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Abstract—Decoupling and matching networks may be used to
improve the performance of compact antenna arrays where mutual
radiator coupling has caused a degradation of the diversity capa-
bilities. A popular network consists of a 180� rat-race directional
coupler, which decouples the antenna ports, followed by impedance
matching networks at each port. Researchers, however, usually ne-
glect the presence of losses both within the antenna array and the
decoupling and matching network. For this reason, we have built
various narrowband and broadband matching networks and com-
pare their performances with the help of calibrated far-field mea-
surement data.

Index Terms—Antenna array mutual coupling, antenna diver-
sity, mobile communication.

I. INTRODUCTION

M UTUAL radiator coupling is known to degrade the
radiation efficiency and the diversity performance of

compact antenna arrays where radiators are closely spaced
[1]–[5]. Decoupling and matching networks (DMNs) provide a
way to decorrelate the antenna ports by ideally achieving 100%
matching efficiency for all possible antenna excitations [5]–[7].
There are two major problems associated with DMNs: first, due
to the high power mismatch involved for superdirective exci-
tations, DMNs are usually very narrowband. Second, although
a DMN can be manufactured to provide excellent matching
and isolation at its input ports, ohmic power losses within the
network are significant [5], [8], [9]. In addition, there will be
considerable losses within the antenna array itself.

In contrast with previous work on decoupling and matching
networks [6], [7], [10]–[14], the present letter takes ohmic losses
into account. The DMN performance is evaluated in terms of
its efficiency and its diversity gain for the particular example
of a symmetric two-port antenna array (Fig. 1). The DMN de-
sign shown on the right-hand side in Fig. 1 is based on the
180 rat-race directional coupler and was chosen for several
reasons [5], [10], [11]. First, it is straightforward to manufac-
ture. Second, it decouples the radiators without performing any
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Fig. 1. The left-hand side shows a photograph of the antenna array and
the brass housing containing the decoupling and matching networks. The
principle of decoupling and matching is sketched on the right-hand side.
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power matching actions. Matching can be implemented inde-
pendent of decoupling and we therefore propose the use of mul-
tistage matching networks to broaden the bandwidth over pre-
vious designs. A third advantage is based on past experience,
which has shown that excellent decoupling is achieved over a
wide frequency range. This property ensures that there will in
fact not be any noteworthy residual coupling to worry about
during matching network design. A fourth point is that the basic
concept can be extended to asymmetric two-port arrays and to
arrays with more than two elements [5], [12]–[14]. Of course,
there are disadvantages as well, which become evident towards
the end of this letter.

We manufactured five different network versions for the
same -spaced two-port monopole antenna array shown
in Fig. 1. The center frequency is 2.45 GHz. Radiators and
networks are printed on 55 mm 120 mm microwave substrate
(Rogers RO3203, , ), and are easily
replaced in the brass housing. Our networks under test are
shown in Fig. 2 and will be referred to with their corresponding
letter: (A) coupled radiators, (B) decoupled radiators without
matching, and (C) decoupling with single-stub matching. Net-
work (D) aims at providing better than 10 dB return loss over a
broad bandwidth using a multisection matching network. Net-
work (E) was designed to provide a constant improvement of
matching over a bandwidth of 100 MHz. We present results for
the modal efficiencies [5] and the prospected diversity gain [15]
of these networks based on calibrated far-field measurement
data. Therefore, our results include all types of power losses:
mismatch at the inputs, losses within the network, and losses
within the antenna array.
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Fig. 2. The various antenna networks investigated here. (A) No network.
(B) Decoupling only. (C) Decoupling and single-stub matching. (D) 10-dB
broadband matching. (E) 100-MHz broadband matching. The dimensions of
the printed circuit board are 55 mm� 120 mm. The different networks are
referred to with their corresponding letter in the text.

Fig. 3. Reflection coefficient at the odd port for three different matching net-
works.

II. MATCHING NETWORK DESIGN

An advantageous property of the 180 rat-race ring based de-
coupling network is that it works for any symmetric two-port
antenna array [5]. So the decoupling part of the network can
be designed straight away without any measurements. We call
the input port, which excites both radiators equal in phase, the
“even” port. Similarly, we call the other port, which excites both
radiators 180 out of phase, the “odd” port.

Measurements of the scattering parameters of the decoupled
antenna array revealed an isolation better than 25 dB between
the input ports from 2.4 to 2.5 GHz. At the even port, the return
loss was better than 8 dB (matching efficiency 84%) over the
same frequency range. The odd port, however, displayed a return
loss around 1.3 dB, which corresponds to a matching efficiency
of 25%. In an attempt to improve odd port matching we designed
three different matching networks.

Matching network “C” (Fig. 2) is the classical narrowband
single-stub tuner [16]. The measured input reflection coefficient
is shown in Fig. 3 where the 10 dB (matching efficiency 90%)
bandwidth is 15 MHz.

Matching network “D” was designed by means of the Sim-
plified Real Frequency Technique (SRFT) to achieve a broader
matching bandwidth with 10-dB return loss [17], [18]. The ad-
vantages of the technique can be summarized as follows: there
is no need for an explicit expression or a circuit realization of
the load, measured impedance data can be used. Also there is
no need to select any network topology, which is the natural
consequence of the matching process. It is almost impossible

Fig. 4. Close-up of the fabricated odd-port 10-dB broadband matching network
“D” shown in Fig. 2.

to estimate the gain-bandwidth limitations of real antenna im-
pedances via analytical theories [19]–[21]. These are applicable
only to simple RC/RLC types of loads. Using SRFT, however, it
is possible to design broadband matching networks converging
to the upper flat transducer power gain limit based on measured
antenna impedance data. The matching network was designed
using lumped components, resulting in a sixth-order low-pass
ladder structure. Inductors were replaced by available standard
values from muRata’s LQW18A high- series [22] whose res-
onant frequencies were all above 4.9 GHz. Since the capac-
itor values obtained after post-optimization are not available as
standard values, they were replaced by shunt open stubs im-
plemented in microstrip. A close-up of the final manufactured
matching network is shown in Fig. 4. Measurements show that
matching better 10 dB was achieved over a bandwidth of 51
MHz—a more than threefold improvement over the single-stub
tuner.

The goal of the third matching network “E” was to provide an
improvement in matching over 100-MHz bandwidth from 2.4
to 2.5 GHz. This time, the design was done with the aid of the
nonlinear optimization features provided by the ADS simulation
software [23]. Blind optimization is successful if only few com-
ponents are involved. In this case, two series inductors (chip in-
ductors) and two shunt capacitors (shunt open stubs) were used.
Scattering parameter measurements revealed matching better 5
dB (matching efficiency 68%) over the desired frequency range.

III. FAR-FIELD MEASUREMENTS

Although scattering parameter measurements tell how much
power is accepted by the antenna array, only far-field measure-
ments can reveal how much power is really radiated.

Calibrated far-field measurements provide us with the com-
plex far-field pattern relative to the ideal (i.e., loss-
less and perfectly matched) isotropic radiator [24]. The vector

contains two orthogonal polarizations and is dependent
on azimuth and elevation . The total efficiency including
all types of power losses is then evaluated using

(1)

We may even compute the radiation matrix [5], [24]. Matrix
element is then given by

(2)
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Fig. 5. Even mode efficiency as determined from measured radiation patterns.
Thin lines show the unmatched performance. Thick lines compare the matching
networks.

where the superscript denotes the Hermitian (conjugate)
transpose and is the far-field pattern associated with the
th array port. As discussed in [5], the eigenvalues of can

be interpreted as the radiation efficiencies of the degrees of
freedom available in an antenna array.

Given the discrete far-field data of each network in Fig. 2,
Simpson’s rule was used to numerically evaluate above integrals
and to obtain an estimate of the radiation matrix .

A. Modal Efficiencies

The larger of the two eigenvalues of is the efficiency
of the even mode of the antenna array and is plotted in Fig. 5.
As expected, the graphs of the various networks show similar
behavior since no matching was performed on the even mode.

The smaller eigenvalue, i.e., the odd mode efficiency , is
plotted in Fig. 6. Thin lines show the efficiency of the direct
network “A” (Fig. 2, solid line) and the decoupling network
without matching “B” (dashed line), respectively. In contrast to
the matching efficiency of 25% mentioned in Section II, the ac-
tual radiation efficiency including all losses is less than 10%—a
dramatic difference. The additional insertion loss caused by the
directional coupler is about 0.3 dB. The graphs, however, sug-
gest a much larger loss of about 1 dB. Since the far-field patterns
associated with the ports of the direct network and the decou-
pled network are very different in shape, one explanation for
this discrepancy are possible errors that arise during measure-
ment, such as axis alignment errors of the antenna under test,
or spurious reflection at the positioning hardware. Another pos-
sible source of error is the discretization of the far-field patterns.
If undersampling occurs then numeric evaluation of above inte-
grals will yield incorrect results. We have yet to verify whether
the 3 sampling resolution used in azimuth and elevation is suf-
ficiently dense for our purposes.

Thick graphs in Fig. 6 represent the efficiency performance
of our matching networks. The single-stub matching network
“C” is plotted as the solid curve and shows a more than 2.5-
fold improvement at the center frequency. The bandwidth over
which this simple network provides an improvement over the
antenna array without network is almost 80 MHz.

Fig. 6. Odd mode efficiency as determined from measured radiation patterns.
Thin lines show the unmatched performance. Thick lines compare the matching
networks.

The efficiency of the 10-dB broadband matching network
“D,” which is plotted as the thick dashed curve in Fig. 6, turned
out as a disappointment. Contrary to its broad matching perfor-
mance, its power efficiency bandwidth is narrower than for the
single-stub case. This is presumably due to the large number of
reactive elements involved and due to the attempt to achieve rel-
atively good matching. Both facts increase the amount of energy
stored within the matching network and in consequence lead to
higher losses.

With matching network “E,” where the design focus was on
the 100 MHz bandwidth rather than on the matching efficiency,
we were actually able to increase the bandwidth over the single-
stub network. The dash-dot line in Fig. 6 reveals a bandwidth of
about 110 MHz where the matching network outperforms the
antenna array without network. Its peak efficiency is only little
less (about 86%) than the efficiency of the single-stub imple-
mentation.

B. Diversity Performance

Knowing the eigenvalues of we may estimate the diver-
sity performance of maximal-ratio combining in a rich multi-
path environment with uniform angular spread in both azimuth
and elevation [3], [4], [15]. Plots of the diversity gain at the
1% probability level are given in Fig. 7. All matching networks
yield a peak diversity gain of around 8 dB, which is an improve-
ment of about 2 dB over the antenna array without network. The
diversity of an ideal (i.e., lossless, perfectly matched, and un-
coupled) two-port antenna array is indicated in the figure with

at 11.7 dB. As expected from the efficiency considerations
of the last subsection, network “E” shows the broadest band-
width.

IV. CONCLUSION

We presented three different antenna decoupling and
matching networks based on a 180 rat-race directional cou-
pler. Calibrated far-field measurements were used to estimate
the true performance of these networks in terms of efficiency
as well as estimated diversity performance. The results show
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Fig. 7. Diversity gains � of the various matching networks at the 1% proba-
bility level. � indicates the diversity gain of an ideal two-element array.

that good antenna port matching is by no means a reliable indi-
cator for the efficient operation of the antenna array. Far-field
measurements are the only way to practically capture ohmic
antenna array and network losses, which dominate the perfor-
mance at small radiator spacings due to superdirective effects.
We demonstrated that broadband matching is possible with few
components with little loss of efficiency.

Matching networks implemented at the input ports of the di-
rectional coupler improve power transfer not only to the an-
tennas but also to the losses within the directional coupler. This
fact is the prominent weakness of the DMNs presented and im-
poses an inherent limit on the efficiency of the network. The
performance may be optimized by keeping connecting transmis-
sion lines as short as possible so that the insertion loss between
radiators and matching networks is minimized.

Alternative designs in [6], [8], and [9] are not based on di-
rectional couplers and may therefore perform better in terms of
power losses. Since we are not aware of any detailed comparison
between the different network types, a careful and individual
analysis of network losses is generally recommended for future
compact antenna and DMN designs.
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