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Printed MIMO-Antenna System Using
Neutralization-Line Technique for
Wireless USB-Dongle Applications

Saou-Wen Su, Member, IEEE, Cheng-Tse Lee, Member, IEEE, and Fa-Shian Chang

Abstract—A printed two-multiple-input multiple-output
(MIMO)-antenna system incorporating a neutralization line for
antenna port decoupling for wireless USB-dongle applications
is proposed. The two monopoles are located on the two opposite
corners of the system PCB and spaced apart by a small ground
portion, which serves as a layout area for antenna feeding network
and connectors for the use of standalone antennas as an optional
scheme. It was found that by removing only 1.5 mm long inwards
from the top edge in the small ground portion and connecting the
two antennas therein with a thin printed line, the antenna port
isolation can be effectively improved. The neutralization line in
this study occupies very little board space, and the design requires
no conventional modification to the ground plane for mitigating
mutual coupling. The behavior of the neutralization line was
rigorously analyzed, and the MIMO characteristics of the pro-
posed antennas was also studied and tested in the reverberation
chamber. Details of the constructed prototype are described and
discussed in this paper.

Index Terms—2.4 GHz WLAN antennas, multiple-input mul-
tiple-output (MIMO) antennas, neutralization line, printed
monopole antennas, wireless USB-dongle antennas.

I. INTRODUCTION

M ULTIPLE-INPUTmultiple-output (MIMO) technology
using multiple transmit/receive antennas is considered

one of the most promising approaches to achieve higher data
rate with no additional spectrum required and at the same
time, to make use of the indoor multi-path propagation for
improving signal quality and reliability. Until quite recently,
the IEEE Standard Association has ratified the IEEE 802.11n
standard in September 2009 [1]. It can be expected that mul-
tiple antennas are demanded accordingly and may be closely
packed inside the devices due to limited space left for antennas.
Multi-antenna designs that require high decoupling between
the antenna ports are essential for the multi-radio, antenna
system development. Several methods for improving antenna
port isolation have been reported, including incorporating a
protruded ground plane between the antennas [2], inserting slits
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into the ground [3]–[5], arranging antenna shorting portions
facing each other [6], [7], manipulating radiation polarization
of the antennas [8]–[10] and so on. For the cost- effective
concern for USB-dongle applications that the printed antennas
are the most favorable designs, none of the above- mentioned
techniques for decoupling antenna ports are suited to the
requirements of printed antennas and little board space for
accommodating decoupling-structure layout. This motivates
us to implement another promising technique by incorporating
a neutralization line [11], [12] into the printed two-antenna
system for USB-dongle applications. A neutralization-line
technique allows the signals picked up from one antenna to the
other and produces an opposite coupling to the existing one
without the presence of neutralization line such that low mutual
coupling at certain frequencies is achieved [11].
The proposed design comprises two simple short-circuited

monopoles placed on the opposite corners of a FR4 substrate,
which can be considered the system PCB of a wireless USB
dongle. In between the monopoles is the small ground portion
reserved for the feeding network (for example matching cir-
cuits), I-PEX connectors for having standalone, coaxial-line-
feed antennas as an optional scheme, RF testing connectors for
manufacturing test and so on. Therefore, it is important to have
this portion as much untouched as possible and to avoid slit cuts
or a protruded ground therein. In this paper, the small ground
portion of the system ground plane was removed only 1.5 mm
long inwards from the top edge to accommodate a thin, printed
neutralization line that links to the monopoles relatively close to
the antenna feed ports. It was found that by adding the neutral-
ization line in the proposed design, the antenna port isolation can
be effectively enhanced, compared with the design with no neu-
tralization line. The antennas are not necessarily targeted on the
USB-dongle platform only but also on a wireless module-card
solution with the form factor of a USB dongle for possible wire-
less LCD TV applications. The experimental and simulation re-
sults of a constructed prototype are fully presented.

II. ANTENNA CONFIGURATION AND DESIGN CONSIDERATION

Fig. 1(a) shows the geometry of the proposed two-monopole-
antenna system formed on a single-layered FR4 substrate of
thickness 1 mm for MIMO applications. The size of the system
PCB selected in this study is 30 mm 65 mm, which can
be considered the form factor of the PCB for a wireless USB
dongle. The two monopoles are printed on the two opposite
corners of the PCB [shown on the top portion in Fig. 1(a)] and
spaced 14 mm apart with a small ground portion (13 mm 14

0018-926X/$26.00 © 2011 IEEE
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Fig. 1. (a) Geometry of the two short-circuited monopoles linked by a neutral-
ization line printed on the top portion of a FR4 substrate. (b) Detailed dimen-
sions of the two- monopole-antenna system.

mm) therein between. Each monopole is designed in a clearance
area (no grounding layout and electric components 14 therein)
of size 8 mm 14.5 mm. The two monopoles are also identical
in size and symmetrically placed with respect to the PCB
center line [see symmetrical line in Fig. 1(a)]. Accordingly, it
is expected that the performance of each monopole should be
the same. Notice that the small ground portion is reserved for
the antenna feeding network and the I-PEX connectors for the
use of the standalone, coaxial-line-feed antennas as an optional
scheme. Therefore, it is important to keep this area as much
untouched as possible (no slit cut or protruded ground).
Detailed design dimensions are given in Fig. 1(b). The pre-

ferred dimensions for the prototype were attained by the rig-
orous parametric studies with the aid of the electromagnetic
simulator, Ansoft HFSS [13]. As seen in the figure, monopoles
1 and 2 are fed at ports 1 and 2 and short-circuited to the system
ground at points and with an L-shaped strip respectively.
Two short, 50- mini-coaxial lines with I-PEX connectors were
utilized for feeding the antennas in the experiments (see the
photo of a working sample demonstrated in Fig. 2). Notice that
the feed gap between the feed point (points and ) and the
system ground was fixed to be 1 mm in the study. Both the

Fig. 2. Photo of a constructed prototype fed by 50- mini-coaxial cables.

monopoles are of quart-wavelength resonant structures, and the
antenna operating frequencies can be determined by the reso-
nant- path length from the feed point to the open end of the
monopole. The input matching of the antenna is easily fine-
tuned by varying the length and the width of the short-circuiting
strip from point to for monopole 1 and point to for
monopole 2.
The two short-circuited monopoles were first designed indi-

vidually to obtain the optimal, achievable impedance bandwidth
for simplicity; the mutual coupling was not considered at this
stage. Then the two antennas were connected together by using
a neutralization line. This conducting line is of width 0.3 mm
and does not take up much available layout space of the system
PCB. In this design, the system ground was removed only 1.5
mm long inwards from the substrate’s edge. The antenna port
isolation was found to be effectively improved by linking the
two highly-coupled monopoles at proper locations near the feed
port at point for monopole 1 and point for monopole 2.
The locations chosen conform to the studies in [11], which re-
ports that a low impedance area (with minimum voltage but
maximum currents) is favorable. The occurrence of the isola-
tion properties is variable with respect to the location of the
connecting points and . The studies of this parameter will
be elaborated with the aid of Table I in Section III. Finally, both
the antenna frequencies are also affected with the incorporation
of the line, and each monopole needs fine-tuning to readjust its
required frequency band.

III. RESULTS AND DISCUSSION

A. Reflection Coefficients, Isolation, TARC, and Envelope
Correlation

A prototype of the proposed antenna as shown in Fig. 2
was first constructed and measured based upon on the design
and dimensions thereof described in Fig. 1. Fig. 3 shows the
measured reflection coefficients ( for monopole 1 and

for monopole 2) and the isolation between the
two monopoles, whose simulated counterparts are given in
Fig. 4(a). The isolation is only presented by the curves of

due to the symmetrical structure of the proposed design.
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TABLE I
SIMULATED RESULTS OF THE MONOPOLES AS A FUNCTION OF STUDIED
IN FIG. 3. AND ARE, RESPECTIVELY, THE LOWER AND UPPER
EDGE FREQUENCIES OF THE 10 dB IMPEDANCE AND THE SAME
FOR BOTH MONOPOLES 1 AND 2; IS OF THE MAXIMUM

VALUE WITHIN THE BAND OF INTEREST

Fig. 3. Measured reflection coefficients ( for monopole 1 and for
monopole 2) and isolation between the two monopoles of the proposed
design; 8 mm.

On average, the experimental data agree with the simulation
results, which were based on the finite element method (FEM).
The measured impedance matching of the two monopoles
over the 2.4 GHz band is all below (about VSWR
of 2), which meets the demanded bandwidth specification for
WLAN operation. The isolation between the antennas is all
below about 19 dB. When there is no neutralization line (the
reference design, see Fig. 8), the antenna port isolation rapidly
deteriorates by about 9 dB as seen in Fig. 4(b), compared with
the data in Fig. 4(a). This behavior suggests that the isolation
can be effectively improved by incorporating the neutraliza-
tion line into the design, although the two antenna ports face
each other with the same radiation polarization (see Fig. 10).
It is noticed that the antenna operating frequencies and the
impedance bandwidth thereof are also affected by the use of the
neutralization-line technique. Furthermore, various locations
of the connecting points and were also analyzed on the
monopole frequencies and the in-band isolation ;
the results are tabulated in Table I. The antenna frequencies are
seen to be less affected compared with the port isolation and
can still be within the 2.4 GHz frequency range. However, the
dip of the curve shifts from the lower to higher frequencies
with an increase in the length . In this case, there exists an
optimal location for connecting both the monopoles. Fig. 5
presents the impedance of the isolation studied in Fig. 4. For
the reference, the resistance impedance is stable and close to
50 with inductive reactance over the band. This behavior

Fig. 4. Simulated reflection coefficients ( for monopole 1 and for
monopole 2) and isolation between the two monopoles for (a) the
proposed design and (b) the reference case (with no neutralization line).

resembles an inductor put in between and well matched to the
two ports (that’s ports 1 and 2 here) and transfers the signals
from port 1 to port 2, resulting poor antenna port isolation. For
the proposed design, it is interesting to observe that part of the
resistance values is negative [14], which indicates an opposed
direction for the current flow in a virtual capacitor (because of
negative imaginary part) placed between the ports to replace
the two monopoles and the radiation air path. The increase in
the currents entering port 1 to the loading between the two ports
also results in decreased voltage over the loading. In this case,
the coupling field between the antenna ports is weak, leading
to good antenna port isolation.
To consider the constructive and destructive coupled signals

on the combination of each antenna port’s reflected signals, the
total active reflection coefficient (TARC) [15]–[17] is also in-
vestigated. TARC is defined as the ratio of the square root of
total reflected power divided by the square root of total incident

(1)

power and can be considered the MIMO array radiation effi-
ciency for a multi-port antenna [16]. The calculations can be
done by using (1) described in [17], where is the phase angle
of port 2 excitation, from which it is straightforward to see that
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Fig. 5. Impedance of isolation between the two monopoles for the pro-
posed and the reference designs studied in Fig. 4.

Fig. 6. Calculated TARC for one monopole of the two-monopole antenna
system; each curve shows a reflection coefficient for an excitation with constant
amplitude but different phase angle of port 2 excitation in steps of 30 degrees
for 180 degrees.

TARC accounts for both coupling and random signals com-
bining. Fig. 6 presents the calculated TARC from the scattering-
matrix elements of , , , obtained in Fig. 4(a) for
monopole 1 with randomly phased excitation of monopole 2
with a set of seven excitation vectors. The curves retain the
original characteristics of the reflection coefficient of a single
antenna, but the impedance bandwidth is changed due to the ef-
fects of themutual coupling and the incident waves with random
phases. Interesting to notice that TARC becomes worst when
the phase is equal to 180 (out- of-phase incident signals upon
monopole 2 with respect to monopole 1). The average TARC in
Fig. 6 shows that the in-band impedance is all below 10 dB
and the worst case calculated TARC is smaller than 7.3 dB
over the band.
Fig. 7 plots the calculated envelope correlation between

the two monopoles. The correlation was determined by the
parameters in (11) reported in [18] for sufficiently accurate re-
sults in many practical cases [19]. However, it should be noticed
that the equation is unsuitable for the case of zero mutual cou-
pling . The magnitude and phase of the parame-
ters were collected from the simulation data in Fig. 4(a). A brief
description of the calculation was discussed in [20]. From the
results, the values remain under 0.006 in the 2.4 GHz band and
are much smaller than 0.5 at the mobile station (the user end)

Fig. 7. Calculated envelope correlation for the two-monopole-antenna system.

[21]. In addition to the said method, the evaluation of the en-
velope correlation can be measured in a reverberation chamber
[22]. The correlation coefficient is measured, and the envelope
correlation is then obtained by (2)

(2)

B. Current Distribution, Near-Field, and Far-Field Radiation
Characteristics

The excited surface-current distributions of the design with
(the proposed) and without (the reference) the neutralization
line are studied in Fig. 8 to understand the behavior of the neu-
tralization line in relation to the two monopoles. The current-
magnitude scale is kept the same among all the cases. First,
the current distributions on the system ground plane and the
strength thereof are similar between the proposed and the refer-
ence. This behavior is different from the finding in [23], which
indicates the isolation between the antennas is related to the sur-
face currents on the ground. Instead, the mutual coupling in this
study is mitigated by introducing the counter-phased currents
against the excited antenna [11]. For example, when monopole
1 is excited (port 1 excitation) with the currents entering the an-
tenna, the current vector on the two-third of the neutralization
line closer to monopole 2 is in the direction toward monopole
1. In this case, the surface currents are out of phase with a null
located closer to monopole 1 on the line, such that the conduc-
tive currents are opposed to the excited antenna. In addition, it
can be seen that the currents enter the two monopoles in the
proposed (see currents from points to or to ) but in
opposite directions in the reference (currents entering port 2
from monopole 2). It means that there exists an close path, in-
cluding monopoles 1, 2, and the air between the open ends of
the two monopoles, from port 1 to port 2, and the signal cur-
rents entering port 2 are against those entering port 1 and out
of phase between the two ports for the proposed. Quite the con-
trary, for the reference, the signals currents enter port 1 but leave
port 2 from monopole 2, and the currents even enter the system
ground through the shorting strip. These can explain poor iso-
lation for the reference and better antenna port isolation for the
proposed. Second, for the reference, although the current-dis-
tributions compared with the proposed are not much different
on the system ground and identical on the monopole from point
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Fig. 8. Simulated surface-current distributions at 2442 MHz for the proposed
and the reference designs with port 1 and port 2 excitation, respectively.

and to the open end, the antenna isolation is poor because
without any means of coupling cancellation. Also, the currents
leave monopole 1 and enter monopole 2, respectively, at each
open end of the monopole. This suggests that the corresponding
antenna could receive the radiating signals of the excited an-
tenna through the near-field radiation in this design. Therefore,
to redirect the maximum near-field strength of the excited an-
tenna away from the port of the corresponding antenna should
facilitate port-to-port decoupling in a two-antenna system.
Fig. 9 presents the simulated reactive near-field radiation pat-

terns for monopole 1 excited at 2442 MHz for the proposed and
the reference designs. The radius with port 1 or the gap source
in the simulation as the center was set 14 and 22 mm, which
are the effective range that the near field of the excited antenna
(monopole 1) affects the corresponding one (monopole 2). The
radius, 14 mm, is the same length as that of the small ground
portion between the monopoles; in this case, the range is of the
port-to-port distance. Therefore, the radiation in Fig. 9(a) repre-
sents that when monopole 1 is operating, the coverage reaches
only to port 2 but not monopole 2 included. For the radius of 22
mm in Fig. 9(b), the range counts from port 1 to the right edge
of monopole 2. Compared with the reference, which shows the
large field strength aiming at port 2, the maximum strength of
the reactive near field in Fig. 9(a) is not in the direction of port
2 but pointing to the portion of the neutralization line with the
maximum currents seen in Fig. 8. This characteristic indicates
that the large currents on the neutralization line can draw the
near field in the case of the port-to-port radius and redirect the
field away from the receiving antenna port, which in turn results
in better port isolation. However, if the range of the reactive near
field exceeds the port-to-port distance, the near-field radiation
behaves similarly between the proposed and the reference as
can be seen in Fig. 9(b). This phenomenon is expected because
the current distributions on monopoles 1 and 2 from point and
to the open end are identical, the reactive near field excited

by monopole 1 can reach the open end of monopole 2 over the
air, such that the currents leave the open end of monopole 1 and
enter the open end of monopole 2. The reactive near fields with
other radius values larger than port-to-port range of 14 mm but
smaller than one wavelength (range criterion for reactive near

Fig. 9. Simulated reactive near-filed radiation patterns at 2442 MHz for the
proposed and the reference designs with the radius of (a) 14 mm and (b) 22 mm
with respect to port 1 (monopole 1) excitation.

field) at 2442 MHz were also examined. The results showed
similar patterns for both the proposed and the reference designs.
The over-the-air (OTA) performance of the antenna in free

space was studied. Fig. 10 shows the far-field, 2-D radiation pat-
terns at 2442 MHz, the center frequency of the 2.4 GHz band,
in and fields for monopoles 1 and 2. The patterns were
normalized with respect to the maximum field strength among
three major planes: the – , – , and – cuts. The omnidi-
rectional radiation patterns in this design lie in the – and –
planes, and the radiation for ports 1 and 2 tends to cover the com-
plementary space region (see – cuts). The polarization for the
twomonopoles was observed the same. Fig. 11 presents the sim-
ulated, far-field 3-D radiation patterns of the antennas studied
in Fig. 10; the measured counterparts are given in Fig. 12. The
measurement was made by the ETS-Lindgren OTA test system
using the great-circle method in a CTIA authorized test labora-
tory [24]. Overall, the measured results are similar to the simu-
lation. It can be seen that the null radiation is located in the op-
posite half-spaces in the – planes. Other in-band frequencies
were also measured, and no inconsistency on the patterns was
noticed. Fig. 13 shows the peak antenna gain and the radiation
efficiency against frequency for the two monopoles. Again, be-
cause the two antennas are identical and symmetrically placed
with respect to the PCB center, the gain and the radiation effi-
ciency are about the same. The peak gain in the 2.4 GHz band
for the two antennas is at a constant level of about 2.1 dBi, and
the radiation efficiency is larger than about 70%. The gain mea-
surement here takes account of the antenna mismatching and is
the “realized gain” [25]. The radiation efficiency was obtained
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Fig. 10. Simulated 2-D radiation patterns at 2442 MHz for (a) monopole 1 and
(b) monopole 2 studied in Fig. 3.

Fig. 11. Simulated 3-D radiation patterns at 2442 MHz for monopole 1 (port 1
excitation) and monopole 2 (port 2 excitation) studied in Fig. 3.

by calculating the total radiated power of the antenna under test
(AUT) over the 3-D spherical radiation first and then dividing

Fig. 12. Measured 3-D radiation patterns (including the – and – cuts) at
2442 MHz for (a) monopole 1 and (b) monopole 2 studied in Fig. 3.

Fig. 13. Measured antenna gain and radiation efficiency for monopoles 1 and
2 studied in Fig. 12.

that total amount by the input power of 0 dBm (default value)
given to the AUT in the test laboratory.
Finally, to find out the antenna diversity gain, the proposed

design was tested in the Bluetest reverberation chamber [22],
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Fig. 14. Cumulative probability distribution function of the two monopoles in
the reverberation chamber based on 3016 measured power samples for each
monopole (branch).

which emulates a rich scattering and fading environment fol-
lowing a Rayleigh distribution to represent a real MIMO envi-
ronment. The of the two monopoles were measured simul-
taneously by connecting each antenna (denoted as one branch)
to a four-port vector network analyzer. The subscript “1” and
“ ” of means port 1 connecting to the three transmitting
monopoles placed perpendicular to each other for three polar-
ization and port j connecting to each corresponding antenna in
the test (see Fig. 12, [26, Fig. 10]). The center frequency was
set at 2442 MHz with used, measured frequencies ranging from
2440 to 2444 MHz for sampling. Fig. 14 plots the cumulative
distribution function (CDF) of the measured power-transmis-
sion samples for the two branches (monopoles 1 and 2) against
the relative received power recorded. At a cumulative proba-
bility level of 1% (that’s, the sufficient quality 99% of the time),
the difference between the CDF of selection combining and the
best CDF between the two monopoles represents the apparent
diversity gain [26]. The apparent diversity gain was observed
about 9.8 dB in the test.

IV. CONCLUSION

A printed, two-monopole-antenna system decoupled by
using the neutralization-line technique has been demonstrated
to attain good antenna port isolation, and the constructed
prototype has been successfully constructed and tested. Each
antenna is of the same size and occupies a clearance layout area
of 8 mm 14.5 mm on the two opposite corners of the system
PCB with a small ground portion between the antennas. The
neutralization line in this design does not occupy much board
space of the system ground plane and only takes 1.5 mm long
inwards from the PCB edge in the small ground portion. In this
case, the antenna feeding network and the I-PEX connectors
can be all placed on that small ground portion for practical
applications. The results showed that the obtained antenna port
isolation is less than about 19 dB and is better than that of
the reference case with no neutralization line by about 9 dB.
The envelope correlation and the TARC were also studied
and derived from the parameters. The radiation patterns of
the two monopoles cover the complementary space regions
in general, and the antenna yields peak gain of about 2.1 dBi
with radiation efficiency exceeding about 70%. The impedance
of the isolation, the surface currents, and the near-fields were
analyzed in detail for the effects of the neutralization line used.

The proposed design is also expected to be applied to wireless
module-card solution in the form factor of a USB dongle.
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