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ABSTRACT In this paper, a systematic and calculation-based parasitic decoupling technique (PDT) is
proposed to mitigate the mutual coupling between two closely coupled antennas. The adopted parasitic
decoupling structure consists of two transmission lines connected to the feed lines of antennas and a parasitic
element connected with a transmission line and terminated by a reactive load. Rigorous decoupling theory
and systematic design procedures are presented. The lengths of transmission lines and value of reactive load
can be precisely calculated to increase antenna isolation. The superiority of the proposed PDT is verified
by four decoupling examples. The simulated and measured results show that high isolations over 24 dB,
efficiencies above 70%, and envelop correlation coefficients below 0.05 are achieved simultaneously. The
results indicate the proposed PDT a promising decoupling method for MIMO systems.

INDEX TERMS Decoupling technique, high isolation, MIMO antenna, parasitic element, pattern diversity.

I. INTRODUCTION

In theory, the channel capacity of a multiple-input multiple-
output (MIMO) system linearly increases with the increased
channel number [1]. Nevertheless, for a size-constrained
MIMO system having limited space for antennas, the chan-
nel capacity could be deteriorated by the mutual coupling
among antenna elements. In the last few years, various
decoupling techniques (DTs) have been presented to miti-
gate the above-mentioned antenna coupling [1]-[27], which
can be roughly summarized into three categories of the
inserted decoupling network scheme, the artificial metama-
terial (MM) decoupling scheme, and the parasitic decoupling
scheme.

1) The Inserted Decoupling Network Scheme [1]-[13]:
Decoupling networks have many configurations such as
the neutralization line, transmission line, reactive compo-
nent, coupled-resonator, etc. Neutralization lines, as pre-
sented in [1]-[3], were connected with antenna radiators for
isolation enhancement. However, the lack of a systematic
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approach to determine the location of the neutralization line
makes this kind of DT heavily rely on the time-consuming
optimization process. A decoupling feed network (DFN) is
usually connected to antenna feed lines to increase port
isolation [4]-[13]. In [4], authors proposed a simple DFN
for two closely spaced antennas. By adding two trans-
mission lines (TLs) to antennas’ feed lines to realize an
imaginary trans-admittance and utilizing a shunt reactive
component attached in between the TL ends to cancel out the
trans-admittance, the high port isolation, therefore, could be
achieved. Based on this, several similar configurations were
presented with the adopted reactive component in [4] being
replaced by the synthesized microstrip lines [5], [6], lumped
elements [7], decoupling and matching networks [8], [9],
second-order coupled resonators [10]-[12], transmission-line
network [13], etc. Notably, in [13], authors proposed to
connect a transmission line with the reactive component in
between two antennas’ feed lines for isolation enhancement.
It is effective for a MIMO array having two or three antenna
elements. However, when the antenna number becomes
larger, the implementation of DN becomes difficult due to the
overlapping problem. Moreover, the DN is directly connected
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with the feed lines and so has a serious impact on matching
conditions. As such, the realization of antenna matching after
decoupling could be very difficult due to the complex DN
for more antennas, even with the aid of matching networks.
Additionally, regarding the DFNs in [4]-[13], optimizations
for the network configuration were still necessary to achieve
the good decoupling performances.

2) The Artificial MM Decoupling Scheme [14]-[21]:
As common types of MMs, the electromagnetic band
gap (EBG) structure and split ring resonator (SRR), have been
widely used in MIMO system for antenna isolation. In [17],
the EBG structures were integrated with antennas to suppress
mutual coupling between two patches with an edge sepa-
ration (edge-to-edge separation) of 0.751¢. In [18], authors
studied a uni-planar coupled EBG superstrate to reduce the
coupling between two patches with a separation of 0.5A¢.
The EBG-based DT is not appealing when the antenna sep-
aration is less than 0.5, as the EBG structures are not
small. Moreover, to realize the mushroom structure, the EBGs
in [17] were embedded inside the substrate at the expense
of increased fabrication complexity. In [19], the low-profile
folded SRRs were employed on the ground plane for iso-
lation improvement. A slot combined complementary SRR
(SC-CSRR) structure was studied in [20] to reduce the cou-
pling in a microstrip phased-array (MPA). However, the SRRs
in [19], [20] resulted in the reductions of antenna gains and
front-to-back ratios (FBRs). In [21], a modified SC-CSRR
was printed on a superstrate of patch antennas to reduce
the mutual coupling. The design maintained a high FBR,
but the required edge separation is 3 times larger than that
of [19]. Therefore, the MIMO designs employing artificial
MM structures for isolation improvement suffer from either
complicate fabrication process or negative impact on antenna
radiation or large antenna separation.

3) The Parasitic Decoupling Scheme [22]-[27]: By incor-
porating with passive elements to produce the desired
coupling against original coupling between antennas, high
isolation can also be achieved. In [22], [23], the H-shaped,
meandering T-shaped and U-shaped parasitic elements (PEs)
were presented for decoupling dipoles, planar inverted F
antennas (PIFAs) and patches, respectively, and paramet-
rical sweeping was employed to design each structure.
A canonical two-element MIMO slot antenna was presented
in [24]. By incorporating with a coupling PE, the two-port
antenna could achieve high port isolations. More impor-
tantly, by properly designing the PE and canonical two-port
antenna, the coupling between two closely located canonical
antennas could also be reduced, allowing them to be repli-
cated and concatenated together to form a densely packed
multi-element MIMO antenna. An array-antenna decoupling
surface (ADS) was presented in [25]. The ADS can be
regarded as a deformed PE that exhibits the advantage of
applicability to large-scale arrays and drawback of resulting
in high profile height. Both designs in [24], [25] achieved
acceptable levels of antenna isolation but required specific
optimizations for the PEs in [24] and the ADS in [25].
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Another kind of parasitic decoupling solution was presented
in [26], which utilized a reactively loaded PE in between
antennas for isolation enhancement. Following this strategy,
similar work for a symmetric four-element array was pre-
sented in [27]. Both designs achieved high port isolations
but the dimensions of PE & antennas in [26] and the PE
configuration & reactive-load value in [27] were required to
be optimized for the high isolation. Therefore, regarding the
existing literature on parasitic decoupling technique (PDT),
the antennas or PEs need to be tuned through parameter
sweep to meet each design requirement, which could be a
labor-intensive process.

In this paper, we propose a systematic and calculation-
based approach to design the PDT for closely coupled anten-
nas, which is for the first time to propose a decoupling
method using parasitic decoupling structure (PDS) without
any parametrical optimization for the antenna or PE. Com-
paring with the existing decoupling solutions, the proposed
PDT demonstrates the following attractive features.

1) Preciseness: The PDT has rigorous design formulas.
All the parameter variables can be calculated to achieve high
isolation, i.e., no parametrical optimization is needed.

2) Generality: The PDT has no limitations on antenna type
or configuration.

3) Potential: Benefiting from the non-optimization char-
acteristic, the PDT demonstrates the potential for multiple-
element MIMO antennas.

The remaining part is organized as follows: Section II
describes the decoupling methodology. Four detailed exam-
ples are presented and used to estimate the proposed PDT in
Section III. Finally, conclusions are given in Section IV.

Il. DECOUPLING METHODOLOGY

A. DERIVATION OF PARASITIC DECOUPLING
REPRESENTATION

To decouple a two-element antenna array, a PE is inserted
in between the antenna elements with its schematic shown
in Fig. 1. Ant 1 and Ant 2 represent two radiating elements
and the PE is a passive element terminated by a reactive
load Zp;. The adopted PDS consists of two transmission
lines (TLs) with the same characteristic impedance Zy (nor-
mally equal to 50 €2) and the electrical lengths 6; and 6,
connected with antenna feed lines, and a PE connected with
a TL (Zy, 03) and terminated by a reactive load Z; 1.

As shown in Fig. 1, the scattering matrix of the three-port
network of two antennas and one PE is denoted by [S’ 17 at
the reference plane 7. By introducing phase delays to the
network through adding additional TLs individually to each
feed line, a new scattering matrix [S?2] is resulted at the
reference plane #,. After terminating the PE by a reactive load
711, the scattering matrix [S’ 3] of the decoupled antennas is
obtained at the reference plane #3. With adding a matching
network at each antenna input, the scattering matrix [S*] of
the decoupled and matched antennas can be obtained at the
reference plane 4.
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FIGURE 1. The configuration diagram of the proposed parasitic
decoupling technique.

The MIMO system in Fig. 1 consists of two antennas
and the proposed PDS, whose scattering matrix at a certain
frequency fp can be expressed by a 3 x 3 matrix at the
reference plane 71, i.e.,

t aAlAle/?AlAl aALAze]@m aAl’Ple]?AlPl
St — OZAZ’A]EI?AZA] aA2’A2d¢A2A2 aAz‘P]e]?AZPI , (D
aPLAlellﬁPlA] aPl’Aze/(ﬁPl/Q aPl‘P]e/(ﬁPlPl

where A and P denote the antenna and PE ports, respectively.

After adding three TLs (Zg, 61 — 63), the transmission
and reflection coefficients perform additional phase delays,
resulting in [S2] at 1 as (2), shown at the bottom of the next
page.

The desired phase-delay values {6; € 0, i € [1, 3]} will be
determined later. Applying an S-to-Z transformation [28] to
(2) yields the impedance matrix [Z?%] as

1) 15 15
ZAlAl ZA1A2 ZAlPl

-1
22 =7y (U+S2)(U=S") " =| Zd Zdar Zidpr | )
t I3 15
Zoia1 Zeima Zpip

Additionally, the voltage-current relation of the three-port
network, as shown in Fig. 2(a), can be described by

%) 15 n 15 15

VAl ZAlAl ZA1A2 ZAlPl IAl
5] — ) L) 1) )

VA2 - ZA2A1 ZA2A2 ZA2P1 IA2 ’ (4)
%) %) 1%) 1% %)

VPl ZPlAl ZP1A2 ZPlPl IPl

where Vft and IZ, {i € [1, 2]}, denote the voltage and cur-
rent, respectively, at antenna port i, and Vp 2 and I; tz are the
voltage and current, respectively, at the PE port. If the PE
is terminated by a reactive load Zy 1, as shown in Fig. 2(b),
the voltage-current relationship across the PE port can be

described by
Vi = —Znlp. (5)

Substituting (5) into (4), {V,2, i € [1, 2]} in (4) can be rewrit-
ten by a new set of equations. Rearranging these equations
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FIGURE 2. The voltage-current model. (a) Three-port network having two
antennas and one PE. (b) Two-port network having the PE terminated by
load Z;;.

produces a new impedance matrix across antenna inputs at #3

as:
1% 13 13 13
|:VA21 :| _ |:ZA31A1 ZA31A2:| |:IA21:| ©)
3= r r no |
Vi Zoar Zioao | | 1
or VB = 7818 where [Z'3] is readily shown as
15 1 1
76— |:ZA21A1 ZAzmz] _ 1 |:ZA2]P]:|[Z}I’21A1 Zp1 0]
t 1 t
ZA22A1 ZA22A2 Z1>21P1 +Z11 ZA2P1
@)

Applying a Z-to-S transformation [28] to (7), the scattering
matrix [S”3] of the two antennas can be written as

(z%/z, — V)
1. 0)
RZIN))

St = (28/2)+U) "

_ [fﬁm(zu"’) ®)
[ @11, 0)

where {fﬁAj(Zu, 0) € S8, i,jell, 2]} have complex val-
ues and are functions of the phase-delay variables
{6; €0,ie[1,3]} and load variable Z;; introduced by
PDS. The parameters HfﬁAj(ZLlﬁ) eSB i=jell, 2]] are
reflection coefficients and indicate matching conditions at
port i, and the parameters {ngj(ZLl,O) eSB. i#£jell,2]
represent coupling coefficients from port j to i and indicate
the mutual coupling between ports i and j. Moreover, the
reciprocity %3 b= S?l leads to ffl 4 = fsz - To eliminate
the mutual coupling, the decoupling condition is given as

21 =/ 2A1(ZL1’ 0)=0. (9a)
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Solving (9a) for Z;1 yields the following

t t
7 _M_ZU =f, {6}, {6:€0,ie[l,3]}
L1 = th P1P1 —. ZLl Ly 1 ’ ’ .
‘A2A1

(9b)

Additionally, higher radiation efficiency is always preferred
for MIMO antennas. Hence, the real part in Z; | representing
resistance should be zero to circumvent the ohmic loss, i.e.,

Re{ZLl} = Re{fZLl{@,‘}} = 0, {09,' € 0, i€ [1, 3]} . (10)

So the phase-delay parameters 6 can be calculated by (10),
which could have many solutions. The determined @ is put
back into (9b) to determine the reactance Zj;. The reac-
tive Zr1 can be appropriately realized by a capacitor or an
inductor.

Besides, the Z; 1 in (9b) that satisfies the decoupling con-
dition of (9a) can be substituted into (7) to obtain the input
impedances of the decoupled antennas as

le . th
) A241 " ZA1P1
Zim = Zaiar — P (11a)
A2P1
th . th
B _ o ZA2A1 " 442p1
Zioar = Zioaz P (11b)
A1P1

The obtained impedances are used to design the matching
circuits.

B. DESIGN PROCEDURE
Based on the above discussion, the design procedures are
summarized as follows:

I. Design and implement a PE in between two coupled
antennas and obtain [S?'] of the three-port network using
measurement/simulation or any other methods. Two essential
factors should be taken into account when designing the PE.
1) The resonant frequency of the PE should be close to that of
the antennas so that the PE and antennas could have mutual
coupling, although the PE could have a different size or shape
or antenna type from the antenna. 2) The PE should be placed
in the near-field region of the antennas to produce the desired
interference.

II. Introduce phase delays @ for the antennas & PE and
obtain [S'2].

III. Terminate the PE by a reactive load Z;; to obtain [S’ 3
for the antennas and solve the equations of S?l = 0 and
Re{Z1} = 0 for the phase delays @ and reactive load Zy ;.

IV. Use the obtained @ and Z;,; in Step III to obtain the input
impedances of the decoupled antennas to design the matching
circuits.

Since the design procedure is only based on [S?!] that can
be obtained from simulation, this method should have no lim-
itation on antenna configurations or types used in the system.
Four benchmarks are used to demonstrate the superiorities of
the proposed PDT as follows.

1IlIl. DECOUPLING EXAMPLES

In this section, four decoupling examples are presented and
used to demonstrate the superiority of the proposed PDT.
In these examples, the antennas are designed to operate at
the center frequency of 2.40 GHz and implemented on the
0.8-mm Rogers RO4350 substrate with a relative permittivity
of 3.66.

Ws 5
A
X
- D1
di Ant1- ) i ~_Ant2
Ls
z L1
wf y _— Substrate
2 ~——IHs
Y Ground

Port1 Port2
(a) (b)

FIGURE 3. The coupled monopole array. (a) Top view. (b) Side view. ([l
metal in front and metal in bottom.)

A. EXAMPLE 1: DECOUPLING OF TWO
MONOPOLE ANTENNAS
A symmetric coupled array with two monopole antennas,
denoted as Ant 1 and Ant 2, is shown in Fig. 3. The antennas
have the same lengths L1 = 31 mm and diameters D; =
1.2 mm. The center-to-center distance (antenna separation)
is d; = 8 mm = 0.061¢. Both antennas are microstrip-fed on
a substrate with the size of Ls x Ws = 50 x 50 mm? for good
impedance matching. Nevertheless, the small separation cer-
tainly leads to poor antenna isolation. To increase isolation,
the decoupling procedures proceed in detail as follows.

1. Add a PE with the same size as the antennas, in between
Ants 1 and 2. The scattering matrix [S?!] of the three-port
network at 2.4 GHz is obtained using CST simulation as

0.43e /180 0.42¢/136 (51220
St = | 042136 043¢ 7180 051720 | (12)
0.51e 7230 (0514230  (.48e /400

Notably, in the proposed PDT, the PE operates as a parasitic
scatterer for decoupling purposes. Hence, two factors are

j -2
aAlAI?](¢A1Al 61)
o €/ Pazar—02-61)
1—=03=61)

S =
APIAI UGV
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essential when designing PE. Firstly, the resonant frequency
of the PE should be close to that of antennas. Secondly,
the PE should be placed in the near-field area of the anten-
nas, so the antennas and PE could have a mutual coupling,
ie., Z,fxl] py # 0 and Z/Qz p1 # 0. Under these two conditions,
it is possible to manipulate and mitigate the mutual cou-
pling (S?l) using the proposed PDT with appropriate reactive
load (Z11) and phase delays (0).

II. Add three meandering microstrip lines to the feed lines
of the antennas and PE to introduce extra phase delays. Thus,
the scattering matrix [S'?] for the system can be described
by (13), as shown at the bottom of the next page. where
{6; €0,ie[‘],3]} are generated from the added meander-
ing microstrip-lines. Note that 7} = S;"IS?3 = S;ZI and
S = S5, due to reciprocity.

III. Terminate the PE by a reactive load Z;. For elim-
inating the mutual decoupling, with using the relevant
Eqgns. (3)-(9a), the variable Z;1 can be expressed by [S'2] as

I t I 15 I I t I 15 I
Zr1=2% (51235223 - 5122 - 51225323)/(51235223 + 5122 - 51225323)
(14)

Due to the symmetrical layout of the system, S73 = S5
in (14) yields the variable Z; | as

2 2
Zr1=2%y <(S?3) — Sizz - S?ZS%)/((S%) + Sizz - S?ZS%)
15)

Substitute [S?2] in (13) into (15) to obtain Zz; in terms
of 0. Force Re{Z;1} = 0 using (10), a feasible solution
of the phase delay is calculated as 8 = {61,6,,603} =
{1.46, 1.46, 0.38}. The determined @ is substituted in (16) to
produce the reactance

Ziy = Im{Zp1} = —j27.63 ()

for the PE load. The reactance Zy is realized by a 2.4-pF
capacitor.

IV. The input impedance of antennas after decoupling can
be calculated by substituting € in (11) as

I t .
Zia1 = Zihas = (8.88 = j52.36) Q

For illustration, the L-section matching network, consisting
of a series 5.8-nH inductor and a shunt 1.5-pF capacitor,
is adopted to transform the impedance (Z, 1, /Zi4,) to 50-Q2
matching at 2.4 GHz.

The complete decoupled array using the PDT is presented
in Fig. 4. The bends of the added meandering microstrip
lines are not mitered or curved since they have little effect
on the antenna performance. Two fabrication samples of the
coupled (w/o PDT) and decoupled (with PDT) arrays are
presented in Fig. 5. The edge-launch SMA connectors for
0.8-mm slim PCBs are soldered to the antenna inputs for
feeding. The vector network analyzer Rohde & Schwarz ZVA
24 is employed to measure the S-parameters of the antenna
prototype, and the antenna measurement system, the Satimo
StarLab [30], is used to measure its radiation pattern and
efficiency.
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FIGURE 5. Prototyped antennas. (a) The coupled monopole array. (b) The
decoupled array.
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FIGURE 6. Simulated and measured S-parameters. (a) The coupled
monopole array. (b) The decoupled array.
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Fig. 6(a) shows the simulated and measured S-parameters
of the coupled array. It can be seen that the port isolation,
as indicated by S»1, as well as the reflection coefficient for
each antenna port, as indicated by S11/S22, are both poor
due to the small antenna separation of 0.06A¢. The isola-
tion is only ~5 dB at 2.4 GHz. The S-parameters of the
decoupled array are shown in Fig. 6(b). The comparison of
Figs. 6(a) and 6(b) demonstrate that the simulated isolation
after decoupling is increased from 5 dB to 27 dB. It is also
seen from Fig. 6(b) that the measured impedance bandwidth
(IMBW) with S11&S22 < —10 dB is from 2.38 to 2.42 GHz
(1.66%), indicating the improved reflection coefficient for
each port after decoupling. Besides, the narrowband issue is
caused by the very limited antenna separation (d;) and the
adoption of the L-section narrowband matching circuit.
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FIGURE 7. Simulated and measured radiation patterns with (a) port 1 and

(b) port 2 excited. ( Sim. Coupled, Sim. Decoupled, and
Mea. Decoupled) and (c) 3-D radiation patterns for (c1) port 1 or
(c2) port 2 excited.

The radiation patterns of the coupled and decoupled array
are shown in Fig. 7. The 3-D radiation patterns are shown
in Fig. 7(c) for better comparison. It can be seen that the
patterns of two antennas are symmetric to each other with
respect to the y-z plane. The coupled antenna performs the
omnidirectional patterns in the x-y plane, which is similar
to that of a conventional monopole antenna. After using the
proposed PDT, the radiation pattern becomes directional.
It indicates that the proposed PDT leads to the improved
pattern diversity with two complementary patterns when two
antennas are fed separately, which is thus suitable for the
application in MIMO systems with multiple signal paths.

-~ Parasitic
/ element

«~—Ant 2
A/m

80.0
58.8
43.8
18.8

0

Parasitic
f element
1

(©

FIGURE 8. Simulated current distributions. (a) Coupled array.
(b) & (c): Decoupled array using the PDT.

To further reveal the parasitic decoupling mechanism,
the simulated current distributions of the coupled and decou-
pled monopole arrays at 2.4 GHz are presented in Fig. 8.
As shown in Fig. 8(a), for the coupled antennas, when
port 1 is excited, both Ant 1 and Ant 2 show strong cur-
rent distributions. After using the proposed PDT, as shown
in Figs. 8(b) and 8(c), when port 1 is driven, strong cur-
rents are distributed along with Ant 1 and the PE, while
Ant 2 is with little current distribution. Moreover, Fig. 8(c)
shows around the 180°-phase difference between the excited
antenna (Ant 1) and the PE, generating an out-of-phase
far-field cancellation and leading to the patterns pointed to
the —x-direction, as shown in Fig. 8(c1).

The 180°-phase difference is a combining result of the
distance (between the antenna and PE) and the reactive load
for the PE. When the distance, corresponding to a wave-
propagation delay and causing a phase difference, is fixed,
the value of reactive load Z is appropriately determined
by the proposed methodology to achieve around 180°-phase
difference. As a result, the interference from the excited
antenna (Ant 1) and PE will cancel out the original antenna
coupling for isolation enhancement.

Fig. 9(a) shows the total efficiency before and after decou-
pling. It can be observed that the simulated efficiencies
before and after decoupling are 56%-58% and 72%-91%,
respectively, demonstrating an enhancement of around 16%-
33% after using the proposed PDT. The increasement of
total efficiency is caused by improvements in isolation and

0.43€_j<1'80+291)
0.42¢/(1:36-02-01)
0.5 le—j(2.50+93+91 )

St =

116046

04201(1 .36—01—6)
0_43€—j(l.80+292)
0.5 le—j(2.50+93+92)

0.5 1e—j(2.50+91 +63)
0_516—.j(2.50+02+03) (13)
0.486_j(4'00+203)
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FIGURE 9. Simulated and measured (a) total efficiencies and (b) ECCs of
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impedance matching. Besides, the measured efficiencies of
the decoupled array are 68%-85%. The discrepancy between
the simulated and measured results is caused by the cable
effect [31]. The cable effect on small antenna measurement
has been studied in [31] in detail and is not shown here to
save space.

It is known that envelope correlation coefficients (ECC)
pe 1s an important figure of merit for MIMO antennas.
A lower ECC reflects a low correlation of two antennas. It is
calculated by the complex far-field radiation patterns as [32]

pe & | pel? (16)

where p. is the complex correlation coefficient given by

27 2 2
po= [ M@t / \/ /0 M@ [ Mg

a7
Mij($) =T Eoi(m/2, $)Eg(7w /2, )+ Epi(n/2, $)Eg;(7/2, §)

(18)
The ECCs within the IMBW of 2.38-2.42 GHz are calculated
by (17) and (18). Fig. 9(b) shows that the ECCs of the coupled
monopole array using the simulated patterns are around 0.3.
The ECCs of the decoupled array using simulated patterns
are improved to around zero value, and the measured ECC is
below 0.05. The results reveal that the decoupled array can

achieve a better diversity performance since a MIMO system
with lower ECC achieves higher diversity gain [32].

| P iti
mr—4 i
'fl' " port2
ll
M'w(fkg =
g

(b)

FIGURE 10. (a) The coupled patch array. (b) The decoupled array.

B. EXAMPLE 2: DECOUPLING OF TWO PATCH ANTENNAS
To demonstrate that the proposed PDT has no limitation
on antenna type or configuration, a pair of patch anten-
nas are considered in this example. Fig. 10(a) shows a
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two-element antenna array having two coupled patches,
denoted as Ants 1 and 2, with the same lengths L; = 56 mm
and widths W1 = 31.6 mm. The antenna separation is di =
34.8 mm = 0.27A¢. Both antennas are microstrip-fed on a
substrate with a size of Ls x Ws = 150 x 158 mm? for
good impedance matching. The decoupled array is shown
in Fig. 10(b). A PE with the same size as the patches is
inserted in between the antennas for decoupling purposes.
The position of the PE is equidistant from the two antennas,
but not exactly in between them. The off-center distance is
d, = 8 mm, as shown in Fig. 10(b). It indicates that the
proposed PDT is still effective if the PE is not exactly placed
in the middle of the antennas.

Following the decoupling procedure in example 1,
the phase delays and load are calculated as {6, 62,03} =
{4.59,4.59,0.57} and Z;1 = —j44.21, respectively. Then,
Zp1 is realized by a 1.5-pF capacitor at 2.4 GHz. The
L-section matching network, consisting of a series 2.5-nH
inductor and a shunt 2.0-pF capacitor, is used at each antenna
input.

0-
_10.ﬁv/—’—‘ -10
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204 — Sim. $21&812
/\. -50

24 25 26 21 22 23 24
Frequency (GHz) Frequency (GHz)

(a) (b)

FIGURE 11. Simulated S-parameters. (a) The original and (b) the
decoupled patch arrays.
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FIGURE 12. Simulated radiation patterns of the coupled and decoupled
patch arrays with port 1 excited. (a) x-z plane (E-plane). (b) y-z plane
(H-plane). (: Coupled and Decoupled).

The simulated S-parameters of the patch array are shown
in Fig. 11. Fig. 11(a) shows that the simulated isolation
of the coupled antennas is around 18 dB at 2.4 GHz. The
comparison of Figs. 11(a) and 11(b) demonstrate that isola-
tion is increased from 18 to 29 dB. The simulated radiation
patterns are shown in Fig. 12. The patterns before and after
decoupling are nearly the same. The results of total efficiency
and ECC are shown in Fig. 13. It can be seen that after
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FIGURE 13. Simulated (a) total efficiency and (b) ECC of the patch array.

adopting the proposed PDT, the efficiency is improved and
the ECC is reduced.
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FIGURE 14. (a) The coupled IFA array. (b) The decoupled array.

C. EXAMPLE 3: DECOUPLING OF TWO IFA ANTENNAS

To further demonstrate that the proposed PDT suits for
most MIMO antennas and to demonstrate that the PE
can be different antenna types from the excited antennas,
the PDT is applied for decoupling a two-element inverted-F
antenna (IFA) array in this example. Fig. 14(a) shows two
coupled IFAs with the edge separation distance d; = 10 mm.
A metallic pin with a 0.8-mm radius is implemented to con-
nect the IFA’s shorting arm to the ground. Both antennas are
microstrip-fed on an 80 mm x 90 mm substrate for impedance
matching.

Fig. 14(b) shows the final array after adopting the proposed
PDT. A T-shaped monopole, acting as the PS, is inserted
in between the IFAs for isolation enhancement. Follow-
ing the decoupling procedures in example 1, the TL-length

parameters are calculated to be 8; = 6, = 1.53 and 63 =
1.15. The load reactance Z; 1 is calculated to be —j132.60 €2,
which is then realized by a 0.5-pF capacitor. For matching
purposes, the L-section matching circuit, consisting of a
series 3.4-nH inductor and a shunt 0.9-pF capacitor, is used
at each antenna input.
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FIGURE 15. Simulated S-parameters of (a) the coupled and (b) the
decoupled IFA arrays.

From the simulated S-parameters in Figs. 15(a) and 15(b),
it can be seen that the isolation (S1) between two IFAs are
significantly improved from ~13 dB to ~28 dB by 15 dB
after using the proposed PDT. The results verified the fea-
sibility of utilizing PE in different antenna types in-between
antennas for isolation enhancement. The results of efficiency
and ECC are shown in Fig. 16, which demonstrates the
improvement of efficiency and reduction of ECC by using
the proposed PDT.
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FIGURE 16. Simulated (a) total efficiency and (b) ECC of the IFA array.

D. EXAMPLE 4: DECOUPLING OF THREE

MONOPOLE ANTENNAS

To demonstrate the potential of the proposed PDT for
multiple-element MIMO antennas [33], an extension work of

-1
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applying the PDT for decoupling a three-element monopole
array is conducted. Three monopole antennas, designed to
operate at 2.4 GHz with the lengths of 29 mm (about A¢/4) and
diameters of 1.0 mm, are arranged into an isosceles-triangle
array on a Rogers RO 4350 substrate with a size of
60 x 60 mm?, as shown in Fig. 17(a). The antenna separa-
tions are di = 28 mm = 0.22Ap and d» = 18.5 mm =
0.15A¢. The final decoupled array using the proposed PDT
is presented in Fig. 17(b).

T hing
i
Pol—t 1 Port 3 p,ﬂ_‘ 1 Po.ﬁ 3 networks

(2) (b)

FIGURE 17. (a) The original three-element monopole array. (b) The
decoupled array using the proposed PDT.

The designed PDS consists of six TLs (8] — 6g), three
PEs (P1-P3), and three reactive loads (Z;1 — Zr3), as shown
in Fig. 15(b). Similar to deriving (7) for obtaining the antenna
impedance at reference plane 73, the corresponding expres-
sion for this case is given by (19), as shown at the bottom
of the previous page. For eliminating the coupling among
antennas, the following requirements should be satisfied
simultaneously,

24 = 2, 0) =0
31 = fiu1(Zr,0) =0 (20)
32 —f ?A2(ZL’ 0) = 0.

In the same way, Zj, should be purely imaginary to avoid
ohmic loss, i.e.,

Re{Zp1} = Re{Z2} = Re{Z13} = 0. 2D

By solving Eqns. (20) and (21) simultaneously, the phase
delays and loads are calculated as {01, 6>, 63, 64, 05, 06} =
{0.71,0.71,2.15,1.03, 1.03, 0.23} and {Zp1, Z1»,Z13} =
{j82.89, —j82.89, j13.57}, respectively. The reactive loads
are realized by two capacitors (0.8 pF) and one inductor
(0.9 nH).

The input impedances {Zi? € Z3,i e [1, 3]} of the decou-
pled antennas are calculated by (19) as
ZAIA] = ZA2A2 = (12.09 —j9.70) 2
ZA3A3 = (13.50 4 j67.39) Q
Three L-section matching circuits, consisting of a series

inductor (2.9 nH) with a shunt capacitor (2.0 pF) for port
1/2 and a series capacitor (1.6 pF) with a shunt capacitor
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(2.1 pF) for port 3, are individually implemented at each
antenna input.
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FIGURE 18. Simulated S-parameters of (a) the coupled and (b) the
decoupled three-element monopole arrays.

The simulated S-parameters of the three-element array
are shown in Fig. 18. Note that S3; = S3», due to the
symmetric layout. It can be seen from Fig. 18(a) that with-
out using the PDT, the couplings between Ants 1&2 and
1&3 at 2.4 GHz are —13 and —8 dB, respectively. After
using the proposed PDT, 71 and S31 are substantially reduced
to —28 and —24 dB, respectively, at 2.4 GHz. The results
indicate that the proposed PDT has the potential of decou-
pling multiple-element MIMO antennas. The results of total
efficiency and ECC are shown in Fig. 19. It shows that after
adopting the proposed PDT, the efficiency is improved and
the ECC is reduced.
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FIGURE 19. Simulated (a) total efficiency and (b) ECC of the
three-monopole array.

E. COMPARISON WITH OTHER DECOUPLING WORKS

The proposed PDT is compared with some alternative decou-
pling solutions in terms of isolation bandwidth (BW), total
efficiency, structural complexity, etc. The comparison results
are summarized as follows.

1) COMPARED WITH OTHER PDTs

The PDTs in [26], [27] utilized a reactively loaded PE to
increase isolation. High isolation and efficiency, as well as
narrow BW, were achieved. In comparison, the proposed
PDT provides a similar isolation level and BW, but in a
more accurate realization since no parametrical optimization
is required.
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2) COMPARED WITH DFNs

The DFN in [4] utilized additional TLs to obtain the imag-
inary trans-admittance that was then canceled by a shunt
component. It achieved a similar BW with the proposed
PDT. Besides, the proposed PDT provided a similar isolation
level and bandwidth as [13], and showed the superior on
applicability to more antennas. Recently, authors in [10]—[12]
replaced the reactive component in [4] by a coupled-resonator
decoupling network (CRDN), which could achieve a wider
BW at the expense of more complicated network realization.
Hence, inspired by the CRDN, we expect that if the Q-factor
of the proposed PDT is reduced through replacing the reactive
component (Z; 1) by an LC circuit, a wider isolation BW could
be achieved.

IV. CONCLUSION

This paper presented a PDT for two antennas. The main
intention of this paper is to provide a theoretical insight
into this approach, which can be applied to other config-
urations and types of antennas used in MIMO systems.
The detailed decoupling theory and design procedure were
illustrated by four decoupling examples. The simulated and
measured results showed that isolations over 24 dB, efficien-
cies above 70%, and envelop correlation coefficients below
0.05 were achieved. Besides, the proposed PDS results in
diversity radiation patterns when antennas are fed separately,
which is explained by the simulated surface current distri-
bution. Moreover, we expect that the proposed PDT has the
potential for multiple-element MIMO antennas.
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