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Compact Antenna Arrangement for MIMO Sensor in Indoor
Environment
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SUMMARY This paper proposes the antenna arrangement for 2 × 2
MIMO (Multiple-Input Multiple-Output) sensor and evaluates the detec-
tion performance based on raytracing simulation. In this arrangement, the
transmitting and receiving antennas are placed closely. Two types of the
arrangement are considered. In the first method, all of the transmitting and
receiving antennas are located closely. In the second method, two sets of
the antennas are placed separately, and each set has one transmitting and
one receiving antennas. The numerical analysis of the indoor propagation
based on the raytracing method is carried out. The path distribution and
intrusion detection performance with the various antenna arrangements are
evaluated for the human positions all over the room. The numerical analy-
sis results show that the proposed antenna arrangements achieve the com-
pact configuration of the sensor antenna system as well as high detection
performance.
key words: MIMO sensor, antenna, element spacing

1. Introduction

Intrusion sensors using microwave for security application
has been studied [1]–[6], in these days. The microwave
sensors using existing signals, such as wireless LAN, TV
broadcast signals and so on, have been studied, and they
have proven that the microwave sensor are effective in
break-in detection [1]–[4]. In [2] and [3], the intrusion is
detected by observing the amplitude of the received signal,
and it is shown that motion of the human body yields change
in the reception power of the broadcast signals. The work
[4] has proposed the detection algorithm where the eigen-
vector at the receiving array antennas is exploited to obtain
high sensitivity. These microwave sensors can detect the
intrusion even when the intruder is at the NLOS (Non Line-
Of-Sight) locations, and this is the most attractive feature
compared to the other sensors [5].

The authors have studied MIMO (Multiple-Input
Multiple-Output) sensor that uses the MIMO channel vari-
ation to detect the intruders [5], [6] for indoor environment.
The MIMO sensor detects the intrusion by comparing the
varying channel with the person to the static one. In [5],
the relationship between the antenna height and the detec-
tion rate has been studied, and it is found that the antenna
needs to be lower than the height of the intruder. In [6]
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and [7], the effect of the antenna element spacing on the
detection rate has been investigated, and two types of the
antenna configuration, i.e., SIMO (Single-Input Multiple-
Output) and MIMO arrays, are compared. This work in-
dicated that MIMO configuration outperforms SIMO con-
figuration, but large antenna aperture is needed to achieve
high sensitivity. The work [8] experimentally explored the
effect of antenna diversity, frequency band, and size of the
room on the detection rate. In [9], the channel characteris-
tics are evaluated and the effect of the direct path existence
and location of the intruder on detection performance was
investigated. In these studies, the transmitting and receiving
arrays are placed separately at the ends of the rooms. It was
found that the arrays with wide antenna spacing are desir-
able for the high detection performances. In terms of the re-
alistic hardware of the sensor, the excessively large antenna
configuration and high hardware complexity are not desir-
able. Therefore, the efficient antenna arrangement is needed
even when the size and number of the antennas are limited.

In this paper, we propose the antenna arrangement for
the MIMO sensor where the transmitting and receiving an-
tennas are placed together [10]. The arrangement requires
the less antenna spaces than the conventional one. The
path distribution and the detection probabilities are evalu-
ated based on the raytrace simulation. It is shown that the
proposed antenna arrangement can achieve the fairly high
detection performance.

2. Concept of MIMO Sensor and Detection Method

Before discussing the proposed antenna arrangement, the
basic concept of the MIMO sensor is explained briefly. Fig-
ure 1 is the conceptual sketch of MIMO sensor. This system
has Mt transmitting and Mr receiving antennas. At first, the
MIMO channel without a person is measured in advance.
This channel is static and defined as,

Hno =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
hno,11 . . . hno,1Mt

...
. . .

...
hno,Mr1 . . . hno,Mr Mt

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ . (1)

On the other hand, the channel with a person is defined as

Hob =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
hob,11 . . . hob,1Mt

...
. . .

...
hob,Mr1 . . . hob,Mr Mt

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ . (2)
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Fig. 1 Concept of MIMO sensor.

The channels, Hno and Hob, are compared by the evaluation
function,

ρ =

∣∣∣∣∣∣∣∣
Mr∑
i=1

Mt∑
j=1

h∗no,i jhob,i j

∣∣∣∣∣∣∣∣√√√ Mr∑
i=1

Mt∑
j=1

∣∣∣hno,i j

∣∣∣2
√√√ Mr∑

i=1

Mt∑
j=1

∣∣∣hob,i j

∣∣∣2
. (3)

Now, (3) is defined as channel correlation in this study [6].
This value is lowered when these two channels differ greatly,
and approaches to 1 when two channels are identical. Mean-
while, the estimated channel contains the random errors be-
cause of the existence of the noise, and the actually observed
channel correlation is lower than 1 even when the channel is
not varied. In this system, the training symbols known to
the receiver are sent from the transmitting antennas. A se-
ries of the training signals is defined as S = [s1, · · · , sNS ],
where NS is the number of training symbols, NS ≥ Mt and
si = [s1i, ..., sMti]

T . The received noise is also defined as
N = [n1, · · · , nNS ], where ni = [n1i, ..., nMri]

T . They satisfy
the conditions,

SSH =
NS P
Mt

IMt×Mt (4)

E
[
NNH

]
= NSσ

2
nIMr×Mr , (5)

where P is the sum of the transmitted power. The noise is to
be zero-mean Gaussian white, and its mean power is σ2

n. In
this case, the estimated channel without any persons at the
certain moment is expressed as H′ = Hno + Hw, where Hw
is the error component of the estimated channel. Based on
the LS (Least Square) estimation, its characteristics can be
expressed as,

E
[
HwHH

w

]
=
σ2

nM2
t

NS P
IMr×Mr . (6)

Thus, the power of the error component is decreased in in-
verse proportion to the training times, NS .

In the simulation, the transmitting power is P = 1 W,
the number of the transmitting and receiving antennas are
Mt = Mr = 2, and the number of the training symbols
is set to NS = 8. The static channel, Hno, is assumed to
be obtained accurately by many training rounds, and does
not contain noise components. Hw is a Gaussian random
matrix, and its variance is determined so as to satisfy (6).
The estimation error, Hw, is used for considering sensitiv-
ity of MIMO sensor. In order to detect the intrusion, the
correlation value needs to be observed and the detection is
made when the correlation is lower than the certain value.
We define a threshold value, ρt, and the intrusion is de-
tected when ρ < ρt. When the estimated channel contains
a strong estimation error, the channel correlation is lowered
and this yields the false detection. Therefore, ρt needs to be
sufficiently small so as to reduce the false detection. The
threshold value, ρt, can be determined by comparing Hno

and Hno + Hw, and is given so that the false detection prob-
ability becomes 1% in the static environment.

3. Proposed Antenna Arrangement and Numerical
Analysis Model

3.1 Antenna Arrangement

The MIMO sensor dealt with in this paper comprises 2 × 2
vertical dipoles. Figure 2(a) indicates the proposed antenna
arrangement. The transmitting and receiving antennas are
arranged vertically each other, and this yields small mutual
coupling between the transmitting and receiving antennas.
Two sets of such antennas are arranged horizontally. The
advantage of this arrangement is that the configuration of
the sensor system becomes very compact since all of the an-
tennas are placed closely if the horizontal distance between
two sets is within some wavelengths.

The arrangement in Fig. 2(b) is another proposal. One
set of the transmitting and receiving antennas is placed at
one side of the room, and another identical set is placed at
another side of the room. As it can be seen in Fig. 2(b),
this configuration can cover all over the room even around
the corner of the room, which have been dead zone of the
MIMO sensor in the previous work [6] if the 4 antennas are
placed to 4 corners.

Figure 2(c) shows the antenna arrangement C, which is
the conventional one. The transmitting and receiving arrays
are located at both ends of the room. This arrangement is
normally used in MIMO systems, and this has been well
studied in our previous works [5]–[8].

3.2 Numerical Analysis Model

In this study, the detection performance is evaluated using
the raytracing simulation based on the imaging method. Fig-
ure 3 shows the numerical analysis model for indoor envi-
ronment. Two different environments are tested in this study.
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One is a small room, whose dimension is Wx ×Wy ×Wz =

7.8× 6.8× 2.5 m3. The other is a large room, whose dimen-
sion is 15.6 × 13.6 × 2.5 m3. The materials of wall, ceiling,
and floor are assumed to be concrete (the relative permittiv-
ity: 6.0). The human body is approximated as the rectangu-
lar dielectrics whose dimension is 0.2 × 0.34 × 1.7 m3 (the
relative permittivity: 37.5), and it is placed at the position
(x, y). The height of the antenna, h, the antenna spacing,
d, and positions are mentioned in the following section. In
the raytracing simulation, the number of the maximum re-
flection times is set to 5. The number of the human body is
1, and the human body is moved with 0.5 m step and 1.0 m

Fig. 2 Antenna arrangement: (a) Arrangement A (Proposed), (b)
Arrangement B (Proposed), (c) Arrangement C (Conventional).

Fig. 3 Analysis model.

step in xy directions for the small and large rooms, respec-
tively, i.e., 180 positions are evaluated for each environment.
The frequency is 2.4 GHz or 5.2 GHz, and the bandwidth is
10 MHz. The dipole radiation pattern is used, but the mutual
coupling is neglected for simplicity.

4. Results

Figure 4 shows the path distribution calculated by imaging
method. Figures 4(a), (b) and (c) corresponds to the ar-
rangements A, B, and C, respectively. Here, the distribu-
tions are projected onto xy-plane. The position of human
body is set to (x, y) = (3.9, 3.4) m, and the antenna height
is set to h = 1.0 m. In the arrangement A, the antennas
are located on the plane, X = 3.9 m. In the arrangements
B and C, the antennas are located on the planes, X = 0.6 m,
X = 7.6 m. The antenna spacing, d, is set to 0.5λ0 (λ0: wave-
length in vacuum). For simplicity, only the major paths are
shown in these figures. It can be seen that the arrangement
A yields radial path distributions. However, the relatively

Fig. 4 Path distribution based on imaging method (Wx × Wy × Wz =

7.8× 6.8× 2.5 m3): (a) arrangement A, (b) arrangement B, (c) arrangement
C.
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Fig. 5 Detection characteristics (arrangement A, 2.4 GHz): (a) Detection
rate versus d, (b) Distribution of channel correlation.

sparse path distribution around the walls is observed. On
the other hand, the arrangement B yields two kinds of paths,
i.e., one is between two separated antenna sets, and another
is between two closely placed transmitting and receiving
antennas. Since two of them distribute totally in different
ways, the sensor is expected to detect the target all over the
room. Meanwhile, the path distribution in the arrangement
C is relatively sparse, especially around the corners.

Figure 5(a) shows the detection rate versus the antenna
spacing, d. Here, all of the antennas are located in the plane,
X = 3.9 m, their height is 1.0 m, and d corresponds to the
spacing between two sets of the transmitting and receiv-
ing antennas. The antenna location in y-axis is Y = 3.6 m.
The transmitting power is 1 W, and the noise power is set to
σn

2 = −78, −68, −58 dBm. From this result, it is found that
the detection rate improves by increasing d. On the other
hand, the detection rate cannot be improved even with large
d when the noise power is high (σn

2 = −58 dBm). This is
because of the failure in the channel estimation. On the other

Fig. 6 Detection rate versus antenna position, X (arrangement A, Wx ×
Wy ×Wz = 7.8 × 6.8 × 2.5 m3, 2.4 GHz).

hand, more than 90% detection ratio is obtained even with
small d when the noise power is sufficiently small. This in-
dicates the proposed arrangement is effective in downsizing
the antenna system.

Figure 5(b) shows the channel correlation distribution
for arrangement A. Here, d = 0.5λ0, h = 1.0 m, X = 3.9 m,
σ2

n = −78 dBm. The antenna location in y-axis is Y = 3.6 m.
The axes indicates the position of the human body in the
room, and the intensity of ρ is shown in gray scale. The
bright color means the place where the correlation is low-
ered by the human, and the intrusion can be easily detected
at this place. On the other hand, the undetectable place is
indicated by the mark, ‘�’. It can be found that the corre-
lation at the location around the antenna is lowered com-
pared to that at others. Besides, the overall value of ρ is
quite high since the transmitting and receiving antennas are
placed together and the strong direct paths from the trans-
mitting antennas to receiving antennas governs the recep-
tion power. This can be understood from (3) since the vary-
ing component in the channel matrix, Hob becomes small
and Hob approaches Hno. In this situation, the threshold
value, ρt, also approaches 1. The important thing is the de-
tection is made when the power of the varying component
in the channel matrix sufficiently exceeds the noise compo-
nent, Hw. Hence, the high correlation value does not always
mean poor detection performance. Here, the threshold value
of the detection was ρt = 0.9999649.

Figure 6 shows the detection rate versus the antenna lo-
cation, X. Here, the spacing, d, is set to 0.5λ0, the height,
d, is 1.0 m, and the antenna location in y-axis is Y = 3.6 m.
This result shows that the detection rate is almost indepen-
dent of the antenna location, X. This is because many paths
exist in this environment and some of them always illumi-
nate the human body even when the antenna is placed at the
various positions. More than 90% of the detection rate is
achieved when σ2

n = −78 dBm.
Figure 7 shows the analysis results for arrangement B.

In this model, the locations of the antennas are at X = 0.6 m
and 7.6 m, and height is h = 1.0 m. A set of the transmit-
ting and receiving antennas is placed at the one side of the
room and another set of the antennas is placed at another
side. Here, D (D = 7 m) represents the distance between
two sets of the antennas, and d represents the distance be-
tween the transmitting and receiving antennas in each set.
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Fig. 7 Detection characteristics (arrangement B, 2.4 GHz): (a) Detection
rate versus d, (b) Distribution of channel correlation.

Figure 7(a) shows the detection rate versus the antenna spac-
ing, d, where all of the simulation condition except the an-
tenna arrangement is given identically to that in Fig. 5. In-
terestingly, it can be seen that the detection rate is almost
independent of d. This means the antenna spacings between
the transmitting antennas as well as between the receiving
antennas are always around 7 m and it is sufficiently large
for MIMO sensor. For σn

2 = −78 dBm, 100% of the de-
tection rate is obtained independently of d. Even though
two locations for antennas are required for arrangement B, a
compact antenna configuration can be provided by making
d small.

Figure 7(b) shows the channel correlation distribution
for arrangement B. Here, d = 0.5λ0, and σ2

n = −78 dBm.
The other conditions are identical to that in Fig. 5(b). It can
be seen that the correlation is greatly lowered along the lines
between the Tx.1 and Rx.2. This is because the human body
obstructs the direct paths. Similarly, the correlation is low-
ered along the once-reflected path by way of either side of
the wall. As seen here, the detection is easily made when the

Fig. 8 Detection characteristics (conventional arrangement C, 2.4 GHz):
(a) Detection rate versus d, (b) Distribution of channel correlation.

target obstructs these strong paths. Furthermore, a large re-
duction in the channel correlation is observed even around
the walls, like x = 0.5, 7.5 m. This is because of the ex-
istence of the round-trip wave between walls. Therefore,
this arrangement well covers even at the corners, and the
detection rate is 100% in this case. Besides, the overall cor-
relation value is high similarly to arrangement A, since the
receiving antennas have strong wave from the neighboring
transmitting antennas. Here, the threshold value is set to
ρt = 0.9999745.

Figure 8 represents the results of the arrangement C,
i.e., the conventional one. In this case, the transmitting
and receiving antennas are placed on the planes at X =
0.6, 7.6 m, respectively, and their height is h = 1.0 m. Here,
the spacing between the transmitting antennas and that be-
tween receiving antennas are set to be identical, and it is rep-
resented by d. D represents the distance between two arrays,
and it is set to 7 m. Figure 8(a) shows the detection rate ver-
sus the antenna spacing, d. The other parameter excluding
the antenna arrangement is set to identical to the simulation
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Fig. 9 Detection rate versus antenna height (d = 0.5λ0, σ2
n = −78 dBm,

Wx ×Wy ×Wz = 7.8 × 6.8 × 2.5 m3, 2.4 GHz).

Fig. 10 Detection rate versus noise power for small room (Wx × Wy ×
Wz = 7.8 × 6.8 × 2.5 m3, 2.4 GHz).

for the proposed arrangements A and B. From this result, it
can be seen that small d yields low detection rate. When
d = 0.5λ0 and σn

2 = −78 dBm, the detection rate was 92%.
Figure 8(b) shows the distribution of the correlation co-

efficient of the arrangement B when d = 0.5λ0 and σ2
n =

−78 dBm. It is found that the bright spots appear on the di-
rect and once-reflected paths similarly to the arrangement
B. However, the undetected spots appear at the both sides of
the room. This is because not so many paths distribute at the
corners of the room and these areas become the dead zone.
In the arrangement C, the distance between transmitting and

Fig. 11 Detection rate versus noise power for large room (Wx×Wy×Wz =

15.6 × 13.6 × 2.5 m3, 2.4 GHz).

receiving antennas is large compared with the other arrange-
ments and this yields low SNR. The observed SNR is 25 dB
and the channel correlation is ρt = 0.9993874. The correla-
tion value tends to become lower than that in arrangements
A and B, yet the threshold value also becomes low because
of the low SNR. Hence, this causes the detection failures in
some cases.

Figure 9 depicts the detection rate versus the antenna
height. Here, the antenna spacing, d, is set to 0.5λ0, and
average noise power is −78 dBm. It is clearly seen that the
detection rate deteriorates when the antenna is higher than
human body, whose height is 1.7 m. This tendency is ob-
served in all three arrangements, and it is found that the an-
tenna needs to be located lower than the height of the human
body.

The detection rates versus the noise power with various
antenna spacings are evaluated for two sizes of the room.
Figures 10 and 11 indicate the detection rate for small and
large rooms, respectively. Also, the results (a), (b), and (c)
correspond to the antenna spacings, 6.25, 200, and 400 cm,
respectively. From these results, it can be seen that the ar-
rangement B yields the highest detection rate in most cases.
The detection rate of the arrangement B with d = 6.25 cm
is comparable to that of the arrangement C with d = 400 cm
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Fig. 12 Detection rate versus noise power for small room (Wx × Wy ×
Wz = 7.8 × 6.8 × 2.5 m3, 5.2 GHz).

for both room sizes. Even though the detection rate of the
arrangement A is lower than that of B, the arrangement A
achieves the detection rate as high as the arrangement C,
and offers the smallest size of the antenna. It is also found
that the MIMO sensor at the large room requires small noise
power and this comes from the low reception power caused
by the large path loss. The required noise level at the large
room is lower by approximately 6 dB than that at the small
room in this case.

The effect of the frequency on the detection perfor-
mance is evaluated to consider the feasibility of the pro-
posed antenna arrangements. Figures 12 and 13 show the
detection rates for two types of the rooms when the fre-
quency is set to 5.2 GHz. Here, the results (a), (b), and (c)
correspond to the antenna spacings, 6.25, 200, and 400 cm,
respectively. Even though the frequency is much higher than
that in Figs. 10 and 11, very similar tendency in the detec-
tion characteristics is observed. However, the required noise
level is about 7–10 dB lower than that for 2.4 GHz. This is
because of the large path loss at 5.2 GHz. Nevertheless, the
arrangement B yields almost equal or higher detection ratio
than arrangement C does for both room sizes. Though the
detection ratio of the arrangement A is lower than the oth-
ers when the antenna spacing, d, is large, the detection ratio

Fig. 13 Detection rate versus noise power for large room (Wx×Wy×Wz =

15.6 × 13.6 × 2.5 m3, 5.2 GHz).

comparable to the others can be attained when d = 6.25 cm.
It is considered that the distributed antenna arrangement, i.e.
method B, is suitable for the situation where the path loss is
large.

5. Conclusion

In this paper, the antenna arrangements for the MIMO sen-
sor have been proposed. In these arrangements, the trans-
mitting and receiving antennas are placed together. The nu-
merical analysis of the indoor propagation based on the ray-
tracing method is carried out. The intrusion detection per-
formance with the various antenna arrangements are eval-
uated for the human positions all over the room. The nu-
merical analysis results showed that the proposed arrange-
ments can achieve comparable or higher detection rate than
the conventional arrangement when the antenna spacing is
limited. Especially, the detection rate of the proposed ar-
rangement B is equal or superior to that of the conventional
arrangement with large antenna spacing, such as 400 cm,
even when the antenna spacing is 6.25 cm. This tendency is
observed even for the situation, where the frequency is high
or the room size is large. From these results, it is found that
two proposed antenna arrangements are effective in down-
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sizing the antenna configurations of MIMO sensor without
paying any cost of the detection rate.
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