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Abstract— The advantages of adopting circular polarization in
Multiple-Input-Multiple-Output (MIMO) systems are illustrated
for both line-of-sight (LOS) and multipath propagation. More in
detail, an analysis of the MIMO performance attainable by
employing orthogonal circularly polarized (CP) radiators with
respect to orthogonal linearly polarized (LP) ones, has been
addressed. At first, an accurate analysis is presented aimed at the
evaluation of the channel matrix by comprehensively including
also the effects of the antenna in LOS condition. In particular, the
channel matrix has been calculated as a function of the antenna
parameters and orientation, demonstrating that CP radiators are
capable of obtaining better average values of the matrix
eigenvalues with respect to LP ones. The analysis is therefore
completed by evaluating the characteristics of a CP MIMO system
operating in indoor environment representing this latter a more
challenging condition where multipath propagation occurs. In this
latter case, some meaningful numerical experiments have been
performed by using a reliable ray-tracing solver, followed by a
measurements campaign conducted in a real environment for
validation purposes. Measurements, which are in good agreement
with simulations, confirm the benefits of adopting circular
polarization in MIMO systems with respect to linear polarization.

Index Terms—circular polarization (CP), Multiple input
multiple output (MIMO), indoor propagation, polarization
diversity, wireless local area network (WLAN) antenna.

1. INTRODUCTION

he overwhelming growth of wireless communication

systems as well as the increasing number of users have
fostered the use of multiple antennas systems to cope with the
imposed requirements and desired performance [1]. Indeed, a
Multiple-Input-Multiple-Output  (MIMO)  system  allows
improving the spectral efficiency and guarantees, at the same
time, a higher level of reliability of the overall radio
communication link. Although MIMO employs multiple
antennas, both at the receiver and the transmitter side, it does not
require additional transmitted power or bandwidth with respect
to a single-input-single-output (SISO) solution [2], [3]. In a
MIMO system, the mitigation of multipath fading and
minimization of antenna correlation coefficient are important
tasks that have to be accomplished. The former goal has been
pursued by polarization diversity [4]. For example, the use of
single-band single-polarization scheme [5] or a dual-band dual-
polarization one [6] have been applied within the ISM band. A
cavity-backed linearly polarized wideband slot array has been
adopted in [7] whereas an F- shaped linearly-polarized microstrip
slot for quad-band operation is described in [8]. Dual polarized

radiators for ultra wideband MIMO have been illustrated in [9]
as well as in [10], where one radiator is designed for circular
polarization and the other one operates in linear polarization. In
[11], two co-located spiral dipoles, the former radiating a left-
hand circular polarization (LHCP) and the latter a right-hand
circular polarization (RHCP), provide good isolation even if
other MIMO metrics have not been specified. On the other hand,
a low coupling and correlation among MIMO elements is
required to have good reliability and spectral efficiency and this
is generally obtained with spatial diversity by placing at least half
wavelength apart the antenna elements as well as by employing
some isolation techniques [12]-[17].

It is interesting to notice that polarization diversity is often
implemented by a dual-polarized antenna by exploiting linear
polarizations [18]-{20]. However, compared to LP antennas, CP
radiators exhibit several important advantages in terms of signal
propagation. For instance, CP antennas are very effective in
combating the multipath interferences and they are robust to
polarization mismatch [21], [22]. For these reasons, the strength
of the received signal is somewhat constant regardless of the CP
antennas orientation. This characteristic is very useful for mobile
communications where the receiving antenna continuously
changes its position with respect to the transmitter.

Based on these considerations, CP antennas have been
investigated as potential candidates for MIMO applications in
order to improve the performances in terms of diversity gain
(DG) or channel capacity (C). Indeed, although some CP MIMO
antenna has been proposed [11], [23]-[25], the actual
performances improvement provided by CP antennas in MIMO
systems has not yet been demonstrated.

In our opinion, the use of orthogonal CP antennas in MIMO
systems has not yet been carefully investigated and compared to
MIMO systems adopting LP radiators. Therefore, an extensive
study of the orthogonal CP MIMO system in both line of sight
(LOS) condition and indoor multipath propagation is carried out
in this paper. In particular, the advantages of adopting CP
radiators in a MIMO system compared to LP ones will be
illustrated at first by evaluating the channel matrix in LOS
condition. It is important to highlight that the effect of the
transmitting and receiving antennas is included in the channel
matrix evaluation [26]. Moreover, the effect of the antenna
pattern has been taken into account as well. A comparison in
terms of eigenvalues (/) of the channel matrix, the MIMO
channel power gain and the channel capacity has been carried out
in order to prove the advantages of exploiting the CP radiator
rather than LP ones. Afterwards, the analysis of the received
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power (P,) for indoor propagation will be assessed by
employing an in-house code based on ray-tracing (RT)
technique [27] in order to take into account the multipath effect.
In addition, the channel capacity has been also evaluated by
using the Kroneker model and by performing measurements in
a real indoor environment. To this purpose, some prototypes of
MIMO antennas with two radiating elements have been
designed and fabricated in microstrip technology.

The paper is organized as follows. The comparison between
a MIMO system employing CP radiators and LP ones in LOS
condition (accounting only for the direct ray) is presented in
Section II by evaluating the eigenvalues, the MIMO channel
power gain and the channel capacity. The following Section III
analyses the received power within an indoor environment by a
CP MIMO system with respect to a LP MIMO one. The
comparison between the simulated and the measured channel
capacity is addressed in Section IV. Conclusions are
summarized in Section V.

II. LOS PROPAGATION CASE WITH CP AND LP MIMO
ANTENNAS

In this Section, the benefits of using orthogonal CP radiators
with respect to orthogonal LP ones is addressed for MIMO
systems in LOS condition as a function of a three dimensional
rotation. More in detail, the link between the transmitted and
the received MIMO antenna is achieved by means of a single
ray without taking into account the multipath phenomena. As it
will be proved, the slower decrease of the depolarization factor
provided by the CP radiators with respect the LP ones determines
the better performance of CP antenna in a MIMO system. In fact,
the ability of the CP radiators to provide a good link
independently from the reciprocal position of equal-polarized
elements, and the intrinsic isolation between radiators with
different polarization, is at the basis of the difference between CP
and LP. Moreover, the role of the Axial Ratio (4R) value in the
depolarization factor trend will be also addressed.

In order to compare the MIMO performance, the LOS
channel matrix (Hzos) has been evaluated by using the scalar
product (&) given by:

$=E-h, )
where E' represents the incident electric field over the antenna
element and A, the received antenna effective height. By
adopting this definition, the antennas are included in the
channel model [26]. In Fig. la, a typical scenario where two
MIMO antennas are in LOS condition is illustrated.

®) @
Fig. 1. (@) LOS environment with two MIMO antennas and their reference
systems, rotation angle that the MIMO antenna can undergo: (b) angle £, (c)
angle  and (d) angle .

Fig. 2. (@) CP and () LP MIMO antennas with orthogonal polarization. (c)
Reference systems of two collocated orthogonal LP radiators after «, S,
rotation.

In order to define the rotation of each MIMO antenna, two sets
of global axes are defined, namely (u, v, w) and (u", v", w"). Next,
an antenna local reference system is set with axis (x, y, z) and (x”,
¥y, z"), respectively. These systems allow defining the
correspondent three rotation angles (¢, £, ) and (o, £7,7") useful
to transform the antenna local reference system (x, y, z) to the
global fixed axes (u, v, w). For each rotation angle it is possible
calculate a rotation matrix and the overall rotation matrix is
obtained by multiplying together the individual matrices [28].
These three rotation angles are better explained in Fig. 1b-c-d.
More in detail, fand f" represent the rotation angle around u
and u " (Fig. 1a), the rotation angle around v’ and v’ * is defined
as yand ¥ (Fig. 1b) whereas azand o express the rotation angle
around z and z* (Fig. 1¢).

Moreover, the angles (6,¢) and (&,4") are defined between
the antenna normal (z axis) and the line of sight direction (white
arrow).

The considered CP and LP MIMO antennas can be of any
technology (patch, slot), but they must exhibit orthogonal
polarizations as shown in Fig. 2a-b, respectively. The
comparison between the CP and LP radiators in MIMO system
has been performed by keeping constant the dimension of the
channel matrix (H), hence the number of the antenna elements.
In particular, the performance enhancement of MIMO systems
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employing CP radiators has been demonstrated only for two
orthogonal radiators. Specifically, the channel matrix in LOS
environment (Hros) has been evaluated with a rigorous
mathematical approach whereas, in the multipath propagation
scenario, the MIMO performance comparison have been
carried out by both numerical simulations and measurements
campaign. However, it seems reasonable to assert that an
improvement can be also expected in case of more than two
radiators by adopting orthogonally CP radiators instead of
orthogonally LP ones. Nevertheless, if the elements are very
close, such as in portable devices, the correlation between the
radiators with the same polarization degrades the MIMO
performance for both the orthogonally CP and LP MIMO
system. For this reason, regarding LP radiators, a True
Polarization Diversity (TPD) technique has been proposed to
reduce the MIMO performance degradation when the radiators
separation is very small (separation lower than 0.07A) [29].
However, with the increasing of the radiators spacing, the
benefit provided by TPD vanish, and the performance converge
to that of the orthogonally LP MIMO system.

The effects of using CP radiators in MIMO systems with
more than two radiators and with a very small elements
separation needs further investigation. Additional analysis is
also required to reduce the coupling between the radiators with
the same polarization, and therefore reduce the MIMO
performance degradation due to the high correlation.

A. LP Radiators

In order to evaluate the LP MIMO performance as a
function of a three dimensional rotation angle of the MIMO
antennas, three main rotation angles have been defined (Fig. 1),
namely (a, f,) for the transmitter (Tx) and (&, £, 7") for the
receiver (Ry). In order to take into account the effect of the
radiation pattern, the LP radiators effective height is set equal
to that of a half wave dipole:

cos(;[cos((ok))

sin(¢,)

where ¢, represents the angle between the dipole axis and the
considered direction of radiation (w axis). By summarizing, the
rotation angles (¢, f, ) that the MIMO antenna can undergo
and the ¢, angles useful to evaluate the radiators effective
height can be better understood through the Fig. 2¢ where two
orthogonal dipoles located along x and y axes are illustrated.

hLP, (p)= k=12 )

()
Fig. 3. MIMO antenna rotation angles; (a) « angle, (b) fangle (¢) y angle.

At the beginning, the channel matrix in LOS for the LP
MIMO antenna has been evaluated by considering only one
rotation angle. Assuming that the Tx-Ry MIMO antenna
separation is sufficiently large, the two radiators of each MIMO
antenna are considered co-located. For each rotation, the
correspondent channel matrix is equal to:
cos|la+a sin(a+«a
o [emlaea) snlea) ]
(@) sin(a+a*) —cos(a+a*)

1 0

H(U’) — ” (4)

4 | o —Mz[g—ﬂjhﬁf(%—ﬂ*]cos(ﬂ-ﬂ*)

hLP [——)/thP [——7/ jcos y+7°) 0
0 -1

where hLPy (+) and hLPy (*) (k= 1, 2) represent the effective height
calculated by considering the angle between the dipole axis and the
LOS direction for the transmitter and the receiver MIMO antenna
respectively. By observing (3), it can be noticed that the LP MIMO
system does not undergo a decrease of the MIMO performance in
case of @ and o rotation around wand w" axes, since H H" is equal
to identity matrix (/). On the other hand, the other rotation angles
do not determine the same results and then the performance will be
obviously different.

By combining the channel matrixes obtained by only one
rotation angle (3) - (5) and by using the overall rotation matrix
[28], the entry of the total channel matrix for an arbitrary three-
dimensional rotation can be evaluated for the LOS case. In
particular, by assuming that the receiving MIMO antenna does not

present any rotation (& *= f *= y*= 0°), the entry of the total LOS
channel matrix (H;os) is given by:
hﬂws =hLP, (¢, )cos(y)cos(a) (6)
h121m =hLP,(¢,)[ sin(B)sin(y)cos(a)+cos(B)sin(a)] (7)
thLos =hLP, (p,)cos(y)sin(a) (8)

W = hLP, (

22105

?,) [sin (8) cos(a)] )

From equations (6)-(9) it can be inferred that the channel matrix
of the LP MIMO system strongly depends on the antennas
reciprocal orientation as conﬁrmed by the significant variation

sin(y)sin(a)—cos(/)

of the channel gain h

LOS
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B. CP Radiators

By employing CP radiators in the MIMO antenna system,
the entry of the channel matrix Hros has been characterized by
using the AR of the radiators as well as their radiation patterns.
In particular, to obtain a CP field, two orthogonal LP radiators
with a phase difference of 90° has been taken into account. For
a CP radiator the effective height is set equal to:

1 (10)

Mk(9=¢=¢k):mh

LP, (p,)(iy + jAR(0.9)i;) k=12

where AR(6,¢) represents the axial-ratio of the transmitter. For the
receiver elements, the AR is identified with AR(&",¢"). The angles
(6,¢) and (6,¢") depend from the antenna rotation angles
o,fBy and o, ", y* and represent the direction of the departing and
incoming wave, respectively. Moreover, it is possible to notice that
the transmitted power is the same as in the LP case, in order to
have a fair comparison. By using (1) and assuming that the
receiving MIMO antenna does not present any rotation
(a*= p*= y*=0°), the elements of the total channel matrix in
case of CP radiators, are equal to:

K AP () 1+ AR(0.¢) AR(0.47) (11)
105 \/1+ARZ(9,¢)\/1+ARZ(O,¢*)
K = AP () 1-AR(0.4) AR(0.¢") (12)
12005 — CELI\P \/1+ARZ(6’,¢)\/1+ARZ(O,¢*)

o 1-4R(0.4) AR(0.¢") (13)
(") = pLp, (g,
hz Los T ((P )[\/1+AR2(9,¢)\/1+ARZ(O)qﬁ*)
KD i, () 1+ AR(6.¢) AR(0.4") (14)
2205 2 \F2 \/1+ARZ(¢9,¢)\/1+AR2(O,¢*)

C. LP and CP Radiators in MIMO Antenna System

By considering the equations (6)-(9) for LP radiators and the
equations (11)-(14) for the CP ones, it can be proved that, by
neglecting the effect of the radiation pattern, the entries of the
channel matrix for a CP MIMO system depend only on the AR
and not from the antennas reciprocal orientation. On the contrary,
the performance of the LP MIMO system relies on the antennas
positioning since the entries of the channel matrix depend on the
orientation of the transmitter and receiver MIMO antenna.
Moreover, by employing CP antennas, the level of the received
power by each radiators is the same, which is proportional to

2 . .
‘ A . On the contrary, the MIMO antenna orientation

ii'Los

can generate an unbalance of the received power between the LP

REP)  This unbalance
22110s"

may negatively affect the diversity gain [30], [31] and the
channel capacity [32]. For this reason, the use of CP radiators in
MIMO systems allows achieving a higher DG, thus a better
reliability, and a better robustness with respect to the antenna
orientation than the ones offered by LP antennas.

In order to compare the performances between MIMO
systems employing CP or LP radiators, an 4R model has been
introduced as a function of the (6,¢) angles. In particular, the

elements since h( P) is different from

117108

considered 4R model is a function of € angle. This model
considers an ARs;z= 0% K where 6 is within (- 90°;90°),

= A*/3. Moreover, A expresses the angle (in degrees) within
ARgp < 3dB. For example, the AR model illustrated in Fig. 4a is
obtained by setting 4 =50 degrees where the white line shows
the curve for AR =3 dB. Moreover, in Fig. 4b is illustrated the
same AR model expressed in (f,7) angles. In Fig. 5, the AR model
as a function of the 4 parameter is reported with respect to theta

angle.
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Fig. 4. AR model of the radiators for CP MIMO antenna (a) expressed in (6,¢)
angles and () (f3,y) angles.
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Fig. 5. AR model of the radiators for CP MIMO antenna for different value
of 4 parameter as a function of the theta angle.

In order to compare the MIMO performance of the LP and
CP radiators, the SVD (singular values decomposition) of the
related channel matrix Hios has been used for calculating the
eigenvalues (4;) of the matrix Hios H ros. Indeed, given the
MIMO channel matrix, the MIMO system can offer K parallel
SISO sub-channels with different gain where it is possible to
send different streams of data [33], [34]. More in detail,
K = rank(HH*) < min(n,n,) represents the degree of freedom
of the MIMO system whereas the eigenvalues (4;) represent the
power gain of each K-th sub-channel. At this point, two
scenarios are possible: absence of knowledge of the channel
state information (CSI) at the transmitter, and knowledge of the
CSI at the transmitter. In the former case, because of the
absence of the CSI, the total transmitter power will be equally
split to each K- th sub-channel. In the latter, with the knowledge
of the CSI at the transmitter, it is possible to obtain an optimum
power allocation for each K-th sub-channel (water filling
technique) according to the related eigenvalues (4;) in order to
optimize the spectral efficiency.



>>]EEE TRANSACTION ON ANTENNAS AND PROPAGATION < < 5

1 1 2
0.3 038
™15
06 __ Y
g
E ‘ 7 1
04 = L 04 %
0.5
0.2 0.2
80 60 40 20 0 20 40 60 80 © 80 60 40 20 0 20 40 60 80  ° 80 60 -40 20 0 20 40 60 80
t (deg) v (deg) v (deg)
(@) (c)
1 1 2
80
0.8 0s o
4.()h N 1.5
06 - 106 __ 20
[=2 o
s g 0 1
0.4 <. “lo4 S
408 | Hlos
0.2 02 g
80
80 -60 40 20 0 20 40 60 80 ° 80 60 40 20 0 20 40 60 80 ° 80 60 40 20 0 20 40 60 80 °
7 (deg) 7 (deg) ¥ (deg)
(d) 7]

Fig. 6. (a) Eigenvalue A, , (b) eigenvalue A2and (¢) MIMO channel power gain of the LP MIMO system; (d) eigenvalue A;, (e) eigenvalue A2and (f) MIMO

channel power gain of the CP MIMO system with 4=50°.

However, even if the water filling scheme provides the
highest channel capacity, the difference with respect to the
uniform power allocation (no CSI at the transmitter) is very
small when the radiators of the MIMO antennas are sufficiently
uncorrelated [34]. However, the CSI is not usually available at
the transmitter [33], [35] and the knowledge of the CSI requires
the transmission and the reception of pilot symbols through a
reverse channel that is time consuming. This is even more
critical when the channel changes quickly with a small
coherence time [36], such as in the case of a mobile terminal.
Therefore, the overhead for the reverse can be prohibitive [33].
Moreover, the knowledge of the CSI does not modify the
eigenvalues (A;) but allows obtaining an optimal power
allocation to enhance the spectral efficiency, as mentioned
above.

In Fig. 6 the eigenvalues A; and A, and the MIMO channel
power gain, defined as the sum of the square of eigenvalues, are
reported as a function of the rotation (f, ) of one MIMO
antenna. The evaluation for the CP case has been obtained by
using the previously introduced 4R model with 4 = 50 degrees
(Fig. 4). By comparing the obtained eigenvalues (Fig. 6 a-b-d-
e) it can be concluded that the CP and LP radiators enable to
achieve the same maximum performance when the MIMO
antennas are perfectly aligned. However, when the MIMO
antennas are not perfectly aligned, the CP radiators allow
obtaining greater eigenvalues (4; and A,) than the LP ones. This

aspect can also observed by showing the MIMO channel power
gain as a function of the MIMO antenna rotation (Fig. 6 c-f).
Indeed, it is apparent that the CP radiators cover a greater area
than the LP case for a fixed value of the channel power gain. It
is therefore proved that the use of CP MIMO antennas provides
a more robust MIMO system with respect to the antenna
orientations than the one employing LP radiators.

In addition, the channel capacity (C) was evaluated as a
function of the MIMO antenna orientation by using the channel
matrix previously obtained (Fig. 7). In Fig. 7 the channel
capacity in LOS condition and with no CSI at the transmitter is
reported as a function of the rotation of one MIMO antenna for a
fixed value of the signal-to-noise ratio (SNR) equal to 20 dB.
More in detail, as previously reported, the maximum channel
capacity is obtained when the MIMO antennas are aligned and
there is no difference of channel capacity between the LP and CP
radiators usage, due to the presence of two independent sub-
channels with the same channel gain (1; = A, =1). However, if
the MIMO antennas are not perfectly aligned, which is a very
likely situation for wireless communications systems, the
channel capacity is greater for the CP case with respect to the LP
ones. This aspect is better highlighted by showing the difference
of the channel capacity between the CP and LP radiators, as it is
presented in Fig. 7c. Indeed, it is apparent that, by employing CP
antennas with 4 = 50°, the MIMO system is able to generate up
to 1.5 b/s/Hz higher channel capacity than LP MIMO antennas
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channel capacity difference between the CP and LP MIMO antenna radiators.

(when the MIMO antennas are not aligned), as a result of the
greater eigenvalues as previously shown in Fig. 6. Obviously, the
maximum of the channel capacity improvement enhance more
and more with the increasing of the angle where the 4R has a
value lower than 3 dB (4 parameter) for the CP MIMO radiators.

This improvement of the MIMO performance as a function
of the MIMO antennas orientation is due to a slower decrease of
the depolarization factor provided by the CP radiators with
respect to LP ones.

The impact of the polarization on the channel capacity has
been also evaluated from a statistical point of view. More in
detail, the cumulative distribution function (C.d.F) of the channel
capacity has been taken into account with respect to the MIMO
antenna orientation, for both LP and CP radiators (Fig. 8.). In
particular, for the CP case, different conditions are taken into
account, among which the ideal condition (AR =1) and the
worst one (AR = ). By looking at the Fig. 8, it is evident that
an ideal CP radiator (AR = 1) generates the best performance in
terms of C.d.F.

Indeed, the reduction of the capacity as a function of the
MIMO antenna rotation is only due to the decreasing of the
radiation pattern since, in this case, the depolarization factor is
always equal to 1 for each MIMO antenna orientation. On the
other hand, if the CP radiators generate a very high AR in all
directions, the MIMO system can generate only one degree of
freedom, hence the maximum achievable channel capacity is
the half. In this case, the two CP radiators behave as two co-
polar LP radiators.

In Table I, the mean value of the channel capacity and the
probability that the C>8Db/s/Hz, are reported. It can be
observed that the exploitation of circular polarization in a
MIMO system outperforms the linear one in a statistical point
of view. More in detail, the better performance of CP radiators
with respect to LP ones are highlighted by a higher mean value
and a better statistical behaviour in terms of the C.d.F. of the
channel capacity obtained in the case of ideal CP radiators
(AR=1). Obviously, the CP performance undergoes a
degradation by decreasing the 4 parameter that expresses in
degrees the angle at which 4R = 3dB.

80 60 40 -20 0 20 40 60 80
¥ (deg)

1.5

Channel Capacity {b/s/Hz)
p (deg)

Channel Capacity Improvement (b/s/Hz)

80 60 40 20 0 20 40 60 80
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()
Fig. 7. Channel capacity (C) as a function of the MIMO antenna rotation angles when the SNR = 20 dB; (@) LP radiators, (b) CP radiators with 4=50° and (c)

1 — =R
0.9 - LP .
—e— AR=1
e e AR (A=40°) b
0.7 + == AR (A=50°) 4
- AR (A=60°)
0.6 - .
o’
< 05 | |
o
04 - -
03 L -
02 | .
01 | .
1 1 1

0 b—nd—lp—log
1 3

1
0 2 6 7 8 9 10 11 12 13 14

Channel Capacity (b/s/Hz)

Fig. 8. Mean C.d.F of the channel capacity as a function of the MIMO
antenna rotation by considering CP and LP radiators.

Moreover, the maximum value and the mean value (7) of
the channel capacity improvement as a function of the A4
parameter for the CP radiators are shown in Table II. From the
same Table II, the better robustness of the CP radiates with
respect the LP one in MIMO systems are highlighted. Indeed,
with an ideal CP radiators (AR =1), the channel capacity
improvement presents a max value of 4.37 b/s/Hz and a mean
of 1.55 b/s/Hz.

By summarizing, through the Fig. 8, Table I and the
Table II, it is evident that the same LP MIMO performance can
be obtained by using CP radiators with 4 = 40 degrees. Indeed,
by employing CP MIMO radiators with 4 =40°, the MIMO
system provides a slightly lower mean channel capacity than
LP MIMO antenna, as shown in Table 1. However, the CP
radiators provide a better statistic behaviour confirmed by the
same probability to have a C > 8b/s/Hz (Table I), a zero mean
value of the channel capacity improvement and a maximum
value of the channel capacity improvement of 0.96 b/s/Hz
(Table II).

Based on this consideration, for all values of 4 greater than
40 degrees, the CP radiators enable to achieve better average
performance than LP ones.
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TABLEI
CHANNEL CAPACITY COMPARISON BETWEEN LP AND CP RADIATORS IN LOS

R I fb';:/‘;‘[‘:)' capacity | p (> g b/s/Hz)
LP 64 031
CP (4R=1) 8.9 0.7
CP (AR =) 57 0
CP (4 =40°) 6 0.3
CP (4=50°) 7.2 0.43
CP (4=60°) 82 0.53
TABLE II
MAXIMUM AND MEAN OF THE CHANNEL CAPACITY IMPROVEMENT
CP Radiators maX{C(I;:/lspﬂl:I.; \;ement} n (b/s/Hz)
CP (AR=1) 437 1.55
CP (AR =) 0.96 13
CP (4 =40°) 0.96 0
CP (4=50°) 1.23 0.58
CP (4=60°) 249 11

III. EFFECTS OF MULTIPATH PROPAGATION IN CP MIMO

To extend the previous results obtained in LOS and absence
of multipath, the performance of the MIMO system has been
tested also taking into account the multipath propagation. In
particular, the P, has been evaluated for some MIMO antennas
in an indoor scenario by using an in-house reliable numerical
solver based on ray-tracing technique [27]. To this purpose,
orthogonal CP and LP MIMO antennas have been designed and
realized in microstrip technology. It is important to underline
again that the aim of this study is not to propose a particular
MIMO antenna design, but to highlight the advantages of using
CP radiators. Therefore, the two presented configurations (one
CP and the other one LP) have the same footprint and exhibit
similar patterns and S;; bandwidth to propose a fair comparison
and to show how the better results only depends on the
employed polarization.

A. MIMO Antennas Configuration

Each one of the two considered MIMO antenna systems
comprises two microstrip patch antennas designed to operate
within the WLAN band (2.4 — 2.5 GHz). The designed CP and
LP MIMO antennas are illustrated in Fig. 9. In Fig. 9a two
square patches with truncated corners and a U-shaped slot cuts
[37] are shown and they both radiate a circular polarized
electromagnetic field. The left one (Element # 1) exhibits a
right-handed circularly-polarization (RHCP) whereas the
adjacent element (Element#2) is left-handed circularly-
polarized (LHCP). The orthogonal LP MIMO antenna
comprises two square patches printed on a grounded dielectric
slab of the same dimension (Fig. 9b). Both systems have a
compact footprint with an edge-to-edge antenna separation
equal to 10 mm (nearly 0.08 Ao at 2.45 MHz), whereas the
overall area is 72x36 mm?. Both the designed MIMO antennas
are printed on a FR4 substrate layer with thickness of 5 mm and
are aligned along the H-plane (v-axis) in order to minimize the
coupling. The simultaneous presence of both RHCP and LHCP

and two orthogonal LP antenna elements, offers the possibility
to exploiting the polarization diversity to decrease the

correlation.
72

1

L]
Element # 1

Element # 2

()
Fig. 9. Geometry of the two different MIMO antenna systems: (@) CP radiators
and (b) LP radiators.

The patch antenna are aligned along their H-plane and, in
order to obtain the lowest mutual coupling (S;2) between the
antenna elements, four different orientations of Element #2 in
the u - v plane (p angle) have been investigated for CP antenna
configuration. From Fig. 10, it can be observed that the
orientation of the Element #2 minimizing the mutual coupling
is p=0° (Fig. 9a).

The simulated AR in the upper hemisphere at 2.45 GHz is
reported in Fig. 11 for Element #1 of CP MIMO configuration.
This AR is very similar to the model proposed in Fig. 4a where
the AR model totally depends on & angles. All the antennas have
been fabricated (Fig. 12) and experimentally characterized.

0 , : ) ) .
p=0” I o p=90° T T 5,707
5 . — — S,_ (p = 900)
5 L I
-10 - +Sii (p=270°)

dB
>

2 21 22 23 24 25 2.6 2,7 2.8 2.9 3
Frequency (GHz)

Fig. 10. Mutual coupling as a function of orientation (p angle) of the Element #2
in CP MIMO configuration.
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Fig. 11. Simulated AR for CP MIMO antenna in the upper hemisphere at
2.45 GHz (Element #1).

0 50 0

Fig. 12. Top view of the fabricated (@) CP and (b) LP MIMO antenna.

Since the envelope correlation coefficient (ECC) is one of
the most important parameter in MIMO antenna configuration,
it is necessary to investigate this parameter by using CP and LP
radiators. Indeed, the ECC is a measure that describes how
much the communication channels are correlated each other
[38] and it depends on the antenna radiation pattern (RP) and
the environment. Since the antenna considered in the example
is designed for indoor WLAN application, an isotropic
communication channel has been used for evaluating the
correlation [39]. In a uniform propagation environment, the
ECC is calculated as [40]:

2

] E,(6,9)E, (6, $)dQ2

4z

ECC=—+ 5 - -
Uz @] aall[E,@.0) a0

(15)

where E, (9,¢) = E;fg + E;z; is the radiation field of the I-th
radiating element (/=1,2), and E}, E; are the field

components along #and ¢. The measured ECC behaviour with
respect to frequency for both CP and LP MIMO antenna
configuration is reported in Fig. 13. It proves that within the
WLAN band (2.4 GHz — 2.5 GHz) both MIMO configurations
present a small ECC for their polarization diversity. However,
the employment of the circular polarization allows a lower ECC
within the WLAN band.

Moreover, two MIMO antennas with an ECC value
comparable to the MIMO state of the art have been employed
in order to make a fair comparison.

0 I I I I I I

—&— LP MIMO |
= -=-e-- CP MIMO

ECC (dB)

90 \ | | | | | | |
2 21 22 23 24 25 26 27 28 29 3

Frequency (GHz)
Fig. 13. ECC comparison between CP and LP MIMO antenna.

B. Received Power (Pr)

The scenario reported in Fig. 14 has been analysed to
evaluate the received power (P,) for both CP and LP MIMO
antenna in an indoor environment. All the items within the room
(windows, doors, furniture) have been defined with the
appropriate electric properties. More in detail, the transmitter
(Tx) of the WLAN is placed 3 m above a metallic cabinet
whereas twenty receivers (Rx) are distributed inside the room
(Fig. 14a). More in detail, ten MIMO receivers are placed in
different positions, five in LOS (red marker) and five in NLOS
condition (black marker). Each MIMO antenna (4nt;)
comprises two receivers (Rx;j) where:

Ant, —(RuRy,y) i=1.,10,j=2i-1  (16)

The P, by each antenna has been evaluated for both CP and
LP radiators by considering the antenna radiation pattern and
the propagation inside the indoor environment (Fig. 145).

lm RxyqRX
Antg(Rx g Rxq 1) 137

Antyo(Rx1gRxz0} @)

t3(Rx5Rxg) @

Metallic cabinets (h=2 5m)

Office glass wall partition

Door (r=3m)

Window

Ant(Re Rx

Wooden benches (=0.7m)

(@

Anty, Ant,
(w=zv=y,w=-1) (=x,v=y,w=2)

Anty Ant,

[\

"
=L V=X, W=y
Ant; (@=mv=x v I S (u=xv=yw=g)

(u=z,v=x,w=y)

Ant,
(u=2,v=x,w=.y)

e

S Ant

=y v=x,w=1)

Ant, ~ S
(u=x,v=y,w=2) -
L

Ant,
u=x,v=y,w=z)

Ant,

W=y v=x,w=2)

z
A
®)
Fig. 14. Layout of the simulated indoor scenario: (a) top view and (b) isometric
view with the related radiation pattern direction.
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The level of the received power (P,) for each element of the
MIMO antenna, as a function of rotation angle («), can be seen
in Fig. 15 for both CP radiators as well as LP ones. The angle
a corresponds to the counterclockwise rotation angle of the
MIMO antennas around their normal axis. For example, for
Ant; the (u,v,w) axis (Fig. 9) will be respectively mapped to the
(y, -x, z) axis in correspondence of = 90°. It is apparent that
by employing a CP radiators (Fig. 15a) the P, presents lower
fluctuations with respect to the antenna orientation (& angle)
and a higher average received power both for the LOS and
NLOS case. It is therefore clear that the CP MIMO antenna
allows achieving a better coverage and reliability of the link of
the whole environment.

-20

T T T T T T T T T T T T T T T T T T
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Fig. 15. Received power (P,) for each element of (a¢) CP and (b)) LP MIMO
antenna as a function of rotation angle (o).

As already mentioned, an important parameter affecting the
performance of a MIMO system, in terms of diversity gain
(DG) and channel capacity (C), is the relative power levels of
different branches. The branch-power-ratio, defined as the ratio
between the minimum power (Pyin) and maximum power (Pax)
received by the elements, is shown in Fig. 16. It is evident that
CP antenna outperforms the LP antenna in terms of unbalance
in power level. Indeed, the 70% of CP MIMO antennas presents
a branch-power-ratio greater than -3 dB, and only one with a
higher value (i.e. — 3.5 dB). On the contrary, the branch-power-
ratio of LP MIMO antennas is much more variable and with a
minimum value of —7.34 dB. This unbalance of P, leads to

lower DG and C of the MIMO system, as it was also evident in
the LOS propagation channel matrix (H fg?) previously shown
(Fig. 6). Therefore, the benefits of adopting CP radiators in
terms of the unbalance P, is also confirmed in case of multipath

propagation condition.
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Fig. 16. Branch-Power-ratio in indoor environment by using (a) CP and (b) LP
MIMO antenna system.

IV. CHANNEL CAPACITY

Channel capacity expresses how many bits can be
transmitted by exploiting 1 Hz of bandwidth. When the
transmitter is not acquainted of the channel conditions, the
power is equally split to each transmitting antenna element and
the channel capacity can be expressed as:

C =log {det[ln 1 SNR e ﬂ
2 " np

where [,z is an ngxng identity matrix, ng and nr represent the
number of antennas used at receiver and transmitter,
respectively, SNR is the signal-to-noise at the receiver and H is
the environmental channel matrix. Generally, the entries of H
are correlated because of the characteristics of the propagation
environment and the antenna elements. In order to calculate the
channel matrix H, the Kronecker model [41] has been used due
to its simplicity and its ability to consider the effects of antenna
correlation, the total efficiency as well as propagation channel.
A propagation environment of an independent and identically
distributed (i.i.d.) Rayleigh fading channel (H,) has been
assumed to calculate the channel capacity. For this reason, the
entries of H,, matrix are i.i.d complex Gaussian values with zero
mean and unit variance. The MIMO channel matrix H, adopting
the Kronecker model, is given by:

(17)

1/2 1/2
H = Rr Hth (18)

R= AI/ZE A2
Rt:AmEAl/z

where R, and R; are the receiving and transmission matrices,
respectively. They account for the coupling among the
antennas, calculated with a uniform propagation environment,

and the total efficiency as described in [42]. More in detail, R,
and R, are a matrix whose diagonal elements are 1, and the off-

(19)
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diagonal (ij) element denotes the complex -correlation
coefficient calculated by using the radiation pattern. A is a
diagonal matrix whose i-th element (i,i) represents the total
efficiency of the i-th port (Miot).

The simulated mean channel capacity as a function of the
SNR at 2.45 GHz is reported in Fig. 17 for both CP and LP
MIMO antenna configuration.

27 T T T T
— — Uncorrelated

[ =----- LP MIMO 75

L —e— CPMIMO

- - N N
(3] (-] - »
T T
|

Mean Channel Capacity (b/s/Hz)
S
\

0 ¢ o= o ‘ ‘
-10 -5 0 5 10 15 20 25 30 35 40

SNR (dB)
Fig. 17. Comparison among the mean capacity of CP and LP MIMO antenna,

as well as an uncorrelated MIMO antenna as a function of SNR by using
Kronecker model.

The mean capacity is obtained by averaging 10 000
realization of the propagation channel H. For the sake of
comparison, it is also reported the average MIMO channel
capacity under the assumption of a Rayleigh fading channel and
ideal antennas which have zero correlation and 100% total
efficiency (R = R, = ).

It is evident from Fig. 17 that the mean channel capacity of
CP MIMO is higher than LP MIMO configuration, although it
is slightly lower than the aforementioned ideal MIMO
configuration. Moreover, the mean channel capacity as a
function of frequency for a SNR =30 dB at receiver side is
presented in Table III in the case of the WLAN band.

TABLE IIII
MEAN CHANNEL CAPACITY (b/S/HZ) WITH A SNR =30 dB
Frequency (GHz) (2x2) Uncorrelated CP MIMO LP MIMO
24 17.7 16.29 14.53
2.45 17.7 16.51 14.41
2.5 17.7 16.44 14.29

It can be observed that by exploiting the -circular
polarization and the polarization diversity it is possible to
improve the channel capacity. Indeed, CP MIMO outperforms
the LP MIMO configuration and it is also very close to the
uncorrelated MIMO system with uncorrelated antennas.

In order to further demonstrate the real advantage of using
CP antennas in WLAN applications, the mean channel capacity
has been also evaluated in an indoor environment.

An Agilent E5071C vector network analyzer has been used
to measure the S;, parameter necessary to fill the (i,j) element
of the matrix H with the other antennas terminated in 50 Q loads
[6], [33]. In order to remove the effect of path loss, the matrix
H has been normalized to obtain a unitary average power. This

normalization removes the path loss but does not eliminate the
effect of antenna correlation and coupling [7]. The channel
capacity has been evaluated in both line-of-sight (LOS) end non
line-of-sight (NLOS) links. The antennas were placed at a
distance of 2 m. To achieve the NLOS condition, a metallic
cabinet was placed between the direct path.

27 \ \ \

2% L — — Uncorrelated |
==0==CP MIMO (Kronecker Model) 7,
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Fig. 18. Measured mean channel capacity of CP MIMO antenna in indoor
environment as a function of SNR.

As it is apparent in Fig. 18, the mean channel capacity is
greater in NLOS condition because this case represents the most
uncorrelated transmission channel. Moreover, the measured
mean channel capacity in NLOS scenario confirms the results
obtained via the Kronecker model. Indeed, the mean capacity is
very close to the Rayleigh fading channel with ideal antennas
which have zero correlation and 100% total efficiency
(R-=R;=1). In particular, at SNR=30dB the capacity
exhibited by CP MIMO was 17.48 b/s/Hz, which is 98.75% of
the capacity obtained with ideal uncorrelated antennas. For this
reason, CP radiators allows getting performance very close to
the ideal case.

V. CONCLUSION

An extensive study on the employment of CP radiators in
MIMO system has been proposed in this paper. In particular,
the advantages with respect to LP MIMO antennas have been
investigated both for the LOS case with only the direct ray as
well as for multipath indoor propagation. The channel matrix
(Hros) has been calculated for LOS condition as a function of
the antenna parameters and orientation in order to compare the
system performance in terms of the eigenvalues and channel
capacity. The results of this analysis have proved that CP
radiators are capable of obtaining greater eigenvalues, as a
function of the MIMO antenna orientation, than LP ones. For
this reason, the achievable channel capacity of the CP radiators
outperforms the LP ones when the MIMO antennas are not
perfectly aligned. Moreover, CP MIMO allows obtaining better
performance from a statistical point of view in case which the
3 dB AR angle assumes values greater than 40 degrees.

To take into account the effect of multipath propagation, the
MIMO system performance in an indoor environment have
been evaluated by using a numerical solver as well as with
measurements. The level of the received power and the
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comparison between the simulated and the measured channel
capacity confirm the better performance and reliability of CP
antennas with respect to the LP ones. Circularly-polarized
antennas can be therefore considered an interesting candidate to
be adopted in MIMO systems.

The performance enhancement of MIMO systems
employing orthogonally CP radiators has been demonstrated for
two orthogonal radiators. For this reason, the capability of
orthogonally CP radiators in MIMO antenna with more than
two radiators, such as massive MIMO system, needs additional
studies and extensive investigations, especially in case of small
radiators separation where the correlation between the elements
with the same polarization can reach high values and so reduce
the overall MIMO performance. A detailed study on this
interesting subject is currently ongoing and we plan to provide
a detailed analysis, as well as numerical and experimental
results in a future work.
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