Port 2 (k = 2) 0◦ −45◦ −90◦ −135◦ 104.5◦ −45◦

Port 3 (k = 3) −135◦ −90◦ −45◦ 0◦ 75.5◦ 45◦

Port 4 (k = 4) −90◦ 45o −180◦ −45◦ 41.4◦ 135◦

Table 2: Element phasing, beam direction, and interelement phasing for the Butler matrix shown in Figure 4 (manufactured).

θkl E1 (l = 1) E2 (l = 2) E3 (l = 3) E4 (l = 4) Beam direction
Inter-element phasing

(average)

Port 1 (k = 1) 158◦ 25◦ −112◦ 118◦ 138◦ −130◦

Port 2 (k = 2) −87◦ −137◦ 176◦ 137◦ 105◦ −42◦

Port 3 (k = 3) 132◦ 178◦ −139◦ −98◦ 76◦ 50◦

Port 4 (k = 4) 136◦ −90◦ 40◦ 176◦ 42◦ 138◦
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of applying Butler matrix can be written by the following
expressions:

Bt = 1√
Nt

⎡
⎢⎢⎢⎢⎢⎢⎣

e− j(−45◦) e− j(−180◦) e− j(45◦) e− j(−90◦)

e− j(0◦) e− j(−45◦) e− j(−90◦) e− j(−135◦)

e− j(−135◦) e− j(−90◦) e− j(−45◦) e− j(0◦)

e− j(−90◦) e− j(45◦) e− j(−180◦) e− j(−45◦)

⎤
⎥⎥⎥⎥⎥⎥⎦

,

Br = 1√
Nr

⎡
⎢⎢⎢⎢⎢⎢⎣

e− j(−45◦) e− j(−180◦) e− j(45◦) e− j(−90◦)

e− j(0◦) e− j(−45◦) e− j(−90◦) e− j(−135◦)

e− j(−135◦) e− j(−90◦) e− j(−45◦) e− j(0◦)

e− j(−90◦) e− j(45◦) e− j(−180◦) e− j(−45◦)

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(34)

Figure 4 shows a configuration of manufactured Butler
matrix. The dimensions of Butler matrix can be calculated
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from transmission line theory. The manufactured product
is also confirmed by measuring inter-element phasing and
beam direction which are shown in Table 2. In this table,
the distributions of all inter-element phasing are similar to
conceptual Butler matrix but they are slightly deviated by
±10 degree. However, the beam direction is deviated by only
0.6 degree. All parameters used for experiments are presented
in Table 3.

Figure 5 illustrates the beam direction of applying Butler
matrix to both transmitter and receiver. It is interesting to see
that the concept of open loop beamforming is successfully
achieved by simply adding Butler matrices next to antenna
elements. Then, the channel matrix realized by Butler matrix
can be written as

Hb := B∗r HBt, (35)

where Bt and Br are the unitary matrices whose columns are
the basis vector in four directions for transmitter and receiver
and H is channel matrix of size Nr × Nt to get conventional
MIMO. Thus, the capacity of MIMO systems when applying
Butler matrix is given by

C = log2 det
(

INr +
Pt

PNNt
HbHb∗

)
. (36)

Table 3: The parameters used for measurements.

Parameters Value

Antenna type Monopole

Number of transmitted antennas (Nt) 4

Number of received antennas (Nt) 4

Center frequency (λc) 2.4 GHz

The normalized separation between the transmit
antennas (Δt)

0.5

The normalized separation between receive antennas
(Δr)

0.5

Distance between Tx and Rx at location 1 2.3 m

Distance between Tx and Rx at location 2 6.6 m

Distance between Tx and Rx at location 3 6.8 m

Distance between Tx and Rx at location 4 6.1 m

Distance between Tx and Rx at location 5 13.3 m

5. Measurement

Figure 6 shows a block diagram of measurement setup
for 4 × 4 MIMO system. The network analyzer is used
for measurement channel coefficients in magnitude and
phase. The power amplifier (PA) is used at transmitter
to provide more transmitted power. Low-noise amplifier
(LNA) is used at the receiver to increase the received signal
level [28]. The channel measurements are undertaken five
times at each location. In each location, two modes of
MIMO operation (conventional MIMO and open loop
beamforming) are measured. The Butler matrices are
inserted at both transmitter and receiver when measuring
MIMO channels with open loop beamforming.

Figure 7 shows measurement scenarios. We choose a
large room to provide various test conditions. The location
of the transmitter is fixed as shown in Figure 7 with
rectangular symbol. There are five measured locations for
the receiver represented by circular symbol in Figure 7. It is
easy to measure both conventional MIMO and open loop
beamforming by using switches presented in Figure 6. The
measured results achieved by network analyzer are used as a
channel response in MIMO systems. Also seen in Figure 6,
apart from Butler matrix, all components of conventional
MIMO and open loop beamforming are the same. Therefore,
the measured channels can be directly compared to each
other as presented in the next section.

6. Results and Discussion

6.1. Simulation Results. The simulations are undertaken by
MATLAB programming, and the capacity results are evalu-
ated by using (8), (11), and (36). For conventional MIMO
approach, the channel matrix H is found by assumptions
in (5), (6), and (7). For simulations, the channel matrix is
generated by randomizing the attenuation ai (range from 0
to 1) for each path. The authors use 100 scattering paths for
summation in (4). For angle of arrival/departure (φri/φti),
firstly the authors fix the angle spreads at transmitter and
receiver. Then the angles are randomly generated within
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Figure 9: Measured 4× 4 MIMO channels of conventional MIMO system and open loop beamforming (Butler matrix), at location 5.

Table 4: Average capacity (bps/Hz) of all locations when rotating the direction of array antennas for SNR = 10 dB.

Location

Direction

0◦ 45◦ 90◦

Conv. MIMO Open loop BF Conv. MIMO Open loop BF Conv. MIMO Open loop BF

1 8.72 10.12 9.99 11.68 11.01 11.59

2 8.43 8.52 10.54 10.98 9.61 10.84

3 6.46 6.65 6.88 9.69 9.67 10.00

4 6.88 7.37 6.66 10.69 6.67 10.69

5 10.57 11.03 11.11 11.52 11.31 11.59

these spreads. In this paper, four cases are considered as
(i) 60◦ spread at transmitter and 360◦ spread at receiver,
denoted as 60-360, (ii) 360◦ spread at transmitter and 60◦

spread at receiver, denoted as 360-60, (iii) 60◦ spread at
transmitter and 60◦ spread at receiver, denoted as 60-60, and
(iv) 360◦ spread at transmitter and 360◦ spread at receiver,
denoted as 360-360. Note that case (iii) is equivalent to line-
of-sight scenario while case (iv) is equivalent to Rayleigh
fading channel.

In Figure 8, the average capacity comparison between
4 × 4 MIMO systems with conventional MIMO, open loop
beamforming, close loop beamforming, and SISO system is
presented. It is clearly seen that all MIMO systems offer better
performance than SISO system. The results also indicatez
that using the open loop beamforming realized by Butler
matrix offers better performance than conventional MIMO
system for all cases of angle spreads. The range of capacity
enhancement is from 2 to 5 dB depending on characteristic
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ment scenarios.

of fadings. Although the best performance is achieved by
the optimum close loop beamforming technique but it
requires the full knowledge of wireless channel at the receiver.
Instead of additional complexity to implement close loop
beamforming, the open loop beamforming can provide the
significant improvement of MIMO capacity by just inserting
Butler matrices and no extra complexity is required.

6.2. Measurement Results. The channel matrices H and Hb

are found by measured data from network analyzer. The
channel fading environments are measured by changing the
locations of the receiver. Five locations are considered in
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Figure 12: Average capacity (bits/s/Hz) versus SNR (dB) for various
array directions at location 5.

Figure 7. We also believe that the mismatches among RF
circuits in transmitting/receiving components and mutual
coupling effects are included in the measured channel.
The simulations are undertaken by utilizing measured data
into MATLAB programming and the capacity results are
evaluated by using (8) and (36).

Figure 9 shows comparison of conventional and open
loop beamforming channels of 4 × 4 MIMO systems at
location 5, where Hi j is referred to the channel coefficient
at ith receive antenna and jth transmit antenna. It can be
observed that channels of conventional MIMO and open
loop beamforming are relatively different. The amplitude
deviation is about ±5 dB and the phase deviation is about
±100◦. These deviations are dominant to the capacity
performance of MIMO systems. For other locations, the
deviations of amplitude and phase are similar to location 5.

In Figure 10, the average capacity versus signal-to-noise
ratio (SNR) at each location is presented. The results indicate
that using the open loop beamforming realized by Butler
matrix offers better performance than using conventional
MIMO system. To compare between the simulation results
presented in Figure 8 and the measurement results presented
in Figure 10, the gaps between conventional MIMO and
open loop beamforming in Figure 10 are different from the
results in Figure 8. This is because the real propagation
channel does not behave exactly as the channel modeled
in simulations. However, both results provide the same
agreement on improving MIMO capacity when using open
loop beamforming technique.

For the measurements resulting in Figure 10, the set
of transmitting and receiving antenna direction is based
on face-to-face installation or 0◦ direction depicted in
Figure 11. However, the proposed open loop beamforming
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may be very sensitive to the antenna directions because
both the transmitter and receiver have the fixed directivities.
Accordingly, it is necessary to investigate on other array
directions. The additional measurements have been done
by rotating the array direction for 0◦, 45◦, and 90◦ degrees
as depicted in Figure 11. The additional experiments are
undertaken in all locations. Figure 12 shows the average
capacity (bits/s/Hz) versus signal-to-noise ratio (SNR) in
various directions at location 5. The results still indicate the
significant improvement of using open loop beamforming in
comparson with conventional MIMO system at each array
direction. In order to justify the results of other locations, the
numeric values of average capacity at SNR = 10 dB are given
in Table 4. It is obviously noticed that the benefit of open
loop beamforming is pronounced for all locations and all
directions. Please remember that the improvement of MIMO
capacity costs the little expense of inserting Butler matrices at
both transmitter and receiver without any extra complexity.

7. Conclusion

This paper presented the performance of MIMO systems
using open loop beamforming realized by Butler matrix.
The simulation results reveal that the proposed system
outperforms the conventional MIMO system for every fading
case. Then, this paper verified the benefit of using open
loop beamforming technique for 4 × 4 MIMO systems
by measured results. The open loop beamforming realized
by Butler matrix has been implemented and compared
with conventional MIMO system. The results revealed that
the open loop beamforming outperforms the conventional
MIMO system for all fading locations. Hence, the proposed
systems are very attractive to practically implement on
MIMO systems due to low cost and complexity.
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