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SUMMARY
Short-range Multiple-Input-Multiple-Output (SR-MIMO)
transmission is an eﬀective technique for achieving high-speed and shortrange wireless communication. With this technique, however, the optimum
aperture size of array antennas grows when the transmission distance is increased. Thus, antenna miniaturization is an important issue in SR-MIMO.
In this paper, we clarify the eﬀectiveness of using dual-polarized planar antennas as a means of miniaturizing SR-MIMO array antennas by measurements and analysis of MIMO transmission characteristics. We found that
even in SR-MIMO transmission, the use of dual-polarized transmission enables higher channel capacity. Dual-polarized antennas can reduce by two
thirds the array area that is needed to obtain the same channel capacity.
For a transmission distance of two wavelengths, the use of a dual-polarized
antenna improved the channel capacity by 26 bit/s/Hz while maintaining
the same number of transmitters and receivers and the same antenna aperture size. Moreover, dual-polarized SR-MIMO has a further benefit when
zero-forcing (ZF) reception without transmit beamforming is adopted, i.e.,
it eﬀectively simplifies hardware configuration because it can reduce spatial correlation even in narrow element spacing. In this work, we confirmed
that the application of dual-polarization to SR-MIMO is an eﬀective way
to both increase channel capacity and enhance transceiver simplification.
key words: short-range MIMO, dual-polarization, array antennas, parallel transmission, high-speed transmission

1.

Introduction

Recently, the transmission speed of optical communications
is increasing as fiber to the home (FTTH) has been adopted
more widely. Higher data transmission rates over 1 Gbit/s
are expected for high definition images and video services
[1]. Hence, several Gbit/s to 10 Gbit/s transmission is required for future short range wireless communications. Although high signal-to-noise power ratio (SNR) is guaranteed in short range communications, the transmission rate
is saturated due to the limitations on modulation scheme
level with a limited frequency band. Within this context,
the multiple-input-multiple-output (MIMO) technique has
been gathering attention because it can increase the wireless
transmission rate without expanding the frequency bandwidth through the use of multiple antennas at the transmitter and receiver [2], [3]. The technique has found practical
consumer use in high-speed wireless LAN systems above
100 Mbit/s [4].
Short-range MIMO (SR-MIMO) transmission with
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multiple data streams between array antennas in a line-ofsight (LOS) environment is an eﬀective transmission technique for short-range communication [5], [6], because there
is an optimal condition in which the channel capacity is
maximized for a short transmission distance [5]. One of
the target scenarios in SR-MIMO is high speed transmission
through a concrete wall without any cables [7]. Severalwavelength transmission capability is required for this application. However, in SR-MIMO, larger element spacing
is required to obtain maximum channel capacity when the
transmission distance is several wavelengths [5]; hence the
array size is large in this case. Furthermore, when the number of elements is increased to obtain higher transmission
capacity, larger array size is necessary. Therefore, antenna
size is one of the major issues in SR-MIMO.
It is well known that dual-polarized antennas are eﬀective in miniaturizing array antennas because their elements
have the capability of two elements. Moreover, MIMO
transmission using orthogonal polarization has been proposed and evaluated to enhance MIMO transmission performance [8], [9], especially in outdoor scenarios [10], [11].
In this paper, we introduce the use of dual-polarization
into antennas for SR-MIMO transmission. However, the application eﬀect of polarization multiplexing using a dualpolarized antenna has not been clarified in SR-MIMO.
Hence, in this paper we show that, on the basis of a numerical analysis using Method of Moment (MoM) [12]
and an experimental evaluation using a MIMO-Orthogonal
Frequency Division Multiplexing (OFDM) testbed that can
deal with wireless LAN signals of the IEEE802.11n standard [13], [14], dual-polarized SR-MIMO transmission is
more eﬀective than vertically-polarized MIMO in improving transmission rate and miniaturizing array antennas.
Since it is known that the positional precision of the opposed
transmitting and receiving antenna arrays has a negative effect on MIMO channel capacity [15], we also compare the
negative eﬀect of displacement between the transmitting and
receiving antenna arrays on dual- and vertically-polarized
SR-MIMO transmission.
The remainder of this paper is organized as follows.
Section 2 introduces the basic concept of SR-MIMO and
describes the concept and antenna models of dual-polarized
SR-MIMO. The channel capacity is evaluated using MoM in
Sect. 3. Section 4 confirms the eﬀectiveness of the transmission schemes in dual-polarized SR-MIMO by making use of
actual OFDM signals.
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2.

Principle of Dual-Polarized SR-MIMO

2.1 Concept of SR-MIMO and Its Issues
Figure 1 shows a comparison between the basic concepts
of general MIMO and SR-MIMO [5]. General MIMO
transmission shown in Fig. 1(a) can transmit multiple signal streams by utilizing the multipath-rich environment [2].
Basically, however, multiple data streams cannot be transmitted when a multipath environment is not available. Figure 1(b) denotes the basic concept of SR-MIMO discussed
in this paper. To achieve full-rank MIMO transmission, SRMIMO utilizes the length diﬀerences among each path between transmitting (Tx) elements and receiving (Rx) elements. The signal streams are transmitted almost directly
between opposing transmitting and receiving elements and
the transmission lines are formed in parallel when the transmitting and receiving antenna arrays are in very close proximity. Though the transmission is not completely parallel
because the signals reach elements other than the directly
facing element, low spatial correlation can be achieved between adjacent elements because the signals that reach those
elements have diﬀerent phases and amplitudes depending on
the path length diﬀerences. Also, for SR-MIMO transmission, high signal-to-noise-ratio (SNR) can be achieved due
to the short transmission distance. Thus, high channel capacity can be expected even if there are no multi-path waves.
The principle of SR-MIMO operation is described in more
detail in [5].
As a SR-MIMO application in the microwave band, we
previously proposed a data relay system that can transmit
through a concrete wall (Fig. 2(a)) [7]. As another application, over 100 Gbit/s transmission with a download kiosk

Fig. 1

[16] over a millimeter wave band has been discussed because the band has more frequency resources than a microwave band (Fig. 2(b)) [15].
Figure 3 is the relationship between SR-MIMO channel capacity and antenna element spacing for a four-element
square array at the Tx and Rx sides [5]. In the figure, d
denotes the element spacing of the Tx and Rx antenna arrays, λ0 is the free-space wavelength of the RF signal, and
D is the transmission distance. As we can see in this figure,
element spacing at which maximum channel capacity is obtained, i.e., optimum element spacing, depends on the transmission distance. A transmission distance of several wavelengths between the transmitter and receiver is required for
the application shown in Fig. 2(a). However, in SR-MIMO,
large element spacing more than 1.0λ0 is required to obtain
maximum channel capacity when the transmission distance
is several wavelengths, hence the array size is large in this
case. On the basis of this idea, when the number of elements
is increased to obtain higher transmission capacity, larger array size is essential. Hence, antenna size is one of the major
issues in SR-MIMO.
2.2 Application of Polarization Multiplexing to SRMIMO
We have proposed SR-MIMO transmission which has employed a single polarized antenna array [15]. On the other
hand, dual-polarized antennas are eﬀective in miniaturizing
array antennas because their elements have the capability
of two elements. In many wireless communication systems,
polarization diversity or polarization multiplexing have been
studied as techniques to improve frequency utilization [17].
In conventional MIMO transmission utilizing multipath environments, the eﬀect of polarization multiplexing has already been examined [8], [10] and experiments using three
orthogonal polarizations have been performed [9], [11]. Up

Basic concept of Short-range MIMO.

Fig. 2

Target scenario of SR-MIMO.

Fig. 3

Optimum element spacing [5].
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to now, the application eﬀect of polarization multiplexing
using a dual-polarized antenna has not been clarified in SRMIMO, while an experiment with an array antenna composed of vertically- and horizontally-polarized elements in
a MIMO scheme in a line-of-sight (LOS) environment has
been reported [18].
In this paper, we introduce dual-polarization to SRMIMO transmission to achieve antenna miniaturization and
its eﬀectiveness is shown throughout the simulations and
measurements we performed. In short-range wireless transmission, polarization multiplexing is expected to result in
high isolation between paths (i.e., low spatial correlation).
This is because there is very little polarization rotation due
to reflection and because there is very little polarization
rotation when the transmitting and receiving antennas directly face each other. However, in performing SR-MIMO
transmission, when dual-polarized elements are arrayed and
faced as a transmitting-receiving array, spatial correlation is
expected to become higher because there is significant polarization rotation in the path between diagonally-placed elements. In addition, polarization coupling loss stemming
from high cross-polarization discrimination (XPD) in the
path between directly-faced elements reduces SNR at the
MIMO receiver. When XPD is high in SR-MIMO, the spatial correlation is in preferable condition. On the other hand,
SNR is not preferable due to the polarization coupling loss.
Hence, high XPD is not a simple requirement for this transmission scheme. Since these eﬀects have not been clarified,
SR-MIMO transmission characteristics with dual-polarized
antenna arrays are clarified in this paper.
2.3 Antenna Configurations for Vertically-/Dual- Polarized SR-MIMO
Figure 4 shows the configurations of the antenna arrays we
used in our study. The configuration in Fig. 4(a) is that of an
array antenna with vertically-polarized (V-pol) elements for
8 × 8 SR-MIMO over the 4.85 GHz band. The distance between the TX and RX antenna arrays, i.e., the transmission
distance, is D. The elements for both arrays are arranged
in the same lattice pattern with element spacing dV and the
number of TX and RX elements M is eight. Each element is
a rectangular microstrip antenna 19.6 mm × 19.6 mm in size.
The feed point is located 3.10 mm from the center of the microstrip antenna. Electromagnetic simulation by the Method
of Moment (MoM) [12] was used to design the elements to
have the minimum return loss of −22 dB at 4.85 GHz.
The configuration in Fig. 4(b) is that of an array antenna with dual-polarized (dual-pol) elements for 8 × 8 SRMIMO over the 4.85 GHz band. The transmission distance
is D. The elements for both arrays are arranged in the same
square pattern with element spacing ddual . The elements
are dual-polarized microstrip antennas 19.7 mm × 19.7 mm
in size. Each element has two feed points, one for V-pol
and the other for horizontal-polarization (H-pol). The feed
points are located 3.45 mm from the center of the microstrip
antenna. The elements are designed to have the minimum

Fig. 4

Antenna configurations.

return loss of −22 dB at 4.85 GHz. Though this array antenna is for 8 × 8 SR-MIMO, the number of elements is
four because each element has two feed points. Thus, we
can decrease the array antenna area by employing the dualpolarized elements.
In both models, the arrays are formed on dielectric
substrates of a finite size whose thickness is 1.56 mm, the
dielectric constant εr is 2.17, and the loss tangent tanδ is
0.0008. In both array antennas, there is a margin on the dielectric substrate board in which to form the ground plane
of a microstrip antenna. As shown in Fig. 4(a) and Fig. 4(b),
the width of this margin is 0.5λ0 . Here, λ0 is the free-space
wavelength of the RF signal. It is not fair to compare the
performance of such models having the same element spacing because the geometric arrangement of the dual-pol array antenna is diﬀerent from that of the V-pol array antenna.
√
Accordingly,√we introduce
the factor of antenna size ( A)
√
defined as: A = (daV + 3dV + λ0 )(daV + dV + λ0 ) for a
V-pol√array 
antenna
A = (daD + ddual + λ0 )2 = daD +ddual +λ0 for a dualpol array antenna.
Here, daV is the width or length of V-pol antenna elements, and daD is the width or length of dual-pol antenna
elements. Hence, A is equal to the area of the array antenna.
3.

Eﬀectiveness of Dual-Polarized SR-MIMO; Basic
Characteristics Analysis

Simulation was performed at 4.85 GHz (Bandwidth is
20 MHz) using MoM [12] for consistency with the measure-
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ment results in Sect. 4. The S-parameters are then converted
to the channel matrix.
In this section, channel capacity and XPD with dualpolarized antenna arrays are clarified. Here, channel capacity C is calculated using the equation below.


Ps
(1)
C = log2 det I + 2 HHH
σ M
Here, I and H denote the unit matrix (M × M matrix, M:
the number of antenna elements) and the channel matrix, respectively, P s is total transmission power at the transmitter,
and σ2 is noise power at the receiver side. Assuming the
same transmitting power at each element, maximum channel capacity is calculated by using Eq. (1) when the channel
information is unknown by the transmitter [19], [20]. The
transmission characteristics between the transmitting and receiving elements are calculated as S-parameters by MoM, as
described below.
The channel capacity is calculated from the transmission characteristics by using Eq. (1). In this analysis, the
distance between the transmitting (Tx) and receiving (Rx)
antenna arrays is D. Models for electromagnetic simulation
are composed as shown in Fig. 4(a) and Fig. 4(b). The electromagnetic simulation includes the eﬀects of the coupling
between Tx and Rx elements, the eﬀects of the mutual coupling between elements in the same array, and the eﬀects of
the edge of the dielectric substrate. The ratio of P s to σ2 is
49 dB.
√ Figure 5(a) shows the calculated XPDs (antenna size
A/λ0 is 1.3) at the paths from element (i) to element (ii)
and from element (i) to element (iii). The XPD at the path
between directly facing elements, i.e., the path from (i) to
(ii), is more than 23 dB. On the other hand, it is less than
10 dB at the path between diagonally-located elements when
the transmission distance D is less than 80 mm. In the diagonal path, RF signals transmitted at the V-pol feed point
can be received at the H-pol feed point of the receiver’s element. This is inconvenient in conventional polarization multiplexing. However, if spatial correlation is suﬃciently low
in each path, spatial division multiplexing is achievable under low XPD because we assume MIMO is the multi-stream
transmission scheme.
We investigated the transmission characteristics of
each polarization path. Figure 5(b) shows the phase diﬀerence between path #1 and path #2, whose details are shown
in Table 1. Though these paths are nearly equal in length
and geometric shape, they have rather diﬀerent phase characteristics as shown in the figure. Similar results are obtained when the relation between the V-pol. and H-pol. feed
points is the opposite from that in this case (not shown in the
figure). When either phase diﬀerence or high XPD is maintained, dual-polarized SR-MIMO is expected to have high
channel capacity.
Figure 6(a) compares the channel capacity versus antenna size for dual-pol and V-pol. As the figure shows,
when D = 120 mm, the√ channel capacity is 76 bit/s/Hz at
√
A/λ0 = 1.6 and at A/λ0 = 1.3 for vertical and dual

Fig. 5

Table 1

Polarization characteristics (simulation).

Paths between elements (i) and (iii).

polarizations, respectively. At this time antenna area is reduced from (1.6λ0 )2 to (1.3λ0 )2 when the channel capacity
is 63 bit/s/Hz. In other words, antenna size is reduced by
two thirds using dual polarizations.
Hence, the dual-polarized SR-MIMO transmission can
reduce antenna size. In addition, significant channel capacity improvement is observed with√the same antenna size. For
example, when D=120 mm and A/λ0 = 0.95, channel capacity is increased from 40 bit/s/Hz to 66 bit/s/Hz by em-
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Fig. 7

Channel capacity vs. transmission distance. (simulation)

mission distance is long.
Figure 7 compares dual-pol and V-pol in terms of the
relationship between channel capacity
and transmission dis√
tance D when the antenna size A/λ0 is 1.3. We can see
that the eﬀect of dual-pol becomes larger as D increases.
When D = 60 mm, channel capacity is higher than that of
D = 120 mm, though XPD decreases significantly as D decreases as Fig. 5(a) shows. We can see that XPD is around
5 dB when D = 60 mm (see “From (i) to (iii)” in Fig. 5(a)),
and 15 dB when D = 120 mm. On the other hand, the phase
diﬀerence is as many as 120 degrees when D = 60 mm. Note
that unlike in conventional polarization multiplexing, low
XPD is preferable in SR-MIMO in cases where there is a
phase diﬀerence in paths, because received cross-polarized
RF signals are utilized for demodulation at the receiver.
Fig. 6

Antenna size

√

A comparisons. (simulation)

ploying a dual-pol antenna. This means that we can increase
channel capacity with the same equipment complexity and
the same antenna array area by applying the dual-polarized
SR-MIMO transmission.
Figure 6(b) compares 1st and 8th eigenvalues and SNR
versus the antenna size for the dual-pol and V-pol SRMIMO when the transmission distance D is 120 mm. The
eigenvalues shown in Fig. 6 are the ratio of actual eigenvalue to noise power. The SNR shown in the figure is the
average of all eigenvalues. As can be seen, the diﬀerence
between the 1st and 8th eigenvalues (λ1 and λ8 in the figure) for dual-pol is smaller than that for V-pol, especially
when the antenna size is small. Hence, dual-pol uses data
streams that correspond to minor eigenvalues for data transmission. This enables improvement in the channel capacity.
Since antenna size becomes larger as transmission distance
becomes longer, dual-pol antennas are expected to be particularly useful in reducing array area size when the trans-

4.

Evaluation of Frequency Utilization Using MIMO
Testbed and Measured Channels

This section details experiments we performed to verify that
the simulation models mentioned above are appropriate for
evaluating SR-MIMO characteristics. We clarify the eﬀectiveness of dual-polarized SR-MIMO transmission by using actual OFDM signals stipulated in the IEEE802.11n
standard. Also clarified is the negative eﬀect of displacement between the transmitting and receiving antenna arrays on SR-MIMO transmission performance. Here, simulated values that are described as “MoM” in Figs. 9–12
and 14 in later sections are calculated from the simulated
S-parameters shown in Sect. 3 using actual OFDM signal
transmission simulations [13].
In the analyses and measurements shown in this section, the ratio of total transmission power and noise power
at the receiver is 49 dB. This condition is the same as that
applied in the analyses described in Sect 3.
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Fig. 9
Fig. 8

Frequency utilization versus antenna size.

MIMO testbed for the measurement.

Table 2

Measurement parameters.

[14] to select the modulation scheme and coding rate.
In this experiment, transmission performance is evaluated with two transmission methods; one employs eigenmode beamforming (EM-BF) at the transmitter and the other
employs no beamforming. Each scheme adopts zero forcing
(ZF) decoding.
(Method 1)
Tx: Eigenmode beamforming (EM-BF),
Rx: Zero Forcing (ZF)
(Method 2)
Tx: Without beamforming,
Rx: ZF

4.1 Measurement Setup

4.2 Evaluation by Frequency Utilization

To verify the results of the numerical analysis we had obtained, we carried out measurements using a MIMO testbed
[14]. Figure 8 shows the MIMO testbed used in the measurements. Using this testbed, 8 × 8 MIMO channels were
measured. The measurement parameters are shown in Table 2. The frequency and bandwidth were 4.85 GHz and
20 MHz, respectively. Array antennas were fabricated with
the configuration described in Sect. 2.3. We used actual signals of the type specified in the IEEE 802.11n standard [4],
because MIMO techniques had already been established in
this standard.
The MIMO testbed we used is capable of handling high
modulation schemes such as 256 QAM and 1024 QAM with
the coding rate of 7/8, because this testbed was built for
multi-user MIMO transmission that requires a higher total
transmission bit rate than that of single-user MIMO. In SRMIMO evaluation, it is possible to evaluate very high transmission rates, i.e., over 1 Gbps. Further details of the testbed
are described in [14]. The testbed supports adaptive modulation schemes that respond to the eigenvalue, which is obtained by the channel state information (CSI) between the
transmitter and the receiver. We used the table described in

Figure 9 shows the measured frequency utilization obtained
for dual-pol and V-pol with transmission methods 1 and
2, respectively. Figure 10 shows the eigenvalue distribution versus antenna size. Here, the transmission distance
D is 120 mm. Note that the frequency utilization is completely diﬀerent from the channel capacity. Although the
channel capacity is expressed by using Eq. (1) in Sect. 3, the
frequency utilization is an actual transmission rate per Hz
when considering the PHY layer of the IEEE802.11n standard; the actual rate is frequency utilization × 20 MHz in
this measurement. Since the measured frequency utilization
well matches that obtained from simulation, the simulation
models are considered to be valid for the evaluation of dualpolarized SR-MIMO performance.
As shown in Fig. 9, in V-pol SR-MIMO, the frequency
utilization of transmission method 2 is much lower than that
of method 1. On the other hand, in dual-pol SR-MIMO, the
frequency utilization of transmission method 1 is improved
and the diﬀerence between the two methods is smaller than
in V-pol SR-MIMO, because the performance is degraded
by ZF without transmission beamforming when the spatial
correlation is high or the ratio between the 1st and other
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Fig. 10

Fig. 11
error.

1st and 8th eigenvalues.

Fig. 12

Frequency utilization versus transmission distance.

Number of streams with maximum frequency utilization without

eigenvalues is large. Thus dual-pol is particularly useful
when transmission beamforming is not performed. In performing MIMO transmission using only ZF reception, complex operations such as singular value decomposition (SVD)
or CSI feedback are not needed. In other words, dual-pol
reduces signal processing cost and hardware configuration
complexity.
As can be seen in Fig. 10, the 8th eigenvalue is significantly improved by applying dual-pol. This contributes
to improved transmission speed performance. Again, the
measured results well match the simulated ones. Figure 11
shows the number of streams with maximum frequency utilization with error-free transmission. It is clear that more
data streams are available
when dual-pol is applied, espe√
cially in ZF with A/λ0 < 1.3.
Figure 12 shows measured frequency utilization versus

Fig. 13

Antenna displacement types.

√
transmission distance. The antenna size A/λ0 is 1.3 here.
As the figure shows, frequency utilizations of method 1 have
decreasing characteristics as D increases that are similar to
the channel capacity shown in Fig. 7. For example, when
D=120 mm, performance improvements by applying dualpol are 15.0 bit/s/Hz without beamforming and 3.8 bit/s/Hz
with beamforming. Throughout the transmission distance,
the improvement is larger without than with transmission
beamforming. It is clear that the application of dual-pol
on SR-MIMO is eﬀective in improving frequency utilization
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Figure 14 compares measured and simulated results.
The simulation was performed under the same conditions as
described above. We can see that the degree of performance
deterioration caused by displacement is similar for both Vpol and dual-pol. The simulated and measured results show
good agreement.
5.

Fig. 14

Eﬀect of antenna array displacement.

Conclusion

The transmission characteristics and mechanism of dualpolarized SR-MIMO were investigated by simulations and
measurements. Although SR-MIMO usually utilizes the
length diﬀerences among each path between transmitting
elements and receiving elements, channel capacity is maintained because there are phase diﬀerences between crosspolarized paths which have very similar geometric ray paths.
The use of a dual-polarized (dual-pol) antenna can reduce
the array area size by two thirds while maintaining the same
transmission performance. It also significantly improves
channel capacity with the same antenna size and equipment
complexity. For example, when the antenna size is 0.95λ0 ,
channel capacity is increased from 40 to 66 bit/s/Hz with
the use of a dual-pol antenna. This means that using such an
antenna can increase channel capacity with the same equipment complexity and the same antenna array area.
In an experiment using a MIMO-OFDM testbed, dualpol SR-MIMO was found to have another advantage when
zero-forcing (ZF) reception without transmission beamforming is adopted, i.e., it enables hardware configuration
to be simplified. Because measured and simulated eigenvalue distributions showed good agreement, we believe that
the simulation we performed is valid for purposes of evaluation.
We also measured SR-MIMO performance degradation
caused by antenna array displacement and found that the degree of performance deterioration caused by displacement is
similar for both vertical polarization and dual polarization.
Our conclusion is that applying dual-polarization to
SR-MIMO eﬀectively improves transmission performance,
facilitates transceiver simplification, and enhances array antenna miniaturization.
Acknowledgements
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4.3 Negative Eﬀect of Antenna Displacement
Since it is known that the positional precision of the opposed
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Figure 13(a) shows antenna arrays with positional displacement Δy and (b) shows arrays with rotational displacement θ.
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