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Impact of using resistive elements for wideband
1solation improvement

Sathya N. Venkatasubramanian, Linsheng Li, Anu Lehtovuori, Clemens Icheln and Katsuyuki Haneda

Abstract—Improving the isolation between antenna elements
in compact arrays has been a major focus of recent research. In
this paper, we present ideas to improve the wideband isolation
between closely spaced antennas. We do this by connecting
lumped lossy (resistive) elements between the antenna feeds. A
simple analytical expression is provided to compute the impact
of resistive elements on efficiency to analyse the power lost
in the resistive element. Three configurations of decoupling
circuits are designed and fabricated for two closely spaced
monopoles operating at 2.4 GHz. The decoupling circuit contains
transmission lines of different lengths at the antenna inputs such
that the mutual admittance between the antenna elements is 1)
resistive, 2) resistive and inductive, or 3) resistive and capacitive.
Lumped elements are then connected between the transmission
lines followed by matching circuit. The paper shows that with
configurations 2) and 3) we can improve the wideband isolation
compared to 1), as well as compared to using only lossless
elements. The wideband isolation was improved by 17.6 dB across
a 200 MHz band at 2.4 GHz, with a final isolation level of 20 dB
over that band. Better than 30 dB isolation was achieved across
a narrower band of 55MHz. The proposed technique provides
wideband isolation improvement for multiple-input multiple-
output (MIMO) as well as narrowband performance with large
isolation suitable for in-band full-duplex (FDX) applications. The
impact on efficiency is investigated to verify that the advantages
from the improved wideband isolation outweighs the possible
reduction in overall efficiency.

Index Terms—antenna, decoupling, isolation, MIMO, full-
duplex.

I. INTRODUCTION

HE rapid penetration of wireless systems has resulted

in increased demand for high data rate, low latency
systems to provide quality wireless access to the end user.
Over the past decade, various techniques have been used
to increase the throughput like multiple-input multiple-output
(MIMO) and other multi-antenna techniques. Individual radio
frequency signals at multi-antenna ports are decorrelated either
by increasing the isolation between two antennas, or by using
antennas with dissimilar radiation patterns. This results in
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spatial diversity and multiplexing, thus improving the channel
capacity in MIMO transmission. One of the major aspects in
the design of multi-element antenna arrays in compact devices
is the inter-element spacing between the antenna elements.
A reasonably large spacing has to be maintained to achieve
a low enough level of correlation between the antennas [1],
while it is desired to implement as many antennas as possible
within a limited space. Hence, antenna isolation has been
given significant attention in recent years due to its impact
on decoupling multi-antenna elements.

Also, in-band full-duplex (FDX) radio transmission is an
attractive solution for improving the link throughput. This
requires the transmit (Tx) and receive (Rx) antennas to be
isolated sufficiently in order to cancel the self-interference (SI)
by its own transmission with additional analog and digital
cancellation techniques [2], [3]. The radio frequency (RF)
decoupling circuit decreases the SI sufficiently to prevent
saturation of the Analog-to-Digital Converter (ADC) at the
receiver. The major challenge in implementing compact bi-
directional FDX devices is the requirement of significantly
larger Tx-Rx isolation levels compared to those in MIMO
systems. In single antenna solutions described in [4], [5], the
isolation between the Tx and Rx ports connected to a common
antenna element is of the order of 20 dB; the isolation is
ensured using a circulator, which also increases the cost of the
device. Many other FDX transceivers consider separating the
Tx and Rx antennas far apart to improve antenna isolation. For
example, an FDX transceiver [5] uses co-polarized commercial
Tx and Rx antennas that are separated by 30 cm to achieve port
isolation of 27dB at 2.4 GHz. Their antenna designs have an
unacceptable antenna footprint for compact devices. Therefore,
a novel antenna design is required to accomplish a comparable
isolation level with much smaller footprint.

Various techniques have been used to improve isolation
and decrease the correlation between antenna elements of
an array with very small spacing between elements as dis-
cussed in [6] and references therein. Many techniques have
been proposed to improve isolation in a compact antenna
array, but usually they do not consider wideband isolation
improvement. In order to improve the port-to-port isolation
for wideband systems, various methods have been proposed.
In the neutralization technique [7], transmission lines are
connected at certain locations between the antennas to improve
the isolation. Lumped elements connected between the antenna
feeds, with transmission lines of specific length from the
antenna inputs can also be used to improve the port-to-
port isolation [6], [8], [9]. Other methods propose to use a
combination of reactive elements; e.g. [10] implements an LC-



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

TABLE I
SUMMARY OF ACHIEVED ISOLATION WITH RELATIVE BANDWIDTH FOR
EXISTING TECHNIQUES.

Previous work Relative bandwidth
Isolation level 15dB 20dB | 25dB
Diallo et al. [7] 11.4% | 5.7% 3.4%
Chen et al. [8] 2.2% 1.1% 0.8%
Wu et al. [9] 595% | 5.1% 1.7%
Zhao et al. [6] 19% 15% 4%
Bhatti et al. [10] 1.7% 0.7% 0.2%
Tang et al. [14] 3.1% 1% 0%
Tang et al. [17] 1.6% 0.4% 0%
Krewski et al. [18] 4.1% 1.5% 0%
Mak et al. [21] 4% 1.8% 0.8%
Valkonen et al. [22] 2.7% 0% 0%
Proposed method 20.8% | 7.9% 4.3%

based branchline coupler at the input of a two-element antenna
array at 710 MHz achieving narrowband isolation of 20dB
across 4 MHz bandwidth. Furthermore, decoupling networks
are designed based on different techniques like the eigenmode
theory in [11]-[15] and characteristic mode theory [16]. In
[17], [18], a decoupling and matching network is proposed
based on even-odd mode analysis. [17], [19], [20] discuss
improving dual-band isolation using lumped elements between
the antenna feeds. Mak in [21] proposes a field cancellation
element to artificially create a coupling path to improve the
antenna isolation. For effective comparison of already existing
techniques, Table I lists the achieved relative bandwidth for
a given isolation level between closely spaced antennas. It
should be noted that this comparison does not take into account
the original isolation and size of the antenna system. However,
none of these methods provide enough wideband isolation
for FDX operation, e.g., 30dB isolation over atleast 2%
bandwidth at 2.4 GHz while [6] achieves 25 dB isolation across
4% relative bandwidth. Therefore, novel wideband antenna
decoupling methods are needed.

One promising solution for realizing wideband isolation in
compact antenna arrays is the use of resistive elements [23].
However, the losses of the resistive elements may decrease
the total efficiency of the antenna array. In this paper, the
impact of using a resistive element on efficiency is studied,
supported by an analytical expression of the losses introduced
by a resistive element between the antenna feeds. Three
different configurations of decoupling circuits are designed
for two closely spaced monopoles that are implementable
in a compact device. The decoupling circuit comprises of
transmission lines connected to the antenna feeds followed
by a lossy decoupling circuit. By adjusting the lengths of
transmission lines, the mutual admittance between the two
antennas can be transformed to purely real, or real with
positive or negative imaginary parts as seen from the junction
with the decoupling network. The measured prototypes are
compared with a reference prototype of two closely spaced
monopoles without any isolation improvement, demonstrating
30dB and 20dB of isolation for the relative bandwidth of
2.2% and 7.8% respectively.

The proposed decoupling technique is applicable both to
MIMO and FDX applications, improving the wideband isola-

tion for MIMO as well as isolation levels significantly over a
narrower bandwidth for FDX applications. The improvement
often comes at the cost of some power lost in the cancellation
circuit. One of the main benefits of the proposed method is
the enhanced ability to the mentioned improvement compared
to the existing methods, due to the use of both the resis-
tive and reactive components in the decoupling circuit. For
example, LTE Band 7 and the 2.4 GHz ISM band have a
relative bandwidth of 7.2% with 4.1% respectively, which is
quite large compared to isolation provided by most existing
methods in Table I. Improvement in the wideband isolation
can result in improved efficiency as well as reduction of the
spatial correlation due to coupling thereby affecting MIMO
link performance. In case of FDX applications for relaying,
significantly larger levels of isolation are required [2] to
suppress the self-interference to the noise level of the receiver,
improving the link throughput. Our decoupling circuits are one
of the essential enabler of the FDX transceiver by decreasing
the SI at the RF stage and prevent the receiver ADCs from
being saturated due to the interference.
In summary, the main contributions of this paper are

o Demonstrating the use of resistive along with reactive
elements between antenna feeds to improve the wideband
isolation; this idea was introduced in the authors’ previ-
ous manuscript [23], but now the idea is significantly
strengthened using analytical and experimental analysis.

« Providing a simple analytical expression to compute the
impact of the resistive elements on efficiency, which can
be used to analyse the trade-off between isolation and
efficiency; and finally,

« Validation by prototyping and measurements, and demon-
stration of the decoupling for compact antenna arrays.

The content of this article is organized as follows. Section
I gives theoretical background of the proposed decoupling
technique using resistive elements. Formulas for analysing
the impact of the lossy elements on total efficiency of the
antenna system are also given. In Section III, the proposed
decoupling method is numerically analysed to illustrate the
improvement in wideband isolation. Having described the
prototypes of the proposed decoupling network and validated
their performance against numerical evaluation in Section IV,
Section V concludes the paper.

II. THEORETICAL BACKGROUND

A. Proposed decoupling method

In this section, the theoretical background of the proposed
decoupling network using resistive elements for improving the
wideband isolation is discussed. The benefit of using resistive
and combination of both resistive and reactive elements be-
tween the antenna feeds is shown analytically.

Consider a two-port network represented by its S param-
eters, S;;, and admittance parameters, Y;;. A two-element
antenna array can be represented in the form of a m—network,
with the mutual admittance Y5; between the two antennas
denoting the mutual coupling as shown in Fig. 1(a). It can thus
be inferred that cancelling the mutual admittance (—Y51) with
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Fig. 1. (a) Two-port network with Y parameters and (b) Two-port network
with additional parallel element.

a parallel element with admittance Yp results in improved port-
to-port isolation, as depicted in Fig. 1(b). The box indicated by
dotted lines shows the two-port representation of the antenna
and the dashed curve denotes the mutual coupling and the
compensating element. As the two port network is symmetric,
the circuit can be analysed as two circuits with even and odd
mode inputs [24], allowing us to obtain an insight on the
wideband performance of the decoupling circuit. From basic
microwave theory, the S parameters of a two port network can
be decomposed into even and odd mode components [25] as

1 1
S = (ST 4 SH) and S = S(ST — S3).

Thus, in order to achieve high total isolation, the even and odd
mode admittances should fulfill S§y°" = S84, This implies
that the even and odd mode admittances should also be equal.
The even and odd mode input admittances of a general two
port network are given by

V=Y +Ye and Y=V - Y. (D)

When a parallel element is connected between the inputs, the
even and odd mode admittances as shown in Fig. 2 become

VY =V +Yar and Y3 =Yy - Yoy +2Yp, (2)

where Yp refers to the admittance of the parallel element
connected between the antenna feeds. The phase of the antenna
mutual admittance can be transformed to a different value by
adding transmission lines at the input before connecting the
parallel element. This enables us to use different combina-
tions of elements for the cancellation circuit as the real and
imaginary components of the mutual admittance vary with
phase. For ease of understanding, the transmission lines are
not explicitly shown in the figures and considered as a part of
the antenna, i.e. they are included in Y77 and Ys;.

Previous works such as [9], [22], [26] improve the input
matching and antenna decoupling simultaneously, but they
tend to result in a narrowband solution. Fig. 2 shows that
the added parallel element does not impact the even mode
admittance but only the odd mode. Hence, depending on the
value of Y5; at the centre frequency of the design, the odd
mode admittance is increased by 2Yp such that V5" = Y3dd.

In [8], it is shown that connecting a single reactive element
between the two antennas improves the isolation at the centre
frequency. That was made possible by adding transmission
lines of a specific length beneath the antenna ports such that
the mutual admittance of the antenna becomes purely imagi-
nary. The main limitation of this method is the bandwidth over

o— o—

g
YI | even 1 Yl | O 1
2Y, Even mode 2Yp Odd mode ~

Fig. 2. Even and odd mode admittances of two port network with a parallel
element.

o

which high isolation can be achieved; the mutual admittance
at frequencies on either side of the centre frequency will have
a resistive component, where —f{Y>2;} can be positive. This
requires a negative resistance for cancellation as R{Yp} < 0
which requires active elements for implementation.

As discussed in [23], when we assume the antennas to be
perfectly matched at the design frequency, i.e. |S11| = |Saa| =
0 before adding the decoupling circuit, and reciprocal, i.e.
So1 = S12, the mutual admittance is given by

3)

Approximating the above expression, and assuming that the
magnitude of So; < 1, the term S92 in the denominator can
be neglected, thus yielding

Yo = —2Y(59:1. “)

In order to have a positive R{Ya21}, |arg{Ya1}| < 90°.
This provides a necessary condition for the mutual coupling
between the antennas to be nullified by a practically realizable
lumped element network: phase of So1, 8 = arg{Ss; }, should
lie in the range 90° < 6 < 270°. The phase condition
is achieved using transmission lines of the corresponding
length at the desired frequency connected to the antenna feeds.
The phase condition therefore yields negative R{—Y2;} that
can be nullified with a resistive component. On the other
hand, 3{—Y2;} is either inductive or capacitive on different
sides of the centre frequency, making it possible to cancel
them by inductive/capacitive elements. Fulfilling the phase
condition therefore suffices wideband isolation using reactive
and resistive components compared to using only reactive
elements.

The main challenge in this method is that, as the spacing
between the antennas increases, the derivative, i.e., the slope
of arg{Y>; } also increases with respect to the frequency. This
slope limits the bandwidth over which the given isolation level
can be achieved. The value of arg{Ys1} can be freely selected
as long as the mutual admittance can be cancelled within
the input matching bandwidth. The transmission lines used
at the input of the antennas also affect the achieved isolation
bandwidth as they make the phase slope steeper.

Fig. 3 shows the antenna array with the connected cancella-
tion circuit, i.e., Yp = Y51. The addition of the cancellation cir-
cuit introduces resistive losses due to the resistive component
of Yp, G, as well as degrades the input matching of both the
antennas. The degradation of the input matching depends on
the original isolation between the antennas; with larger natural
isolation, Ys; is smaller, and hence, addition of a parallel
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Fig. 3. Schematic of a two-port network with a decoupling circuit.

element will not affect the input matching significantly. The
vertical dashed lines in Fig. 3 shows the reference planes for
the S parameters of the antenna, with S;; referring to that
of the antenna with the additional component for isolation
improvement, including the transmission lines at the antenna
inputs; 577 refers to the .S parameters of the entire antenna
system including the additional matching and decoupling cir-
cuits. Ideally, when Y51 = 0, i.e., with infinite isolation after
the addition of the decoupling circuit, the matching circuits
at the two ports are independent of each other. In practice,
however, the isolation is always finite and impacts the input
matching of the entire antenna system. Conversely, tuning the
input matching of the antenna system changes their isolation.
It is therefore necessary to design the matching and decoupling
circuitries simultaneously.

Furthermore, as the original isolation increases, Ys2; de-
creases, resulting in very small values of Yp. When only
reactive elements are used for the decoupling circuit, the com-
ponent values can be too large or small for implementation,
whereas the usage of a resistive element is beneficial as small
value of R{Yp} results in large resistance values which are
easily implementable. This can provide additional narrow band
isolation which is required for FDX applications. The proposed
decoupling method can be further extended to antenna arrays
with more than two elements. However, the extension is sub-
ject to significant increase of circuit complexity and hence is
beyond the scope of this paper; similar theoretical framework
has been presented by other authors, e.g., [11].

B. Impact on efficiency

Using lossy elements in the decoupling circuit may decrease
the total efficiency of the antenna. Power is dissipated across
the resistive element in addition to the power coupled to the
other antenna ports which depends on the isolation achieved
with the proposed decoupling circuit. In this subsection, the
impact of the resistive element on the efficiency is analysed.

Let us consider a two port network with a lossy parallel
element connected between the two ports, i.e., Yp = G+ jB
as shown in Fig. 3. Consider a voltage V; applied across port
1 with port 2 terminated with the characteristic impedance Z
(admittance Yp). Let I, Is and Ip represent the currents in two
branches and through the parallel element respectively. The
power fed to the antenna at port 1 is P = R{V11;"} where -*
denotes a complex conjugate. The power lost in the resistive
component of the parallel element Yp is Pg = R{Yp"}|Vp|>.

The loss factor that decreases the efficiency due to the resistive
element is given by

PO 11410 111
res—loss PI §R{V1 11*}

Having derived the voltages and currents at the input to the
antenna, the expansion of Eq. (5) yields

®)

#1 | (Ya2+Yo+Ya1) 2| 11|
R{Vp*} =

|
) (6)
R { (Y22+YZ+YO)II Il*}

Lresfloss =

where

A= (Y1 +Ya))(Yaz 4 Yor1 + Yo) — (Yo = Yp)2. (D)

Expanding Eq. (6) further,

} |(Yaz+Yo+Y21)|?

[(Y11+Y21) (Yoo +Yp+Y0)— (Yo1—Yp)?|?

R { (Yo2+Y21+Y0)
(Y114Y21) (Y22 +Yp+Y0)—

RIYp*

. (@®)

res—loss —

(Y21—Yp)? }

In order to provide a simplified formula of (8) for calcu-
lating the degradation in efficiency, we assume that 1) the
two antennas are perfectly matched before the addition of
the decoupling circuit i.e. Y13 = Yoy = Yj, 2) the mutual
admittance Y5 is purely real at the centre frequency due to

the additional transmission lines at the input of the antenna
feeds and 3) Y51 = Yp. Eq. (8) is then simplified as,

I ‘ ?R{Ygl }
res—loss (}/0+Y21)

From [23], we know that Yo, ~ —2Y{;S5;.Thus, Eq. (9) can
be rewritten as

(€))

10

1—289" (19)

The efficiency of the entire antenna system including the
decoupling and matching circuits can then be described as

n=1-[ST" - S5 (11)

where ST} and S%; denote the reflection coefficient and
coupling between the antenna ports respectively when the
antenna inputs are matched at the resonant frequency after
adding Yp. Eq. (11) does not consider the losses in the antenna
itself. When there are no resistive elements connected in Yp,
the isolation as well as the radiated power and efficiency are
improved. When a resistive element is connected between the
antenna feeds, some power is dissipated in the resistor and
the rest is radiated by the antenna. In general, poor original
isolation between the antennas decreases the efficiency as
power is dissipated in the other antenna ports. Here, original
isolation refers to the isolation between two antennas without
any decoupling circuits or other isolation improvement tech-
niques. Thus, depending on the value of the resistive element,
the efficiency can also be improved if the losses in the resistive
element is smaller than the improvement in isolation.

Fig. 4 shows the loss factor L;cs_10ss due to the addition of
a resistance for arg{S2;} = —120°,135° and 180° based on
Eq. (6). The figure shows that the use of a purely resistive
element for compensating for arg{Ss;} = 180° results in

2
Lres—lo:;b ~ ‘ §R{ 521 }‘

Lres—lossv
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Fig. 4. Loss factor Lycs_10ss as a function of original isolation for different
phases, arg{S21 }, using a resistor in the decoupling circuit.

larger losses than for arg{Ss;} = —120°,135° where the
decoupling circuitry is resistive and reactive and R{Ya;} is
smaller. In concrete, it is observed from Fig. 4 that applying
the decoupling circuit to very closely spaced antennas with
strong mutual coupling can improve the efficiency as power
is otherwise lost in the coupled antenna port. For example,
with the arg{S21} = 180° case, when the original isolation
is less than 3.2dB, the power that the decoupling circuit
prevented from coupling to the another antenna is greater than
the power is lost in the resistive element of the circuit, thus
improving the efficiency. When the isolation is larger than this,
there is a decrease in efficiency by appending the decoupling
circuit, which would result in a slight decrease in the gain. For
example, according to Fig. 4, 10% decrease of the efficiency
is expected when the original isolation is 25 dB.

III. SIMULATION AND ANALYSIS
A. Simulation methodology

In order to validate the proposed decoupling method, we
consider an antenna array consisting of two closely spaced
monopoles operating at 2.4 GHz. Fig. 5 shows the general
schematic of the proposed decoupling circuit configuration.
The dashed box indicates the decoupling circuit with the trans-
mission lines at the input with length [, and corresponding
phase shift ¢, at the design frequency. The three reference
planes IT4, IIT and IIM refer to the planes with only antenna,
antenna with transmission lines at the input and the complete
structure comprising of antenna, decoupling and matching
elements respectively. The decoupling circuit comprises of a
parallel combination of a resistive and a reactive element (Rp
and Xp). The dotted boxes indicate the additional matching
components connected at the input of the two ports (X¢ and
Xg). If the two antennas are symmetric, then the matching
components at both antenna feeds can be the same. A simple
L-section matching network is indicated in the schematic,
although other configurations can be used to improve the
matching bandwidth. In order to validate the proposed tech-
nique, three different prototypes of closely spaced monopole

Antenna 1 Antenna 2
- - - _HA
"L Transmission (4 |
| - a s. issiol SN | |
q)a,la | line | d)“’ a
_— NI s

Decoupling
: | Xs . network :
0 :|_ : .

network

Fig. 5. Schematic of proposed decoupling network configuration showing
the decoupling and matching network at the input of the antenna feeds.

e
-
E X Y
H

Additional __ | ..} Decoupling
Txline | W _Rl__gg network
Matching  |C2
network

Port 1 Port 2

Fig. 6. Schematic of two closely spaced monopoles. Note: The length and
shape of the transmission lines shown in the schematic is indicative and differs
for each prototype.

antennas are designed with different transmission line lengths
at the input. The transmission line transforms the mutual
admittance between the two antennas to resistive, resistive
and inductive, and resistive and capacitive. The corresponding
decoupling circuits are then added to the transmission lines.
The prototypes are compared with a reference prototype which
consists of the two closely spaced monopoles without any
decoupling circuit.

Two closely spaced monopoles adopted from [8] were used
to validate the results. First, Ansoft HFSS was used to deter-
mine the initial S parameters without matching and decoupling
circuitries. The antenna is designed on FR-4 substrate with
relative permittivity €, = 4.2 and a thickness of 0.8 mm. The
ground plane on the back side of the two monopole antennas
was removed. The antennas are spaced S = 8.5 mm apart
and printed with a strip width of w = 1.5mm and length
L,=21.5mm. The overall dimensions of the implemented
antenna array is 68 x 22 mm.

Fig. 6 shows the schematic of the complete antenna system,
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Fig. 7. Simulated mutual admittance between two closely spaced monopoles
for the three different cases with arg{Y21} = 0, —45°and 60°. The solid
and dashed curves indicate the mutual admittance before and after the addition
of a decoupling network along with suitable transmission lines. Smaller values
of the admittance indicate improved isolation.

including the monopoles, transmission lines, and the decou-
pling and matching circuits. Additional transmission lines at
the input of the antennas are fabricated as microstrip lines
backed by a ground plane. Then, a circuit simulator, Agilent
ADS is used to design additional transmission lines to provide
the corresponding phase shift at the centre frequency. The
length of the transmission lines are then optimized based of
full-wave electromagnetic simulations to provide the neces-
sary phase shift. In this work, three different prototypes are
analysed such that arg{Se1} =~ 180°,135°, —120°, which
corresponds to arg{Y2;} = 0°,—45° 60°. This fulfills the
necessary conditions as described in Section II-A that R*{Y2; }
can be cancelled in the desired frequency band with the decou-
pling circuit. For the three different prototypes, the length of
the transmission lines are 15.35 mm, 13.70 mm and 17.65 mm
corresponding to arg{Ys1} = 0, —45°,60° respectively. The
lumped elements R1 and C'1 are connected between the trans-
mission lines which correspond to Rp and Xp respectively in
Fig. 5. A simple L-section matching network is connected at
the junction to the decoupling circuits so that the antenna array
maintains sufficient matching over the band of interest. The
components C2 and L2 correspond to X and Xg in Fig. 5
respectively.

Fig. 7 shows the ideal simulated |Y> | of the three prototypes
when the resistive and reactive elements are added at plane IIT
in Fig. 5 as the decoupling circuit for the different transmission
line lengths. The solid and dashed curves represent |Ya|
before and after addition of the decoupling circuit respectively.
It shows varying performance of wideband isolation improve-
ment for each prototype. The |Y2;]| is smaller for Prototypes
2 and 3 compared to Prototype 1 across a wider bandwidth,
which proposes that they will achieve more wideband iso-
lation compared to Prototype 1, where mutual admittance is
purely resistive. In the considered compact monopole array,
the antennas are strongly coupled and hence |Y2:]| is large.

TABLE I
COMPONENT VALUES FOR DIFFERENT PROTOTYPES.

Component | Decoupling elements Matching elements
Prototype R1 () C'1 (pF) C2 (pF) | L2 (nH)
1 45 1.6 2.7 0.8
2 68 1.5 33 1.1
3 18 0.8 2 0.6

This requires large Yp for proper decoupling, which adversely
affects the input matching. Hence, the antennas are rematched
to the centre frequency using a simple L-section matching
network at the input.

Based on the simulations, the lumped-component values in
the decoupling and matching circuits are selected according to
commercially available chip capacitors/ inductors and resistors
that provide the highest decoupling and sufficient matching
performance of the closely spaced monopole array near the
centre frequency. The S parameter models of the components
provided by the manufacturer are used in the final simulations.
The component values are listed in Table II.

The design procedure followed is summarized as below:

1) Full-wave simulation of the antenna array to obtain
the S parameters before the addition of the decoupling
network.

2) Calculation of the required transmission line length
based on the approximate formula, Eq. (4) in Section
II. The length is then optimized iteratively to achieve
the desired Y5; phase based on full-wave simulations
to account for coupling effects. Since both resistive
and reactive elements are used for decoupling, minor
changes in the length can be compensated with the
lumped component values.

3) After the addition of the matching network, circuit
optimization is performed to adjust the element values to
find the optimal values from both matching and isolation
point of view. Ideal components are first used in the
simulations in Steps 2 and 3.

4) The ideal components are then replaced by component
models provided by vendors which may change the
achieved decoupling level and frequency band. In this
case, the component values are adjusted based on op-
timization. Finally, full-wave simulation is performed
using the S parameters provided by the manufacturer
for the selected component values before manufacturing
the antenna.

B. Simulation results

Fig. 8(a) shows the simulated input matching of the an-
tennas at plane IIM in Fig. 5. Since the antenna system
is symmetric, the matching of the two ports shows exactly
the same trend. The matching bandwidth is smaller for the
three prototypes than that of the reference prototype, as it
is limited by the additional matching circuitry in the three
prototypes. The simulated —10dB and —6 dB input matching
of the antennas is at least 220 MHz and 575 MHz respectively
in the operating frequency band. Fig. 8(b) shows the simulated
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port-to-port isolation between the two closely spaced antennas.
The proposed technique improves the isolation across at least
330 MHz bandwidth with 15 dB isolation, which corresponds
to 13.8% relative bandwidth. Isolation of 30dB is achievable
across 50 MHz bandwidth for Prototype 2 which corresponds
to 2% relative bandwidth at 2.4 GHz.

IV. MEASUREMENTS
A. Input matching and isolation

Based on the simulations, the prototypes were manufactured
on printed FR-4 substrate, and the lumped components for the
decoupling and matching circuit were soldered as shown in
Fig. 9. Figs. 10 and 11 show the simulated and measured iso-
lation and input matching of the three prototypes respectively
at plane IT™ in Fig. 5. Also, the measured input matching of
the reference prototype is shown in Fig. 12. The measured
isolation for the three prototypes are similar to the simulation
results. The simulated and measured input matching and
isolation bandwidths for the different prototypes are compared
in Table III. The input matching curves of both antenna ports
are very similar to each other in theory. However, there is
a small difference in the measured input matching of the two
ports which can be attributed to the component tolerances. The
measurements confirm the simulation results and show best
case isolation of 35 dB across 55 MHz bandwidth at 2.45 GHz
for Prototype 2. Considering the original isolation of 2.5dB,
the decoupling network realized an isolation improvement of
32.5dB in the selected frequency band. The isolation band-
widths for Prototypes 2 and 3 with 15dB isolation are larger
than that of Prototype 1 as shown in Table III. This is due
to the phase condition arg{Y2;} = 0 for Prototype 1 which
results in non-zero capacitive or inductive mutual admittance
on either side of the design frequency as described in Section
II-A which cannot be cancelled by a single reactive element
over the desired band. The matching circuitry added along
with the decoupling network affected the isolation bandwidth

TABLE III
INPUT MATCHING AND ISOLATION BANDWIDTHS OF THE THREE
PROTOTYPES AS WELL AS THE REFERENCE DESIGN AROUND 2.4 GHz.

Matching BW (MHz) Isolation BW (MHz)
Level —10dB 15 dB 20 dB
Sim. Meas. Sim. | Meas. | Sim. | Meas.
Reference 475 375 0 0 0 0
1 290 330 330 370 130 165
2 270 330 425 455 175 190
3 220 215 515 500 110 140

of Prototype 3 most, leading to the lowest bandwidth for the
20dB isolation level. Among the three prototypes, the least
relative bandwidth is 15.4% for 15 dB isolation and 5.8% for
20dB isolation. This is still better than the ones obtained
using only reactive elements in [8], [9] with 1.1% and 5.1%
respectively as shown in Table I. Thus, setting ${Y21} > 0
for the frequency band of interest realizes greater isolation
bandwidth than the existing technique [8], where Y53 is purely
reactive at the centre frequency. The new design goal of Y5
enables its cancellation using a decoupling circuitry consisting
of both resistive and reactive elements.

B. Radiation patterns

The 2D radiation patterns of the designed prototypes were
measured in a large anechoic chamber in the azimuth, i.e., XY
plane and elevation, XZ plane planes, where the coordinate
system is defined in Fig. 6. Fig. 13 shows the azimuth
plot of the embedded pattern for the two ports, i.e., during
measuring one port, the other port was terminated with 50 2
load. The radiation pattern is measured using a dual-polarized
horn antenna as transmitter and the antenna array as the
receiver. A standard dipole antenna with known gain operating
at 2450 MHz is also measured with the same measurement
setup to calculate the gain of the measured antennas. Fig. 13
shows that the radiation patterns on the azimuth plane are
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omni-directional. The peak gain of the reference monopole is
—5.6dBi. With use of the decoupling networks, the gain is
1.4dB better, namely —3.2dBi for Prototypes 1 and 2 and
4 dB better, namely —1.6 dBi for Prototype 3. The increase in
gain is due to reduced coupling that is translated as gain. The
power dissipated across the resistor of the decoupling circuit
is included. Fig. 14 shows the radiation pattern of the antenna
array on the elevation plane. The peak gain is at 0° elevation,
i.e., in the azimuth plane. The results demonstrate that the use
of resistive elements in the decoupling circuit improves the
gain of the antenna without significantly altering the radiation
patterns.

C. Efficiency

Fig. 15 shows the efficiency of the measured prototypes
based on Eq. (11). The efficiency includes the matching and
coupling losses obtained from the measured S parameters of
the reference antenna and three prototypes. The resistive loss
in the decoupling circuit of the three prototypes (Lies—loss
defined in Eq. (8)) is derived from full-wave simulation of the
decoupling circuit and circuit models of lumped-components

provided by the manufacturer. The total efficiency does not
include the losses of the antenna structure as defined in
Eq. (11). Fig. 15 shows that the efficiency of all the three
prototypes is between —2.4dB to —2.8dB at 2.4 GHz. This
corresponds to an improvement of approximately 1.3dB to
1.7 dB over the reference prototype, which is translated to the
antenna gain. Thus, by cancelling the mutual coupling even
when using resistive elements, the efficiency can be improved
compared to the original case.

V. CONCLUSION

A novel antenna decoupling method for compact arrays
suitable for MIMO and FDX applications has been proposed.
The paper shows that the proposed decoupling technique
improves wideband isolation compared to using only lossless
(reactive) or only resistive elements. The wideband isolation
was improved by 17.6 dB across a 200 MHz band at 2.4 GHz,
with a final isolation level of 20dB over that band. Over
a narrower band of 55MHz, the isolation was as much as
30dB corresponding to 2% relative bandwidth which is good
enough to implement in-band full-duplex communications in
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very compact devices. The decoupling circuit comprises of
resistive elements along with reactive elements connected in
between the antenna feeds. This decoupling circuit affects only
the odd-mode impedance of the antennas, while improving
the wideband isolation of the closely spaced antenna array.
For the monopole configuration, the use of a resistive element
improves the isolation, and even though some of the coupled
power is dissipated across the resistor, it does not adversely
affect the efficiency.
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