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Capacity of 4-by-4 MIMO Channel Using One
Composite Leaky Coaxial Cable With User
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Abstract—Leaky coaxial cable (LCX) is applied broadly for
many application scenarios because it can be utilized as antenna
for user localization, wireless power transfer (WPT) and wireless
coverage. Usually, one LCX can be used as one antenna, and
therefore more cables are required for the configuration of an
multiple-input and multiple-output (MIMO) system. This paper
will provide a simple design that a 4-by-4 MIMO channel can be
realized with one composite cable. Therefore the proposal can re-
lease the space limitation for MIMO deployment. The results show
that, over 5 GHz frequency band, even though the distance between
two V-type LCXs is 2 cm, the proposed 4-by-4 LCX-MIMO can
have good channel condition which ensures the proposed composite
cable can be made as a finer one. In addition, using user’s position
information (PI), we propose a simple power allocation scheme for
the proposed LCX-MIMO system. Compared with the allocation
method of equal power, the proposed method using PI can largely
improve its capacity with the same level of computational com-
plexity and without requirement of the feedback of channel status
information (CSI).

Index Terms—MIMO channel, Leaky coaxial cable, position
information, channel capacity, power allocation.

I. INTRODUCTION

R ECENTLY, the next generation wireless communication
and WLAN technology dramatically facilitate real-time

control, data measurement and collection for analysis using a
large number of sensors, devices and mobile robots connected
with one another [1]. Many applications such as automatic
driving systems on highway, autonomic moving systems, man-
ufacturing, logistics systems are expected to be full potential
usage of new exciting technology such as AI technique, wire-
less technique and IoT devices. These usage scenarios can be
named as linear-cell environment with a shallow but long places.
Linear-cell environment also includes someone like shopping
mall, interior of vehicular systems, carriage of railway, airplane
and so on. For these scenarios, the basic technique requirements
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for applications include accuracy user location information, high
wireless transmission rate and wireless power transfer (WPT)
[2]. For the high accuracy of real-time control for these applica-
tions, a stable and reliable wireless coverage with high wireless
speed is vital. In addition, the user location information should
be correctly detected using some real-time user localization
technique.

For these application scenarios, using leaky coaxial cable
(LCX) as antenna for wireless system is widely employed due
to its good advantages. For instance, its installation might be
simpler, and its wireless coverage is uniform [3]. The interfer-
ence between cells are easy to be avoided and the occurrence
of handover process is small when users move across cells.
For LCX research, its coverage and radiation characteristics
have been studied for many years. The coverage property with
periodic slots over indoor environment has been researched
in [4] and [5]. The LCX used for train and its train ground
communications system have been researched in [6]. For high
frequency bands, some LCXs have been designed and developed
for 2.4 GHz ISM band [7], [8]. In addition, recent results show
that LCX can be used for wireless power transfer (WPT) which
enable moving objects to obtain energy [9].

The wireless traffic is highly increasing because of the popu-
larization of mobile terminals, large number of IoT devices and
robots. To improve the spectral efficiency or capacity, multi-
input multi-output (MIMO) technique using LCXs is one of
promising techniques. However, LCX-MIMO system has just
been researched in recent years. In [10], two LCXs are employed
to realize a 2-by-2 1 MIMO system for office landscape and cor-
ridor scenarios. It show that all measured LCX-MIMO channels
are near to an independent and identically distributed (i.i.d.)
channel. However, the quality of MIMO channel becomes worse
when two cables are closely spaced. Different with the previous
assumption that one LCX is only designed as one antenna, our
proposed method showed that we can utilize one LCX treated
as two antennas for the configuration of a 2-by-2 LCX-MIMO
system [11]–[15]. The proposed idea comes from one fact that
the peak directivity of propagation angles of LCX usually is
highly relative to the signal wavelength at radio frequency (RF),
LCX slot period and relative permittivity of insulator. There-
fore, by adjusting these parameters, we can design and control

1We utilize ‘Nt-by-Nr’ to show thatNt transmitter antennas andNr receiver
antennas are utilized for MIMO system.
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propagation angle. When RF signals are input to two sides of
LCX, one single LCX can be utilized as two antennas. The
similar theoretical analysis has been reported in [16].

Compared with other types of antenna, the users location
covered by LCX can be easily detected. The localization de-
tection using LCX has been researched with many methods
such as time of arrival (TOA) based methods and pulse signal
technique [17]–[24]. In Ref [17], the author proposed an 1-D
location detection method using two TOA parameters which are
one the direct wave and reflected wave from the end of LCX.
However, this method cannot distinguish multiple locations.
Then the authors developed the similar idea and proposed a
2-D location detection method using the differences of four
propagation times [18]. For our proposed LCX-MIMO system,
using the difference of TOA (DTOA) among the radio signal
arrived at two sides of LCX [19], [20], the user localization
can be detected with good accuracy for applications. In Refs
[21]–[24], different methods based on designed pulse signal are
employed for LCX systems to detect the user location. Refs [21],
[22] proposed an 1-D location detection method using linear fre-
quency modulation (LFM) pulse signal for zigzag-slotted LCX
system. A wideband Boolean-chaos signal based user detection
has been researched for system with a pair of LCXs [23], [24].
By correlating the chaotic echo signal with its delayed duplicate,
and comparing the correlation traces, the intruder position can
be accurately located. These techniques enable LCX to be a
good candidate for many scenarios such as logistics management
system, manufacturing.

To further improve the wireless system capacity to support
huge access from IoT devices, MIMO technique with more
antennas is necessary. Considering the limited linear-cell envi-
ronment, how to utilize more LCXs to configure MIMO system
for large capacity is an important research topic. In addition,
compared with conventional monopole antennas, LCX usually
has a constant coupling loss. This property can be used for trans-
mit power allocation using the information of user locations.

This paper will dedicate to these research topics and propose
a simple method to realize an MIMO channel using one com-
posite cable with two LCXs. By adjusting the spacing periods
and inclination angles of LCX, we combine two LCXs with
different radiation directions as one composite cable to build
an efficient 4-by-4 MIMO channel. In addition, using user
position information, we propose an efficient and simple power
allocation to improve the LCX-MIMO channel capacity. The
major contributions are briefly described as follows

1) We compare the Shannon ergodic capacity of the proposed
4-by-4 LCX-MIMO channel with that using monopole
antennas over 2.4 GHz band. The proposed channel can
achieve larger capacity than that of using conventional
monopole antennas with the spacing between two LCXs
as small to 3 cm. For LCX-MIMO channel over 5 GHz
band, even though the distance between two LCXs is 2 cm,
the proposed 4-by-4 LCX-MIMO channel also has good
channel capacity. These results ensure that the proposed
composite cable can be produced as the finer cable.

2) We propose a power allocation method for the proposed
LCX-MIMO using user position information (PI). Com-
pared with allocation method using equal power (EP)

Fig. 1. LCX and its propagation.

without requirement of the feedback of channel status
information (CSI), the proposed allocation method using
PI largely improve its capacity in a low-complexity way. In
some coverage area, the proposed allocation method can
achieve near to the up-bound of channel capacity without
requirement of CSI feedback. These results largely benefit
its application.

The rest of paper is structured as follows. In Section II, we
explained the fundamental idea of how to configure the proposed
4-by-4 MIMO channel using LCXs. Then the channel capacity
of the proposed LCX-MIMO is evaluated in Section III. The
capacities of the proposed LCX-MIMO with user position infor-
mation are explained and compared with other power allocations
for 4-by-4 MIMO channel in Section IV. Section V ends with a
simple conclusion of this paper.

II. THE PROPERTY OF LCX AND ITS LCX-MIMO STRUCTURE

A. Propagation Property of LCX

One usage of LCX is employed as an antenna for wireless
communications. Fig. 1 provides an example for antenna usage
of LCX. Along the outer conductor of cable, many slots are
periodically located, and wireless signal is received and radiated
from these slots. At far-field region, signal strength from LCX
depends on its radio waves from all slots. Radiation angles with
peak directivity of LCX can be calculated as

θm = sin−1

(√
εr +

mλ

P

)
, (m = −1,−2, . . .), (1)

wherem is harmonic order, εr is relative insulator permittivity of
LCX, P is the period of slots, and λ is the wavelength related to
the frequency band [4]. θm is an angle relative to the direction of
signal propagation in LCX. The value m is typically designed
as −1 for cable to avoid radiation harmonics. The dominant
radiation area of LCX can be accordingly changed by adjusting
the slot direction and its value P .
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Fig. 2. The proposal of 4-by-4 MIMO channel using LCXs. (a) Proposed
2-by-2 LCX-MIMO. (b) Proposed 4-by-4 LCX-MIMO.

B. Main Idea of 4-by-4 LCX-MIMO Structure

We suppose there is an LCX with an angle θ−1( �= 0). The
radiation patterns of RF signals from both sides have different
directions as shown in Fig. 1(b). It also means that the angle of
peak directivity from cable for two input signals has about 2θ−1

degree over the coverage area. Using Eq. (1), the value P can be
design to optimize its radiation direction and strength to realize
MIMO channel with good quality.

One single LCX is usually only treated as one antenna.
Therefore, if radiation patterns from both signal are identical,
their channel characteristics will be highly correlated. To reduce
such correlation for a good MIMO channel condition, two LCXs
have to be put with a large spacing. For our proposal as shown
in Fig. 2(a), when signal A and B are fed to both sides of the
cable, the radiated directions of peak directivity will appear
an intersection angle with about 2θ−1 degree. Therefore, their
radiation characteristics will be low-correlated with each other.
Based on this idea, we can select the LCXs with different type,
or adjust the value P , slot direction to change their intersection
angles 2θ−1 as shown in Fig. 2(a). The capacities of our proposed
2-by-2 LCX-MIMO channel over both 2.4 GHz and 5 GHz
bands have been reported in [15]. Finally, as shown in Fig. 2(b),
the 4-by-4 LCX-MIMO channel can be realized by combining
two LCXs, which have different peak directivities and radiated
intersection angles, into one composite cable. By adjusting the
valueP or LCX types, we can realize a promising 4-by-4 MIMO
channel condition.

We use the measurement results to confirm the rationality of
our proposal. Fig. 3 shows an experiment environment of LCX
radiation pattern measurement in an anechoic chamber. In this
experiment, some LCXs with 3 m length have been fixed on a
turntable. The measurement signals were fed from each side of
LCXs, and their opposite sides were respectively terminated by
50-Ω resisters. The turntable is set with 2.2 m height from the
ground of the anechoic chamber and a horn antenna is put with
distance as 8.6 m from the turntable as shown in Fig. 3(b).

We evaluated some LCXs which are produced for the usage
on 2.4 GHz and 5 GHz frequency bands. For the LCXs used
at 2.4 GHz band, two LCXs of V-type and M-type have been
measured to show the different radiation characteristics and
directions. For the LCXs used for 5 GHz band, we measure

Fig. 3. Experiment of radiation pattern measurement. (a) The measurement
setting of LCX. (b) Measurement environment in an anechoic chamber.

the same V-type LCXs but with different value θ−1 for showing
their different radiation characteristics and directions.

The radiation pattern results are shown in Fig. 4. Here the
character ’R’ and ’L’ mean that the RF signal is input from Right
side or Left side as shown in Fig. 3(a), respectively. Fig. 4(a)
and 4(b) show the radiation statues of V-type and M-type LCXs
over 2.45 GHz band. For each cable, when the RF signal is
input from different sides, the radiation characteristics are almost
symmetrical to each other. In addition, different type LCX shows
different radiation direction. Therefore, one composite cable
combined with V-type and M-type cables can be treated as four
antennas for wireless MIMO channel.

In addition, from Eq. (1), we can design the same type LCX
with a specific value θ−1 by changing its valueP . For LCXs over
5 GHz band, we evaluated seven V-type LCXs which marked
as LCX-5D-5V-X. Here X means the value θ−1 with the value
as 11 Deg., 18 Deg., 26 Deg., 35 Deg., 44 Deg., 55 Deg. and
71 Deg. respectively. The radiation patterns of the LCXs over
5.15 GHz are shown in Fig. 4(c)–Fig. 4(i). As shown in Fig. 4(c)–
Fig. 4(i), different LCXs can radiate their dominant signals in
different directions. Compared with that of in Fig. 4(a) and 4(b),
the radiation areas are more compact.

To realize the best 4-by-4 LCX-MIMO channel, we need to
find the good combination of LCXs to achieve large difference
among dominant radiation areas from input RF signals. The
radiation characteristics of 4-by-4 LCX-MIMO channel can be
treated as the summation of ‘R’ and ‘L’ Radiation patterns of
two selected two LCXs in Fig. 4. To reduce the correlation
between each RF signal, the intersection angles between the
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Fig. 4. Radiation pattern results of LCXs over 2.4 GHz (V-type in Fig. 4(a) and M-type in Fig. 4(b)) and 5 GHz (V-type with θ−1 as 11 Deg., 18 Deg., 26 Deg.,
35 Deg., 44 Deg., 55 Deg. and 71 Deg. in Fig. 4(c)–Fig. 4(i)). Here the character ‘R’ and ‘L’ mean that the RF signal is input from Right side and Left side shown
in Fig. 3, respectively. (a) LCX-5D-2.4V f = 2.45 GHz. (b) LCX-5D-2.4M f = 2.45 GHz. (c) LCX-5D-5V_11 f = 5.15 GHz. (d) LCX-5D-5V_18 f = 5.15 GHz.
(e) LCX-5D-5V_26 f = 5.15 GHz. (f) LCX-5D-5V_35 f = 5.15 GHz. (g) LCX-5D-5V_44 f = 5.15 GHz. (h) LCX-5D-5V_55 f = 5.15 GHz. (i) LCX-5D-5V_71
f = 5.15 GHz.

dominant radiation directions from two LCXs are as large as
possible. For example, if paired LCXs are set as LCX-5D-5V-11
and LCX-5D-5V-18, the intersection angles between the domi-
nant radiation directions will be small to 7Deg which increases
the correlation between two signals. Therefore, the good four
combinations of LCXs could be that one LCX is selected
from LCX-5D-5V-11 or LCX-5D-5V-18, and the other one is
from LCX-5D-5V-55 or LCX-5D-5V-71. On the other hand,
the radiation shape also impacts the signal coverage [25]. The
cable of LCX-5D-5V-71 has compacter shape than that of
LCX-5D-5V-55 which makes the wireless coverage weak a little
at some measurement positions in anechoic chamber. These
reasons make the LCXs combination using LCX-5D-5V-55 with
LCX-5D-5V-11 or LCX-5D-5V-18 perhaps has better channel
condition. With experiments and measurements, we found that
the two paired LCXs as LCX-5D-5V-55 and LCX-5D-5V-18 can
realize more promising 4-by-4 MIMO channel condition than
other combinations over 5 GHz band. In the real environment,
however, the dominant radiation characteristics depend on many
intangible parameters such as the shape, situation of linear-cell
environment, center frequency of usage and so on [26].

III. CAPACITY OF THE PROPOSED 4-BY-4 MIMO CHANNEL

USING ONE COMPOSITE LCX

A. MIMO Channel Capacity

MIMO channel capacity named as Shannon ergodic channel
generally shows a fundamental property and limitation of MIMO
system [27]. Its value depends on the level of antenna element

correlation and channel statistical properties. Usually, two kinds
of channel capacity provide fundamental understanding for
MIMO channel. The first one usually assumes that the channel
status information H cannot be obtained at transmitter side. In
such assumption, the MIMO capacity is optimal when the total
transmitted power is equally allocated to each stream. For the
other one, if CSI is known at both sides, the optimal capacity can
be achieved using a water-filling (WF) based power allocation
algorithm [28].

Let us assume that H is only known at receiver side. As
an analysis result, the MIMO capacity using equal power (EP)
allocation can achieve optimal value which is represented as

CEP = EH

[
log2

(
det

[
I+

ζ

M
HHH

])]
. (2)

Here we use the superscript H to represent the Hermitian trans-
pose. ζ and M are the average signal-to-noise ratio (SNR) at
receiver and the antenna number at transmitter, respectively. I
is represented as an identity matrix.

If the CSI H is available at both transmitter and receiver, the
maximum MIMO capacity using WF power allocation can be
calculated as

CWF = EH

[ M∑
i=1

log2(1 + λiPi)

]
. (3)
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Fig. 5. Experiment configuration (LCX used for 5 GHz band as example).

Here λi is the corresponding eigenvalue of CSI matrix. The value
Pi is the power allocated for the ith MIMO eigenchannel as

Pi =

(
μ− 1

λi

)+

, (4)

where value μ is water-fill level and x+ is the result of max(x,
0). After iteratively filling each eigenchannel with power to the
same level μ, the capacity of MIMO channel can be represented
as

CWF = EH

[ M∑
i=1

(log2(λiμ))
+

]
. (5)

It is pointed put that the capacity definition here is normalized
by bandwidth.

Generally, the MIMO capacity using EP allocation algorithm
is smaller than that of using WF scheme. WF method is usually
regarded as the optimal and upper bound of MIMO channel
capacity. However, WF algorithm requires accurate CSI H at
both sides. For transmitter side, this requirement needs large
uplink resource for the CSI feedback especially when antenna
number at both sides is large. This seems to be impractical for
many communication systems. In addition, WF algorithm has
higher computational complexity than that of EP scheme.

B. The Measurement Configuration of 4-by-4
LCX-MIMO System

For the capacity evaluation of the proposed LCX-MIMO
channel, we firstly utilized a multi-ports vector network analyzer
(VNA) in an anechoic chamber to measure the channel matrices
between the composite LCXs (transmitter) and monopole an-
tennas (receiver) at 2.4 GHz and 5 GHz bands. Fig. 5 shows the
configuration of the experiment for 5 GHz band which is almost
same to that of 2.4 GHz band. The directions along the LCX
composite cable and from the composite cable to the receiver
side are represented by X axis and Y axis, respectively. We also
define the origin point as the center of the composite cable. The
conventional monopole antennas are employed for all receiving
antennas. The distance between the two adjacent monopole
antennas was set as 6 cm, which is length of half and one
wavelength for 2.4 GHz and 5 GHz bands, respectively. Given

TABLE I
SPECIFICATIONS OF LCXS (2.4 GHZ BAND)

TABLE II
SPECIFICATIONS OF LCXS (5 GHZ BAND)

the assumption of symmetric characteristics, we can reduce the
measurement area of the entire linear-cell area to a quarter. The
measurement positions are equal spacing of 25.4 mm along X
axis and divided into Area A (200 positions) or Area B (40
positions) according to that the value of X axis is among [0 m,
5 m] or [5 m, 6 m]. The Y axis value is constant as 0.5 m.

For LCXs used for 2.4 GHz band, V-type LCX (Up, port: 3,
4 in Fig. 5) and M-type LCX (Down, port: 1,2 in Fig. 5) are com-
bined into one composite cable with the spacing set as 3 cm. The
specifications of the selected LCXs are listed in Table I and their
radiation characteristics are shown in Fig. 4(a) for V-type and in
Fig. 4(b) for M-type. Antenna gain of conventional monopole
type is 1 dBi. Measurement bandwidth is set as 500 MHz with
the carrier frequency as 2.452 GHz, and frequency spacing is
set as 1.25 MHz with 401 samples for 500 MHz bandwidth.

For LCXs used for 5 GHz band, we choose two V-type
LCXs as LCX-5D-5V-55 and LCX-5D-5V-18 for combining
a composite cable as shown in Fig. 5. The intersection angles
|2θ−1| between peak directivity of input signal can be 36 Deg.
(θ−1 = −18 Deg.) and 110 Deg. (θ−1 = −55 Deg.), respec-
tively. The specifications of two selected LCXs are listed in
Table II and their radiation characteristics are shown in Fig. 4(d)
for the type of LCX-5D-5V-18 and in Fig. 4(h) for type of
LCX-5D-5V-55, respectively. The spacing between them is set
as 2 cm and 3 cm for evaluating the influence on the distance of
two LCXs. Measurement bandwidth is set as 600 MHz with the
carrier frequency as 5.45 GHz. The frequency spacing is also
set as 1.25 MHz with 481 samples for the 600 MHz bandwidth
at each measurement position.

C. The Capacity of the Proposed LCX-MIMO Channel

The capacity is calculated using the channel matrices mea-
sured in an anechoic chamber. We calculate the average ergodic
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Fig. 6. The capacity of LCX-MIMO channel over 2.4 GHz band. (a) Positions
in area A. (b) Positions in area B.

capacity using all frequency samples for each SNR value and
for each measurement position.

For the capacity results over 2.4 GHz band, we compared
the capacity of the proposed LCX-MIMO channel with that of
using monopole antennas at both sides. In addition, the 4-by-4
i.i.d. channel was also provided for their capacity comparison.
Usually, an i.i.d. channel is regarded as that each antenna has
enough spacing and no correlation with others. Fig. 6 shows their
comparison results using EP and WF power allocation methods.
As explained in previous subsection, the capacity of using the
WF method has the larger value than that of using EP method,
especially when the value of SNR is over a low range. Compared
with the MIMO channel using monopole antennas at both sides,
both power allocation methods largely improve the capacity of
the proposed one. For that using EP, regardless of the positions
in area A and area B, the proposed LCX-MIMO system can
improve about 15%- 20% capacity than that of conventional
MIMO system when SNR value is among [20 dB, 30dB]. In
addition, the capacity improvement can be found on the low SNR
range from Fig. 6 if using LCX. Because the measurement was
operated in an anechoic chamber where only line of sight (LOS)
path exists, it should be expected that for real environment where
exists many reflection paths, both channel conditions would be

Fig. 7. The capacity of LCX-MIMO channel over 5 GHz band. (a) Positions
in area A. (b) Positions in area B.

improved. Since the distance between transmitter and receiver
is small, over linear-cell environments, LCX-MIMO system
has better transmission condition than that of using monopole
antennas at both sides. On the other hand, when positions are out
of area A to area B, capacity are highly decreased which reflects
the limited wireless coverage of LCX-MIMO for linear-cell
environment.

For the capacity results over 5 GHz band, we compared the
channel capacity of the 4-by-4 LCX-MIMO system using two
LCXs with the spacing as 2 cm and 3 cm, respectively. In
addition, the channel of 4-by-4 i.i.d. was also provided for their
capacity comparison. Their capacities are shown in Fig. 7. The
results show that the proposed one has larger capacity than that
of over 2.4 GHz frequency band. For measurement positions
in area A, LCX-MIMO channel using EP and WF allocation
schemes has the comparable capacity to that of i.i.d. channel.
It means that using a simple and low-complexity EP allocation
without the requirement of CSI feedback, the proposed 4-by-4
LCX-MIMO channel can achieve a large capacity. The results in
Fig. 7 also show that the capacity of the proposed LCX-MIMO
with the spacing between LCXs as 2 cm is almost same to that of
as 3 cm. This result confirms that the finer composite cable can
be made for usage. Finally, different with that of over 2.4 GHz
band, the capacity difference when user is in area A and area B is
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Fig. 8. The proposed power allocation method with positional information.

large. This requires to find methods for the improvement of the
channel condition when user is in the edge of wireless coverage
area from LCX.

IV. LCX-MIMO CAPACITY USING USER

POSITION INFORMATION

A. The Proposed LCX-MIMO Using User
Position Information

Compared with other type of antennas, LCX system can easily
detect the users position, and such research has been conducted
for many years. The localization detection using LCX with many
methods such as pulse compression technique and TOA have
been proposed [17]–[23]. For our proposed LCX-MIMO system,
using the TOA difference between the radio signal arrived at
two sides of LCX [24], the user localization can achieve good
accuracy for applications. On the other hand, compared with
wireless transmission over air, LCX has a fixed power loss when
signal is transmitted over the cable. These properties can be used
to design a simple power allocation method using positional
information (PI) to improve system capacity.

We use Fig. 8 to show the proposed allocation method with
PI. To compare the channel capacity using different power
allocation methods, we consider two use cases: single-user
case and multi-user case in this paper. The single-user case
assumes that only one user (U5) with four antennas utilizes
4-by-4 LCX-MIMO channel for wireless communication. The
multi-user case assumes that there are four users (U1 to U4) with
one antenna simultaneously access the LCX-MIMO channel.

The major idea is trying to make the power at receiver be
identical using the known constant cable loss. Let us suppose
that the i-th user position is (xi, yi) and the position information
xi is known. The length of LCX is L meter. For single-user
case, the proposed power allocation method with PI for 4-by-4
LCX-MIMO channel can be simplified as

i=4∑
i=1

Pi = P, (6)

P1 = P3, P2 = P4, (7)

P1

L/2 + xi
=

P2

L/2 − xi
. (8)

For the multi-user case, the proposed method firstly calculates
the x-axis distance between users to both sides of LCXs using
their positional information xi. Then the transmitted sides of

Fig. 9. The mechanism of the proposed PI power allocation method.

LCX are adjusted to minimize the distance along x-axis between
the transmission side of LCX and the user. For example, as
shown in Fig. 8, the two transmission ports (1 and 3) of the
left side of LCXs will be adjusted for user #3 and user #2, and
two ports of the right side of LCXs are used for user #1 and
user #4. Let us suppose that users i and j, k and m utilize the
port 1 and 3 of the left side, the port 2 and 4 of the right side of
LCXs, respectively. Then the proposed power allocation with PI
for multi-user case can be simplified as

i=4∑
i=1

Pi = P, (9)

P1

L/2 + xi
=

P3

L/2 + xj

=
P2

L/2 − xk
=

P4

L/2 − xm
. (10)

From the Eqs. (6) to (10), we can find that the computational
complexity (CC) of the proposed method is almost the same to
that of EP allocation method. In addition, compared with WF
allocation method, the proposed scheme does not require the
CSI feedback for power allocation.

We use Fig. 9 to show the reason that our proposed method has
larger capacity than that of EP allocation method over low SNR
range. Here, similar to Eq. (3), we assume a 2-by-2 LCX-MIMO
channel H with λ1 and λ2 as the corresponding eigenvalue and
λ1 > λ2. When user is moving near to one side of LCX, the
power of channel from other side of LCX is weak and makes the
difference between λ1 and λ2 larger. The proposed PI method,
in essence, is trying to reduce the value of λ1 and increase the
value of λ2 by adjusting the transmit power from both sides.

To simplify the analysis, the total power and noise power are
unit andN , respectively. Therefore, the capacity of EP allocation
method can be represented as

CEP = log(1 + λ1/2N) + log(1 + λ2/2N). (11)

We also assume k (k > 0.5) power is allocated to λ2 and (1 − k)
to λ1, respectively. Therefore the capacity of proposed method
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Fig. 10. The measurement area for the comparison of power allocation
methods.

Fig. 11. The capacity comparison for LCX-MIMO channel (single-user case).
(a) 2.4 GHz band. (b) 5 GHz band.

can be represented as

CPI = log(1 + (1 − k)λ1/N) + log(1 + kλ2/N). (12)

When k = 0.5, both methods have the same capacity.
We firstly assume the SNR value is small. As shown in Fig. 9,

the capacity of EP method CEP is C1 + C4. The proposed
method increases the EP capacity C1 to C2 but reduces C4

to C3. Due to the property of logarithm function, for small
SNR value, the capacity increment (C2 − C1) is larger than the
capacity decrement (C4 − C3). Therefore, the proposed method
can achieve better capacity than that of EP method. However,
when SNR value is large, the PI allocation increases the capacity

Fig. 12. The capacity comparison for LCX-MIMO channel (multi-user case).
(a) 2.4 GHz band. (b) 5 GHz band.

from C5 to C6 but reduces the capacity from C8 to C7 which
makes the total capacity smaller than that of EP method.

B. The Capacity of LCX-MIMO Using User
Position Information

Before the comparison of power allocation methods, we show
the measurement area in Fig. 10. The experiment configuration
is the same to that of Fig. 5. We also measure the 4-by-4
LCX-MIMO channel data when the Y-axis are 0.5 m, 1 m,
1.5 m, 2 m and 2.5 m, respectively. The spacing between adjacent
measurement points for each fixed Y-aixs, frequency band and
its resolution are totally same to the previous section. Therefore,
we can obtain the channel data from a linear-cell environment as
shown in Fig. 10. For single-user case, the channel data of one
randomly selected measurement position is utilized for capacity
calculation. For multi-user case, the channel data is decided by
four randomly selected measurement points.

Fig. 11 and Fig. 12 show the capacity of LCX-MIMO channel
using different power allocation methods over 2.4 GHz and
5 GHz frequency bands for single-user case and multi-user case,
respectively. For comparison, we also provided the capacity
results of 2-by-2 LCX-MIMO channel using the V-type LCX
for 2.4 GHz band and the V-type marked as LCX-5D-5V-18 for
5 GHz band. As shown in both figures, over both 2.4 GHz band
and 5 GHz frequency band, the proposed PI power allocation
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Fig. 13. The capacity results of LCX-MIMO channel over 2.4 GHz band.
(a) Single-user case. (b) Multi-user case.

method has larger capacity than that of EP method when SNR
value is smaller than a threshold. This threshold is different for
different number of LCXs and user cases. For the 2-by-2 LCX-
MIMO channel over both 2.4 GHz and 5 GHz frequency bands,
the threshold value is 8 dB for single-user case, and the value is
increased to 16 dB for multi-user case. For 4-by-4 LCX-MIMO
channel, the threshold value is 19 dB for single-user case and
23 dB for multi-user case. The reason has been explained in
previous subsection. When the number of LCXs is increased, the
average transmitted power of all ports is reduced which causes
a small SNR value. Therefore, the threshold will be increased
for large number of LCXs.

Fig. 13 and Fig. 14 show the cumulative distribution func-
tion (CDF) of the 4-by-4 LCX-MIMO channel capacity using
different power allocation methods over 2.4 GHz and 5 GHz
frequency bands for single-user case and multi-user case, re-
spectively. Here we fixed the SNR values as 6 dB, 10 dB and
14 dB. For single-user case, the smaller SNR value is, the larger
capacity increment is achieved. For multi-user case, however,
the increment for different SNR seems to be the identical. The
reason is perhaps due to that the users are randomly selected
which makes the distribution of channel elements to be highly
similar.

Fig. 14. The capacity results of LCX-MIMO channel over 5 GHz band.
(a) Single-user case. (b) Multi-user case.

V. CONCLUSION

This paper has proposed a simple 4-by-4 MIMO channel using
one composite cable combined with two LCXs. The capacity
performance showed that, in an anechoic chamber, the proposed
4-by-4 LCX-MIMO system has the larger capacity than that
using conventional monopole antennas. The proposed MIMO
channel has good condition even though the spacing between
two V-type LCXs of the composite cable is small to 2 cm
over 5 GHz frequency band. In addition, we also proposed
a low-complexity power allocation using the user’s position
information for the LCX-MIMO system. The proposed method
can largely improve its capacity with a low computational com-
plexity and without the requirement of the CSI feedback.
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