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SUMMARY  One of the procedures for increasing the number of multi-
input and multi-output (MIMO) branches without increasing the computa-
tional cost for MIMO detection or multiplexing is to exploit parallel trans-
missions by using polarization multiplexing. In this paper the effective-
ness of using polarization multiplexing is confirmed under the existence
of polarization rotation, which is inevitably present in short-range multi-
input and multi-output (SR-MIMO) channels with planar array antennas. It
is confirmed that 8 X 8 SR-MIMO transmission system with polarization
multiplexing has 60 bit/s/Hz of channel capacity. This paper also shows a
model for theoretical cross polarization discrimination (XPD) degradation,
which is useful to calculate XPD degradations on diagonal paths.
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nas, decoding

1. Introduction

The use of a short-range multi-input and multi-output (SR-
MIMO) transmission between directly facing array anten-
nas with line-of-sight environment is an effective transmis-
sion technique for short range wireless transmission [1]-[3].
High-speed numerical operation that leads to high power
consumption is inevitable for multi-input and multi-output
(MIMO) transmission systems due to their high amount of
calculations to be processed in real time [4]. In SR-MIMO
transmission systems, the channel matrix takes a particular
value and is not time-variable. This feature makes it possible
for SR-MIMO to achieve maximum transmission capacity
with a relatively simple decoding method such as zero forc-
ing (ZF) which needs no channel state information (CSI)
feedback [5]. As a further simplification technique, the au-
thors previously developed a simple decoding method that
helps to reduce signal processing complexity and compu-
tational cost significantly through the use of an analog RF
weighting matrix circuit whose input-output characteristic
is fixed [6].

One of the procedures for increasing the number of
MIMO branches without increasing the computational cost
for MIMO decoding or multiplexing is to exploit paral-
lel transmissions using multiple and highly-isolated paths.
Realization of such parallel transmission includes, for ex-
ample, isolation enhancement by using very large element
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spacing in array antennas. However, this is not practical
because the array antenna size becomes too large to be im-
plemented on the wireless equipment [5]. Hence, the use of
polarization multiplexing is a practical way to realize paral-
lel transmission.

A lot of MIMO transmission systems utilizing orthogo-
nal polarization have been proposed and studied to enhance
MIMO transmission performance [7], [8], especially in out-
door scenarios [9], [10]. In order to apply polarization mul-
tiplexing to SR-MIMO transmission systems, we have to
consider the polarization rotation that leads to degradation
of cross polarization discrimination (XPD) and polarization
loss. The mechanism of these degradations is shown in the
next section. Hence, SR-MIMO channel models with polar-
ization rotation have to be employed to design such trans-
mission systems.

So far, a number of studies that model and analyze the
SR-MIMO transmission channel have been reported [11]—
[13]. However, none of them clarified a method for mod-
eling polarization rotation in the SR-MIMO channel. Fur-
thermore, no studies had been made on applying a dual-
polarized antenna to SR-MIMO transmission until a study
we reported [14]. In this study we measured the perfor-
mance of SR-MIMO transmission using dual-polarized an-
tennas with the aim of miniaturizing antennas. We did not,
however, describe the modeling of polarization rotation in
the SR-MIMO channel or the performance of polarization
multiplexing for reducing the computational cost of MIMO
decoding.

This paper presents the effectiveness of polarization
multiplexing that utilizes isolation between two orthogo-
nal polarization paths in an SR-MIMO transmission chan-
nel, from which significant polarization rotations and XPD
degradations arise. In Sect.2, a formulated model of an
SR-MIMO channel with a cross dipole antenna is intro-
duced and the mechanisms of polarization rotation and XPD
degradation caused purely by polarization rotation in an SR-
MIMO channel are described in closed-form expressions.
In Sect.3, SR-MIMO transmission channels are analyzed
by using electromagnetic simulation. Rectangular array an-
tennas that comprise dual-polarized rectangular microstrip
antenna elements are discussed because such antennas are
suitable for actual implementations and fabrications in mi-
crowave bands or millimeter wave bands.

Throughout the simulations channel capacities are cal-
culated and compared between two configurations of SR-
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MIMO transmission systems, full MIMO decoding without
polarization multiplexing and individual MIMO decoding
exploiting polarization multiplexing. The comparison clari-
fies the effective SNR (signal-to-noise ratio) range of polar-
ization multiplexing in SR-MIMO. The same analyses based
on the measurements of transmission channels are described
in Sect. 4. The last section concludes the paper with a sum-
mary of key points.

2. Effects and Issues of Dual-Polarized SR-MIMO
Transmission

2.1 Effects of Polarization Multiplexing in SR-MIMO

As described in the previous section, the use of dual-
polarization is an effective means to reduce the computation
cost for decoding in MIMO transmission systems. In this
section we explain the mechanisms for simplifying MIMO
decoding. For an SR-MIMO transmission channel with
square planar arrays comprising dual-polarized antenna ele-
ments, an array configuration of four elements is the mini-
mum unit in which we can observe the polarization rotation.
Therefore, planar array antennas with a larger number of el-
ements will show the effects of polarization rotation. For
this reason, in this paper the minimum number of MIMO
branches is set to eight, as shown in Fig. 1. Four of eight
signal streams are transmitted in vertical polarization, and
the rest of them are transmitted in horizontal polarization.
This allotment of polarization is clearly the best from the
perspective of frequency usage efficiency. In terms of array
antenna configuration, however, the use of dual-polarized
antenna elements in this system has the merit of halving the
number of array antennas [15]. It is well known that dual-
polarized antennas are effective for miniaturizing array an-
tennas because each of their elements has the capability of
two elements.

From the perspective of MIMO decoding, SR-MIMO
transmission systems with polarization multiplexing fall
roughly into two categories, (a) full 8 X 8 MIMO decoding
and (b) two individual 4 X 4 MIMO decodings exploiting po-
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Fig.1 SR-MIMO transmission channel with polarization multiplexing.
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larization multiplexing by isolation between two orthogonal
linear polarizations.

For the case of (a), the transmitter has a radio trans-
mission unit for eight data streams, performs beamforming
for eight antenna elements. Four of these eight streams are
transmitted respectively through elements #1~#4 in vertical
polarization, and the rest of them are transmitted respec-
tively through elements #5~#8 in horizontal polarization.
The receiver possesses the function for MIMO decoding of
eight branches, which en bloc decodes eight RF (radio fre-
quency) signals received at all of the elements. All of these
RF signal powers are efficiently utilized in MIMO decoding
and produce diversity effects. The system configuration for
MIMO decoding is the same as that for SR-MIMO trans-
mission with eight branches.

On the other hand, for the case of (b) two individual
4 x4 MIMO decodings, the system has two transmitters, one
vertically polarized and one horizontally polarized, each of
them having four branches. There are two receivers, each of
which performs four-branch MIMO decoding.

Here we explain the mechanism for the simplifica-
tion. In operating signal processing for MIMO transmis-
sion, many matrix calculations are used for the channel es-
timation, weighting, MIMO detection, etc. Not only calcu-
lations, but also the CSI feedback is simplified by half. The
number of elements in these matrices increases in proportion
to the square of the number of branches. Hence, the com-
putational cost increases likewise. Configuration (b) needs
four receiver branches while configuration (a) needs eight.
The computational cost of each receiver in (b) is one fourth
of those in (a). Hence, the total computation cost of config-
uration (b) is half that of (a) because there are two receivers
in the former.

However, in (b), the vertically-polarized receiver
does not utilize all the RF signals transmitted from the
horizontally-polarized transmitter and those not utilized
are regarded as interference. The same is true for the
horizontally-polarized receiver. In other words, unlike (a),
(b) cannot exploit the diversity effect by utilizing the re-
ceived power of the cross-polarization because this power
is regarded as the sum of interferences.

2.2 Mechanisms of Polarization Rotation and XPD Degra-
dations in SR-MIMO Channel

As shown in Sect. 1, when an SR-MIMO transmission chan-
nel is constructed with array antennas facing each other
over a short transmission distance, polarization rotations
cause cross-polarization interference and XPD degradations
are expected. In the analyses reported in this section,
an SR-MIMO channel comprises two directly facing rect-
angular array antennas whose elements are dual-polarized
antenna with a vertically-polarized dipole antenna and a
horizontally-polarized dipole antenna. Each array antenna
has four elements. We here describe the mechanisms of the
polarization rotations and XPD degradations by using the
channel model illustrated in Fig. 2. In this figure, the y-axis
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Fig.2  Electric fields in a reception array antenna for SR-MIMO
transmission.

is parallel to the vertical direction and the z-axis is paral-
lel to the direction of transmission. Both array antennas are
placed in the x-y plane. The elements of the transmitting
antenna array are placed at points T;~T4 and those of the
receiving antenna array are placed at points R;~Ry4. The re-
ceiving antenna element at R; directly faces the transmitting
element at Ty, i.e., there is no array antenna displacement.
As the figure shows, T;~T, and R;~R4 form a cuboid. The
point T, is located at the origin of this coordination sys-
tem. The sentences below describe the directions of polar-
ization or electric field made at reception points Rj~R4by
the vertically-polarized transmitting element at T.

Analyses in many articles, such as [16], show the elec-
tric field around a dipole antenna. In the same manner, the
electromagnetic field around the transmission point T; will
propagate in a spherical surface. The directions of the elec-
tric fields (i.e., the polarizations), in R;~R4 are derived as
shown below.

(i) The R point is located on the same x-z plane as T;. The
direction of the electric field is the same as that of T;. In
other words, only the y-component has a non-zero value.
(ii) The R, point is located on the same x-z plane as T| and
so only the y-component has a non-zero value.

(iii) The R3 point is located on the plane on which Ty, Tj,
and R; are. The electric field vector at R3 is on the same
plane and is orthogonal to the line T-R3. Hence, the electric
field vector has non-zero values in the y and z components.
(iv) The R4 point, which diagonally faces T, is located on
the plane on which T;, T3, and R, are. Hence, the electric
field vector at Ry is on that plane and is orthogonal to the line
that connects T} and Ry4. This vector is in the ¢-direction and
has non-zero values in the x, y, and z components. Hence, a
polarization rotation is observed here.

In discussions on wireless transmission channels, the
causes of XPD degradation are generally regarded as mainly
reflection or depolarization of antenna elements [17]. On
the other hand, in SR-MIMO channels polarization rotation
is regarded to come from the location of antenna elements,
even when there is no reflection. Besides, it is clear that
linear arrays without displacement will not show any polar-
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ization rotation since all transmitting and receiving antenna
elements are placed in the same plane, which is orthogo-
nal or parallel to the polarization of these antenna elements.
Figure 2 illustrates such a linear-array condition where there
is no polarization rotation, i.e., an SR-MIMO channel with
a transmitting array comprising T; and T, and a receiving
array comprising R; and R,. Nevertheless, some applica-
tions will require more antenna elements than denoted in
Fig. 1. In such applications, it can be well expected there
will be many cases in which planar arrays including rect-
angular arrays have to be employed because of shape and
size limitations. Hence we believe it important to investi-
gate polarization rotation in SR-MIMO channels that com-
prise rectangular arrays.

2.3 Formulation of XPD Degradations in SR-MIMO
Channel

This subsection describes a formulation of the effects of po-
larization rotation and an example of its calculation. This
analysis neglects the near-field components. In other words,
the transmission distance should be more than Ay/(27).
Here, A is the wavelength in the transmission channel. This
analysis also neglects reflections in the transmission chan-
nel.

(i) Electric field at the reception point R4 formed by the ra-
diated electromagnetic field from the transmitting antenna
at T

As described in the previous subsection, the direction
of the electric field vector at the receiving antenna element
is the ¢-direction. When the transmitting antenna element
is located at an origin in the air whose dielectric constant is
1.0, the complex amplitude of the electric field is

e kR cos{Z cos(90° — @)}

E,..=-j60I- - ,
< I R sin(90° — ¢)

6]

where R denotes the distance between the transmitting an-
tenna and the reception point and k denotes the wavenumber
at the radio frequency [18]. When the transmission power at
the antenna is P;, the current on the transmission antenna /
can be expressed as below because the radiation resistance
of a dipole antenna is 73.13 Q.

P,
=513 @)

Equation (1) can be transformed in the time-domain func-
tion, E,(1).

Re[E, - /']
601 cos{5 cos(90° — ¢)}
R sin(90° — )

E. (1)

sin2rft —kR) (3)

The amplitude of the electric field is the absolute value of
E.(1).

601 cos(3 siny)

E,. =1E.@)| =
r = E D) R cos g
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The direction of the electric field can be derived geomet-
rically from Fig. 2, where we define the unit vector e, that
indicates this direction.

—singpsiné
e =|cosy , &)
—singcosé
where E, = E, e,

When performing the computation, angles 6 and ¢ can be
derived using the equations below. Here, the coordinates of
the transmitting antenna T} are (x;, y;, z;)= (0, 0, 0) and those
of the receiving antenna Ry are (x,, y,, D).

0= Tan_l(u)
D

#) ©
V(x, — x;)* + D?

=sin! (22, r= Ry =T

@ = Tan™! (

Consequently the electric field vector at Ry is

. Q1 . 9
60/ cos(Z sin SIn ¢ sin
B, = S oy @
cos¥ —singcosf

(ii) Reception power levels at each linear-polarized antenna
element

The unit vector e, indicates the direction of the electric field
E,. When the unit vector p is defined to be indicating the
polarization direction of the receiving antenna element, the
value 6,, which denotes the angle produced by vectors e,
and p, is

e - p = eflplcosd, = cosb,
6, = Cos™'(er - p) (8)

Here, (e, - p) denotes the scalar product of vectors e, and p.
From Fig. 3, the E, component that can be received by the
vertically-polarized antenna element is

Er,copol = E,|cos epl =E/|e - P| 9

The receivable electric field intensity in the SR-MIMO
channel, which produces polarization rotation, is expressed
by using the scalar product of the electric field vector and

Polarization direction of
reception point Ry

\ Polarization direction of
Rx antenna element

E,=FE.e,

Fig.3  Received electric field and angle of antenna element.
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the vector that indicates the antenna element’s polarization.
By using this equation we can calculate the polarization loss
caused by the polarization rotation. Obviously, when the
value 6, is close to 0° or 180°, polarization loss is mini-
mized.

On the other hand, the E, component that can be re-
ceived by the horizontally-polarized antenna element is

Er_xpol = E/ sin 0p| (10)

By using this equation we can calculate the degradation of
isolation for polarization multiplexing. In the computation
of the SR-MIMO transmission channel matrix, depolariza-
tion by polarization rotation is calculated using these equa-
tions.

Here, reception power at an antenna with the gain G, is
derived by using the Friis equation [19].

E22G,
48072

Here G, denotes transmitting antenna’s gain and Ay denotes
the wavelength in the transmission channel. This equation is
said to be valid when the distance between the transmitting
antenna element and the receiving antenna element R satis-
fies the condition below [19], where a is the largest linear
dimension of the antenna element.

24%
Ao

Ao \?
P, = (—) P.G,G, = (11)

4nR

R> (12)
The theoretical value of XPD degradation is calculated by
using the equations shown above. The model for the anal-
ysis is shown in Fig.4. The analysis is based on the ray-
tracing method, in which reflections and diffractions are ne-
glected. The transmitting antenna is located at the origin
(0,0,0) and comprises a vertically-polarized dipole antenna
and a horizontally-polarized dipole antenna. The receiving
antenna, which has the same configuration as the transmit-
ting antenna, is located at R4(x,, y,, D). Here, the value of D
is the transmission distance of the SR-MIMO channel, and
x, and y, are the element spacings. Coupling between these
two dipole antennas is assumed to be zero. Each antenna
element has no directivity in this transmission path. In this

H-pol.
A \ element
Ry(xyD)

V-pol. elemen

/

T,(0,0,0)

H-pol. elemen

Fig.4  XPD calculation model.
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transmission system, when the transmission power is radi-
ated from T;’s vertically-polarized antenna element, XPD
can be defined in two ways. One is as the ratio of the recep-
tion power level at R4’s vertically-polarized antenna element
to the reception power level at R4’s horizontally-polarized
antenna element. The other is as the ratio of the reception
power level at R4’s horizontally -polarized antenna element
to the reception power level at R4’s vertically-polarized an-
tenna element [17]. For the analyses in this section we use
the latter because XPD values calculated using these two
definitions are symmetrical about the line y = x on the x-y
plane.

Figure 5 shows the calculated XPD, where (a) is when
D =1.04 and (b) is when D = 2.04,. Here, Ay is the wave-
length in the transmission channel. In studies of SR-MIMO
transmission systems, it is hard to expect that the element
spacing of array antennas is less than 0.54¢, the coordinate
range of R4 is x, > 0.54¢, and y, > 0.54yp. When x, =0, or y,
= 0, XPD is infinite. As in Fig.5(a) when D = 1.04y, XPD
at x, = y, =1.04p is 6.2 dB. With larger D, XPD at the same
coordinates (x,, y,) takes a higher value. As in Fig. 5(b),
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Fig.5 Calculated XPD: (a) D = 1.04¢, (b) D = 2.01¢.
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when D = 2.0y, XPD at the same (x,, y,) is 14.0dB. As we
can see here, XPD degradation in the SR-MIMO channel is
larger when the transmission distance is smaller. Since the
displacement of the array antenna is assumed to be zero in
this paper, the XPD values at x, = y, should be used. On the
other hand, when there is antenna displacement, the XPD
values at x, # y, should be used.

3. Channel Capacity Comparison Using Electromag-
netic Simulation

By using electromagnetic simulations we obtained the chan-
nel matrix and channel capacity of the SR-MIMO channel
with polarization rotation shown in the previous section in
order to clarify the conditions where the polarization mul-
tiplexing is valid. The frequency was set to be 4.85 GHz.
The numbers of elements were set to 4, 9 and 16. The
transmission channel of the dual-polarized SR-MIMO with
four antenna elements to be analyzed is illustrated in Fig. 6.
Two array antennas directly face each other at distance D.
It is assumed that there is no antenna displacement, a con-
cept that we introduced in [20]. In a millimeter wave band
application, 100 Gbit/s transmission with a download kiosk
described in [20], antenna displacement is expected and it
will affect XPD in this SR-MIMO channel with polariza-
tion multiplexing. Such applications should be implemented
with potent anti-displacement mechanisms, e.g., an auto-
matically positioned array antenna in the download kiosk
and should be designed with adequate margin for the dis-
placement. Antenna models in this paper are designed in
microwave band. As scale models, these models have va-
lidity in discussions on XPD degradations and channel ca-
pacity of SR-MIMO transmission in the 60 GHz band [20].
Expected differences between microwave band and 60 GHz
band include the difference in antenna efficiency caused by
the dielectric coefficient and dielectric loss tangent and the

Fig.6  Transmission channel of dual-polarized SR-MIMO with
four-element array.
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Fig.7  Configuration of a dual-polarized antenna element.

difference in achievable manufacturing accuracy. These dif-
ferences are not expected to affect XPD degradations and
can be regarded as matters in fabrication, hence this paper
does not present detailed discussions on them.

Each array antenna is a rectangular array whose el-
ement spacing is d =1.04p and which comprises dual-
polarized rectangular microstrip antenna elements like the
one illustrated in Fig. 7. The antenna element has two feed
points, one for the radiation in vertical polarization and one
for that in horizontal polarization. The isolation between
these points is 35.2 dB. The positions of the points are de-
signed to be matched and to have the minimum return loss
at 4.85 GHz. Unlike the dipole antenna described in the pre-
vious section, a rectangular microstrip antenna is equal to
an array with two dipole antennas. The polarization rotation
of a microstrip antenna is regarded as equivalent to that of
a dipole antenna. The XPD degradation characteristics of
both types of antennas are equivalent. On the other hand,
since the directivity of a microstrip antenna is greater than
that of a dipole antenna, the difference between propagation
loss in a path between directly facing elements (e.g., Tx1
and Rx1 in Fig. 6) and that in a path between diagonally fac-
ing elements (e.g., Tx1 and Rx4) is larger when microstrip
antennas are used. Hence the influence on channel capacity
by XPD degradations in diagonally facing paths is expected
to be different between the two types of antenna elements.
In addition, while the isolation between the two feed points
in the model of a cross dipole antenna shown in the previous
section is set to be infinite, an actual rectangular microstrip
antenna has finite isolation as described above.

In both array antennas, each odd-numbered port is con-
nected to the feed point for vertical polarization and each
even-numbered port is connected to the one for horizontal
polarization. The numbering in this model is the same as
that shown in Fig. 1.

The procedure of channel capacity analysis was as fol-
lows. First, we performed the electromagnetic simulation
with the Method of Moments [21] to derive the channel ma-
trix of the SR-MIMO channel shown in Fig. 6. Next, we
calculated the channel capacities for configurations (a) and
(b) shown in Sect. 2.1 by using the derived matrix. Finally,
we compared the calculated capacities.

Figure 8 shows the relationship of XPD and transmis-
sion distance. This shows XPD in the path between directly
facing elements (path #1, between Tx1 and Rx1) and that
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in the path between diagonally facing elements (path #2,
between Tx1 and Rx4). As described above, the element
spacing is d = 1.04y. In path #1, XPD is more than 28.6 dB
throughout all transmission distances, while in path #2 XPD
degrades as a result of the effects of polarization rotation at
smaller transmission distance. The XPD values were found
to be 5.9dB when D = 1.01¢ and 14.2dB when D = 2.04¢;
these coincide closely with the theoretical values shown in
Fig.5.

Figure 9 shows the relationship between channel ca-
pacity and transmission SNR, which is defined as the ratio
of transmission power to noise at the receiver. The transmis-
sion power at each antenna element is assumed to be equal
in the transmission array antenna. In calculating the channel
capacity of ZF, the SNR of each stream was obtained by us-
ing the calculation shown in [22]. In calculating the channel
capacity for the configuration of (b) the reception power of



HIRAGA et al.: A STUDY OF SHORT-RANGE MIMO TRANSMISSION UTILIZING POLARIZATION MULTIPLEXING FOR THE SIMPLIFICATION OF DECODING

the cross polarization component produced by polarization
rotation (see Eq. (10)) is regarded to be noise. The element
spacing is d = 1.04y and the transmission distance is D =
1.04p. It is assumed that transmission beamforming is not
adopted at the transmitter and that at the receiver the MIMO
decoding method is ZF.

In configuration (a), channel capacity is in proportion
to the SNR, while it shows saturation at 60 bit/s/Hz in con-
figuration (b). This phenomenon is caused by depolariza-
tion. The reception power of the cross polarization compo-
nent behaves as noise at the receiver even when the transmis-
sion SNR is sufficiently high. Since the same interelement
spacing is applied to each number of elements, XPD degra-
dations is large with a larger number of elements. Hence,
SNR for the capacity saturation is smaller with a larger num-
ber of elements. Under these conditions (d = 1.04y and D
= 1.04y), achievable capacities are 60 bit/s/Hz, 123 bit/s/Hz,
and 196 bit/s/Hz when the number of elements is 4, 9 and
16 respectively. For example, by simulating transmission
over the 60 GHz band as described in [20], we can expect
a transmission rate of over 100 Gbit/s for 90 bit/s/Hz chan-
nel capacity when the number of branches is 16 and a two-
frequency channel is used in this band. To obtain the same
degree of channel capacity for the present case, we have
to achieve half of that capacity when using eight branches.
Using configuration (b) we can obtain 60 bit/s/Hz, which is
larger than half of the 90 bit/s/Hz capacity.

Under the conditions where D = 1.01y and XPD of path
#2 is 5.9 dB, however, channel capacity of 60 bit/s/Hz can be
obtained in the whole SR-MIMO channel. This is because
the transmission loss of path #2 is larger than that of path #1
by more than 15 dB and the contribution of path #2 is much
smaller than that of path #1 (this value is not shown in this
paper).

However, when we use higher multilevel modulation,
capacity degradation is inevitable in configuration (b).

4. Measurement of XPD and Channel Capacity

In order to ascertain the validity of the simulations described
in the last section, we measured SR-MIMO channel with
four element arrays. After we fabricated dual-polarized
array antennas with the parameters shown in Sect.3, we
measured the channel matrices of dual-polarized SR-MIMO
channels using these real array antennas, and calculated
XPD and channel capacity. Figure 10 shows the fabricated
dual-polarized array antenna for the receiver. The feeding
points for both polarizations can be seen in this picture. It
can also be seen that the antenna elements and ports are
numbered in the same way as for the array antenna illus-
trated in Fig. 6. The SR-MIMO transmission channels were
constructed by having the transmitting and receiving an-
tennas face each other directly without displacement in the
same way as shown in Fig.6. Measurements were taken
with the same frequency as that for the electromagnetic
simulation described in the previous section. We used the
MIMO measurement system described in [14]. The channel
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Fig.10  Fabricated dual-polarized array antenna used for the channel
measurement (receiver side).
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Fig.11  XPD and transmission distance (measured and simulated).

matrix was measured by using preamble of IEEE 802.11n
wireless local area network.

Figure 11 shows XPD obtained from the measured SR-
MIMO channel comprising these array antennas. This plot
has the same parameters as for Fig. 8. Simulated values are
also plotted here to compare them with the measured values.
On path #2, XPD is 6.5dB when D = 1.04, and is 13.0dB
when D = 2.04;. These values coincide closely with the
simulated values shown in Fig. 8 and with the theoretical
values shown in Fig. 5. These results confirm the effective-
ness of the theoretical XPD degradation model described in
Sect. 3.

XPD in path#1 increases as the transmission distance
increases. One reason for this is regarded as coupling effect
of the transmitting antenna and the receiving antenna. The
coupling effects decrease when the transmission distance in-
creases. We can see that the differences in XPD between
simulation and measurement is larger with larger transmis-
sion distance. We believe that a major reason for this is the
accuracy of simulation by 2.5-dimensional electromagnetic
field simulator that we used [21]. In this simulation, when
the transmission distance is large the accuracy in calcula-
tions of the radiation and the coupling in the direction of
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Fig.12  Channel capacity and transmission SNR (measured and
simulated).

transmission distance degrades, while the calculation accu-
racy in each plane is maintained.

Figure 12 shows the relationship between channel ca-
pacity and transmission SNR, which is a plot of the same
parameters shown in Fig. 9 in Sect. 3. Simulated values are
also plotted here to compare them with the measured val-
ues. The same trend as shown in Fig.9 is confirmed; it
shows saturation at 63 bit/s/Hz in configuration (b). How-
ever, the measured and simulated saturation values differ;
as shown above, the simulated channel capacity saturates at
60 bit/s/Hz. This difference is mainly caused by the XPD
difference between the measurement and the simulation. By
measuring the channel matrices of SR-MIMO channels with
dual-polarized antennas, we confirmed the effectiveness of
using polarization multiplexing to simplify MIMO decod-
ing. We found that when the transmission SNR is less than
35.0dB, there is very little channel capacity difference be-
tween (a) full 8 x 8 MIMO decoding and (b) two individ-
ual 4 x 4 MIMO decodings. When the transmission SNR is
35 dB, channel capacity is 55.3 bit/s/Hz for configuration (a)
and 53.2 bit/s/Hz for (b). This represents a 2.1 bit/s/Hz dif-
ference, which corresponds to an SNR difference of around
0.8 dB. Since the noise level at the receiver is set to be the
same with these configurations at this transmission SNR, we
believe the difference comes only from the XPD degradation
stemming from the polarization rotations.

We also found that under this transmission SNR con-
dition, effective decoding simplification can be obtained for
configuration (b) without affecting channel capacity.

5. Conclusion

The effectiveness of using polarization multiplexing that
halves computational cost for multiple-input and multiple-
output (MIMO) decoding was confirmed under the exis-
tence of polarization rotation, a condition that is inevitably
present in short-range MIMO (SR-MIMO) channels with
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planar array antennas. When the number of branches is
eight, the achievable channel capacity utilizing polarization
multiplexing is 60 bit/s/Hz. The results obtained in this pa-
per clarify the useful range of polarization multiplexing in
designing an SR-MIMO transmission system.

This paper also described a theoretical model for cross
polarization discrimination (XPD) degradation we devel-
oped for dual-polarized SR-MIMO channels, which con-
ventional studies have not shown. We believe it will prove
to be useful for calculating XPD degradations on diagonal
paths. Calculated results obtained with the model coincided
closely with measured results for transmission distance of
1.0 or 2.0 wavelengths.
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