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Abstract—A simple U-shape decoupling and matching network 
(DMN) with port pattern shaping capability is presented for two 
closely spaced antennas. When the antennas are identical and 
symmetrically positioned, we prove that the port pattern remains 
unchanged although infinite U-shape DMNs can be designed. 
Subsequently, two methods are proposed to enable the port 
pattern shaping capability without changing the antennas: 
changing the impedance matrix by adding a cross network 
between the antennas and introducing asymmetry to the U-shape 
DMNs. These methods offer more freedom to the compact 
antenna system design especially in terms of pattern shaping.  

Index Terms—Port pattern, mutual coupling, compact array. 

I. INTRODUCTION 

ULTIPLE antennas are used in multi-channel wireless 
communication systems to enhance their channel 

capacity and spectrum efficiency [1]. However, when the 
antennas are closely spaced, the mutual coupling between the 
antennas significantly degrades system performance [2]. To 
reduce the mutual coupling, several methods have been used: to 
change antenna orientations and polarizations [3], to utilize 
meta-material or electromagnetic band-gap structures [4], to 
add parasitic elements and reactive loads for signal cancellation 
[5], and to introduce decoupling and matching networks 
(DMNs) between the antennas [6]. The DMN reduces the 
coupling between the ports and thus improve the radiation 
efficiency at each port. Furthermore, the radiation beams can be 
scanned by weighting the decoupled ports [7], [8]. The DMN 
provides a current transfer matrix between the decoupled ports 
and the antennas. As stated in [9], when the ith port is excited, 
the antennas are driven by the currents of the ith column of the 
current transfer matrix. As a result, a corresponding ith port 
pattern is generated, where all the antennas contribute to the 
radiation according to the transfer matrix. In [10], an algorithm 
is developed to choose a proper DMN and antennas to provide 
desired patterns. The DMN in [10] is in a general form, which 
covers almost all the existing topologies [11]-[14].  

In this work, we focus on the port patterns obtained using the 
U-shape DMN. Compared to [10], the number of components is 
reduced. We first point out that the conventional U-shape DMN 
topologies in [13] only get two possible port patterns albeit 
infinite sets of component values can be used. Then we propose 
two methods to enable the port pattern shaping capability by 
using this simple topology. A design example at 2.45 GHz is 
demonstrated, where two non-identical antennas and an 
asymmetric DMN are used to produce two port patterns with a 
hemisphere coverage. 

II. SYMMETRIC ANTENNAS AND DMN 

Fig. 1.(a) shows the general DMN between the coupled 
antennas and the ports to be decoupled. Each connection line 
represents a network, for example for Fig. 1(a), six networks  
 
 

 

Fig. 1. (a) General DMN for two coupled antennas [9]; (b) coupler based DMN 
[11]; (c) U-shape mode cancellation DMN [13].  

 
are needed to build the DMN. The crossing in Fig. 1(a) implies 
a multi-layer DMN, and Δ-Y network conversion can be used 
to implement the network in a single layer [9]. When the top 
network and the bottom network are open, the topology is 
simplified to Fig. 1(b). The coupled-based DMN and the 
out-of-phase-based DMN [14] are in this category. When the 
top network and the crossing networks are open, the topology is 
simplified to a U-shape network as shown in Fig. 1(c). Several 
implementations such as the neutralization line fall into this 
category [12]-[16]. The DMNs in Fig. 1(a) are able to generate 
different port patterns. The topology shown in Fig. 1(b) can 
only provide the fixed port patterns in even and odd modes. 
Similar to the configuration in Fig. 1(a), there are infinite 
possible combinations of networks using the U-shape topology 
as shown in Fig. 1(c) [13]. However, a general conclusion has 
yet been made regarding the port radiation patterns using this 
topology. We will first prove that the port radiation patterns 
remain unchanged although there are infinite possibilities of 
U-shape DMN designs. 

By following the calculation in [13], the network between 
the antennas and the ports are presented by ABCD parameters. 
The currents on the two antennas have the following relation: 

1
⁄

 (1) 

where  is the impedance of an even mode antenna, and A and 
B are the components in the ABCD matrix. Different DMNs can 
be designed by varying A. However, the ratio B/A is found to be 
independent of A:  

4 2  (2) 

where , , 

.  
Eq. (1) and (2) imply that once the identical antenna pair is 
chosen, although various DMNs can be designed, the current of 
the two antennas only has two possible relations when one port 
is excited. These two relations are realized when “+” and 
“-”signs are used in Eq. (2), and they lead to two different port 
patterns. Note that in [13], only lumped element is discussed in 
the bottom network of the U-shape DMN, examples are shown 
in Fig. 2(a)-(c). In fact, transmission line can also be used in the 
bottom network if the following equation is fulfilled: 

sin
1

 (3) 
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                                         (a)                                     (b) 

 
                                      (c)                                    (d) 
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 (b)
 (c)
 (d)

(e) 
Fig. 2. (a), (b), (c), (d) Four possible DMNs to decouple the same antenna pair; 
(e) port patterns at the xoy plane when Port 1 and 2 are separately excited. “+” 
sign in (2) is chosen for the designs. 

 
                                            (a)                                (b)                               
Fig. 3. Symmetrically added networks can be combined with the antennas to 
generate a new impedance matrix.  
 

 

 (a)
 (b)

          (a) (b) (c) 
Fig. 4. (a), (b) Two DMNs with top networks; (c) port patterns when the same 
port is excited and the other port is terminated.  

where b can be calculated from [13], Z and θ are the impedance 
and the electrical length of the bottom transmission line. Fig. 2 
shows four different DMNs to decouple the same antenna pair. 
The physical dimensions of the antennas are shown in Fig. 2(a). 
As pointed out in [13], there are infinite combinations of the 
components can be used to design a DMN. In the example, four 
implementations are arbitrarily chosen, and the port radiation 
patterns are compared in Fig. 2(e). After decoupling and  

Non-identical
antennas

 
Fig. 5. Non-identical antennas to be decoupled using U-shaped networks. 
 

Fig. 6. Details of the U-shaped networks. 
 

TABLE I. KEY PARAMETERS OF THE MIMO ANTENNAS 
Case # Z11 = Z22 (Ω) Z12 = Z21 (Ω) i1/i2

Fig. 2 (a, b, c, d) 19.26+j5.33 5.85-j42.07 6.4/176°
Fig. 4(a)* 14.09-j30.06 11.02-j6.68 0.53/-112° 
Fig. 4(b)* 13.25-j10.48 11.86-j26.27 3.7/125° 

*: top network absorbed impedance matrix. 

matching, they are all centered at 2.45 GHz. A “+” sign in (2) is 
chosen for these implementations. The related parameters are 
listed in Table I. As expected, the radiation patterns of the 
implemented DMNs are the same. When the other port is 
excited, the patterns with maximum gain at the opposite 
direction are obtained. When “” sign in (2) is chosen, a 
different pattern will be obtained. For brevity, we only look at 
the parameters calculated when “+” is used in Eq. (2). The 
conclusions can be directly applied to the situations where “” 
is used. 

III. PATTERN SHAPING ENHANCEMENT  

To control the port pattern without changing the antennas, 
the impedance matrix to be decoupled has to be changed. This 
can be realized by adding a top network between the antennas 
as shown in Fig. 3(a). Fig. 4 shows two arbitrary examples 
where the port patterns are changed when different top 
networks are added. The corresponding parameters are listed in 
Table I. Note the top network is integrated into the antenna to 
offer a combined impedance matrix and different port patterns.  

Two identical antennas generate symmetric port patterns if 
the antenna configuration and the DMN are symmetric. The 
asymmetry of the design offers more flexible port patterns. 
When non-identical antennas are used, the individual element 
patterns or polarizations can be separately designed. As shown 
in Fig. 5, the asymmetry of the DMNs can be accounted into the 
impedance matrix as well. A properly designed U-shape 
network is able to decouple the ports and provide the pattern 
shaping capability at the same time. To decouple two 
non-identical antennas, the DMN design method in [13] cannot 
be applied. Fig. 6 shows a general method for two asymmetric 
antennas for decoupling purpose.  

Assume the ratios of the currents are: 

:  (4) 

′ : ′  (5) 



Paper ID: AP1403-0436 
 

3

The impedance matrix of the antennas is denoted using 
	 ; 	 . When Port 1 is excited, the driving point 

impedance at antennas can be written as: 
⁄  (6) 

 r = -2
 r = 0.1
 r = 0.5
 r = 1.0
 r = 2.0
 r = 10

Fig. 7. Directivity for different r of two decoupled monopoles. 
 

 (7) 
If the two ports are successfully decoupled, no current flows 
from one port to the other port for any loading when one port is 
excited. It is realized when a virtual ground is generated at the 
other port: whatever load is bridged between this port and a real 
ground, there is no current flowing on this load. Suppose Port 1 
is excited, at Port 2, we have:  

0 (8) 

Let , , , 
substitute (4) and (7) into (8), (8) becomes	

0 
The real part and the imaginary part are both zero and two 
relations can be obtained: 

⁄  (9) 
 (10) 

On the other hand, the following relation is found at Port 1: 

 (11) 

Substitute (4) and (6) into (11) and equate the respective real 
and imaginary parts, two more relations can be found: 

⁄  (12) 
 (13) 

Similarly, when Port 2 is excited, a set of relations can be 
found as 

⁄  (14) 
 (15) 

⁄  (16) 
 (17) 

The decoupling network exists when (12) = (15), (10) = (16), 
and (13) = (17). It should be noted that all the three equations 
lead to the same solution. Solving the equations gives: 

2
1 11 12 12

2

22 1 12 12
2

12
2

11 12

12
2

12
2  (18) 

From (9), (10), (12)-(14) and (18), all parameters can be 
calculated if  is known. Assume 	 ,  can be 
calculated as: 

4 2⁄  (19) 

where	 ⁄ ,  
2 ⁄ , 

and ⁄ . Same 

to Eq. (2), both “+” and “” signs can be used in the design, and 
they lead to different component values and port patterns. We 
use “+” sign in the examples and experiments.  

Fig. 8. Fabricated asymmetric antenna and its DMN. 
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Fig. 9. Measured and simulated S-parameter of the MIMO antenna: (a) without 
DMN, (b) with DMN. 

Thus, all design parameters of the DMN can be obtained and 
the corresponding current distributions can be calculated when 
r is known. Note for identical antennas where Z11 = Z22 [13], the 
same solution will be obtained when r = 1. For other r values, 
asymmetric DMNs are formed with asymmetric port patterns 
while in [13], only symmetric DMN is possible. From (4) and 
(5), the current relation is changed when different r is used. Fig. 
7 shows the radiation patterns of separate port excitation using 
five different DMNs: r = 2, 0.1, 0.5, 1, 2 and 10, respectively. 
The two antennas to be decoupled in Fig. 7 are different printed 
monopoles (one is 22.1 mm × 2.2 mm, the other one is 18.1 mm 



Paper ID: AP1403-0436 
 

4

× 4.2 mm) with a spacing of 0.05λ at 2.45 GHz. Asymmetric 
patterns are obtained for the two port feeding. To maximize the 
two-port antenna performance, a co-design of the antennas and  
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Fig. 10. Measured radiation patterns in different planes.  
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Fig. 11. Calculated efficiency from the measured results of Port 1 and Port 2 
and the corresponding signal correlation factors using methods in [17] and [18]. 
 

the DMN is recommended because both antennas and the DMN 
influence the performance in terms of pattern and isolation. 

IV. EXPERIMENTAL RESULTS 

To validate the method, a DMN for two different folded 
monopole elements at 2.45 GHz is designed and measured. The 
layout of the fabricated board is shown in Fig. 8. The antennas 
and the DMN are prototyped using a Rogers RO4003C (εr = 
3.55, h = 32 mils, tanδ = 0.0027) printed circuit board. An extra 
reflector at the right hand side is added to provide hemisphere 
coverage from the two ports of the antenna. The Z-parameter at 

the planes to be decoupled is (106.6-j27.3, -100.9+j35.1; 
-100.9+j35.1, 140.3-j34.4). TRL calibration is used to obtain 
these parameters. The components from MuRata are used for 
the DMN design. The measured and simulated S-parameters 
with/without the DMN are compared in Fig. 9. In practical 
design, the lumped components usually have discrete values 
and unwanted parasitic, all these factors should be included into 
the simulation [10]. The ratio of X2 and X1, r, is chosen to be 
2.33. In the practical implementation, r is changed to 3.1 based 
on the measured parameters of the coupled antenna and the 
lumped components. When DMN is added, the mutual 
coupling between the two ports is reduced from -6.7 dB to -17.7 
dB at 2.45 GHz. Over the frequency band from 2.4 GHz to 2.5 
GHz, the measured return loss is higher than 11.5 dB for both 
ports and the isolation is higher than 15 dB.  

The measured radiation patterns, inclusive of all Ohmic 
losses, in different planes are shown in Fig. 10. The measured 
peak gain is 3.1 dBi and 5.2 dBi for Port 1 and Port 2 
excitations, respectively. Hemisphere coverage of radiation 
patterns is obtained. Compared to the simulated directivity 
using ideal components, the estimated radiation efficiency for 
the two ports from 2.4 GHz to 2.5 GHz is shown in Fig. 11. The 
obtained efficiency is used together with a series circuit model 
to calculate the signal correlations [17]. As a comparison, the 
calculation without considering the network loss in [18] is also 
added. The correlation factor is estimated to be less than 0.2. 

V. CONCLUSIONS 

A simplified DMN with the pattern shaping capability for 
two coupled antennas using U-shape topology has been 
proposed. By changing the impedance matrix or introducing 
asymmetric components, the port radiation patterns can be 
controlled. Design equations of the U-shape DMN have been 
derived and validation experiment has been provided.  
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