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Abstract. In this paper, a novel structure of two interlaced 
antenna arrays for MIMO applications is presented. It 
consists of two 2  1 triangular patch array antennas, 
which have all elements separated by a short distance 
among them (0.22λ0), where mutual coupling can be very 
poor (S21 = –7.81 dB). To overcome such weakness, 
a simple and efficient method is used: one neutralization 
line (NL) is introduced to increase the decoupling between 
both ports, reaching up to –29 dB at the central frequency, 
and below –20 dB over a large bandwidth. The whole 
MIMO antenna array has dimensions of 1.56λ0 × 0.3λ0 and 
has a gain of 9.11 dBi. Its diversity parameters describe it 
as a useful radiator for MIMO communications systems. 

Keywords 
Linear antenna arrays, microstrip antennas, mutual 
coupling, neutralization line, patch antennas 

1. Introduction 
The users of mobile communications systems demand 

higher data rates and more reliable radio links. The 
operators can offer these characteristics to the subscribers 
by exploiting Multiple Input Multiple Output (MIMO) 
Systems. MIMO communication systems can augment the 
spectral efficiency by using multiple antennas on both sides 
of the radio channel and enhance the wireless channel 
capacity of short- and long-distance links [1]. Such 
appealing features can be obtained only if the correlation 
between the ports of the MIMO antennas is kept low. 
When the distance between radiating elements is a small 
fraction of a wavelength (λ0), the electromagnetic interac-
tion between certain regions of the antennas grows. Then, 
the mutual coupling between their ports is increased. 
A strong matching between nearby radiators increases the 
correlation between their ports and degrades the perfor-
mance of a MIMO antenna system [2]. Besides, the current 

distribution of the MIMO antennas gets distorted, hence 
their radiation properties, namely gain, sidelobe level 
(SLL), pointing direction, half-power beamwidth, among 
others, are altered; also, the matching between the radiator 
and its own ports suffers disturbances. 

The trend in the industry is getting smaller and more 
integrated devices, making difficult to keep their MIMO 
antennas away to each other. Many techniques intended to 
reduce the electromagnetic coupling between MIMO ports 
can be found in literature, for instance neutralization lines 
[3–5], EBG and metamaterial structures [6–8], modifica-
tions on the ground plane between the antennas [9], [10], 
coupling/decoupling networks [11], [12], parasitic scatter-
ers [13], [14], and so on. It is noticeable that the efforts had 
been focused in one-element antennas, and far from abun-
dant work had been done about improving the decoupling 
between antennas consisting of array of radiators. 

Antenna arrays have several well-known advantages 
over one-element radiators, for instance pattern synthesis 
and high gain, making them appealable for long distance 
radio links because it is relatively easy to create an array of 
radiators, as many as the link budget requires, but con-
strained by the available space. MIMO communications 
systems that employ antenna array are as conceivable and 
pertinent as investigations about techniques to diminish the 
electromagnetic interaction among an ensemble of such 
antennas. For instance, in [15] two 2  2 rectangular-patch 
array antennas were decoupled by inserting between them 
two lines of mushroom EBG’s. The article reports a reduc-
tion of their mutual coupling around 26 dB. The separation 
between patches was 0.539λ0, the footprint of the whole 
system of antennas was 1.92λ0 × 0.65λ0, and the obtained 
gain was 7.5 dB. Despite achieving a large reduction of the 
S21 parameter, the antenna system has a big footprint, small 
gain and involves the complicated implementation of the 
mushroom EBG’s. 

In this article a novel topology, detailed in Fig. 1, for 
a MIMO antenna system is proposed. Each antenna is con- 
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                                                              (a)                                                                                                                              (b) 

Fig. 1. Geometry and dimensions of the proposed antennas: (a) Top layer of the radiators, (b) detailed view of the neutralization line. 
 

a B C E Fs H Lac Le Ls WL Ws y0

42.4 27.74 8 9.355 97.89 36.72 18.09 10 112.9 1 250.42 11 

Tab. 1. Optimized dimensions of the proposed antenna arrays (unit: mm). 

formed by a 2  1 array of triangular patches, and both 
arrays are interlaced. Introducing one neutralization line 
(NL) between the innermost patches the S21 parameter is 
reduced to a proper level for current MIMO systems [5]. 
The decoupling method used in this work is easier to de-
sign and perform than the presented in [15], not affecting 
negatively the gain radiation pattern, and has a small foot-
print. 

2. Triangular Patch Antenna Array 
A microstrip patch uniform linear antenna array con-

sists of an ensemble of such equidistant radiators, excited 
by a feed network. The separation among patches must 
impede the overlapping of the elements and must not be so 
large that allow the appearance of grating lobes into the 
visible space [16]. The patches of the array can have dif-
ferent forms, depending on the desired radiation character-
istics; circular and rectangular are the most commonly used 
in literature. However, in recent years more attention had 
been focused on triangular patches [17], [18]. 

Equilateral triangle patch antennas show similar radi-
ation features and bandwidth to the rectangular ones, but 
over a smaller footprint [17]. Their resonant frequency fr is 
calculated by (1), 

 
r

r

2

3

c
f

a 
   (1) 

where c is the speed of light in the vacuum, a is the edge 
length of the triangle, and εr is the relative permittivity of 
the chosen substrate [18]. By means of (1), a 2  1 trian-
gular-patch array antenna, excited by a corporate feed for 
its operation at center frequency of 2.45 GHz over a Ta-
conic RF-35 0800 substrate (εr = 3.5, height = 2.032 mm) 
was designed, resulting in triangles of a = 43.6 mm. The 
final dimensions of a and y0, indicated in Tab. 1, were 
tuned with a finite-element method software. 

The optimal separation between array elements is de-
termined by the intended application of the antenna, ob-
serving the radiation pattern on one plane and considering 
that such separation is inversely proportional to the half-
power beamwidth (HPBW) and directly proportional to the 
sidelobe level (SLL). A parametric analysis of the distance 
between centers of triangular patches (Fs) was performed, 
and the modification of the form of the radiation pattern in 
the E-plane versus Fs is displayed in Fig. 2. A good com-
promise between HPBW and SLL can be obtained for 
0.7λ0 < Fs < 0.8λ0. For the next stages of this work, Fs was 
selected to be 0.8λ0 = 97.89 mm. Thus, the 2  1 triangular-
patch array antenna has a footprint of 140.29 × 62.56 mm2 
(1.14λ0 × 0.51λ0), reaching a gain of 9.69 dBi, SLL of  
–12.52 dB and front-to-back ratio (FBR) of 17.89 dB. 

For comparison reasons, the same parametric analysis 
was performed to an array of squared-patches. The results, 
which follow the trend reported in [19], are also shown in 
Fig. 2. The parasitic lobe levels are lower for the squared-
patch case. However, by using triangular patches the 
distance among them is larger than when using squared 
patches, which is more suitable for applying a decoupling 
method. In the following section it will be shown that 
Fs = 0.8λ0 is more suitable for this application than a minor 
value. 

3. Interlaced Antenna Arrays 
The squared-patch array presented in [15] occupies 

a large footprint, an undesired situation in mobile termi-
nals. The occupied space can be reduced by interlacing two 
identical antenna arrays, with the same dimensions calcu-
lated in Sec. 2. The proposed topology, without a decou-
pling method, is presented in Fig. 3. 

The definitive value of Fs was determined by observ-
ing the S21 parameter versus the inter-element distance for 
the interlaced arrays. Figure 4 displays this parametrization. 
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Fig. 2. Modification of the radiation pattern in the E plane for different separations of the patches (FS) of a 2  1 array.  
Continuous line: squared patches; dashed line: triangular patches. 

 

 

Fig. 3. (a) Measured S-parameters of two 2  1 triangular 
patch array antennas without any decoupling method. 
(b) Prototype measured with a Vector Network 
Analyzer. 

It can be noticed that Fs = 0.8λ0 is the minimum inter-ele-
ment distance that does not perturb the resonant frequency 
and obtains a reasonable footprint. 

Making Fs = 0.8λ0, the separation between centers of 
adjacent patches, which does not belong to the same array, 
is 0.4λ0. The distance between the closest vertices of dif-
ferent patches over the same axis (indicated as B in Tab. 1) 
is 27.74 mm (0.22λ0). In Fig. 3, the measured S21 parameter 
reveals that the antennas are strongly coupled. However, 
a reduced rectangular footprint is obtained, being 
1.56λ0 × 0.3λ0. 

Besides the poor decorrelation between ports,  
the gain,  the SLL  and  the pointing  of  the main  beam are 

 

Fig. 4. Simulated S21 parameter of two 2  1 interlaced arrays, 
by varying the Fs parameter. 

 

Fig. 5. Radiation pattern in E plane for a conventional 2  1 
triangular-patch array antenna, compared to the simu-
lated and measured radiation pattern of an interlaced 
array antenna. 

slightly affected by the presence of the interlaced antenna, 
as can be observed in Fig. 5, which displays the simulated 
and measured radiation pattern of this interlaced topology, 
and the radiation pattern of a conventional 2 × 1 triangular-
patch antenna array. The main beam direction is shifted by 
10°, the SLL is increased up to 4 dB and null-filling oc-
curs. The alterations in the radiation pattern are attributed 
to the modifications in the surface current, caused by the 
electromagnetic influence of the other nearby patches. 
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Rectangular and even circular patches could fit in this 
interlaced topology. However, using the equilateral trian-
gular form leaves more available space to apply one or 
more decoupling methods between the antennas, and re-
duces the possibility of overlapping the structures. 

4. Enhancing the Interlaced Arrays 
Performance by Using a Neutraliza-
tion Line 
The neutralization line (NL), originally called “sus-

pended line” [20], was presented to decouple two antennas 
with different but close central frequencies. Later, its appli-
cation to decorrelate antennas of a MIMO communication 
system was discovered [21], [22]. Usually, those works 
place the conductor strip (with electric length of 180°) very 
close to the feed point of the antenna, or in points where 
the current reaches its maximum. The peak surface current 
of a triangular patch lies over a line which crosses the cen-
troid of the radiator. The proposed interlaced geometry 
aligns the centroids of all the patches over the same line, 
an advantageous situation for etching the neutralization 
line. In the present work it was found that the effect of only 
one NL could attain an acceptable level of decoupling for 
two 2  1 interlaced array antennas. 

A microstrip line that could introduce a change of 
phase of 180° was designed and optimized in the FEM 
software. The design assumptions were: (1) there exists 
a pair of width and length that is optimum for a certain 
application [20], and (2) the distance between two adjacent 
patches was the maximum available space to collocate the 
NL. The width of the NL was fixed to 1 mm, to make 
a compromise between the resolution of the CNC plotter, 
and to avoid creating a radiating line. According to Fig. 1, 
the straight line that connected the same point of two adja-
cent patches was 24.02 mm long (length = 3C), then the 
total length of the NL had to be divided between five seg-
ments: three of the same length (24.02 mm/3 = C) and two 
with other length (E). Using the conventional design equa-
tions of a microstrip [23], a straight line that introduces 
a change of phase of 180° is 38.59 mm, hence the total 
length of the NL (3C+2E) should be close to that value but 
it is affected by the changes of trajectory of the line, the 
fringing fields from the patches, and the discontinuity of 
the transition line-patch. After the optimization process, the 
total length of the NL was 41.4 mm.  

Then the NL was placed between the innermost 
patches, as shown in Fig. 6. The simulator calculated small 
affectation on S11 and S22 parameters, and it was demon-
strated by measuring the S-parameters of a prototype. The 
measured scattering parameters are displayed in Fig. 6. 

By comparing Fig. 3 and Fig. 6, it can be noticed that 
the S11 parameter was not strongly affected, the array an-
tenna covered a –10 dB bandwidth of 27 MHz and the 
center frequency  had a deviation  of 12 MHz  to lower fre- 

 

 

Fig. 6. (a) Measured S-parameters of two 2  1 triangular 
patch array antennas with the NL, (b) model and the 
measured prototype. 

 
Fig. 7. Simulated (continuous) and measured (dashed) 

normalized radiation pattern of the neutralized arrays. 

 
Fig. 8. Simulated radiation efficiency and multiplexing 

efficiency. 

quencies but obtaining around –30 dB at 2.45 GHz. The 
measured S21 parameter was effectively reduced from  
–7.81 dB to –29.06 dB, a diminution of 21.25 dB. Also, the 
S21 parameter remained under –20 dB for all over the 
antenna S11 < –10 dB bandwidth. 

Radiation pattern was also measured inside an ane-
choic chamber and compared with the results of the FEM 
simulator. Figure 7 displays the radiation pattern in the  
E-plane for simulated and measured data. The measured 
gain in boresight was 9.11 dB, and FBR = 15.85 dB, then 
convergence between the simulated and measured results is 
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Paper 
Number of 
radiating 
elements 

Footprint 
Decoupling 

method 

Sij 
reduction 

[dB] 

Fractional 
bandwidth 

[%] 

Realized 
peak gain 

[dBi]

Radiation 
efficiency 

(max.) [%] 

ECC 
(max.) 

ηmux 
(max.) 

DG (max.) 
[dB] 

[25] 3 0.67λ0 × 0.29λ0
Position of an-
tennas and slot 

Not 
reported 

> 5, 22 
(dual band)

2.6, 4.35 
(dual band)

65 < 0.5 60 
Not 

reported 

[26] 2 0.94λ0 × 0.3λ0 EBG structures 7.01 4.48 
Not 

reported 
Not reported 

Not 
reported 

Not 
reported 

Not 
reported 

[27] 4 0.41 × 0.41 
Metalized walls 

and strips 
13 

1.6 and 0.7 
(dual band)

2.7, 2.85 
(dual band)

64 0.08 
Not 

reported 
Not 

reported 

[28] 2 0.91λ0 × 0.6λ0 
Metamaterial 

(modified SRR) 
Not 

reported 
115 

Not 
reported 

> 90 0.003 
Not 

reported 
9.8 

[29] 4 1.2λ0 × 1.2λ0 EBG structures 20 3.5 7.1 90 0.004 
Not 

reported 
Not 

reported 
This 
work 

4 1.56λ0 × 0.3λ0 
Neutralization 

line 
21.25 1.02 9.11 91 0.015 90.9 9.9 

Tab. 2. Comparison among the results obtained in this work and recent papers. 

observed. The simulated radiation efficiency of each 
antenna array, including the neutralization line, varies from 
88% to 91% in the –10 dB bandwidth, and is displayed in 
Fig. 8. 

The proposed topology and the presented method of 
decoupling both array antennas obtain similar or better 
results compared to those shown in [5], [15], achieving 
higher gain with smaller footprint, using less radiating 
elements, but with an easier design and implementation.  

5. MIMO Performance 
The effectivity of a set of antennas could be deter-

mined by their individual antenna parameters, but there are 
specific metrics that point out univocally if an array is 
suitable for a certain MIMO application. Under some 
circumstances, many of them can be derived from their  
S-parameters. 

The Envelope Correlation Coefficient (ECC) indi-
cates how independent the radiation patterns of the anten-
nas in a system are. For good diversity/MIMO perfor-
mance, ECC < 0.5 [24]. If the antennas have high radiation 
efficiency, the ECC can be approximated by (2): 

 

  
2* *

11 12 21 22

2 2 2 2

11 21 22 121 1

S S S S
ECC

S S S S




   
.  (2) 

Using (2), the value of ECC was determined to be 
below 0.015 across the –10 dB bandwidth for the proposed 
neutralized antenna system, getting a minimum value of 
8.8  10-5. ECC versus frequency is displayed in Fig. 9. 

The multiplexing efficiency ηmux is the parameter that 
relates the total efficiency of both antennas and their cor-
relation [25]. It is described by (3) 

 
mux 1 2(1 )ECC    (3) 

where η1 and η2 stand for the total efficiency of antenna 1 
and 2, respectively. Using (3), minimum value of 87% and 
maximum of 90.9% is obtained for the presented prototype. 

 
Fig. 9. Simulated Envelope Correlation Coefficient. 

The diversity gain (DG) can be used to describe the 
gain enhancement of a multi-antenna system in a combined 
signal over time-averaged signal-to-noise ratio [24]. 
A Finite Difference Time Domain (FDTD) software was 
used to calculate the DG of the interlaced and neutralized 
antenna arrays. A constant value of DG = 9.9 dB was 
determined. 

A comparison between the results presented in this 
paper, and the ones shown in other works can be observed 
in Tab. 2. 

6. Conclusions 
A novelty setting of two interlaced antenna arrays for 

MIMO applications having small footprint is proposed, 
with enough space for applying decoupling techniques 
between the radiators. A study about the influence of their 
inter-element distance over their radiation patterns and S-
parameters was conducted. 

Only one neutralization line was used to decouple two 
2  1 interlaced array antennas up to S21 = –29.06 dB, i. e. 
a diminution of 21.25 dB, maintaining their –10 dB band-
width, gain, center frequency and general form of the radi-
ation pattern. These results are competitive with those 
exhibited by neutralization lines used to decouple narrow-
band radiators, and simultaneously getting larger gain and 
smaller footprint, including all its main advantages over 
other decoupling methods: ease of design and imple-
mentation. 
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The results were tested by measuring the electrical 
properties of two prototypes with and without the decou-
pling method, and there was a strong correlation between 
the simulated and measured ones. 

Different investigations still in progress are needed to 
determine a general method to decouple N  1 or even 
N  M interlaced arrays. 
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