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Abstract—1In this article, a novel decoupling scheme based on
active impedance matching is proposed for the decoupling of
axial symmetrical three antennas. Three simultaneous excitation
modes with the same amplitude and different phase relationships
are utilized to analyze the decoupling problem. In the perspec-
tive of simultaneous excitations, the decoupling of the three
antenans can be transformed into active impedance matching.
Theoretical demonstration reveals that achieving decoupling for
axial symmetrical three antennas necessitates matching the active
impedances under the three excitations. The active impedance
matching can be solved intuitively in a clear step-by-step pro-
cess by exploiting the impedance characteristics of the coupled
three-line and the unique field distribution under different excita-
tion modes. To validate the effectiveness of the proposed method,
the decoupling of axial symmetric three inverted-F antennas
(IFAs) is presented as an example. The achieved isolation exceeds
17 dB in the desired band with a peak isolation of 31 dB.
With good isolation and a straightforward design process, the
approach holds promise for future multi-input-multi-output
(MIMO) antenna systems. Furthermore, the proposed method
provides a new physical intuition for solving the decoupling
problem of multiple antennas without the need for numerous
optimizations.

Index Terms— Active S-parameters, antenna decoupling, cou-
pled three-line, lumped components.

I. INTRODUCTION

HE application of multi-input-multi-output (MIMO)

technique has proven to be an effective way of enhanc-
ing channel capacity. However, the mutual coupling between
MIMO antennas poses a significant constraint on channel
capacity improvement. In particular, the coupling between
closely spaced antennas intensifies as the available space
in modern equipment is progressively reduced. To address
the issue of antenna decoupling, various schemes have been
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proposed in the past. Electromagnetic bandgap (EBG) [1],
[2], [3] and defected ground structures (DGSs) [4], [5] operate
by suppressing the propagation of coupled energy, thereby
improving isolation. Neutralization line (NL) [6], [7], [8] and
parasitic branches [9], [10], [11] introduce new coupled paths
to cancel the original coupling. The isolation can be greatly
enhanced when the coupled energy from different paths has
the same amplitude and exhibits opposite phases. Based on the
principle of coupled energy cancellation, the approaches incor-
porating metasurfaces [12], [13] and decoupling structures [14]
to provide new coupling paths were proposed. For closely
spaced antennas, approaches, such as self-multipath [15],
shorted branches [16], and fence-strip resonator [17], have
demonstrated good decoupling performances. Recently, the
common mode and differential mode (CM/DM) decoupling
method has been introduced [18], [19], [20], [21]. The method
offers a more intuitive physical perspective on the decou-
pling problem without the demand for time-consuming tuning
and iterative optimization. Based on the CM/DM theory,
a wideband decoupling technique utilizing coupled co-planar
waveguide (CPW) transmission lines was proposed in [22].
However, the CM/DM method is exclusively applicable to the
decoupling of symmetrical antenna pairs.

The presence of multiple coupling paths between three
antennas increases the complexity of decoupling. In the case of
three antennas arranged with rotational symmetry, the coupling
between any two ports is identical. Thus, the decoupling can be
addressed by applying the solution derived from dual antenna
decoupling through the insertion of a decoupling network [23].
However, the decoupling schemes for dual antennas cannot
be extended to the decoupling of collinear symmetrically
arranged three antennas. Different couplings between ports
from asymmetric paths necessitate consideration and elimi-
nation. At a specific spacing, decoupling was achieved by
adding only two bridge elements between adjacent antenna
elements [24]. Another approach inserting dummy elements
terminated with reactive loads realized high isolation between
antennas [25]. A self-decoupling tri-port antenna is proposed,
but the isolation of the antenna is only 11 dB [26]. Moreover,
previous methods for decoupling of axial symmetric three
antennas lack explicit design guidance based on physical
meaning and thus require iteration and optimization.

In this article, a novel decoupling approach based on active
impedance matching for axial symmetric three antennas is pro-
posed with systematic design guidance. Based on the analysis
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of the active reflection coefficient of port 1 under three dif-
ferent excitation modes, we transform the problem of antenna
decoupling into the problem of active impedance matching.
Utilizing the different active characteristic impedances of the
coupled three-line, combined with the unique field distribu-
tions in mode 3, we can have two effective tools to match
the active impedances. When the three active impedances are
matched perfectly, ideal isolation between any two ports of
the three passive antennas can be achieved. To validate the
effectiveness of the proposed scheme, we take the decou-
pling of axial symmetric three inverted-F antennas (IFAs) as
an example. The results illustrate that the proposed scheme
can achieve good decoupling performance of collinear three
antennas through a systematic, step-by-step process.

The remainder of this article is organized as follows.
In Section II, the relationship between antenna decoupling
and active impedance matching is analyzed. In Section III, the
decoupling process of three IFAs is presented and discussed.
In Section IV, the fabrication and measured performances are
illustrated. Section V summarizes our work.

II. PRINCIPLE OF DECOUPLING BASED ON ACTIVE
REFLECTION COEFFICIENT

A. Analysis of Active S-Parameters

Active S-parameters containing information on mutual cou-
pling are instructive for decoupling design. Under different
excitation modes, the inconsistent active S-parameters charac-
ter the properties of the mutual coupling between the antenna
elements. In an array with m elements, the active reflection
coefficient on the nth port under the excitation of Mode P
with a specific combination of excitation amplitude and phase
is [27]

— Z Skntii ()

nk_

Snn,Mode(P)

where Sy, denotes the passive S-parameters of the m-port
antenna array, and ayx denotes the input wave at the mth port.
Fig. 1 shows arbitrary axial symmetric three antennas and the
decoupling conditions between different ports. We analyze the
decoupling of the three antennas by exciting them in three
different modes, namely, Modes 1-3, with the same amplitude
and different phase combinations. Exciting the three antennas
simultaneously and observing the active S-parameters offer
new physical insights into the decoupling problem. According
to (1), in the excitation of the three different modes displayed
in Fig. 1, the active S-parameters of port 1 are expressed as

Simt = S+ Si2 + Si3 2
Siimz = S — Si2 + 813 3
Siimz = S — Siz — Si3 €]

where S11 m1. S11.0Mm1, and S11 pme are the active S-parameters
of port 1 under Mode 1, Mode 2, and Mode 3 excitations,
respectively. Then, by linear combination, we have

S = (Si,mt — Sii,m2)/2 )
S13 = (S1,m2 — S11,m3) /2. (6)
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Fig. 1. Decoupling conditions for axial symmetrical three antennas.
(a) Decoupling condition for ports 1 and 2. (b) Decoupling condition for
ports 1 and 3.

For axial symmetric three antennas, we have S;; = S33
and S;; = S»3. Decoupling aims are S;p = Sy3 = 0 and
S13 = 0. In terms of (5) and (6), we can conclude that
S12 =0is equivalent to Sll,Ml = S]LMZ, and S]3 =0is
equivalent to Sj;m2 = Si1,m3. With the premise that S, =
S>3, decoupling between any two ports can be attained when
Si.m1 = Sii.m2 = S11.m3, that is to say, the mutual coupling
between any two ports can be eliminated when the active
S-parameters of port 1 in three excitation modes are the same.
Consequently, the decoupling problem can be transformed into
the problem of active impedance matching.

Furthermore, the analysis of active impedance also reveals
the properties of passive impedance matching. When ideal
decoupling is achieved, the active reflection coefficient will
be equal to the passive reflection coefficient. Therefore,
if the three active impedances Zijmi, Ziimz, and Zijm3
are matched to 50 , i.e., Simr = Sll,MZ = Sums =0,
perfect passive impedance matching of ports 1 and 3 is also
achieved. In this condition, only the impedance matching of
port 2 is required to be accomplished. Based on the analysis
of the active S-parameters, a systematic decoupling scheme by
matching active impedances is proposed and analyzed in the
following.

B. Decoupling Strategy

Based on the analysis above, for axial symmetric three
antennas, decoupling can be transformed into the impedance
matching of three active impedances Zjjmi, Zi1m2,
and Zj;;m3. In contrast to the decoupling problem, the
impedance matching problem can be tackled in steps eas-
ily. A systematic decoupling strategy is presented in Fig. 2
with the use of coupled three-line and lumped components.
In the adjusting process, once the former active impedance
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Fig. 2. Decoupling design procedure based on active impedance matching.
(a) Structures introduced in the impedance matching steps with the corre-
sponding decoupling results. (b) Active impedance loci in the Smith chart
observed at three reference lines in three steps.

is matched, subsequent impedance matching operations do
not alter the previous matching state. In the first step,
we match Zj;y to 50 @ without considering the other two
active impedances. This step can be readily accomplished by
adjusting the dimensions of each antenna, the characteristic
impedance of the feeding line, and the values of lumped
components in the matching circuit.

The second step is to match Zj;y» without altering the
matching state of Z;; y. This can be achieved by adding
a segment of coupled three-line, as shown in Fig. 2(a).
The three active characteristic impedances of the coupled
three-line under three excitations, i.e., Zo m1, Zo.m2, and Zg m3,
deviate due to the mutual coupling among the lines. After
adding a segment of coupled three-line, the three input active
impedances observed at reference line 2 are

ZiiMi,r1 + jZomi tan(Byl)

Ziimi,r2 = Zomi - @)
Zomit + jZiimi,r1 tan(Buvil)
Zii,m2,r1 + j Zomz tan(Bal)

Ziiv2,r2 = Zov2 — / ®)
Zom2 + jZi1,m2,r1 tan(Banl)
Z1im3,r1 + j Zoms tan(Byal)

Ziumsrr = Zoms oo &)

Zoms + jZi1m3,r1 tan(Bual)

where Zi1 mi2, Zi1.m2.r2, and Zjj M3 are the input active
impedances observed at reference line 2. Zi1 mir1, Zi1.M2.515
and Zy; M3, denote the input active impedance observed at
reference line 1. Bun/ is the electric length of the coupled
three-line of the Nth modes. Utilizing the inconsistent active
characteristic impedances, the active impedances Z;;y and
Zi1m2 can be manipulated separately. The matching state
of Z;;m will not be altered when the active characteristic
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impedances Zp is designed to 50 2. By changing the
linewidth and spacing of the coupled three-line, the active
characteristic impedances Z y» required to match Z;; m» can
be obtained while maintaining Zj M at 50 €2.

The third step involves matching Z;; u3 by loading two
lumped components between the nonadjacent lines of the
coupled three-line, as shown in Fig. 2(a). In Modes 1 and 2,
as shown in Fig. 1(a), ports 1 and 3 are fed with the same
amplitude and phase. The central plane can be equivalent
to a perfect magnetic conductor (PMC) in the two modes.
In contrast, in Mode 3, there is a potential difference between
the nonadjacent two lines. Therefore, the added lumped com-
ponents have no effect on Z;; y and Zy; mp but alter Z; m3.
By adjusting the position and value of the loaded lumped com-
ponents, the impedance Z; m3 can be matched independently.

To help understand the design steps of the decoupling
method, a design guideline is given as follows.

1) Extend the feeding line of ports 1 and 3 to the vicinity
of port 2 to facilitate the following connections. Match
the active impedance Z;;y; by adjusting the antenna
branches, feeding lines, and lumped components.

2) Adjust the linewidth and spacing of the coupled
three-line to obtain the required Zp > and keep Zo
50 . Add the segment of coupled three-line to match
Zi;1m2 while keeping the matching state of Zj;
unchanged.

3) Add lumped components between the nonadjacent two
lines of the coupled three-line to match Z;; m3 while
keeping Zi; m1 and Z;; m2 constant.

To verify the feasibility of the proposed method, an example

is analyzed and discussed in Section III.

III. DECOUPLING AND ANALYSIS OF IFAS

In this section, the proposed decoupling strategy is applied
to planar axial symmetric three IFAs. The widely used IFAs
in modern wireless communication systems are chosen as an
example. The proposed decoupling method can also be applied
to other types of antennas. To guarantee symmetry of the
structure, the three IFAs are required to be placed side by
side. The original antenna configuration is depicted in Fig. 3,
featuring three IFAs printed on a 1-mm FR-4 substrate. The
initial mutual coupling is |S;2|] = |S»3] = —10 dB and
|S13] = —15 dB, as shown in Fig. 3(b). The impedance loci of
the three active impedances are presented in Fig. 3(c). Due to
the high mutual coupling, the three impedance loci are away
from each other on the Smith chart.

A. Active Impedance Matching of Zj; y;

The antenna evolution and decoupling steps are summarized
in Fig. 4. In Ant II, two transmission lines are included to facil-
itate the subsequent connection of the coupled three-line. From
the perspective of mutual coupling, long transmission lines
are necessary for the following circuits to provide additional
coupling. The addition of transmission lines also provides an
effective tool to match Zjjv;. As illustrated in Fig. 5, the
transmission lines provide an effective means of adjusting
active impedances. Incorporated with the adjustment of the
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Fig. 3. (a) Configuration of the three IFAs. (b) S-parameters of the initial
structure. (c) Impedance loci of three active impedances. The dimensions of
Ant Iare dj = 20.2, dy =20.7, d3 =90, dy = 10, ds = 40, de = 4, d7 =
10.6, w; =2, w3 =2, wg = 1.2, and p = 0.1, all in millimeters. The values
of lumped components are L; = 2.5 nH.

dimensions of the antenna structure, Z;; m; can be tuned to
be near the matching point. The final dimensions of Ant II are
summarized in Fig. 4. In Ant III, two capacitors are loaded on
both sides of port 2 to connect the other two ports. As shown
in Fig. 6, the loaded capacitors alter Z;; M2 and Zj;m3 in a
wide range with less effect on Zj; ;. The addition of the
capacitors facilitates the subsequent impedance matching with
the coupled three-line. The reason that the capacitors have
less effect on Zj; M is that only a small amount of current
flows through the capacitors when all ports are fed in-phase
in Mode 1. In contrast, in the case of out-of-phase feeding in
Modes 2 and 3, the capacitor has a more pronounced effect
on the active impedances.

B. Active Impedance Matching of Z;; u2

A segment of coupled three-line with a length of L, is intro-
duced to match Z;; m» to 50 € while maintaining the matching
state of Z;; y; unchanged in Ant IV. The characteristic modes
of the coupled three-line are analyzed in [28]. Instead of
utilizing the characteristic mode impedance, we analyze the
active characteristic impedance of the coupled three-line under
different feeding modes. The active characteristic impedances
can be manipulated by adjusting the linewidth and spacing
of the coupled three-line. The effect of the linewidth and
spacing of the coupled three-line on active characteristic
impedance is displayed in Fig. 7. The line spacing s alters
the coupling between the three lines. As depicted in Fig. 7(a),
with an increase in line spacing s, the impedances Zy v and
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Fig. 4. Design process of the proposed antenna.

Zo.m2 become closer due to the weakened coupling. All the
active characteristic impedances decrease as the linewidth wy,
decreases, as shown in Fig. 7(b). Thus, by varying s and wy,,
the desired combination of active characteristic impedances
Zomi and Zomp can be easily obtained. Finally, in Ant IV,
the dimensions of the coupled three-line are chosen as s =
0.5 mm and w,, = 2.5 mm. The simulated active characteristic
impedances Zy cm, Zo,m2. and Zy v3 under the specific param-
eters are 48.9 Q (=50 ), 34.3 €2, and 32.1 €, respectively.

In Fig. 8(a)—(c), the three active impedances Z1 mi, Z11.M2,
and Z;; M3 are presented in the Smith charts with different
lengths of the coupled three-line L,,. When provided with
an active characteristic impedance Zy; close to 50 €2, the
input active impedance Zj; y; exclusively rotates along a point
close to the center of the Smith chart, as shown in Fig. 8(a).
Consequently, for any length of the coupled three-line, the
matching state of Z;; m; remains unchanged. Fig. 8(b) and (c)
depicts the variation of the other two active impedances. As the
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(¢) Zi1,m3 of Ant II. (d) S-parameters of Ant II. The final dimensions of
Ant IT are dy = 23, dp = 21.5,d3 =90, dy = 10, ds = 40, d¢ = 4, d7 =
9.2, w; =2, wy =25, w3 =2, ws = 1.2, and p = 0.1, all in millimeters.
The final values of lumped components are L; = 1.6 nH.
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(¢) Z11,m3 of Ant III. (d) S-parameters of Ant III. The final dimensions of
Ant IIT are di = 23, d» = 21.5,d3 =90, dy = 10, ds = 40, dg = 4, d7 =
92, w; =2, wp, =25, w3 =2, ws = 1.2, and p = 0.1, all in millimeters.
The values of lumped components are L; = 2.5 nH and C; = 0.5 pFE.

length L, increases from 4 to 12 mm with a 3-mm increment,
the active impedances Z;; vz and Zi; m3 are adjusted accord-
ing to their respective active characteristic impedances. When
the length of the coupled three-line L, is 9 mm, the active
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Fig. 8. Impedance loci on Smith chart of (a) Zijmi1, (b) Ziim2.
and (c) Zj;m3 in Ant IV with different lengths of coupled three-line.
(d) S-parameters of Ant IV. The final dimensions of Ant IV are d; = 23,
dy =21.5,d3 =90,dy = 10,ds =40, de = 4,d7 =92, wy =2, w, =
2.5, w3 =2,wg =12, p=0.1, and L, = 9, all in millimeters. The values
of lumped components are L; = 2.5 nH and C; = 0.5 pF.

impedance Zj; M2 can be matched to 50 2. At this point, the
mutual coupling |S;,|/|S»3]| is significantly improved, as shown
in Fig. 8(d).

C. Active Impedance Matching of Z;; m3

Finally, lumped components are introduced between the two
lines to match Z;; m3 to 50 € independently in Ant V. The
electric field distributions at 2.45 GHz under three excitation
modes are shown in Fig. 9. As analyzed before, under Mode 1
and Mode 2 excitation, the symmetry plane of the structure
can be equivalent to a virtual PMC boundary. However, under
Mode 3 excitation, no clear boundary exists in the symmetry
plane due to the asymmetry feeding phase. The inconsistency
in the equivalent boundary on the symmetry plane is the basis
for achieving independent impedance matching of Z;; m3. The
PMC boundary can be regarded as an open circuit, so the

Authorized licensed use limited to: Tsinghua University. Downloaded on January 06,2026 at 09:19:37 UTC from IEEE Xplore. Restrictions apply.



6924

36 24 12 0

60 48 3 .
J (A/m) .

Virtualt_PM___C»:rm B

Py

Fig. 9. Vector current distribution under three feeding modes of Ant IV at
2.45 GHz. (a) Mode 1 excitation. (b) Mode 2 excitation. (c) Mode 3 excitation.

lumped components across the boundary have no effect on
the current distribution and the active impedances. In contrast,
as a potential difference exists between ports 1 and 3, current
flows through the lumped components added in the middle.
Consequently, the active impedance Z;; m3 can be manipulated
independently with the addition of lumped components.
Considering the physical package size of the lumped com-
ponents, in Ant V, slight modifications are made to the coupled
three-line to facilitate soldering. Two small portions of the
center line are narrowed and the outer two lines are partially
extended toward the center, as displayed in Fig. 4. The change
in linewidth introduces alterations in active characteristic
impedances. However, the portion of the line with adjusted
width has a short electrical length, and thus, the alteration
of the input active impedance is limited. To compensate for
the slight changes in Z;;m1 and Zj; M2, the length of the
coupled three-line Ly, is adjusted to 7.5 mm in Ant V while
keeping other dimensions constant. The impedance loci on
the Smith chart are illustrated in Fig. 10(a)—(e). In the figure,
L, in Ant IV is also adjusted to 7.5 mm to better demonstrate
the change in the three active impedances with the addition
of lumped components. As displayed in Fig. 10(a) and (b),
the variation in inductor L,, capacitor C,, and the distance
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(d) zi11.m3, and (e) Zj;,m3 in Ant V with different values of capacitors and
inductors. (e) S-parameters of Ant V. The final dimensions of Ant V are
dy = 23, d» = 215, d3 = 90, dy = 10, ds = 40, d¢ = 4, d7 = 9.2,
wyp =2, wy =25 w3 =2, wg =12, p=0.1, L, =75, and Lq =
4.5, all in millimeters. The values of lumped components are L; = 2.5 nH,
C; = 0.5 pF, L, = 0.7 nH, and C, = 0.7 pF.

between the two lumped components L4; has a negligible
effect on Zy; m1 and Zj; mp. The slight change in impedance
from Ant IV to Ant V is attributed to the altered width of
the coupled three-line. As illustrated in Fig. 10(c)—(e), we can
adjust the value of inductor L;, capacitor C,, and the distance
between the two lumped components Ly, to match Zjjm3
independently.

Finally, in Ant V all the three active impedances Zij mi,
Z11,m2, and Zyp m3 are tuned to 50 2 at the desired band with
L, =0.7nH, C, = 0.7 pF, and L4; = 3.5 mm. As analyzed
before, when the condition of S;;yv = Siime = Siims 18
attained, the mutual coupling between any two ports can be
eliminated, as presented in Fig. 10(f). Moreover, the matched
three active impedances imply good passive impedance match-
ing of ports 1 and 3. In Ant V, acceptable impedance matching
of port 2 is naturally achieved and an additional circuit is not
required. If the impedance matching of port 2 is unsatisfac-
tory, lumped components can be introduced for impedance
matching, which can be realized easily after the elimination
of mutual coupling.
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Fig. 11. Configuration of the proposed antenna.
TABLE I
DETAILED DIMENSIONS OF THE PROPOSED ANTENNA
Parameter ~ Value (mm) Parameter Value (mm)

d 1 23 Wy 0.8
d> 21.5 Wi 25
ds 90 L 7.5
ds 10 Lg 3.5
ds 40 Ly 3

ds 4 Ly 0.45
d; 9.2 Ly 0.95
Wi 2 K 0.5
wo 3 dp 1

W3 2

IV. CONFIGURATION AND RESULTS
A. Antenna Configuration

The final configuration of the proposed antenna is shown
in Fig. 11. A ground size of 40 x 90 mm with three IFAs
is printed on both sides of an FR-4 substrate (¢, = 4.4
and tand = 0.02) with a thickness of 1 mm. The detailed
dimensions are displayed in Table I. The final values of the
lumped components are L; = 1.6 nH, C; = 0.5 pF, L, =
0.7 nH, and C, = 0.7 pFE. In the simulation, the lumped
components L, and C; are raised by 0.5 mm and connected to
the microstrip lines by two metal plates to avoid overlapping.
Considering the losses in the actual lumped components, all
the lumped components are connected in series with a 0.5-Q
resistor. The diameters of feeding pins d, are increased to
1 mm for ease of soldering.

B. Simulated and Measurement Results

Fig. 12 shows the simulated complex magnitude current
distributions at 2.45 GHz with different excitations. Due to
symmetry, only the current distribution with the excitation of
ports 1 and 2 is presented for brevity. When one port is excited,
current nulls will appear on other loaded ports, which means
that good isolation is achieved. The current nulls are generated
by the cancellation of the coupling from the antenna branch
and the coupling from the decoupling structure.

To validate the performance of the proposed antenna, a pro-
totype is fabricated and measured. The photograph of the
proposed antenna is presented in Fig. 13. Three semi-rigid
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Fig. 12.  Simulated complex magnitude current distribution of the proposed
antenna at 2.45 GHz with (a) port 1 excited and other ports loaded and
(b) port 2 excited and other ports loaded.

(b)

Photograph of the fabricated antenna. (a) Top view. (b) Bottom

Fig. 13.
view.

coaxial cables are used to feed the antenna. The inner
conductors are connected to the coupled three-line and the
outer conductors are soldered to the ground. Due to fabri-
cation errors, we fine-tuned the dimensions of the antenna
branch, as shown in Fig. 13(a). The simulated and measured
S-parameters are presented in Fig. 14. In comparison to Ant V,
the increased diameter of the feeding pin of the proposed
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Fig. 14. (a) Simulated and (b) measured S-parameters.
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Fig. 15. Simulated and measured radiation patterns at 2.45 GHz. (a) Port 1,

(c) port 2, and (e) port 3 in the xoy plane. (b) Port 1, (d) port 2, and (f) port
3 in the yoz plane.

antenna alters the impedance matching slightly while having
little influence on the isolation. The reason is that after good
isolation is attained, the three antennas are independent of each
other. The measured results show that a peak isolation of 37 dB
is realized between ports 1 and 3. The measured peak isolation
between any two ports is higher than 31 dB. In the lower
band of wireless fidelity (Wi-Fi) from 2.415 to 2.485 GHz,
the isolation is higher than 17 dB. The little deviation can be
attributed to errors in the lumped components and fabrication.
In general, the measured S-parameters accord well with the
simulated results.

Fig. 15 presents the simulated and measured radiation
patterns with different port excitations in the xoy plane and
yoz plane at 2.45 GHz. Due to the symmetry of the antennas,
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Fig. 16. Simulated and measured efficiencies and ECCs.

the radiation patterns of ports 1 and 3 are symmetrical and
complementary. In the xoy plane, the measured gain 6 is
higher than the simulated results. The deviation is introduced
by the traveling-wave current generated on the outside surface
of the feeding cable. The gain fluctuations near 180° shown in
Fig. 15(b), (d), and (f) are due to the obstruction of the long
feeding line in the chamber. When the rotating platform is
rotated to 180°, the feeding line appears between the antenna
under test and the transmitting antenna, which results in errors
in the gain measurement. Generally, the measured results agree
well with the simulated results.

To evaluate the diversity and radiation performance of the
proposed antenna, the envelope correlation coefficients (ECCs)
and efficiencies are illustrated in Fig. 16. The ECCs between
the ports are calculated by simulated and measured far-field
radiation patterns [29]. As shown in Fig. 16, the measured
ECCs between any two ports are lower than 0.01 in the
desired band, demonstrating good diversity performance of the
proposed MIMO antenna. The measured efficiency is 0.8 dB
lower than the simulated efficiency due to the higher loss of
the actual substrate and lumped components. The measured
efficiencies of the three ports are higher than —1.9 dB (64.4%)
in the desired band. Different from the simulated results,
the measured efficiencies under different port excitations are
different even for the symmetric ports. The deviations in the
measured efficiencies can be attributed to the traveling-wave
current and the obstruction effect of the feeding line. On the
one hand, the symmetry of the antenna is destroyed due to the
presence of the feeding line. On the other hand, for antennas
with different gains in the backside direction, the errors in
radiation pattern and efficiency introduced by the obstruction
of the feeding line are different. Therefore, deviations occur
in the efficiency measurement for different ports.

V. DISCUSSION AND COMPARISON
A. Influence of the Spacing on Isolation

To investigate the effect of the antenna spacing on the
decoupling performance, the proposed method is applied to
three IFAs with a reduced spacing d; of only 1.2 mm
(~0.0149). The configuration and detailed dimensions are
displayed in Fig. 17. As analyzed above, when three active
impedances Zjimi, Ziime, and Zj vz are all perfectly
matched, perfect impedance matching of ports 1 and 3 and
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TABLE II
COMPARISON AMONG THE DECOUPLING OF COLLINEAR THREE ANTENNAS
Reference Decoupling scheme N;:gfgg;f:;ﬁgn Bandwidth Distance Isolation Efficiency
[8] Neutralization line Yes 3.3% 0.12 % >20dB >80%
[23] Decoupling circuit No 1.25% 0.16 Ao >25dB >70%
[24] Tralis&?‘lgi;‘;rélllme Yes 2.9% 0.12 % ~13 dB N.G.
[25] Dummy element Yes 1.1% 0.14 Ao >28 dB >50%
[26] Self-decoupled Yes 5.7% 0 Ao* >11dB >51%
This work Eﬁr‘fgzg S(‘)r;‘;(l)‘r‘l‘:nf; No 2.9% 0.07 % >17dB >64%

*: Shared radiator design is used in this work.

Distance: the spacing from edge to edge of the adjacent elements. Isolation: considering both |S21| and |[S31] in the desired band. A¢: free-space wavelength at the

center frequency.

Top Bottom

metal metal Substrate Inductor - Capacitor
_“_d dy d dy N
y ' (N, . BE.. 4%
w2
?
ds Port I
dy, X
« ds Cy Yo
K2
Fig. 17.  Configuration of the decoupling design with a smaller spacing.

The detailed dimensions are d; = 23.04, d, = 22.5, d3 = 90, dy = 10,
ds =40,de =4,d7 =12, w; =2, wy =45, w3 =2, wy =18, L, =7.5,
Lg1 =975, s = 0.1, L1 = 12, and dj, = 1, all in millimeters. The value
of lumped components are L; = 1.6 nH, C; =2 pF, C; = 1 pF, C3 = 6 pF,
and C4 = 1 pF.
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Fig. 18. Simulated S-parameters of the IFAs with a smaller spacing.

(a) Without decoupling structure (reference). (b) With decoupling structure.

perfect isolation will be attained. The condition of active
impedance matching does not guarantee impedance matching
of port 2. In the case with a smaller spacing, port 2 is not
matched after isolation is achieved. Therefore, as shown in
Fig. 17, a series capacitor C3 and a parallel capacitor Cy
are added to port 2 for impedance matching. The simulated
S-parameters of the three IFAs with and without the decou-
pling structure are presented in Fig. 18. The peak isolation

505
25j 100j
10j 250j 10j
[
1
-10j ~250j -10j
Zim
25 Z1m2100j
23
(a)
Fig. 19.  Simulated S-parameters of the IFAs with a smaller spacing.

(a) Without decoupling structure (reference). (b) With decoupling structure.

between the adjacent elements is enhanced from 7 to 36 dB
and the peak isolation between the nonadjacent elements is
enhanced from 13 to 39 dB. The decoupling bandwidth is
inevitably reduced due to the worse initial isolation between
the antennas in the case of reduced spacing. In the desired band
from 2.415 to 2.485 GHz, the isolation between the adjacent
elements is better than 12 dB and the isolation between the
nonadjacent elements is better than 13 dB. As illustrated in
Fig. 19(a), due to high mutual coupling between the elements,
the three impedance loci of the reference antenna without
decoupling structure are far away from each other on the
Smith chart. As displayed in Fig. 19(b), with the decoupling
structure, the three impedance loci intersect near the matching
point, which implies that good isolation is attained. In sum,
with smaller element spacing, the decoupling bandwidth will
be narrow, but the proposed decoupling method is still able to
provide good decoupling performance.

B. Comparison

To demonstrate the advantages of the proposed antenna,
Table II presents a comparison between our decoupling method
and other decoupling schemes. The decoupling designs in [8],
[24], [25], and [26] involve multiple iterations of simula-
tion and optimization, which makes the decoupling process
complex and time-consuming. Although repeated iterative
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simulation and optimization are not required in [23], decou-
pling can only be achieved between adjacent antennas. The
decoupling between nonadjacent elements is limited to specific
spacing. Compared to previous works, our work achieves
considerable isolation between any two antennas with a small
distance. Moreover, our approach transforms the decoupling
problem into the active impedance matching problem, which
can be tackled in a simple step-by-step manner without the
need for repeated optimization. The design provides new
insights into the intricate problem of decoupling multiple
antennas.

VI. CONCLUSION

This work introduces a systematic decoupling solution
for axial symmetric three antennas. The active S-parameters
with different simultaneous excitation modes are proposed
for decoupling design. Leveraging the analysis of active
S-parameters, the decoupling problem can be simplified to the
problem of active impedance matching. Once all three active
impedances under different excitations are matched, decou-
pling is achieved. Utilizing the coupled three-line and lumped
components, active impedance matching can be accomplished
in steps. Three axial symmetric IFAs are presented as an
example and good isolation performance is achieved. The
proposed decoupling scheme offers a physical insight into the
decoupling process for axial symmetric three MIMO antennas,
which helps to solve the decoupling problem intuitively and
efficiently.
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