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SUMMARY  Two design parameters, SNR and correlation, are key fac-
tors for enhancing channel capacity in MIMO systems. Achieving high
SNR and low correlation is desirable in antenna design. This paper dis-
cusses the relation between channel capacity and these two parameters, and
presents simple formulas of this relation for propagation channels and an-
tenna coupling of mobile terminals. According to these guidelines, indoor
base station antennas are designed and examined using propagation mea-
surements. We also present a suitable antenna design for mobile terminal
antennas and based on a realistic propagation model, predicted the channel
capacity of the antenna.
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1. Introduction

Multiple-input multiple-output (MIMO) systems are a key
technology for the enhancement of communication capacity
[1] and have been applied for WiMAX, LTE, and wireless
LAN (IEEE 802.11n). Particularly in indoor environments,
channel capacity has been evaluated in [2], [3]. For wireless
LAN, the application of MIMO-orthogonal frequency divi-
sion multiplexing (OFDM) was studied [4], [5] and several
capacity enhancement schemes using antennas were pro-
posed [6],[7]. Recently, femtocell networks have received
considerable attention for facilitating very high-speed data
transmission in indoor environments [8] and MIMO is ex-
pected as the key technology [9].

In the design of MIMO antennas with enhanced chan-
nel capacity in indoor environments, the main parame-
ters are polarization, radiation pattern, and array configu-
ration [10]-[12]. To this end, MIMO antennas with multi-
polarization [13], [14], directive radiation patterns [15], and
well-configured planar inverted-F antennas (PIFA) [16] have
been proposed. Although directive radiation patterns have
been confirmed to improve channel capacity in a few scenar-
ios [17],[18], the suitable design in antenna radiation pat-
terns is still left in order not to reduce mutual couplings but
to enhance signal to noise ratio (SNR).

In this paper, two major parameters in MIMO systems,
such as SNR and correlation, are evaluated with respect to
enhancing channel capacity. To increase the SNR at recep-
tion points, we design two antennas: a patch antenna ar-
ray and a dual polarization antenna consisting of a slot and
dipole. These antennas are designed based on the results of
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ray-tracing simulations for indoor base stations (BS), which
are typified by wireless LAN and femtocells. We also con-
firm the measured channel capacity of a BS equipped with
the two antennas. The latter part of this paper is devoted to
the design of mobile terminal (MT) antennas. A key design
parameter, the correlation between antennas, is discussed
using two simple dipoles as an example to show the rela-
tion with antenna efficiency and pattern distortion. We also
demonstrate the enhancement of channel capacity, including
the influence of phantom, for a suitable MT antenna. This
paper concludes in Sect. 5.

2. Channel Capacity

MIMO performance is characterized by channel capacity C,
which is represented as [19],

C =log, (det (1 + %HHH,[H)) )
t

The above equation is transformed as follows [20].

t

N,
C =N, log, (1'3 )+log2 (det (I . —t+H,,HnH)) 2)
0

~ N, log, (%)Hogz (det (HanH))ZCSNR+CC0R 3)

where p is the averaged SNR at each receiving antenna, N;
and N, denote the number of the transmitting and receiving
antennas, and I is a unit matrix. H,, is a normalized chan-
nel matrix and {-}” represents a complex conjugate trans-
pose. The approximation of Eq. (3) is satisfied when N, is
greater than NV,, the channel is not ill-conditioned and p is
large. Equation (3) indicates that channel capacity contains
elements depending on SNR (Cgyg) and correlation (Ccog).

Figure 1 shows the channel capacity as a function of
SNR for four configurations of antenna elements, where

S0— Equations (1) and (2)
40}---- Equation (3)

Channel capacity [bits/s/Hz]

0 10 20 30 40
SNR [dB]

Fig.1  Channel capacity as a function of SNR.
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Fig.2  Performance of the components depending on (a) SNR and (b)
correlation in 2 X 2 MIMO channel capacity.

1,000 patterns of channel matrices are examined in each
SNR and the average is used to evaluate the channel ca-
pacity. This result indicates that the channel capacity is in-
creased with increase in SNR for antennas with a fixed ele-
ment number. It should be noted that Eq. (3) is effective in
high SNR regimes with a small number of elements.

To separately evaluate the contribution of SNR and cor-
relation to channel capacity using Eq. (3), we focus on 2 x 2
MIMO systems. Csyg and Ceog are shown in Fig. 2, where
channel capacity is evaluated not based on det(HanH ), but
rather the spatial correlation coefficient y,, which is defined
by,

R;12

VR:11R: 22

where R, ;; is the components of R, = HH". Based on the
modified Eq. (3), the relationship between SNR and channel
capacity is clear, as shown in Fig. 2(a); a high SNR increases
the channel capacity. Ccor values are scattered below the
upper bound in Fig. 2(b), since power distribution to the first
and second eigenvalues is not optimized. The obtained up-
per bound curve indicates that low correlation provides high
channel capacity, with the increasing ratio reaching satura-
tion at y; < 0.5. Notably, the upper bound is given by the
ideal propagation channel. Particularly in low SNR regime,
the improvement rate of the channel capacity by the second
term in Eq. (3) is high.

The above conclusions are based on the assumption of
Rayleigh distribution in the propagation environment. We
also examined the influence of SNR and correlation on chan-
nel capacity for Rician distribution. The averaged spatial
correlation coefficient ¥, has a one-to-one correspondence
with Rician factorK, and it is given by [21],

K
K+1 )
where ¥, is a monotone increasing function of K. Figure 3
shows the channel capacity in Eq. (1) as a function of ¥;.

Here, H,, is derived from the channel matrix H, which is
given by the following equation [22],

X 1
H= Hp+ | —H,,
K1 ot \ g i ©

1 - 1
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Fig.3  Channel capacity as a function of the averaged spatial correlation
coefficient.

where H;;; is a matrix with complex Gaussian distribution.
The channel matrices including K are evaluated using the
similar procedure as for Fig. 1. As shown in Fig. 3, the chan-
nel capacity increases in the low correlation regime, that is
close to Rayleigh distribution. The increase of elements (N,
N,) and a high SNR are effective to enhance channel capac-
ity under a Rician environment. However, the capacity is
not increased for large K regimes in MIMO systems.

3. Antenna Design for BS

Channel capacity in MIMO systems is increased by high
SNR and low spatial correlation in the propagation channel.
To satisfy this requirement, high gains with low correlated
radiation patterns are required in BS antenna designs. BSs
are often placed near the ceiling to realize a line-of-sight
(LOS) environment for mobile terminals (MT). Here, we
evaluate the design requirements for obtaining large chan-
nel capacity in a BS antenna for downlink transmissions and
measure the channel capacity performance of the fabricated
antenna. In this section, “correlation” indicates spatial cor-
relation including the effect of the angular spread since the
effects of the propagation channel are considered.

3.1 BS Placed in the Vicinity of Walls

To determine the suitable design guidelines for the MIMO
antenna radiation patterns, parameter studies are conducted
using ray-tracing propagation analysis based on the scenario
presented in Fig. 4, where the variable ¢ denotes the aspect
ratio of the room. In this scenario, the BS is placed near a
wall, and the channel matrices are calculated in several MT
positions. The environments between the BS and all MT
positions are LOS without obstacles. The transmitting and
noise powers are —5dBm/ch and —85dBm, respectively,
and 2 x 2 MIMO communication is assumed. In [23], we
clarified that the channel capacity of antennas adopting di-
rective patterns was larger than that of antennas with omni-
directional patterns. Here, the radiation patterns of the BS
are assumed to be pencil beam with an infinite front-to-back
(FB) ratio [23], as shown in Fig. 4.

The half-power beam width (HPBW) (8,) is fixed to
60°, and space-averaged channel capacities are then cal-
culated for each angle between two beams (6;). Figure 5
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Fig.6 (a) Fabricated patch array. (b) Directions of the main beams.

shows the relationship between 6, with the maximum space-
averaged channel capacity and the aspect ratio. The distri-
bution following the dotted line indicates that the main beam
of the BS should be directed towards the room corners to in-
crease the channel capacity. This improvement effect is not
limited to 2 x 2 MIMO systems, as it was also confirmed for
four streams. In [24], we demonstrated that a HPBW of 80°
and tilt angle of 30° enhanced channel capacity. Here, we
assumed 4 x 4 MIMO transmission by vertical and horizon-
tal polarizations to reduce the correlation between antennas
[25]. In addition, we showed that the capacity enhancement
did not depend on the array arrangement of the MT [26].
The antenna based on the above design guidelines con-
sists of a two-element patch antenna array with dual feeds,
as illustrated in Fig. 6(a). Two beams with orthogonal polar-
izations are radiated from each patch antenna, and those are
tilted downward, as shown in Fig. 6(b). Figure 7 shows the
radiation patterns, and the HPBWs in the yz and zx planes
are approximately 80° and 90°, respectively, and the antenna
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Fig.7  (a) Definition of the x, y, and z-axes in the BS patch antenna. (b)

Radiation patterns in the yz and zx planes.
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Fig.9 (a), (b), and (c) Channel capacities at MT positions 1, 2, and 3,
respectively, for patch and sleeve antenna arrays. (d), (e), and (f) respective
SNRs at the three positions.

gain is 7.0 dBi.

We measure the channel capacity of the BS adopting
a patch array under the environment shown in Fig. 8. As a
reference, a sleeve array is also used for a dual-polarization
BS antenna, with the spacing between the vertical and hor-
izontal oriented sleeves is equal to 14. For MT antennas, a
single dipole antenna is moved to evaluate sixteen channels’
impulse responses by four channels because the measured
environment is quasi-static and the time variation is almost
negligible. Under this measurement condition, the element
spacing between MT antennas is 0.5 4. The BS antenna is
placed on the ceiling near a wall and the channel matrices
are measured at the three typical positions (1-3) for the MT,
as shown in Fig. 8. At positions 1 and 3, the signals from the
four beams of the BS are received at nearly the same level,
and the SNR at position 1 is higher than that at position 3. At
position 2, the signals from the left patch are dominant. In
this measurement, the frequency is 2.45 GHz, and the mea-
surement systems are described in detail in [25], [27].

Figure 9 shows the measured channel capacity and
SNR for the three MT positions. At all positions, the SNRs
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for the patch array-based antenna are higher than those for
the reference antenna based on the sleeve array. The channel
capacities are enhanced by the patch array, with improve-
ments of 20% at positions 1 and 2. The channel capacity for
the patch array is slightly smaller than that for the sleeve ar-
ray at position 3. This is caused by degradation of the fourth
eigenvalue, which is minimum eigenvalue, in the spatial cor-
relation matrix. However, the patch antenna array enhances
the channel capacity by having a high SNR at the MT posi-
tions.

3.2 BS Placed at the Center of a Ceiling

In [24], we also demonstrated the enhancement of channel
capacity for a BS placed at the center of a ceiling. Under
this condition, the suitable radiation pattern for 4 x 4 MIMO
systems has a HPBW of 80° and downward tilt angle of
30°, with vertical and horizontal polarizations to increase
the channel capacity, as shown in Fig. 10. Ray-tracing anal-
ysis revealed that this antenna design led to an improvement
of 10% in capacity compared to an isotropic antenna [24].
We also evaluated the capacity performance in a 2x2 MIMO
system consisting of a small number of terminal antennas.
The simulation scenarios used for the evaluation is illus-
trated in Fig. 11(a), and the channel capacity is shown in
Fig. 11(b). In [28], we confirmed that the channel capacity
for the directive radiation patterns in Fig. 10 is larger than
that for dipole radiation patterns.

Based on the above-described design guidelines, we
fabricated an MIMO antenna constructed using four dipole

BS

Positions of antenna elements

Polarization

z Jo2 v
Tx(BS) )/ 4™\ Ceiling of
2.7 - 3 Ry (MD) 2.30° the room
L?l d
- 3 HPBW: 80°
6 Unit[m]
Horizontal polarization Vertical polarization
Fig.10  Simulation model and radiation patterns leading to large channel

capacity, which are derived from ray-tracing propagation analysis.
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Fig.11 (a) Simulation scenario. (b) 2 X 2 MIMO capacity for the

radiation patterns in Fig. 10.

13

and four slot antennas (Fig. 12) [28]. In the radiation pat-
terns of Fig. 13(a), the xy (horizontal) plane is the ceiling
and the z-axis is in the direction (vertical plane) towards
the floor. In the vertical plane, the HPBWs for the slot and
dipole antennas are 84° and 85.5°, respectively. In the hor-
izontal plane, the antenna beams are tilted, and the HPBWs
in 60° from the z-axis are 61° and 53°, respectively. We
conducted 2 x 2 MIMO channel measurements using this
antenna in the scenario depicted in Fig. 14 [28]. As for the
BS, the antenna is fixed to the center of the ceiling, and two
streams are radiated from one slot and one dipole. The chan-
nel measurements are also conducted using sleeve arrays in
the BS as the reference. Here, sleeve antennas are used for
vertical and horizontal polarization. For the MT, the sleeve
antenna array with elements inclined parallel and arranged
perpendicular to the ground is used [28]. The channel matri-
ces are obtained at seven room positions where no obstruc-
tions exist between the BS and MT, and all of the MT posi-
tions are in LOS. The measurement frequency is 2.45 GHz,
and the detailed parameters are described in [25], [27].

Fig.12  Photos of the MIMO antenna constructed using four slot and
dipole antennas.

180°
®

--- Dipole

Fig.13  Radiation patterns for slot and dipole antenna elements in the (a)
vertical plane and (b) horizontal plane tilted 30° towards the z-axis.
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Fig. 14

Measurement environment.
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Figure 15 shows the measured SNR and channel ca-
pacities for the two antenna types. At five out of the seven
examined positions, the SNR is enhanced by the slot and
dipole antenna, and then the channel capacity is enhanced
at four positions. The place-averaged SNR of the slot and
dipole antenna is enhanced by 2.6 dB and exhibited an im-
provement in channel capacity of 16.2% over the sleeve an-
tenna. A high channel capacity is obtained at positions with
high SNR. Position 4 is an exception to this rule because
of the degradation of the second eigenvalue, which is mini-
mum eigenvalue, in the spatial correlation matrix. Taken to-
gether, these results indicate that directive antennas enhance
not only the high-order (maximum), but also the low-order
(minimum), eigenvalues in the correlation matrix.

As discussed in Sect. 2, high SNR and low spatial cor-
relation are effective for enhancing channel capacity, which
is verified by the results obtained for the directive and dual
polarization antenna.

4. Antenna Design for MT

This section describes the mutual coupling between anten-
nas installed in MT for enhancing the channel capacity to-
gether with the influence of radiation efficiency and pattern
distortion. Mutual coupling and radiation efficiency are re-
lated to the parameters of correlation and SNR to estimate
channel capacity. We also discuss the optimization of an-
tenna radiation pattern under a realistic propagation model
for MT and the effects of the head, hands, and body of users
by numerical simulations with a phantom. In this section,
“correlation” indicates antenna correlation since the equa-
tion of correlation assumes that distribution of incoming
wave is uniform, and correlation is derived from only an-
tenna characteristics.

4.1 Antenna Mutual Coupling in MT

Two major parameters, SNR and correlation, are critical to
enhance channel capacity in BS antenna design. High SNR
by increasing antenna gain is not easy for MT antennas,
because available space in the MT is limited. The latest
“smart phones” are only 55-62 mm in width, 110-126 mm
in length, and 9.8-15.3 mm in thickness. Most built-in an-
tennas are installed at the bottom of the MT to reduce the
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specific absorption ratio (SAR) when phones are held in the
talking position. This placement location also restricts the
spacing between antennas, which is necessary to obtain low
correlation. For MT antennas, we focus on radiation effi-
ciency, instead of SNR and correlation, of antenna arrays
with close distance. Here, a simple simulation model based
on two half wavelength dipoles is considered as an example
of MT antennas, and the effects of the chassis and human
body on MT antennas is discussed in Sect. 4.2.

The effects of array spacing on MIMO channel capac-
ity were examined for an array with/without mutual cou-
pling [29], [30]. Spatial correlation by an array factor under
random incoming waves at the MT is given as,

yp(d) = |Jo(kd)? (8)

where k is the vacuum wave number, Jy is the Oth order
Bessel function, and d is the spacing of the two-element ar-
ray. A reduction in the correlation due to mutual coupling is
advantageous for small built-in antennas, however, a draw-
back is small radiation efficiency. To determine the rela-
tionship between correlation and efficiency, two half wave-
length dipole antennas are used in this simulation, where
two dipoles are parallel in the z-axis direction and the center
of one dipole is at the origin and the other dipole center is
on the x axis at position x = d. The correlation between the
two dipoles is given by the scattering parameters as [31],

2
ST.S S1,S
vy = 2‘ 11 122+ 12 22| - : 9)
(1=1S 0P = 1S2P) (1= 1S 12 = 1S 22)

Assuming no losses in antenna elements, the radiation
efficiency of antenna 1 is given by Sy; and Sy;.

n-=1=1SulF = 1Suf (10)

Mutual coupling also causes a distortion in the radiation pat-
tern, which is defined by the ratio between the maximum
and minimum gains in the xy (E) plane as Ay = Gax/Gmin-
The evaluation factors for array spacing are shown in
Fig. 16. The correlation of y, is decreased by mutual cou-
pling, which is also explained by the observed pattern dis-
tortion at values greater than 3 dB in the xy plane. It should
be noted that the efficiency, 7,, is decreased by small ar-
ray spacing. The reduction of efficiency reduces the channel
capacity. As discussed in Sect.2, the channel capacity is
approximated by Eq. (3). In the case of 2 x 2 MIMO sys-
tems, the ergodic channel capacity is approximated by the
first term of Eq. (3) in high SNR regime. Thus, the channel
capacity, including the efficiency, is approximated as

CWzMM&@ﬁ) (1)

The channel capacity normalized by 7,=1, as shown in
Fig. 17, is reduced by small efficiency. In small-spacing ar-
rays, the radiation efficiency should be carefully considered
in the design of MT antennas [32]. The saturation in ca-
pacity increase for n, < 0.5 in Fig. 2(b) and the discussion
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Fig.17  Normalized channel capacity as a function of radiation
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about efficiency result in that high radiation efficiency is a
key paramter for MT antenna design.

4.2 Effect of the Human Body in MT Antenna Design

The preceding discussions did not consider the direction of
incoming waves and the effects of chassis and human body.
As these factors can dramatically alter the radiation pattern
of MT antennas, the direction of incoming waves should
be included to more accurately evaluate channel capacity.
The results shown in Fig. 3 indicate that small spatial cor-
relation of channels does not improve the channel capacity
in Rician distributions; however, we demonstrate here that
MT antennas with low correlation display channel capac-
ity enhancement under Rician propagation environment. A
propagation model that includes the direction of incoming
waves is given by a model that assumes Kronecker scatter-
ing [33], where the scattering waves are not correlated with
the incoming waves. A correlated scattered-wave model and
a model of incoming wave with angular spread are other
models for MIMO channel capacity estimation [34], how-
ever, these models reduce the absolute value of capacity
and do not depend on the radiation pattern of MT anten-
nas [35]. Thus, in the following discussion, we use only the
Kronecker model.

An array of pairs of folded inverted-F antennas (IFA)
mounted on a chassis top is used in the following simulation
[36]. This array is introduced to determine the suitable ra-
diation pattern for a MT. The antenna parameters are shown
in Fig. 18. The array element consists of two identical IFAs
with close spacing, which are connected through a phase
shifter with a phase difference of §. The phase difference is
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Fig.19  Channel capacity as a function of incoming wave direction. The
solid line is §=150° and the dotted line is §=0°.

adjusted to minimize the correlation between arrays 1 and 2.
The correlation is calculated based on a complex radiation
pattern.

In the propagation model, the number of transmission
antennas is 2, and no correlation exists between the trans-
mission antennas. The SNRs are 10 and 20 dB, the XPR is
0dB, and the Rician factor is 3 dB. The details of the channel
capacity estimation under the conditions of this propagation
model are described in [34]. For simplicity, we assume that
all incoming waves are concentrated in the xy plane, and the
angle of incoming waves is given by ¢.

Figure 19 shows the channel capacity of the MT MIMO
antenna with and without a phase difference between the ar-
ray elements. The MT is held by the left hand of a phan-
tom, as shown in Fig. 20. The characteristics of this model
are calculated by FEKO [37]. The channel capacity with
suitable phase difference is larger than that without phase
difference for all examined angles of incoming waves. The
average improvement factor in channel capacity is 33% for
a SNR of 20dB and 68% for a SNR of 10 dB, using a phase
difference of 6=150°. As described in Sect. 2, the improve-
ment factor of the channel capacity is high in low SNR
regimes, which is also verified in Fig. 19. The radiation pat-
terns in the xy plane for §=150° are shown in Fig.21. The
vertical polarization patterns are almost orthogonal, which
reduces the correlation. For MT antennas, ideally, the an-
tenna should be designed to achieve a small correlation be-
tween the antenna elements.

In practical antenna design, pattern optimization in the
presence of a human body is a time-consuming step, and
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Fig.20  Phantom model for viewer mode. All units are in mm. Head part
(e,=40, 0=1.4 S/m); other parts (g,=54, 0=1.45 S/m).

(a) Array 1 (b) Array 2

Fig.21 Radiation pattern of antenna in viewer mode. The solid and
dotted lines are vertical and horizontal polarizations, respectively.

() (b) (c)

Fig.22  Three models for evaluating pattern optimization in a MT an-
tenna design. (a) MT in free space, (b) MT in the talk position with head,
and (c) MT in the talk position with head and hand.

is markedly more difficult than considering only a MT. We
also evaluate the channel capacity of a MT for three cases
(Fig. 22), which consisted of a MT in free space, a MT with
a head, and a MT with a head and hand. For the three con-
ditions, the channel capacities are enhanced by the identical
phase difference of 6 = 150°, and the average increases are
27%, 26%, and 36%, respectively, for a SNR of 20 dB. This
analysis indicates that the antenna design in free space also
provides the channel capacity enhancement in the presence
of a human body. Although various types of antenna designs
should be evaluated by realistic phantom modeling to simu-
late the human body, the optimization of antenna parameters
can be performed in free space.

5. Conclusion
This paper has evaluated two dominant design parameters,

SNR and correlation, for enhancing channel capacity in
MIMO systems. In the propagation channel, high SNR and
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low spatial correlation are necessary to enhance channel ca-
pacity, which has been described by simple formulas. We
determined the suitable antenna design under indoor prop-
agation models. The antennas characterized by HPBW and
tilted beam angles were presented by a patch antenna in-
stalled at the ceiling edge and a dipole and slot antenna lo-
cated at the ceiling center. The enhancement of channel ca-
pacity was verified by indoor propagation measurements.

In the design of MT antennas, we demonstrated that
the radiation efficiency and mutual coupling, which are de-
rived by a two-dipole array, have an impact on correlation
and SNR, and therefore channel capacity. The mutual cou-
pling or correlation between antennas in a MT was properly-
adjusted under a Rician propagation model. The channel
capacity enhancement was also verified for a MT antenna
in the presence of a phantom. Notably, a suitable antenna
design in free space was also effective for the design of an
antenna held by hand in front of a body phantom.
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