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A General T-Stub Circuit for Decoupling

of Two Dual-Band Antennas
Jiangwei Sui and Ke-Li Wu, Fellow, IEEE

Abstract— This paper presents a novel technique for decou-
pling of two closely spaced dual-band antennas using T-stub cir-
cuits. A decoupling circuit consists of three T-stub elements, each
of which provides the required phases and impedances in dual
frequency bands independently. A set of general design formulas
is derived for determining the electric parameters of required
T-stubs. To validate the new decoupling technique, a pair of
dual-band inverted-F antennas working in the 2.45- and 5.8-GHz
bands and another pair of dual-band monopole antennas working
in the 2.4- and 5.2-GHz bands with and without the decoupling
circuit are designed, prototyped, and measured. The measured
S-parameters correlate with the theoretical designed data very
well. With the decoupling circuit, significant improvement in
antenna efficiency and data throughput demonstrates that the
technique is useful for wireless terminals, where dual-band
multiple-input and multiple-output antennas are used.

Index Terms— Decoupling circuit, dual-band, impedance
transformer, multiple-input and multiple-output (MIMO),
quarter-wavelength transmission line, single-channel full duplex,
T-stub.

I. INTRODUCTION

M
ULTI-BAND and multimode wireless terminals have

become a mainstream technology today to accommo-

date the demands for heterogeneous wireless communication

systems including not only multiple band 3G and 4G systems

but also multiple band WLAN systems. To improve the data

throughput in a multipath environment, the multiple input and

multiple output (MIMO) technology using multiple antennas

has been becoming more and more popular nowadays, from

4G smart phones to Wi-Fi modules. However, due to the

compact volume of a mobile terminal, in which the distance

between antennas is usually small in terms of wavelength,

strong electromagnetic coupling among the multiple antennas

severely diminishes the benefit brought by the MIMO sys-

tem [1], [2]. Moreover, full duplex communication scheme

has a large potential to be adopted in 5G systems to increase

the spectral efficiency [3], for which a high isolation between

the transmitting and receiving antenna ports would be crucial

for achieving good full duplex quality.
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In the past few decades, many decoupling techniques have

been proposed to reduce the unwanted coupling between two

antennas [4]–[11]. Although these techniques achieve good

isolation at the antenna ports, they mostly pay attention to

decoupling between two single band antennas. Until recently,

the problem of reducing mutual couplings of two dual-

band antennas has gained much attention in the community.

There are mainly two categories of antenna decoupling tech-

niques: antenna dependent [12]–[16] and antenna indepen-

dent [17]–[20]. Two dual-element dual-band antenna systems

for mobile terminals using defected ground structure technique

are proposed in [12] and [13]. A dual-band MIMO antenna

system is designed with an isolation stub structure inserted

between the two antennas for reducing the coupling of two

antennas in [14]. A compact dual-band LTE antenna system is

designed using a neutralization line structure to reduce the cou-

pling of the two bands in [15]. An SIW cavity antenna MIMO

system is designed using polarization diversity and shorted

edges in [16]. The above-mentioned works are referred to as

decoupled antennas design because the decoupling element is

a part of antennas and must be designed altogether with the

antenna structure. Although the schemes in this category can

help to improve the isolation between the two antennas, they

are all antenna dependent and require a good sense to design

for a specific antenna configuration.

The second decoupling category is antenna independent.

This category is based on the S-parameters of two coupled

antennas so that it can be generally used for any specific

antenna configuration. In this direction, a set of lumped

element dual-band decoupling and matching networks for a

pair of dual-band antennas are proposed in [17]. By employing

LC circuits to realize decoupling network, dual-band match-

ing network at each antenna port is inevitable, which may

seriously limit the impedance matching bandwidth. In addi-

tion, the unavoidable parasitic effect of the lumped elements

makes it unsuitable for higher frequency applications, for

example 5 GHz band adopted in IEEE 802.11ac. A dual-band

rat-race coupler is used to reduce the coupling of two dual-

band MIMO antennas in [18]. The scheme provides good

pattern diversity and improvement of the antenna port isolation

using a mode-decoupling network. A decoupling network

using synthesized microstrip line is also proposed in [19]. The

reactive decoupling technique is used for the upper band and

the eigenmode feed network is cascaded to the shunt connected

reactive element for reducing the mutual coupling at the lower

band. However, two separate decoupling circuits for high and

low bands successively enlarge the size and design complexity

of the dual-band decoupling network.
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Very recently, a circuit scheme of two shunt connected cou-

pled resonator network is proposed for two dual-band coupled

antennas using the first two resonant modes in two coupled

resonators [20]. Although the dimensions of the resonators

can be tuned to achieve good decoupling effect in dual bands,

the decoupling network significantly deteriorates the original

matching condition in the dual bands, which is common in

existing dual-band decoupling techniques in this category. In

all these approaches, additional dedicated matching networks

at each antenna port that are well matched naturally by the

antennas themselves are required.

T-stub circuit has found many applications in designing

dual-band microwave devices that employ quarter-wavelength

transmission line property at two frequencies. An open-circuit

T-stub circuit is used as a dual-band quarter-wavelength trans-

mission line in a dual-band coupler [21]. A dual-band Doherty

power amplifier is proposed using a T-stub circuit serving as

a dual-band quarter-wavelength transmission line in [22]. The

T-stub circuit is utilized in two places in a dual-band Doherty

power amplifier [23], one for a dual-band quarter-wavelength

transmission line and another for a dual-band delay line with

180° phase difference at the two frequencies.

In this paper, a generic RF circuit for decoupling two dual-

band antennas is proposed using a generalized T-stub circuit

that provides arbitrary phase shift and arbitrary impedance val-

ues at two frequencies independently. The decoupling circuit

consists of three generalized T-stubs, each of which serves as a

dual-band transmission line with specific phase and impedance

values independently. Comparing to the existing dual-band

decoupling techniques, the proposed dual-band decoupling

network has the following unique features.

1) The circuit can not only satisfy decoupling but also

matching conditions in two designated frequency bands,

no extra matching circuits are needed.

2) The circuit is antenna independent and can be designed

to accommodate different coupling levels in two bands,

independently.

3) The design process is deterministic and the design

formula is well developed in this paper.

This paper is organized as follows. The working principle

and the design theory of the proposed decoupling circuit

are presented in Section II followed by two proof-of-concept

design examples in Section III. Finally, conclusions are given

in Section IV.

II. WORKING PRINCIPLE AND DESIGN THEORY

A. Proposed Decoupling Circuitry

Fig. 1 shows the proposed dual-band decoupling circuitry

inserted between two coupled dual-band antennas, among

which the coupling levels and coupling mechanisms (either

capacitive or inductive) in each working band are different.

Among all the cases being investigated, the coupling signs

in the low band and the high band are found to be always

opposite, which coincides with the finding in [20]. It is

understandable that for most cases the lower the frequency

the stronger the coupling is, due to the shorter electrical

length for the same physical distance. At each antenna port,

Fig. 1. Circuit schematic of the proposed dual-band decoupling circuit.

a two-port short-circuit T-stub (SC-T-S) is serially connected

for independently controlling the phase shifting in each band.

Another SC-T-S is shunt connected between the two ports

to be decoupled. The shunt connected SC-T-S plays the role

of a dual-band neutralization-line, whose characteristics in

each frequency band can be independently controlled. It is

anticipated that the two coupled antennas are well matched

before applying the decoupling circuitry.

In this paper, the T-stub is equivalent to a dual-band

transmission line with arbitrary electrical length and arbitrary

characteristic impedance in the two frequencies. It will be

shown that the T-stub circuits used in [21]–[23] are special

cases of the equivalence. The details are given in Section II-C.

B. Decoupling and Matching Conditions

It is assumed that two coupled antennas with and without

serially connected T-stub circuits are represented by 2-by-2

admittance matrices [Y A] and [Y A′
], respectively, where [Y A′

]

is defined at the original ports and is with complex entries, and

the admittance matrix of the shunt connected T-stub circuit

is denoted by [Y D]. Obviously, the total admittance of the

antenna pairs with two serially connected T-stubs and the shunt

connected T-stub is the sum of the two individual admittance

matrices as
[

Y11( f ) Y12( f )

Y21( f ) Y22( f )

]

=

[

Y A
11( f ) + Y D

11( f ) Y A
12( f ) + Y D

12( f )

Y A
21( f ) + Y D

21( f ) Y A
22( f ) + Y D

22( f )

]

(1)

where f is the bandpass frequency.

Note that the entries of [Y D] are purely imaginary. Then the

decoupling conditions in the center frequencies of the desired

two frequency bands can be expressed as

Re
{

Y A
21( fL )

}

≈ 0 (2a)

Im
{

Y A
21( fL)

}

+ Y D
21( fL) ≈ 0 (2b)

Re
{

Y A
21( fH )

}

≈ 0 (3a)

Im{Y A
21( fH )} + Y D

21( fH ) ≈ 0 (3b)
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Fig. 2. T-stub circuits and their equivalent circuit. (a) Short-circuit T-stub.
(b) Open-circuit T-stub. (c) Equivalent circuit.

and the matching conditions are

j · Im
{

Y A
kk( fL )

}

+ Y D
kk ( fL) ≈ 0, k = 1, 2 (4a)

j · Im
{

Y A
kk( fH )

}

+ Y D
kk ( fH ) ≈ 0, k = 1, 2 (4b)

where fL and fH denote the center frequencies of the low and

high frequency bands, respectively.

The above conditions imply that: 1) the two serially con-

nected T-stubs should be matched to the antenna ports with

appropriate phase shift so that the real part of Y A
21 becomes

zero at both fL and fH ; 2) the mutual admittance of the

shunt connected T-stub cancels out that of Y A
21; and 3) its

self-admittance of the shunt connected T-stub cancels out that

of Y A
11.

C. Analysis of T-Stub Dual-Band Circuits

Fig. 2 shows two T-stub circuits, namely, SC-T-S circuit

and open-circuit T-stub circuit, as well as their dual-band

equivalent circuit. Denote f1 and f2 as the center frequencies

of the low and the high bands, respectively, and set

f0 =
f1 + f2

2
. (5)

Without losing generality, only the analysis of the SC-T-S

circuit as shown in Fig. 2(a) is given. The ABCD coefficients

of the T-stub circuit can be found as (6), shown at the bottom

of this page, where θα , Zα, θβ and Zβ are the electrical length

and characteristic impedance of the series arms and the shunt

stub at frequency f . Thus

θα = θα0
f

f0
, θβ = θβ0

f

f0
. (7)

Comparing the entries of the ABCD matrix with

their corresponding entries of the equivalent circuit

shown in Fig. 2(c), the following four equations can

be obtained:

cos

(

2θα0
f1

f0

)

+
1

2

Zα

Zβ
sin

(

2θα0
f1

f0

)

cot

(

θβ0
f1

f0

)

= cos θ1

(8)

cos

(

2θα0
f2

f0

)

+
1

2

Zα

Zβ
sin

(

2θα0
f2

f0

)

cot

(

θβ0
f2

f0

)

= cos θ2

(9)

Zα sin

(

2θα0
f1

f0

)

+
Z2

α

Zβ
sin2

(

θα0
f1

f0

)

cot

(

θβ0
f1

f0

)

= Z1 sin θ1

(10)

Zα sin

(

2θα0
f2

f0

)

+
Z2

α

Zβ
sin2

(

θα0
f2

f0

)

cot

(

θβ0
f2

f0

)

= Z2 sin θ2.

(11)

Note that (Z1, θ1) at f1, and (Z2, θ2) at f2 are prespecified

parameters. From (8) and (10), the following relation can be

obtained:

tan

(

θα0
f1

f0

)

=
Z1

Zα
tan

(

θ1

2

)

. (12)

Similarly, the following relation can be obtained

from (9) and (11):

tan

(

θα0
f2

f0

)

=
Z2

Zα
tan

(

θ2

2

)

. (13)

Accordingly, coefficient θα0 can be easily obtained by

solving

tan
(

θα0
f1

f0

)

tan
(

θα0
f2

f0

) =
Z1

Z2

tan
(

θ1
2

)

tan
(

θ2
2

) . (14)

Note that the left-hand side of (14) is a single variable

function of θα0, and the right-hand side is a constant. This

equation can be solved by either numerical or graphical

method easily.

Having known θα0, Zα can be obtained according

to (12) or (13). Similarly with θα0, θβ0 can be found from

the following equation:

cot
(

θβ0
f1

f0

)

cot
(

θβ0
f2

f0

) =
cos θ1−cos

(

2θα0
f1

f0

)

sin
(

2θα0
f1

f0

)

sin
(

2θα0
f2

f0

)

cos θ2 − cos
(

2θα0
f2

f0

) .

(15)

which is derived from (8) and (9). Consequently, Zβ can be

obtained by (8) or (9). At this point, all the parameters, θα0,

Zα, θβ0, and Zβ of an SC-T-S are obtained for any prescribed

Z1, θ1, Z2, and θ2. By the same token, the design equations for

open-circuit T-stub circuit can also be derived. For the purpose

[

A j B

jC D

]

=

⎡

⎢

⎢

⎣

cos(2θα) +
1

2

Zα

Zβ
sin(2θα) cot θβ j

(

Zα sin(2θα) +
Z2

α

Zβ
sin2 θα cot θβ

)

j

(

1

Zα
sin(2θα) −

1

Zβ
cos2 θα cot θβ

)

cos(2θα) +
1

2

Zα

Zβ
sin(2θα) cot θβ

⎤

⎥

⎥

⎦

(6)
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of brevity, only the results are listed here as

tan

(

θα0
f1

f0

)

=
Z1

Zα
cot

(

θ1

2

)

(16a)

tan

(

θα0
f2

f0

)

=
Z2

Zα
cot

(

θ2

2

)

(16b)

Zα tan

(

θβ0
f1

f0

)

= 2Zβ

cos
(

2θα0
f1

f0

)

− cosθ1

sin
(

2θα0
f1

f0

) (16c)

Zα tan

(

θβ0
f2

f0

)

= 2Zβ

cos
(

2θα0
f2

f0

)

− cosθ2

sin
(

2θα0
f2

f0

) . (16d)

D. Serial T-stub Circuit for Dual-Band Phase Shifting

In general, the real part of the mutual admittance of [Y A′]

is nonzero. To satisfy (2a) and (3a), the admittance needs

to be transformed to a pure imaginary value by adding, at

each antenna port, an appropriate phase shifting circuit. The

circuit realizes designated phase advancement θ1 and θ2 in

the low and high frequencies, respectively, while maintaining

antenna’s matching condition. In this paper, the SC-T-S is

adopted for this purpose.

Assume Z1 = Z2 = 50 � in Fig. 2(c). Based on the desired

θ1 and θ2 at f1 and f2, respectively, the parameters θα0, Zα,

θβ0 and Zβ can be obtained according to the formulas derived

in Section II-C. To give an idea for a possible solution region,

two practical cases are studied. For case 1, f1 = 2.45 GHz

and f2 = 5.8 GHz; and for case 2, f1 = 2.45 GHz and f2 =

5.25 GHz. Considering the realization constrains, θα0 and θβ0

are limited in the range of [0°, 120°] and Zα and Zβ are

limited in the range of [25 �, 150 �]. Besides, the return loss

of better than −25 dB is set as the good matching condition.

Under these conditions, the solution regions can be obtained

from the design equations for the two cases. The shaded area

in Fig. 3(a) shows the solution region for case 1 and the region

bounded by a dashed line is for case 2.

As shown in Fig. 3(a), when θ1 ∈ [50°, 115°], the corre-

sponding θ2 can have more than 50° adjustable range. This is

attractive for many practical dual-band applications. For the θ1

that is not in the solution region, a short section of transmission

line can be added before the phase shifting circuit to offset the

desired electrical length.

It is worth mentioning that a similar solution region can be

obtained for other specified f1 and f2 pairs. Fig. 3(b) shows

the solution regions of the two cases using an open-circuit

T-stub. Although the solution region for an open-circuit T-stub

is narrower than that of an SC-T-S, one may find its use for

small θ1 cases.

An example for θ1 = 61°, θ2 = 176°, Z1 = 50 � and

Z2 = 50 � is shown in Fig. 4 and the corresponding T-stub

parameters are θα0 = 62.9°, Zα = 38.6 �, θβ0 = 59.2°,

Zβ = 120 �. It is shown that the T-stub provides two

desired phases and 50 � characteristic impedance at the two

designated frequencies.

E. Shunt T-Stub Circuit for Dual-Band Decoupling

For a pair of dual-band antennas, the mutual admittance of

the antennas usually presents different signs: negative in the

Fig. 3. Solution regions for 50-� phase shifting T-stub. Case 1:
f1 = 2.45 GHz, f2 = 5.8 GHz; and case 2: f1 = 2.45 GHz, f2 = 5.25 GHz,
where θα0 and θβ0 are confined in [0°, 120°], and Zα and Zβ are confined
in [25 �, 150 �]. (a) Short-circuit T-Stub. (b) Open-circuit T-stub.

Fig. 4. Simulated return loss and transmission phase of a phase-shifting
T-stub, f1 = 2.45 GHz, f2 = 5.8 GHz for θ1 = 61°, θ2 = 176°, Z1 = 50 �,
and Z2 = 50 �.

low band and positive in the high band; or positive in the low

band and negative in the high band. One can always make

the coupling negative in the low band and positive in the high

band by shifting the phase at antenna ports. In this way, an

SC-T-S can be used to counteract the imaginary part of Y A
21 as

it introduces a positive imaginary part of Y D
21 in the low band

and a negative imaginary part in the high band. According to

(4a) and (4b), the T-stub also ensures a small value if nonzero

of Y D
11 and Y D

22 in the low and high bands to compensate the

imperfect matching condition of the coupled antennas.

For simplicity, let Y D
11 = 0 and Y D

22 = 0 here for demon-

stration. To ensure the self-admittance Y D
11 and Y D

22 equal
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Fig. 5. Simulated admittance of the shunt T-stub for three cases.

TABLE I

SOLUTIONS OF DECOUPLING CIRCUIT FOR THREE TYPICAL CASES

to zero and Y D
21 = −Y A

21 at f1 and f2 and to obtain the

parameters θα0, Zα , θβ0 and Zβ , one can set θ1 = 90°,

θ2 = 270°, Z1 = −1/Y A
21l and Z2 = 1/Y A

21h in (8)–(11), where

Y
Al

21 and Y
Ah

21 represent the mutual admittance of the coupled

antennas in the low and high bands, respectively.

To illustrate the applicability range, three cases representing

different mutual admittance levels at 2.45 GHz (low band) and

5.8 GHz (high band) are shown in Fig. 5. The admittance val-

ues and the solutions of θα0, Zα, θβ0 and Zβ for corresponding

T-stubs are listed in Table I, where Y
Dl

21 and Y
Dh

21 represent the

mutual admittance of the shunt T-stub in the low and high

bands, respectively. It can be observed from Fig. 5 that the

designed T-stubs provide the required mutual admittance Y21

at both the low and high frequencies, while the self-admittance

Y11 of each case passes zero line in both the low and high

frequencies. Of course, for cases with nonzero Y D
11, the similar

results can be obtained.

It is understandable that the required Y D
21 is determined by

Y A
21 of the coupled antennas, which is proportional to S21

if antennas are reasonably well matched. Roughly speaking,

0.007 S of Y D
21 corresponds to about −15 dB of S21 and

0.015 S of Y D
21 corresponds to about −8 dB of S21. Therefore,

the range of realizable admittance value is sufficiently wide

for most practical antenna coupling cases.

The same as many other dual-band microwave applications

using combined transmission line, this decoupling method has

an application frequency ratio range. As shown in Fig. 6,

for the given three mutual admittance at low frequency Y
Dl

21 ,

the mutual admittance at high frequency Y
Dh

21 has a large

decoupling region at the frequency ratio range [2, 2.5]. This

range includes numerous commercial dual-band communica-

tion standards, such as GSM 900/1900, UMTS 850/2100,

WIFI 2.45/5.2, and WIFI 2.45/5.8.

Fig. 6. Simulated decoupling region for different frequency ratios.

Fig. 7. (a) Layout of two dual-band coupled inverted-F antennas.
(b) Simulated and measured S-parameters of the coupled antennas.

III. DESIGN EXAMPLES

To demonstrate the effectiveness of dual-band decoupling

technique using T-stub circuits, two pairs of dual-band anten-

nas are designed, simulated, and tested. In the first example,

a pair of dual-band inverted-F antennas are designed on FR4

PCB circuit board with thickness of 1.6 mm and dielectric

constant of 4.3. The center frequencies for the low and high

bands are 2.45 and 5.8 GHz, respectively. In the second

example, a pair of dual-band monopole antennas are designed

on Rogers 4003C PCB circuit board with thickness of 0.81 mm

and dielectric constant of 3.55. The center frequencies for the

low and high bands are 2.4 and 5.2 GHz, respectively.

A. Two Dual-Band PIFAs

The layout of the coupled antennas is shown in Fig. 7(a)

and the corresponding dimensions are given in Table II.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on July 19,2020 at 08:07:07 UTC from IEEE Xplore.  Restrictions apply. 



2116 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 65, NO. 6, JUNE 2017

TABLE II

DIMENSIONS OF COUPLED AND DECOUPLED ANTENNAS (mm)

Fig. 8. Simulated total Y21 and imaginary part of Y A
21 and Y D

21 (a) in
2.45 GHz band and (b) 5.8 GHz band.

The edge-to-edge distance between the two antennas is 17 mm

with the electrical length less than 0.14 wavelength for

2.45 GHz in free space. As shown in Fig. 7(b), the simu-

lated and measured S-parameters agree well and the coupling

between the two antennas is strong due to the short electri-

cal distance with about −7 dB at 2.45 GHz and −10 dB

at 5.8 GHz.

The SC-T-S that is serially connected to each antenna port

for shifting the phase of mutual admittance parameter of [Y A′]

is first designed to satisfy (2a) and (3a). It is found that with

θ1 = 61°, θ2 = 176°, Z1 = 50 � and Z2 = 50 �, the real part

of the mutual admittance at the two frequencies is transformed

to zero. According to the analysis in Sections II-C and II-D,

the corresponding parameters of the T-stub for phase shifting

can be obtained easily with θα0 = 62.9°, Zα = 38.6 �,

θβ0 = 59.2°, and Zβ = 120 �.

With the real part of the mutual admittance of the coupled

antennas being shifted to zero, the shunt connected T-stub

circuit needs to be designed to cancel the mutual admittance

Y A
21 in the dual working bands. As shown in Fig. 8, Y A

21l =

−0.017 S and Y A
11l = 0.004S at 2.45 GHz and Y A

21h = 0.009 S

Fig. 9. (a) Dimensions of two dual-band decoupled inverted-F antennas.
(b) Layout of three T-stubs. (c) Simulated and measured S-parameters of the
dual-band decoupled antennas.

and Y A
11h = −0.004 at 5.8 GHz. According to the design

procedure given in Session II-E, the corresponding circuit

parameters can be obtained as θα0 = 79.19°, Zα = 44.15 �,

θβ0 = 103.78°, and Zβ = 32.7 �. It can be observed from

Fig. 8 that having shunt connected the decoupling T-stub, the

real part and the imaginary part of the total Y21 both become

zero at the two frequencies. One thing should be mentioned

is that since the variation of total admittance Y21 is very

little in the two bands, the decoupling circuit can achieve a

relatively wide band decoupling in both frequency bands of

interest.

The layout of decoupled antennas together with two seri-

ally connected phase shifting T-stubs and a shunt connected

decoupling T-stub is shown in Fig. 9(a). The three dotted

rectangular boxes shown in Fig. 9(b) denote the decoupling

circuit: two T-stub 1 denote the phase shifting part while

T-stub 2 denotes the decoupling part. The dimensions of the

circuit layout are also listed in Table II. Due to the fringe effect

and the coupling effect of the microstrip line, a fine-tuning

and optimization process is conducted by EM simulation.

As shown in Fig. 9(c), the measured S-parameters agree well
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Fig. 10. Measurement setup for antenna radiation pattern and total efficiency.

with the simulated results. The isolation between the two

antennas is improved from about 7 to 15 dB in the low

band (2.4 to 2.5 GHz) and 10 to 20 dB in the high band

(5.75 to 5.85 GHz) while the return losses of the decoupled

antennas maintain about the same level as those of the coupled

antennas in the two bands.

The radiation performance of the coupled antenna pair and

decoupled pair are also measured using the in-house SATIMO

SG128 spherical near-field scanner in an ISO17025 accredited

laboratory. The measurement setup is shown in Fig. 10.

The measured radiation power patterns for the coupled and

decoupled antenna pairs in both the low and high frequencies

are shown Fig. 11. It can be seen that the radiation patterns

in both xoz and yoz planes before and after decoupling are

nearly the same but the signal level for decoupled antennas is

obviously higher than that of the coupled antennas, showing

the improvement of the total efficiency.

The measured total efficiencies for both the low and high

bands are compared in Fig. 12. It shows that in the low

band, the efficiency is improved from about 60%–75% by

employing the decoupling circuit while in the high band, the

efficiency is improved not as much as that in low frequency

band mainly due to two reasons: 1) the coupling S21 in high

frequency band is lower than that in low frequency band so

that the efficiency improvement range is lower than that in low

frequency band and 2) the decoupling structure will introduce

more loss using FR4 substrate for high frequency band than

that in low frequency band.

To study the performance for MIMO applications, the data

throughput for the coupled and decoupled antenna pairs is

simulated with different signal-to-noise ratios (SNRs) using

WINNER II channel model in Agilent W1715 MIMO Channel

Builder in System Vue [24]. WINNER II channel model

is a geometry-based model with three scenario categories:

local, metropolitan, and wide areas. The scenario B1 (Urban

microcell) is adopted in the comparison study. WINNER II

channel models can be used in link level and system level

for wireless system working in 2–6 GHz frequency range.

In the simulation process, the measured 3-D complex vector

antenna patterns are imported to imitate a real MIMO receiv-

ing antennas system. Two omnidirectional antennas are used as

transmitting antennas in the simulation. The two coupled and

decoupled antenna pairs are placed in the broadside direction

of the transmitting antennas as the receiving antennas of the

system. Four rotations of the receiving antennas (ϕ = 0°,

ϕ = 90°, ϕ = 180°, and ϕ = 270°) are adopted in the

simulation to get an averaged throughput. As shown in Fig. 13,

the averaged throughput of the simulated MIMO system with

Fig. 11. Total radiation patterns of the coupled and decoupled inverted-F
antennas at (a) 2.45 GHz in the xoz plane, (b) 5.8 GHz in the xoz plane,
(c) 2.45 GHz in the yoz plane, and (d) 5.8 GHz in the yoz plane. Antenna 1
is excited while antenna 2 is terminated with a matched load.

decoupled antenna pairs has a significant improvement in both

2.45 and 5.8 GHz bands compared with its counterpart with

coupled antennas.
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Fig. 12. Measured total efficiency for coupled and decoupled inverted-F
antennas (a) in 2.45 GHz band and (b) 5.8 GHz band.

Fig. 13. Averaged throughput versus SNR for coupled and decoupled
inverted-F antennas simulated in WINNER II channel model B1
(a) in 2.45 GHz band and (b) 5.8 GHz band.

Fig. 14. (a) Layout of two dual-band coupled monopole antennas.
(b) Simulated and measured S-parameters of the coupled antennas.

B. Two Dual-Band Monopole Antennas

The layout of two coupled dual-band monopole antennas

is shown in Fig. 14(a) and the corresponding dimensions

are given in Table III. The edge-to-edge distance between

TABLE III

DIMENSIONS OF COUPLED AND DECOUPLED ANTENNAS (mm)

Fig. 15. Simulated total admittance Yi j and imaginary part of Y A
i j and Y D

i j
(a) in 2.4 GHz band and (b) 5.2 GHz band.

the two antennas is 10 mm with the electrical length 0.08

wavelength for 2.4 GHz in free space. As shown in Fig. 14(b),

the simulated and measured S-parameters agree well and the

coupling between the two antennas is strong due to the short

electrical distance with about −5 dB at 2.4 GHz and −13.5 dB

at 5.2 GHz.

According to the simulated antenna parameters, the required

parameter values are as follows: θ1 = 83°, θ2 = 198°,

Y A
21l = −0.02 S and Y A

11l = 0.003 S at 2.4 GHz and

Y A
21h = 0.0096 S and Y A

11h = 0.0035 at 5.2 GHz. Based on the

design formulas discussed in Section II, the designed values

are as follows: θα0 = 72°, Zα = 36.3 �, θβ0 = 75.95°,

and Zβ = 118 � for the first two phase-shifting T-stub;

θα0 = 73.2°, Zα = 39.8 �, θβ0 = 109.56°, and Zβ = 30.2 �

for the third decoupling T-stub. It can be observed from Fig. 15

that having shunt connected the decoupling T-stub, the real

part and the imaginary part of the total Y21 both become

zero at the two frequencies. For the matching condition,

a small imaginary part of the decoupling T-stub is designed

to cancel out that of the antennas after adding the phase-

shifting T-stub. In EM design, microstrip line is designed based

on these derived transmission line characteristic impedances
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Fig. 16. (a) Layout of two dual-band decoupled monopole antennas.
(b) Simulated and measured S-parameters of the decoupled antennas.

and electrical lengths. Taking into consideration the via pads

effect, fringe effect, and coupling between microstrip lines,

a fine-tuning process is done in EM design. The lay-

out of the decoupled dual-band monopole antennas is

shown in Fig. 16(a) and the corresponding dimensions are

given in Table III. The dotted rectangular boxes shown

in Fig. 16(a) denote the decoupling circuit: T-stub 1 denotes

the phase-shifting part while T-stub 2 denotes the decoupling

part.

As shown in Fig. 16(b), the measured S-parameters agree

well with the simulated results. The isolation between the two

antennas is improved from about 5 dB to better than 18 dB in

the low band (2.35 to 2.5 GHz) and 13 to 22 dB in the high

band (5.05 to 5.3 GHz) while the return losses of the decoupled

antennas is better than 10 dB in the two bands. The prototype

of the coupled and decoupled dual-band monopole antennas

are presented in Fig. 17.

The measured total efficiencies for both the low and high

bands are compared in Fig. 18. It shows that in the low

band, the efficiency is improved from about 65% to 95% by

employing the decoupling circuit while in the high band, the

efficiency improvement is smaller because the coupling S21 in

high frequency band is about −13.5 dB but in low frequency

band is about −5 dB.

Fig. 17. Prototypes of the coupled and decoupled dual-band monopole
antennas. (a) Coupled antennas. (b) Decoupled antennas.

Fig. 18. Measured total efficiency for coupled and decoupled monopole
antennas (a) in 2.4 GHz band and (b) 5.2 GHz band.

Fig. 19. Measured total efficiency for coupled and decoupled antennas
(a) in 2.4 GHz band and (b) 5.2 GHz band.

It is known that envelope correlation coefficients (ECC) is

an important figure of merit for MIMO antennas. A lower

ECC reflects a low correlation of two antennas. The ECC

for the coupled and decoupled monopole antennas can be

calculated according to the method introduced in [25], using

the measured far-field radiation patterns. As shown in Fig. 19,

a significant improvement for ECC is achieved using this

decoupling network.

C. Discussion

The collateral effects should be discussed in this part.

In the dual-band monopole example, the matching bandwidth

of the low band after using this decoupling network becomes

narrower compared with the coupled one. This phenomenon

can be found in many previous works with strong coupling

between the coupled antennas, such as about −4 dB in [7],

−3 dB in [9], −4 dB at low band in [19]. In fact, the decoupled

case in low band has a relatively wide bandwidth of 150 MHz
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with 10 dB return loss and 18 dB isolation. In the first example,

the matching bandwidths of both the low and high bands after

using this decoupling network become wider compared with

the coupled one. This verifies that the decoupling network

will not directly increase or reduce the matching bandwidth of

the antennas. This is understandable because the decoupling

network is derived based on the two center frequencies so

that it will not guarantee to increase or reduce the matching

bandwidth of the antennas.

Another phenomenon is that the return loss of some frequen-

cies between the two bands is less than 10 dB. In practical

communication systems, there is a filter between transmit-

ter/receiver and power amplifier to guarantee the signal of

undesired frequency band does not flow into the system.

For example, to reduce the interference from LTE band 40

(2.3–2.4 GHz), there is a bandpass filter after the WIFI

(IEEE 802.11b, 2.4–2.484 GHz) antenna. Similar to reducing

the interference from WIFI antenna, there is a bandpass filter

after the LTE antenna.

IV. CONCLUSION

The T-stub circuit is investigated as a decoupling circuit of

two coupled dual-band antennas in this paper. The decoupling

circuit can concurrently perform the decoupling and matching

in dual frequency bands independently. An analytical design

formula for the T-stub of arbitrary dual-band phase shifting and

impedance requirements is derived. The applicable solution

regions of the proposed decoupling circuit that can meet

the requirements for a large class of practical applications

are also provided. Two decoupling examples incorporating

two coupled dual-band inverted-F antennas and two coupled

dual-band monopole antennas are provided to verify the pro-

posed decoupling technique. Although the original coupled

antennas are assumed to be well matched, the proposed

decoupling circuit also works for those coupled antennas in

poor matching conditions. Moreover, the proposed decoupling

circuit is not limited to symmetric coupled antennas. The

measured radiation performance demonstrates that the pro-

posed decoupling technique can significantly improve the radi-

ation efficiency as well as data throughput of a two-element

dual-band MIMO system.
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