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An LTCC Coupled Resonator Decoupling
Network for Two Antennas

Kewei Qian, Luyu Zhao, Member, IEEE, and Ke-Li Wu, Fellow, IEEE

Abstract—An integrated low-temperature co-fired ceramic
(LTCC) coupled resonator decoupling network (CRDN) for two
coupled antennas is proposed in this paper. By virtue of LTCC
technology, a second-order CRDN is realized by two tightly cou-
pled lumped-element resonators in a volume of 3.2 X 2.5 X 1.2 mm?®.
Theoretical analysis has revealed that a wide range of mutual
admittance of a CRDN can be realized by choosing appropriate
I/0 coupling elements while the coupled resonators can be con-
solidated in an LTCC device. This “one-fit-all” feature allows
for decoupling a wide range of coupled antennas with different
form factors for a given frequency band. To prove the concept,
two LTCC CRDNs for decoupling different forms of antennas
working in the 2.45-GHz band are designed, fabricated, and
tested. Measurement results have demonstrated that significant
improvement in isolation can be achieved within a wide operating
frequency range in all cases. The presented design theory and
circuit topology are general and can be applied to both symmetric
and asymmetric two-element antenna arrays.

Index Terms—Coupled resonator decoupling network (CRDN),
low-temperature co-fired ceramic (LTCC), multiple-input mul-
tiple-output (MIMO) antenna array.

I. INTRODUCTION

O SATISFY the fast growing demands from the mobile

internet market for higher data rate and better quality of
service (QoS) on wireless communication systems, many ad-
vanced technologies for increasing the data throughput have
been put into use. Among them, the multiple input multiple
output (MIMO) data accessing scheme, a proven technology to
effectively use the multipath environment, has been becoming a
compulsory option in today’s wireless communication systems
in both base stations and mobile terminals. With the MIMO
technology, digital transceivers are used to combine the data
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streams arriving at multiple antennas, which are assumed to be
uncorrelated when the mutual couplings among the antennas are
ideally zero. Along with orthogonal frequency division multi-
plex (OFDM), spatial multiplexing, diversity coding, and other
signal-processing techniques, a MIMO system can largely im-
prove data throughput and system performance [1], [2].

However, due to inevitable strong mutual couplings between
antennas in a wireless terminal, such as a fourth-generation (4G)
long-term evolution (LTE) smart phone, the mutual coupling
and spatial correlation between antennas become severe, which
diminishes the channel capacity gain of a MIMO system due
to a strong signal correlation. Additionally, a strong coupling
also lowers the radiation efficiency as the coupled antenna be-
comes a resistive load of the transmitting antenna. All of these
negative effects decrease the superiority of a MIMO system and
deteriorate the system performance. Therefore, tremendous re-
search efforts have been devoted to reducing the mutual cou-
plings among MIMO antennas in recent years [3].

Recently, some typical antenna configurations and locations
in a terminal are studied to illustrate the effect of characteristic
mode and current localization on the isolation level between an-
tenna elements [4]. It has been shown that by properly exciting
the characteristic mode and the chassis current, angle diversity
as well as polarization diversity can be achieved. For symmetric
arrays, an eigendecomposition network can be designed for in-
herently decoupling a coupled antenna array by decomposing
the input signals into two or more orthogonal eigenmodes of
the array [S]-[7].

A simple decoupling network, which consists of two trans-
mission lines and a shunt reactive element, is proposed for re-
ducing the coupling of two strongly coupled antennas [8]. Good
isolation can be achieved in a compact size. A practical con-
cern for this scheme is its relative narrow decoupling band-
width (about 3% for 20-dB isolation) due to the fact that the
mutual admittance of a shunt reactive element is not stationary
within the band of interest. Moreover, since the zero of self-ad-
mittance locates either at w = 0 or w = o0, which is far
away from the resonant frequency of the antennas, two addi-
tional matching networks are required for impedance matching.
A neutralization line [9]-[11] and parasitic scattering [ 12] tech-
niques are effective methods to reduce mutual couplings be-
tween the antennas for narrow bandwidth applications. By re-
producing an opposite coupling to the unwanted one, less mu-
tual coupling at certain frequencies can be obtained. Planar elec-
tromagnetic-bandgap (EBQG) structures [13]-[15] and defected
ground structures (DGSs) [16], [17], which act as bandstop fil-
ters for surface waves, are also proposed to realize certain level
of isolation between antennas.
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Most recently, a new technique named the coupled resonator
decoupling network (CRDN) is proposed for decoupling two
and three strongly coupled antennas [18]-[21]. The basic un-
derlying principle is to design a second-order or higher order
coupled resonator network that is connected to the two coupled
antennas in shunt and is with the mutual admittance opposite to
that of the two coupled antennas such that the unwanted mutual
coupling of the antennas can be canceled in a relatively wide
frequency band.

Three major issues concerning the above existing decoupling
techniques are as follows:

1) the realization of these decoupling schemes is antenna and

its periphery specific;

2) the bandwidth and the required space are mutually exclu-
sive; a wideband solution usually requires an impractically
large real estate;

3) more importantly, there is no integrated solution that en-
ables a miniaturized passive device to be used on high-den-
sity circuit boards of mobile terminals.

In order to achieve good isolation between two strongly cou-
pled antennas in a mobile terminal, a small footprint and sur-
face mountable device that is independent to the form factors
of the antennas would be highly desirable. In this paper, an
integrated CRDN for two strongly coupled antennas of arbi-
trary form factors is proposed. The CRDN is composed of two
parts: a two-port multilayered LTCC device that consists of two
tightly coupled lumped-element resonators, and an L or C' com-
ponent along with a transmission line external to each port of the
LTCC device for customized I/O couplings. This circuit config-
uration allows one LTCC CRDN device for different antenna
couplings of various antenna form factors. Furthermore, it will
be shown that a tradeoff between the isolation level and decou-
pling bandwidth for a given operating frequency band can also
be achieved. Therefore, with one consolidated LTCC device,
which is designed for a given frequency band, and specific I/O
coupling circuits external to the device, the proposed integrated
CRDN is a “one-fit-all” solution for simultaneous decoupling
and matching of various coupled antennas.

Although the original concept of the CRDN was proposed in
[18]-[21], this paper attempts, for the first time, the following:

1) to develop the theory for designing an integrated lumped-
element CRDN;

2) to demonstrate the feasibility and superiority of an inte-
grated CRDN device;

3) to theoretically prove and experimentally justify the “one-
fit-all” concept of the CRDN technology.

This paper has no intention to discuss how to design an LTCC
lumped-element device, as it has been very well covered in the
literature [22], [23].

This paper is organized as follows. Section II presents the
theory for designing a lumped-element CRDN that simul-
taneously meets the decoupling and matching conditions.
The dependence of the inter-resonator coupling on the de-
coupling bandwidth and the decoupling level is discussed.
Section III gives four design examples of the LTCC CRDN
scheme; two for symmetric arrays and two for asymmetric
arrays, all of which use the same LTCC CRDN device.
Good agreement between the electromagnetic (EM) designed
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Fig. 1. Network representation of two coupled antennas in shunt with an LTCC
CRDN circuit.

and measured results demonstrates the feasibility of this
“one-fit-all” integrated solution. Additionally, a tradeoff anal-
ysis between the decoupling bandwidth and level is elaborated
in Section IV. The practical examples demonstrate that the
proposed CRDN technique is very suitable for different cir-
cumstances of mobile terminals. Finally, conclusions are given
in Section V.

II. DESIGN THEORY

A. Decoupling and Matching Conditions

In the following discussion, two coupled antennas are rep-
resented by a 2 x 2 admittance matrix defined in terms of the
total voltages and currents at the two antenna ports. An LTCC
CRDN circuit that consists of a consolidated LTCC chip and
two I/O coupling elements is connected in shunt to the coupled
antennas, as shown in Fig. 1. The admittance of the connected
network is the sum of the two individual admittance matrices,

ie.,
Y = [Yll Yfz‘ + Yg

1
vi+vy| O

Y12] _ [Yﬁ‘ + Yy
Y21

Yoo Yii 4 Y5

where Y4 and V' represent the admittance matrices of the cou-
pled antennas and the decoupling network, respectively.

Obviously, good isolation between the two ports of the con-
nected network can be achieved in the vicinity of the resonant
frequency of the coupled antennas if

Yo (wy) = Yzfl1 (wr) + YZY(WT) ~ 0 2

where w, is the resonant angular frequency of the antennas.

Since the designed decoupling network is assumed to be loss-
less, the entries of the admittance matrix Y are purely imag-
inary. However, the admittance matrix Y for the antennas is
complex in general. Thus, the decoupling condition can be sim-
plified as

Re {Y{l‘(w,)} =0
Im {¥5} (w,)} + Im {VY (w,)} = 0.

(3a)
(3b)

Assuming that the coupled antennas are well matched at the
resonant frequency, i.e., Y1 (w,) = Ysi(w,) ~ Yy, (3a) can



QIAN et al.: LTCC CRDN FOR TWO ANTENNAS

be realized at w, by introducing a piece of transmission line
of electrical length 8, and characteristic impedance Z, at each
antenna port. Supposing the coupling coefficient of the original
antenna array is expressed as |521\ej¢21 in general, 85, can be
chosen such that [8]

Lo (- 2]

Similarly, when the decoupling condition is satisfied, which
means S2; = 0, the matching condition can be expressed as

Re {V;} (w,)} ~ Yo, (5a)
Im {Y;Hwe)} + Im {V; (w,)} =0, (5b)

Since the antennas are assumed to be matched at w,., (5b) can
be simplified to

k=1,2,3L. (4

i=1,2
i=1,2.

Im{Y Y (w,)} =0, i=12. (6)

B. Design Equations and Procedure

A schematic circuit of the decoupling network is depicted
in Fig. 2, where a well-known second-order coupled resonator
filter topology is adopted. For simplicity, it is assumed that Z; =
Zo = 50 Q. Denoting the [ABC' D] matrix of the LTCC device
by [ABC' D], whose entries can be expressed as

— w2L1(Cl + CQ) —1

A=D =
w2Lng (73.)
— 1
B= 7b
e (7b)
— 1 wC'2 2C1
C = 2jwCy — = .
G, THC T S STEE T e, ey 9

The [ABC D] matrix of the LTCC device cascaded with the I/O
coupling circuits is converted to an admittance matrix to satisfy
the matching and decoupling conditions stipulated by (3) and
(6). The resultant equations are given by (8a) and (8b), shown at
the bottom of this page, where C 4 is a constant that opposites to
the imaginary part of the mutual admittance of the two coupled
antennas at the resonant frequency.

According to (7) and (8), the decoupling and matching con-
ditions are decided by variables Ly, C, Cs, C3, and 61, which
can be determined by the following procedure.

3201

inner coupling
G 71,01 G

T ‘ | ‘

input coupling
circuit C

output couphng
circuit

A

- -

LTCC device

Fig. 2. Architecture of an integrated CRDN scheme.

1) The values of L; and C; of the LC tank are determined by
the resonant frequency of the coupled antennas.

2) The mutual coupling capacitance C> is designed to be as
large as possible to realize a flat Im{Y,)'} response in the
operating band. In the following examples, this value is
chosen to be 6 pF due to the LTCC fabrication constraints.

3) A unique solution for variables C5 and 6; can be found by
solving simultaneous nonlinear equations (8a) and (8b).

For illustration purpose the loci of the principal value of the
two equations of Im{Y;Y} from 0.008 to 0.019 are plotted in
Fig. 3. It is shown that the stronger the mutual coupling is, the
larger the capacitor C's and the shorter the 8, are required. For
example, when Im{Y3)} = 0.012, the intersection of the two
sets of loci shows the solution of C3 = 2.7 pF and 8; = 46°.

It should be mentioned that parameter 'y is crucial and can
be adjusted to accommodate different value of mutual coupling;
and #; can be used to compensate the frequency offset intro-
duced by Cs.

C. One-Fit-All Scheme

From (8a) and (8b), it is shown that admittance parameters
of the decoupling network depend on the values of #; and (5,
while the [A BC' D] matrix remains unchanged. In other words,
different mutual admittances of a CRDN can be achieved by
only changing I/O couplings when the LTCC device is consol-
idated for a given frequency band. For instance, the simulated
imaginary part of Y3 with different C'3 and 8; for I/0 couplings
are presented in Fig. 4. It can be seen that when L; = 1.5 nH,
C1 = 0.7 pF, and C2 = 4.9 pF are fixed, different levels of
Im{Y5)} (from 0.008 to 0.019) can be obtained in a wideband

(8a)

» 1
Im 2 2
QJA (COS 0.+ ZSII;QC% ) (Zo sin 6 — M) +B (cos 81+ ZSHLBC%::.) -C (Zo sin §; — &4 il ) J
=-Im|[Y5}] = Cu
Im Z . [COS 91 . (COS 01 Jr Zs(l)ri)ecla ) fsin 01 . (Sin 91 — Z(:(())zecle, )i| + % Sin 01 . (COS 01 JF Zs;r;ec%e‘ ) +]? COS 91 (Z(] Si]_’l 01 _ Csscil )
— 2 —_— 2
| 27 (contr 1 3 )- (s~ 28) 8 (cont 2285 ) " (osniy 52

=0

(8b)
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Fig. 3. Loci of the principal value of (8a) and (8b) for Im{Y.} } = 0.008 to
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Fig. 4. Simulated Y -parameters of the decoupling network with different I/O
coupling circuit values.

sense by only adjusting C3 and 8, while Im{Y7)' } remains to be
zero at 2.44 GHz for good matching in all cases. It can be seen
that the results in Fig. 4 match the solution shown in Fig. 3. This
“one-fit-all” feature is very attractive because it allows of an an-
tenna independent LTCC CRDN component for a wide range of
antenna form factors. It should be pointed out that a 45” trans-
mission line at w,. at each port of the CRDN for connecting pur-
pose is omitted in Fig. 2.

Moreover, it should be mentioned that antennas with positive
Im{Ys}} can also be decoupled by this network topology with
corresponding negative Im{ Y3} } realized by using an inductive
inter-resonator coupling.

D. Decoupling Bandwidth Analysis

It can be observed that various types of practical coupled an-
tennas, such as patches, monopoles, or planar inverted-F an-
tennas (PIFAs), Im{Y,]} is almost a constant in the vicinity
of the resonant frequency in most cases. According to (3), if a
wide decoupling bandwidth is required, Y3) of the decoupling
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Fig. 5. Simulated results of Im{Y5 } for different Cz values.

network needs to be as constant as possible and be opposite to
Im{Y;}} within the band of interest, that is to say

Im {YQJY (w)} |welw, - Aww,+aw] ~Im {Yﬁf (wr)}
= —Im {Y5i(w,)} )

where [w, — Aw, w, + Aw] is the frequency band of interest. In
other words, the decoupling bandwidth, which is related to the
slope of Y3 atw,., becomes wider as the slope approaches zero.
The previous research has shown that the coupling between the
two resonators has a direct impact on the slope of Y} at the
resonant frequency [20]. In this paper, a capacitive mutual cou-
pling is utilized. As illustrated in Fig. 5, Im{Y;Y} can be ap-
proximately equal to a constant over a wider frequency band as
the value of C increases. Therefore, the mutual coupling be-
tween the two resonators is designed to be as large as possible
to realize a flat Im{Y;)'}, while its absolute value can be inde-
pendently adjusted by adjusting C'3 and 67, as can be seen in
Fig. 4.

III. DESIGN EXAMPLES

To validate the proposed decoupling scheme and its design
theory, two examples concerning different antenna coupling
mechanisms are presented. In both cases, the coupled antennas
are fabricated on an FR4 substrate with relative dielectric
constant of 4.4 and thickness of 1.6 mm. The two resonators
and their coupling capacitor are integrated into an LTCC
device whose relative dielectric constant is 9.2 and loss tan-
gent is 0.002 at the frequency of interest. With an eight-layer
vertical structure, the LTCC device is with dimensions of
3.2 x 2.5 x 1.2 mm®. Full-wave EM simulation is performed
using Agilent EMPro [24].

A. Decoupling Networks for a Symmetric Array

A symmetric 2.45-GHz two-element antenna array and the
manufactured LTCC decoupling device will be discussed in this
section. The configuration of the entire network, the detailed
layout of the LTCC device, and the EM model of the device
together with a printed circuit board (PCB) are illustrated in
Fig. 6. As can be seen, two coupled monopole antennas sep-
arated by distance D are printed on a 90 mm x 72 mm FR4
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Antenna 2
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Port2

0.66

Fig. 6. Configurations of the: (a) symmetric 2.45-GHz testing antenna array,
(b) layout of the LTCC device with detail dimensions, and (¢) EM model of the
LTCC device surface mounted on a PCB.

board. The other antenna relevant dimensions are W, = 3 mm,
W3 = 9.8 mm, and S5 = 19.4 mm. A section of transmission
line of length S5 and characteristic impedance of 7, is inserted
at each antenna port to satisfy (4).

The parameters L, 61, C1, C3, and (5 are designed by
following the procedure given in Section II-B. Two open stubs
are utilized near ports 1 and 2 for improving the matching
bandwidth. With the predesigned LTCC device and proper
I/O couplings, different types of coupled antennas working at
the 2.45-GHz band can be decoupled with good impedance
matching.

Antenna pairs with D = 0.1Ay and D = 0.2} are investi-
gated for different coupling circumstances, where A is the free-
space wavelength at 2.45 GHz. In the case of array Al (sym-
metric, D = 0.1)y), the simulated and measured S-parameters
of the coupled array are given in Fig. 7(a), in which the isola-
tion of about 8 dB of the coupled array in the working frequency
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Fig. 7. (a) Simulated and measured S-parameters of the coupled array Al.
(b) Simulated mutual admittances of the antenna array Al and the decoupling
network. (c¢) Simulated and measured responses of the decoupled array Al.

band is also superimposed. In order to realize Re{Y;{} = 0
at the resonant frequency, the inserted transmission line has a
length of S = 19 mm. The Im{YZ)'} is designed to be 0.012
to cancel the Im{Y;]} that is about —0.012 in the vicinity of
resonant frequency, as shown in Fig. 7(b). Due to the compact
volume and LTCC fabrication constraints, the mutual coupling
C5 realized in the LTCC device is limited to 6 pF. The other
parameters of the decoupling network are designed as follows:
Ly = 3.5nH,Cy = 1.0 pF, C3 = 0.9 pF, 54 = 4 mm, and
S5 = 9.8 mm, which corresponds to the design parameter 6 .
Fig. 7(c) shows the simulated and measured S-parameters
of the decoupled antennas, as well as the |Sz;| of the coupled
antennas. It can be seen that the decoupling bandwidth with
|S21] < —20 dB is about 24% (580 MHz), while the impedance
matching bandwidth with |S;;] < —10 dB is about 17%
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Fig. 8. (a) Simulated and measured isolations of the coupled and decoupled
array A2. (b) Simulated and measured reflection coefficients of the coupled and
decoupled array A2.

(400 MHz). For comparison, the same antennas are decoupled
by a lumped element designed using the procedure given in [8].
It is seen from Fig. 7(c) that the decoupling bandwidth with
|S21] < —20 dB using a lumped element is about 6% (150
MHz). In the case of array A2 (symmetric, D = 0.2)), the
isolation of the coupled array is about 10 dB in the operating
frequency band. In this case, So = 16.3 mm is utilized for
realizing Re{Y5{} = 0 and the corresponding Im{Yy}} is
about —0.008. With the same LTCC device, the other circuit
parameters of the CRDN are tuned to realize Im{ Y, } = 0.008
and Im{Y;}'} = 0 in the frequency band of interest, resulting
in ("3 = 1.8 pF, S; = 3.1 mm, and S5 = 9.2 mm. Fig. 8 shows
the simulated and measured S-parameters of the decoupled
array A2. The decoupling bandwidth with |S2;| < —20 dB is
about 14% (360 MHz), and the impedance matching bandwidth
with |S11] < —10 dB is about 15% (370 MHz). Similarly, in
contrast, the same array decoupled by a lumped element has a
decoupling bandwidth of about 3.7% for 20-dB isolation.

B. Decoupling Networks for Asymmetric Arrays

In order to further demonstrate the effectiveness of the LTCC
CRDN device, an asymmetric antenna array with two different
types of antennas is the concern of this section. The geome-
tries of the antennas and corresponding CRDN circuit are de-
picted in Fig. 9. An inverted-F antenna and a monopole an-
tenna are printed on an FR4 substrate with the size of 120 mm
x 120 mm. The dimensions of the antennas are W5 = 3 mm,
Ws = 9mm, S; = 0.2 mm, S3 = 7 mm, and S7 = 18.4 mm.
Similarly, a section of transmission line is introduced according
to (4), and D = 0.3)\y and D = 0.4} cases are investigated in
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Fig. 9. Configurations of the asymmetric antenna array and LTCC CRDN
circuit.
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Fig. 10. (a) Simulated and measured isolations of the coupled and decoupled
array B1. (b) Simulated and measured reflection responses of the coupled and
decoupled array B1.

this example. Also, two open stubs are used for broadening the
matching bandwidth.

In the case of array Bl (asymmetric, D = 0.3}), the iso-
lation of the coupled array is about 7 dB in the operating fre-
quency band. Here, S¢ = 16 mm is used to realize Re{ Y} } = 0
and Tm{Y;}} is about —0.015 over a wide frequency range,
thus Im{ Y3} } is designed to be about 0.015 by choosing C3 =
1.2 pF, S4 = 4.6 mm, and S5 = 6.2 mm. The simulated
and measured S-parameters of decoupled array B1 are shown
in Fig. 10(a) and (b). It is illustrated that the decoupling band-
width with |S51] < —20 dB is about 11% (280 MHz), while
the impedance matching bandwidth with [S11| < —10 dB is
about 13.5% (330 MHz), and |S32| < —10 dB is about 13%
(320 MHz).
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Fig. 11. (a) Simulated and measured isolations of the coupled and decoupled
array B2. (b) Simulated and measured reflection coefficients of the coupled and
decoupled array B2.

In the case of array B2 (asymmetric, D = 0.4)\), the isola-
tion of the coupled array is about 9.5 dB from 2.4 to 2.48 GHz.
Here, S¢ = 13 mm is used for Re{Y;}} = 0 and Im{Y;}
is about —0.011. Accordingly, the other parameters are
Cs = 1.5 pF, S4 = 3.2 mm, and S5 = 7.7 mm. Fig. 11 shows
the simulated and measured S-parameters of decoupled array
B2. The decoupling bandwidth with |Sy;| < —20 dB is
about 12% (290 MHz), while the impedance-matching band-
width with |S1;] < —10 dB is about 9% (210 MHz), and
|S22] < —10 dB is about 14% (350 MHz). The photographs of
the antenna arrays along with some samples of the manufac-
tured LTCC CRDN device are shown in Fig. 12.

For all the cases, it is seen that when an LTCC CRDN device
is added to a coupled antenna array, the matching bandwidth de-
creases. The reason for this is that for strongly coupled antennas,
one antenna acts as a lossy load for the other one. Thus, it is
understandable that the matching bandwidth for the lossier an-
tenna is greater. However, despite the reduced matching band-
width, the total efficiencies, which are the averaged efficiencies
of the two antennas of an array, of the decoupled antenna arrays
is significantly improved over the arrays before decoupling. As
presented in Fig. 13(a), the measured average total efficiencies
of the four coupled arrays Al, A2, B1, and B2 are about 69.4%,
70.3%, 71.6%, and 72.7%, respectively, while the total efficien-
cies of the four arrays have been improved to 78.2%, 78.5%,
79.7%, and 81.2%, respectively, after decoupling. An obvious
enhancement in total efficiency can be achieved when the pro-
posed LTCC CRDN is utilized. The envelope correlation co-
efficient (ECC), another important figure of merit in assessing
a MIMO system, is also obtained using the method in [20] for
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Fig. 12. Photographs of: (a) testing board for symmetric antenna array with an
LTCC CRDN device, (b) testing board for asymmetric antenna array with an
LTCC CRDN device, and (c) samples of the LTCC CRDN device.
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Fig. 13. (a) Total efficiencies of arrays Al, A2, B1, and B2. (b) Calculated
ECCs for array B2 and its counterpart without using CRDN.

array B2 and the same antenna array without a CRDN are shown
in Fig. 13(b).

IV. TRADEOFF ANALYSIS

The prototyped LTCC CRDN device can be used in various
decoupling circumstances due to its antenna independence. Fur-
thermore, a tradeoff between the isolation level and decoupling
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Fig. 14. Tradeoff analysis between the isolation level and decoupling band-
width with different values of Cs.

bandwidth can also be realized by adjusting the I/O couplings.
A pair of monopole antennas is used here as an illustration
of the tradeoff feature. It can be seen from Fig. 14, when the
value of C3 is changed from 4.3 to 15 pF, the decoupling band-
width for 20-dB isolation is reduced from 680 to 600 MHz,
whereas the isolation is improved from 20 to about 28 dB. In
all cases, the matching bandwidths remain the same. Therefore,
with this antenna-independent LTCC CRDN device and appro-
priate lumped capacitor C3, a tradeoff between the decoupling
bandwidth and isolation level can be realized without reconfig-
uring the CRDN network. This feature allows a mass production
of one LTCC device for various applications as long as the fre-
quency band is right.

V. CONCLUSION

A novel integrated LTCC CRDN has been proposed in this
paper. With a consolidated LTCC device for a given frequency
band and customized lumped element I/O elements, the pro-
posed decoupling scheme can be applied to various antenna ar-
rays. Taking advantage of the LTCC multilayer technology, the
integrated CRDN device can be made in a compact volume. The
design theory and guidelines of the proposed device are also
given.

To demonstrate the proposed decoupling scheme, four exam-
ples working at a 2.45-GHz band of different types of antennas,
including symmetric and asymmetric arrays, have been given.
All the coupled antenna arrays in this paper have been decou-
pled using the same LTCC CRDN device, but with different
external I/O components. The simulated and measured results
verify that good decoupling and matching conditions can be
achieved over a wide frequency range as compared to the decou-
pling solution using a lumped element. A tradeoff between de-
coupling bandwidths and levels of isolation can also be realized
without reconfiguring the integrated device. It can be foreseen
that the proposed integrated CRDN device has a great potential
for future wireless terminals that are equipped with MIMO an-
tennas.
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