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This paper presents the first realization of a lumped-element decoupling and matching network (DMN) for more than two-
element mobile MIMO arrays. The realization of the DMN is based on an existing method, which is improved in terms of
bandwidth and the number of network elements. The array is designed to operate in the 2.6-2.7 GHz LTE band. The DMN is
applied to a four-element MIMO antenna array located on one side of the mobile phone chassis. The array initially has a strong
coupling of —3 dB, which is improved to —7 dB with the DMN. In other words, this denotes a reduction of 30 percentage points in

coupled power. The DMN also improves the total efficiency by 21 percentage points at best.

1. Introduction

Growing data rates in recent years have made the use of
MIMO technology a necessity in mobile communication.
This trend increases the number of antennas required for
mobile phones, which, along with shrinking available space,
has created an issue with strong coupling between the an-
tennas. In MIMO arrays, this strong coupling typically re-
sults in high channel correlation [1], which consequently
lowers the MIMO capacity [2]. Hence, the issue of coupling
has invoked interest in recent years. A popular research topic
in the literature has been the decoupling and matching of
two-antenna MIMO arrays for which there are a wide range
of solutions. For example, solutions based on decoupling
and matching networks (DMN) [3, 4], transmission line
coupled resonators [5], LTCC filters [6], neutralization lines
[7], scattering elements [8], defected ground structures [9],
and antenna placement, location, and polarization [10] have
been proposed.

Compared to two antenna arrays, analytical and
straightforward lumped element network-based solutions
are not so often used to coupling problems for larger MIMO
arrays in mobile phones. In recent solutions, the antenna

and decoupling structures are optimized with the help of
laborious and time-consuming electromagnetic simulations.
One example of such a solution is the design of a single
antenna element with inherently low mutual coupling to
other elements [11]. Other examples include use of parasitic
metal strips [12, 13], neutralization lines [14], and lumped
elements [15] between antennas as decoupling structures. The
parasitic structures aim to decrease coupling by controlling
the EM fields, whereas neutralization lines or lumped ele-
ments provide an alternate current path between antennas to
cancel coupling. Besides decoupling structures, MIMO arrays
consisting of antennas with orthogonal polarizations [16] and
operating at different modes [17] have been proposed.
Since designing antennas and decoupling structures can
be time consuming, solutions based on analytical ap-
proaches would be appreciated to accelerate the antenna
design process. DMN is one of these straightforward ap-
proaches since the required circuit components can directly
be calculated from scattering parameters. However, tech-
niques for deriving DMN networks for N-element arrays are
largely impractical due to the large number of lumped el-
ements, cross connections, and a very narrow bandwidth
[18, 19]. On the contrary, five different methods based on
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antenna scattering parameters have been derived, and they aim
to reduce the number of elements required for antenna arrays
[20]. In hindsight, these methods still produce DMNs with
cross connections and a very narrow bandwidth. Furthermore,
their feasibility is severely limited since they assume that the
lumped elements are ideally connected together.

In this paper, we use method 3 from [20] as a starting
point for deriving a DMN for a four-element antenna array
consisting of simple elements. We modify the DMN to take
into account the bandwidth and the practical feasibility
through element reductions and an iterative procedure. The
reductions allow the manufacturing of the DMN on a single-
layer PCB, and the procedure achieves a wider bandwidth
with realistic element models in the DMN that is imple-
mented on a real PCB layout. The effectivity of our approach
is demonstrated by realizing a four-element mobile MIMO
antenna array with a decoupling and matching network in the
2.6-2.7 GHz LTE band. Initially, mutual coupling is -3 dB at
worst, but the DMN improves it to below —7 dB. The DMN
also improves the total efficiency by 21 percentage points at
best. This realization is the first time that a DMN is applied to
mobile MIMO arrays with more than two elements.

2. Application of the Method

Figure 1 describes an N-element antenna array with a DMN,
which can be presented as a 2N-port admittance matrix
block (Yp) connected to feeding ports (ports 1 — N of Yp)
and antennas (Y,) (ports from N+1 to 2N of Yp).

In general, the applied method [20] is based on parti-
tioning this 2N-port DMN admittance matrix into four

submatrices as
Y Y
Y, :[ D11 YD12 ] (1)
Yoo Yoo

When the admittance matrix is known, the network can
be constructed with IT-circuits between all the ports. As
implied by Figure 1, with N input and N output ports, Y, is a
2N x 2N matrix, and if all the matrix items are nonzero, the
number of required components is 2N? + N.

The submatrices of the DMN network can be computed
with a few matrix operations. For brevity, we show only the
necessary design equations of the method; the details can be
seen in the original paper [20]. In order to define the DMN
network, matrices P and Q are calculated with the help of an
antenna scattering matrix (S,):

-1

P =(I1-5,8}) (2)

Q=s(1-85,81)", (3)

where S, is the scattering matrix of the antenna array and
(O™ is the Hermitian transpose. Then, the following singular
value decomposition is computed:

WEIW' = 2Re{P} + 2Re{Q} - I, (4)

where ()' is the transpose. After these computations, the
submatrices of the DMN are as follows:
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FIGURE 1: Block representation of an N-element antenna array with
a DMN.
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where j is the imaginary unit, Y, is the port admittance, and
o is the smallest value on the diagonal of matrix X.
Generally, the method diagonalizes Yy, ;, and Yp ,,, thus
reducing the number of elements by N>~ N from the
maximum. We apply the method to a four-element antenna
array (N = 4) with a single symmetry plane. The method
produces the following admittance matrix for the DMN:

(Y Yy Y3 Yy Y50 0 0 0
Y Ypp Y3 )35 0 Y, 0 0
Y3 Yoy YY,, 0 0 Y, O
Yiy Y Y,Y, 0 0 0 Yy
Yp = . (8)

Y50 0 0 0 Ys5 Ys6 Vo7 Vg
0 Yo 0 0 Ys Y Yo7 V5
0 0 Yg 0 Ys5 Yo Yo Vs
L0 0 0 Y5 Ys Yo, Yoo Yoo

Figure 2, illustrating the DMN component network,
shows how these matrix values are applied to calculate the
component values. Since our antenna array has a symmetry
plane between antennas 6 and 7, the DMN network also
exhibits symmetry along this plane. This symmetry is
convenient in the optimization since the number of values to
optimize decreases from 24 to 14.
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FIGURE 2: DMN network for a linear four-element antenna array.

3. Design of the MIMO Antenna Prototype

3.1. Initial Design of the Structure. In order to demonstrate
the applicability of the method, we design a four-element
MIMO antenna array in the 2.6 GHz-2.7 GHz LTE band.
Figure 3 shows the prototype with dimensions, which are
largely decided before the structural optimization. The size
of the prototype is 73 mm by 148 mm, which is a typical size
for a mobile phone. The substrate is low-loss Rogers
RO4003C with a thickness of 1.524 mm. The ground plane is
smaller with the dimensions of 69 mm by 140 mm. Thus, the
clearances are 4 mm on the shorter sides and 2 mm on the
longer sides. The four antennas are constrained to a single
side and have a spacing of 1 mm. The antennas do not extend
to the ends of the sides in order to leave space for 3G/4G/
WLAN antennas on the shorter sides. The antennas are
0.1 mm thick and 4 mm high. The DMN components should
be placed as close to each other as possible in order to
minimize parasitic capacitances and inductances in the
layout. Thus, feed ports are brought closer together with
microstrip lines, which have a fixed minimum separation of
4mm, a width of 1 mm, and a thickness of 35 ym.

In the initial structure optimization, the physical DMN,
the ground patch, and the attachment patch (shown in
Figures 3(a) and 3(c)) are omitted, and the feeding ports are
implemented with discrete face ports between microstrips
and the ground. Red dashed lines in Figure 3(c) show the
feeding port locations. The structural optimization is per-
formed by changing the lengths (I 4, I,,) and feeding lo-
cations (d ;4> o) Of the antennas. In the optimization, the
goal is to minimize the reflection in the design band of
2.6-2.7 GHz. The antenna lengths after the optimization are
19 mm and 49.4 mm, and the feeding locations d, ;4 and d
are 17mm and 17.1 mm, respectively.

out

3.2. Optimizing the DMN without the Physical Network.
As in the structural optimization, the antenna scattering
parameters are simulated without the physical DMN, the
ground patch, and the attachment patch. The obtained

scattering parameters are applied in equations (2) and (3),
which are then applied in equations (4)-(7) to calculate
initial ideal component values. The cross connections,
marked with red crosses in Figure 2, are removed to simplify
the DMN design. This way, the DMN can be implemented
on a single-layer PCB. Removing these components has a
minor effect, as is verified by the results in Figure 4. The
results with the full DMN (red solid line) and the reduced
DMN (red dashed line) are very similar to each other across
the 2.1-3.1 GHz band.

Next, the remaining elements are optimized to increase
the minimum efficiency in the design band. Figure 4 also
shows the matching efficiencies with the optimized values.
The matching efficiencies (,,,,,,) are calculated as

N 2
Nmatch = 1- Z |Snm| > (9)
n=1

where m is the number of the port and N is the number of the
ports in the array. The optimization lowers the maximum
matching efficiency but increases the minimum efficiency
significantly. Compared to the case without the DMN, the
lowest minimum efficiency increases from 40% to 63%, an
increase of 23 percentage points.

3.3. Effects and Optimization of the Physical Network.
When the physical DMN, the ground, the attachment patch,
and a realistic feed are introduced, the operation of the DMN
changes due to the parasitics introduced by the PCB layout.
Figure 3(c) shows the implemented DMN, which has a total
area of 10 mm by 9 mm. In the figure, the components are
denoted as gray rectangles, and the red arrows show the new
feeding locations. The actual realization is shown in Figure 5,
which shows that the feed is implemented with semirigid
coaxial cables that are grounded via the ground patch and
are soldered to the attachment patch for additional mea-
surement stability.

Because of the change in the DMN operation, a
reoptimization is required. After the reoptimization, the
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FIGURE 3: View of the prototype from the top (a) and front (b), and a close-up of the DMN (c). The gray rectangles denote lumped elements,
the red arrows signify feeding locations, and the red dotted lines in the close-up are the feeding locations from the ground when the physical
network is not included.
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FIGURE 4: Matching efficiencies of the ports without the physical DMN. The results without (wo) the DMN and with the initially calculated
full (w&full), reduced (w&reduced), and optimized (w&opt.) ideal DMN are shown.

matching efficiency is at least above 60% for all the portsin ~ GJM1555C:), yet another optimization is required. In this
the design band. When ideal components are replaced with ~ optimization, ideal elements are connected in parallel (for
real Murata component models (series LQW15AN = 80 and capacitors) or in series (for inductors) with the Murata
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FIGURE 6: Simulated scattering parameters with (w) and without (wo) the DMN: (a) the reflection and (b) the coupling of the ports.

models. The ideal elements are optimized to define the
values required in the real components. The optimization is
performed simultaneously for all the elements. After this,
the matching efficiency is at least 62%. Figure 6, showing
the scattering parameters, reveals the reason for improved
matching efficiency. The strongest couplings (S, and S;,)
improve from -3 dB to below —9dB. This improvement
comes at the price of increased coupling between middle
antennas (S,;) and reflections (S;;) at the ports. However,
the improvements outweigh these deteriorations. This
behavior is clearly visible, e.g., at 2.6 GHz. The reduced
coupling between middle and outer antennas (S,, and S;,)
decreases the power losses by 36 percentage points for all
the ports. When the increased coupling of the middle
antennas and reflections are taken into account, the DMN
still reduce losses by 23 (ports 1 and 4) and 16 (ports 2 and
3) percentage points.

4. Measurements

The results of the simulated and measured matching and
total efficiencies are shown in Figure 7. The total efficiency
was measured with the MVG StarLab 6 GHz system in Aalto

University. Figures 7(a) and 7(b) show that the measured
matching efficiencies agree reasonably well with the simu-
lated ones. The matching efficiencies of ports 1 and 4 (outer
antennas) shift to higher frequencies, and the efficiencies of
ports 2 and 3 (middle antennas) shift to lower frequencies.
These small shifts are due to shifted resonance frequencies.
Furthermore, the efficiencies of the middle and outer an-
tennas are not identical, which are due to the differences in
the measured S, and S,. These variations are explained by
manufacturing tolerances, such as the amount of solder
used, the component tolerances, and the variation in the
spacing of the antennas. The prototype is rather sensitive to
the DMN component values and spacing of antennas.
Variations in either of these might cause relatively large
changes in the S-parameters of the system.

The shifts and differences are also visible in the measured
total efficiencies, which are shown in Figures 7(c) and 7(d)
along with the simulated efficiencies with and without the
DMN. The simulations suggest that the efficiencies increase
between 12 and 20 percentage points for the outer antennas,
whereas for the middle antennas, the increase varies between
6 and 23 percentage points. For the measured results, the
maximum increases lie between 11 and 21 percentage points
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FIGURE 7: Measured and simulated matching and total efficiencies of the antennas. The simulated results with (sim&w) and without (wo) the
DMN and the measured results with (meas&w) the DMN are shown.

TaBLE 1: Comparison with other similar works.

Simulated
Frequency . Antennason Antennas
Reference total efficiency . . .
(GHz) (%) a single side  in total
()

This work ~ 2.6-2.7 >50 4 4
[12] 2.4-2.5 >40 2 4
[16] 2.55-2.65 >54 4 8
[13] 3.4-3.6 >60 2 4
[15] 34-36 >34 4 4
[11] 3.4-3.6 >62 4 8
[17] 34-36 >61 4 8
[14] 33-36 >46 4 8

for all the ports, which are relatively close to the simulation
results. However, the lowest increase in the measured results
is lower than expected. This is mainly due to the shifts.
Table 1 shows a comparison between this work and
recent published articles that share similar mobile phone
environment to our work. The table shows that this work

fairs well compared with other works in terms of total ef-
ficiency. Although [11, 13, 17] report better efficiencies, they
operate in a higher frequency band, where antenna sizes are
smaller, and mutual coupling is therefore less of a problem.

5. Conclusion

In this paper, a lumped-element decoupling and matching
network is realized for a four-element mobile MIMO an-
tenna array based on an existing theoretical method. The
DMN provided by the method is modified to take into
account practical aspects. After the modifications, the DMN
is operating in the 100 MHz band rather than at a point
frequency. Furthermore, the modified DMN has fewer el-
ements than originally, and it considers the physical layout
promoting practical feasibility. The simulated and measured
total efficiencies demonstrate that the modified DMN im-
proves the performance of an array consisting of simple
elements. The strongest coupling drops from —3 dB to —7 dB,
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denoting a decrease of 30 percentage points in power losses.
The results also show that DMNs are a practical choice for
decoupling and matching antennas in mobile phones. They
allow use of simple antennas, and their design is straight-
forward. Therefore, DMNs can alleviate the antenna design
process reducing the need for complex decoupling struc-
tures, which can be laborious and time consuming to design.
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