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Abstract

It is challenging to design multiple-input multiple-output (MIMO) terminal antennas for LTE bands below 1 GHz, due to the
conventional chassis offering only one resonant characteristic mode. Recently, it was shown that minor structural changes can
yield additional resonant mode(s), which were used to design two-port MIMO antennas. However, the resulting bandwidth for
the second port does not cover the low LTE bands. Herein, a new approach to structural changes and feed design is proposed for
the design of a low profile (4 mm) two-port MIMO antenna that covers all common low LTE bands (0.75-0.96 GHz) with total
efficiency of above 67%. The large symmetric bandwidth (25%) is achieved using three additional resonant modes obtained
by structural changes as well as two simple probe-feed ports jointly exciting weighted combinations of the four modes over
frequency. The envelope correlation coefficient of below 0.15 is facilitated by the different phase shifts of the characteristic
electric fields at the port locations. Moreover, the design requires no ground clearance, no decoupling structure and the two
ports are separated by only 0.2 wavelength. Finally, to show design flexibility, a third antenna is added to the top of the chassis
to create a three-port MIMO antenna
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Abstract—It is challenging to design multiple-input multiple-
output (MIMO) terminal antennas for LTE bands below 1 GHz, due
to the conventional chassis offering only one resonant characteristic
mode. Recently, it was shown that minor structural changes can
yield additional resonant mode(s), which were used to design two-
port MIMO antennas. However, the resulting bandwidth for the
second port does not cover the low LTE bands. Herein, a new
approach to structural changes and feed design is proposed for the
design of a low profile (4 mm) two-port MIMO antenna that covers
all common low LTE bands (0.75-0.96 GHz) with total efficiency of
above 67%. The large symmetric bandwidth (25%0) is achieved
using three additional resonant modes obtained by structural
changes as well as two simple probe-feed ports jointly exciting
weighted combinations of the four modes over frequency. The
envelope correlation coefficient of below 0.15 is facilitated by the
different phase shifts of the characteristic electric fields at the port
locations. Moreover, the design requires no ground clearance, no
decoupling structure and the two ports are separated by only 0.2
wavelength. Finally, to show design flexibility, a third antenna is
added to the top of the chassis to create a three-port MIMO antenna.

Index Terms—MIMO systems, terminal antennas, wideband
antennas, complex correlation coefficient, characteristic modes.

I. INTRODUCTION

ULTIPLE-input multiple-output (MIMO) technology

enables data rate to scale linearly with the number of
antennas for a fixed transmit power and bandwidth [1]. It is in
widespread use in Long Term Evolution (LTE), IEEE 802.11ac
and other wireless communication systems [1]. However,
implementing more than one antenna per band in user terminals
is challenging in mobile communications, especially in
frequency bands below 1 GHz, due to their compact form factor
[2]. The small electrical size of the terminal chassis offers
limited degrees of freedom (in terms of the number of resonant
modes) to fulfill strict requirements of orthogonal MIMO
antenna and wideband design. Moreover, the current trend
points to lesser space for antennas in smartphones, e.g.,
decreasing thickness and ground clearance.
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In recent years, many MIMO terminal antennas have been
proposed, e.g., [3]-[23]. For the designs involving cellular
bands above 1 GHz [3]-[9], low coupling and correlation can
be more easily achieved across the antenna ports via space,
angle or polarization diversities, due to the electrically larger
chassis facilitating more resonant orthogonal radiation modes,
i.e., characteristic modes (CMs) [9]. In fact, high-end smart-
phones are already equipped with four-port MIMO antennas for
higher LTE bands [24].

On the other hand, below 1 GHz, the largest dimension of the
terminal chassis is typically less than half-wavelength (10/2).
This results in the chassis having only one resonant mode [10],
[11] (often called fundamental dipole mode), which has a large
bandwidth. Hence, early designs of two-port MIMO antennas
often lead to either a narrowband solution for the second port,
by avoiding the use of the wideband single resonant mode [10]-
[12], or solutions that mainly excite the single-mode using both
ports, which cause high coupling and correlation [17]-[20]. In
addition, the profile (thickness) of modern terminals is typically
less than 10 mm, which is electrically very small for frequencies
below 1 GHz. This requirement often necessitates larger off-
ground clearance as a compromise to achieve acceptable
bandwidth and MIMO performance.

Because of the fundamental challenges discussed above,
MIMO terminal antennas for low LTE bands are so far confined
to only two-port designs [10]-[23]. CM analysis (CMA) has
been used in [10]-[16] to reduce the correlation of the two ports
in the low band. This is motivated by the far-field orthogonality
of CMs, which provides an effective framework to design
orthogonal MIMO antennas. In [10], it is shown a dual-antenna
configuration of a slot-monopole and a planar inverted-F
antenna (PIFA) achieves the measured isolation and envelope
correlation coefficient (ECC) of 13 dB and 0.04, if the slot
monopole placed at a short end is used to excite the fundamental
chassis mode, whereas the PIFA is located at the chassis center
to avoid exciting the chassis mode. However, without
exploiting the chassis for radiation, the 6 dB bandwidth pf the
PIFA is as small as 1%, limiting the practical use of this
approach. A magnetic antenna at either short end of the chassis
can be used to replace the PIFA [11]. But again, since the
magnetic antenna’s location is chosen to avoid exciting the
chassis, the high isolation of over 20 dB and low ECC of below
0.01 are obtained at the expense of small bandwidth (i.e., 2%).

To increase the bandwidth of the second port while retaining
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high isolation between the two ports, two additional modes
were made resonant in the low band by chassis modification
[13]. However, since only one of the two modes was utilized to
design the second port, the resulting bandwidth is still small
(i.e., 9%) and the profile is as large as 8 mm. In [14], both of
the two additional modes were tuned and excited for the second
port, which slightly increased the bandwidth to 11%, and the
profile is unchanged. Moreover, dual-band design was achieved
using CMA for the proposed MIMO antenna in [14]. Generally
in [13]-[16], using different modes for each port in resulted in
lower bandwidth for one of the ports. Whereas asymmetrical
bandwidths may be suitable for early releases of LTE, e.g.,
Release 8 only requires MIMO operation for the downlink,
symmetrical bandwidths are also needed in later releases, e.g.,
Release 10 (LTE-Advanced), to improve the uplink.

To simultaneously increase the bandwidth for the two ports,
two conventional inverted-F antennas (IFAS) located at the two
smaller sides of the chassis were proposed [21]. The design
covers the LTE low bands across both ports, with measured
efficiencies of 45-65% and ECC of less than 0.1. However, in
this design, the two self-resonant antennas were well separated
(i.e., 150 mm or A¢/2 at 1 GHz) and they require a ground
clearance of 16 mm and a profile of 7 mm. The two low-band
ports in [22] were designed for a metal-framed chassis using the
same idea of placing the ports far away from each other, and
they achieve measured efficiencies of above 47%, isolation of
above 10 dB and ECC of below 0.35. They require a ground
clearance of 10 mm and the metal frame limits the chassis
profile to 7.5 mm. On the contrary, the longer sides of the
chassis were utilized for the two IFA-design in [23] and the
ground clearance is smaller (i.e., 2 mm). The structure is
reconfigurable by on/off switching and the total efficiency is
about 50%, but the correlation is quite high (ECC of up to 0.5).

A symmetric bandwidth of 25% was achieved for the two
antenna ports in [18] by each exciting a combined current mode.
Defined by means of observing current distributions on the
chassis, the two combined modes are formed from the
monopole antenna elements’ self-resonant mode and the
chassis’ fundamental dipole mode. The self-resonant mode of
each monopole requires a ground clearance of 12 mm, and the
antenna element itself further extends this length by 7 mm.
Even though the ECC is above 0.3 and the total efficiency is
relatively low (i.e., above 45%) at the low LTE bands, this work
shows that two different modes can be excited jointly at each of
the two ports for MIMO operation, which also conveniently
result in symmetric bandwidths. In fact, the same principle has
been demonstrated using CMA in an earlier work [8] at a higher
frequency (e.g., 2.3 GHz), where two modes are simultaneously
excited by two MIMO antenna ports. It is shown using modal
weighting coefficients that pattern orthogonality between the
ports is achieved by means of phase difference in the excitation
of one of the two ports. These pioneering designs [8], [18] focus
on the analysis of the antenna operation after the feeding ports
are chosen, rather than directly applying this principle to design
the feeds. Nevertheless, they provide the insight that it is not
necessary to excite different characteristic modes in different
ports [13], [14]. Moreover, self-resonant antenna structures

(e.g., PIFA, monopole and slot antennas), which are bulkier
than their non-resonant coupling elements, are typically used
for excitation by at least one of the two ports [10]-[15], [18],
[19], [21]-[23]. Hence, efforts were made to completely avoid
using self-resonant structures in MIMO antennas [9], [25].

In this paper, we propose a compact two-port MIMO antenna
design for low LTE bands with low profile, no ground clearance
and no extra switch. Based on the addition of shorted strips (T-
strips) along the longer sides of the flat chassis as the initial
structure modification [13], [14], the profile was reduced to 4
mm by folding the strips. As can be expected, the folding
slightly increased the resonant frequency and decreased the
modal bandwidth of the strip-induced mode. In addition, the
position of the shorting pin along each strip was moved away
from the center position to decrease the resonant frequencies
and increase the bandwidth potential. Finally, a slot was added
to each of the two longer sides of the chassis, just below the
strips, to enhance the bandwidth at the high frequency edge.
Taking advantage of the four resonant modes that were
optimized over the desired frequency range, two probe feeds
were designed to replace the shorting pins to capacitively
couple power into the relevant modes to achieve wideband
performance for both ports and low ECC (below 0.15) over the
entire operating band of 0.75-0.96 GHz.

To enable multiple modes to be simultaneously excited by
both ports but yet retaining orthogonality, the feed design
ensures that the condition for orthogonality in [8] is retained
over the entire band of interest. In particular, the chosen feed
location excites one mode with the same phase but the other
mode in an out-of-phase fashion. To our knowledge, the
proposed two-port antenna is the first low profile (4 mm), on-
ground (i.e., no ground clearance) design that simultaneously
facilitates low correlation (without decoupling structure), wide
bandwidth and high total efficiency over the low LTE band.

To highlight another advantage of the design, which does not
occupy either the top or bottom part of the chassis normally
reserved for conventional antennas, a third port is added to the
top end to create a low-band three-port MIMO antenna, for the
first time. The third port consists of a frequency tunable narrow-
band antenna [11], which has little effect on the existing ports.

It should be noted that some preliminary results of this work
reported in [26] show that the simulated low band bandwidth is
only 11% (0.85-0.95 GHz), with isolation of over 15 dB. The
relatively poor performance is due to the new resonant mode
introduced by the slots in the chassis not being properly utilized
by this early design to enhance bandwidth.

Il. MIMO ANALYSIS USING CHARACTERISTIC MODE THEORY

In this section, CMA is briefly revisited, in the context of
MIMO antenna design and analysis. CMs are real current
modes that can be computed numerically for conducting bodies
of arbitrary shape. To obtain these modes, the weighted
eigenvalue equation should be solved [27]

X3, =ARJI, 1)

where J, is the nth characteristic current associated with the nth
eigenvalue 4n. R and X are the real and imaginary parts of the
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symmetric impedance operator Z. Specifically, the CM far-
fields produced by J, are orthogonal to each other [27]. Thus,
for the electric farfield E,
L<Em,E*n>=5m=H' men )
2Z, LO, m#n
where dmn is the Kronecker delta and Z, is the wave impedance
of free space and " denotes complex conjugate opepration. Also,
the symmetric product of the two vector functions in (2), for A
and B on the surface at infinity S (i.e., far-field) is defined as

<A,B>=ﬂ’s ABds- (3)

The orthogonality feature of CM far-fields is ideally suited
for MIMO antenna design and analysis. This is because MIMO
systems (e.g., LTE) are typically used in rich multipath environ-
ments, where the angular power spectrum of the outgoing or
incoming signal is nearly uniform. In such a propagation
environment, orthogonal patterns of MIMO antenna elements
are sufficient to guarantee uncorrelated signals across the
antenna ports [2]. Therefore, as long as each antenna port
excites one or more than one unique modes, with no mode being
excited by more than one port, all the resulting patterns will be
pairwise uncorrelated, as illustrated by (2), and likewise the
received signals at antenna ports will be pairwise uncorrelated.

However, selective excitation of resonant CMs is sufficient,
but not necessary to guarantee orthogonal antenna ports, as
explained in the following. Consider a P-port MIMO antenna
(P =2 inthis work), e® is denoted as the excited electric field
(E-field), when the pth port is excited by an impressed E-field
E’ . Since CM far-fields form a set of orthogonal functions,
they can be used to expand the excited field g°* [27]

w© N
E'=Y a, E, =Y a, E, (4)
n=1 n=1

where N is the number of dominating modes (with small
absolute values of in) and o, | = <Jn E! >/(1+ j4,) denotes the
modal weighting coefficient of the nth CM for the pth port.
To evaluate the magnitude and phase of the contribution of
the nth CM to the far-field radiation pattern of the pth port, the
complex correlation coefficient (CCC) between E® and E is

given by [28]
Pos = @un APy > 5)
where p_, isthe constant total radiated power at each port, and

the power budget implies that

N

)

n=1

Using (4), if P =2 and N = 2, the E-fields for the ports are

2

=1. (6)

Pap

E'=a, E, +a, E
1171 2,1 2
5 @)

2

E’=a, E
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The CCC of the far-field patterns for ports becomes
<E 1, E’ > a,a

1171,2

Pere = 11 2 2 - 2 2 2 2
E",E")(E",E a | +la,, a,| +la,,

= P1aPia T PPy, - (8)

+a2’2E

+ aZ,laZ,Z

Eigenvalue

50 -50

06 07 08 09 1 1.1 12
Frequency (GHz)
(b)

0.6 0.7 0.8 0.9 1 1.1 2
Frequency (GHz)
(a)

Eigenvalue
S
Eigenvalue
Al

-50 -50 | .
06 07 08 09 1 11 12 06 0.7 0.8 0.9 1
Frequency (GHz) Frequency (GHz)
(c) (d)
Fig. 1. Eigenvalues of four CMs of interest for the: (a) chassis, (b) chassis with
folded strips and center shorting pins, (c) chassis with folded strip and offset
shorting pins on the same side, (d) slotted chassis with folded strip and offset
shorting pins in same side. Only modes relevant to the design are shown.

Therefore, as noted in [8] in the equivalent context of modal
currents, the individual terms «, .o, and «,,«,, do not need
to be zero for the sum to be zero, i.e., the general case when
ports 1 and 2 do not excite different modes. For example, if
ports 1 and 2 excite modes 1 and 2 by the same magnitude
(|| = |a,.|=|a.,|= |a“|) , but in a co-phase manner at port
1 (za,, =2a,) and 180° out-of-phase at port 2 (2 «,, =
Za,,+x),then p_, . = o despite nonzero individual terms.

Another important point in CMA is that the tracking of
eigenvalues obtained from (1) over a wide frequency band is
very challenging, especially when new modes are introduced
by chassis modification [13]- [15], [25]. The orthogonality of
far-field patterns in (2) at a given frequency is also a suitable
property to be used for modal tracking [29]. The eigenvalues of
four CMs of interest in this work (see Fig. 1) were classified by
the far-field tracking method of [29], which correlates the far-
field patterns of each individual mode over frequency. The
method was also applied for MIMO antenna design [14]. In
contrast, in the preliminary study [26], a current-based tracking
method [25] was used, and it failed to identify and track one of
the modes, resulting in the missing mode (J4) not being used to
enhance bandwidth.

I11. CM MODIFICATION AND EXCITATION

In Fig. 1, the evolutions of the CMs of interest with minor
chassis modifications for the entire design procedure are
summarized in eigenvalue plots. The size of the terminal
chassis was chosen to be 130 mm x 60 mm, to represent a
typical case (e.g., the overall outer dimensions of Samsung S9
is 147.7 mm x 68.7 mm x 8.5 mm). As the first design step, the
characteristic eigenvalues for the 130 mm x 60 mm perfect
electric conductor (PEC) chassis were computed and shown in
Fig. 1(a). As can be seen, the chassis supports only one resonant
mode (J1) close to 1 GHz. Two non-resonant modes of interest
to this study (J2and Js) are also shown in Fig. 1(a). In Fig. 2,
the currents and the corresponding electric far-field patterns of
Jito Js are shown as a reference. It can be seen that mode 1 (J1)
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Fig. 2. Eigencurrent distribution and normalized pattern of CMs in the chassis
with resonant frequencies of: 1.08 GHz (J,), 2.85 GHz (J;), 2.5 GHz (J3).

is the fundamental dipole mode, with a current flowing along
the length of the chassis. Mode 2 (J2) supports a current
distribution like a dipole oriented along the width of the chassis.
Mode 3 (J3) is a longitudinal full-wave dipole mode. The plain
chassis is then modified in stages to obtain the desired
characteristic properties, as will be described in this section.
Figures 3(a)-3(c) illustrate the currents and electric far-field
patterns of the CMs associated with the eigenvalues in Fig.
1(b)-(d), respectively, for different design stages.

A. Folding of T-Strips and Center Feed Positions

It is known that capacitive loading along the longer sides of
the flat chassis using shorted metal strips (T-strips) enables two
additional modes to be resonant below 1 GHz [13], [14], apart
from the fundamental dipole mode. Specifically, these are the
dipole mode along the width of the chassis [13] as well as a
mode resulting from the slots formed between the chassis and
the shorted metal strips [14]. However, as described earlier, the
proposed antennas in [13] and [14] offer only a modest

Ji
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Fig. 4. (a) Chassis layout with unfolded (dashed outline)/folded (solid outline)
strips at the two longer sides and with center shorting pins, (b) bandwidth
potential of center excited probe feed with unfolded/folded strips.

bandwidth (of up to 11%), with asymmetric bandwidths
obtained across the two ports. Moreover, they require a profile
of 8 mm and the addition of capacitive coupling elements
(CCEs) and/or off-ground self-resonant antenna elements. In
this work, the chassis structure with T-strips (shorted in the
center) in [13] was adopted as the initial design, based on which
all of its limitations were addressed in the following step-by-
step design procedure.

The first step was to lower the profile of the chassis structure
by folding the T-strips into horizontal orientations, as shown in
Fig. 4(a). This lowered the overall profile to 4 mm. The
resulting eigenvalues, depicted in Fig. 1(b), reveal that the three
resonant modes under 1 GHz (see Fig. 2(b) in [13]) are still
available, despite the folding. However, by folding the strips,
the resonant frequency of J; approaches that of Js, and the
maximum bandwidth potential [30] of the folded structure (with

(b) (c)

Fig. 3. Eigencurrent distribution and normalized pattern of CMs of chassis with folded strips and (a) center shorting pins with resonant frequencies of: 1.08 GHz
(J1), 1.01 GHz (J3,), 1.05 GHz (J3), 2.8 GHz (J4), (b) offset shorting pins in the same side with resonant frequencies of 1.08 GHz (J;), 0.8 GHz (J;), 0.83 GHz (J3),
1.84 GHz (J4), and (c) offset shorting pins in the same side with extra slot on the chassis with resonant frequencies of 1.02 GHz (J;), 0.78 GHz (J.), 0.83 GHz (J3),
0.94 GHz (J4).
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Fig. 5. Magnitude and phase of z-directed modal E-field distribution of (a) J;,
(b) J,, and (c) Js, 2 mm above the chassis at resonant frequencies.

a shorting pin replaced by a probe feed) reduces from 7% to
4.3% (see Fig. 4(b), calculated using BetaMatch) and the
frequency of maximum bandwidth potential increases from
0.99 to 1.02 GHz. In addition, as seen in Fig. 1(b), the slopes of
Jo and Js are steep (steeper than those of the unfolded case
shown in Fig. 2(b) of [13]), whereas that of J; is unchanged with
the folding. Moreover, J4 has large eigenvalues below 1 GHz.

Figure 3(a) shows the corresponding eigencurrents and far-
field patterns for the chassis with folded strips and centered
shorting pins. J1 has strong currents along the two longer sides
of the chassis, giving the classic half-wave dipole pattern along
the chassis length. This verifies that the J; is the fundamental
dipole mode of the chassis. J, has strong currents flowing along
the strips and the chassis underneath them, due to the capacitive
loading of the strips. However, these currents flow in opposite
directions, hence it is the currents along the chassis width that
contributes to the dipole pattern. In comparison to J; and Jg, the
currents in the J,and Js are stronger around the metal strips and
shorting pins. Nonetheless, the far-field patterns of J,and Js are
different, since the currents’ directions at two shorting pins are
opposite in Jz, but the same in Js. In contrast to Ji, the far-field
patterns of J,and Js are both along the chassis width; however,
it is more directional for Js, since the currents on the strips also
contribute to the pattern.

Figure 5 shows the magnitude and phase of the z component
of the E-field 2 mm above the chassis for the first three modes
(i.e., J1-J3). As shown in Fig. 5(b), it is expected that if the
shorting pins in the center of the chassis are replaced by two (z-
oriented) feeding ports (unmatched, unless otherwise stated),
the electric near-field excitation of J, by ports 1 and 2 will be
180° out-of-phase. In contrast, as shown in Fig. 5(c), Js is
excited by the two ports without any phase shift. Moreover, as
the fundamental mode (J1) has a lower E-field magnitude at the
ports, as compared with those of J; and Js (see Fig. 5(a)), the
contribution of J; to the overall radiation should be low. This
can be confirmed by computing the magnitude and phase of the
CCC using (5) for each port at three different frequencies
around the resonances of J, and Js (see Table ). The percentage
power in each mode for a given port is given by the magnitude
square of the CCC. i.e., | p,, ' . From Table I, it is computed that
99% of total radiation power in each port is radiated by J, and
Js, with little contribution from Ji. As expected from Fig. 5(b),
it is confirmed in Table | that the excitation of J, by ports 1 and
2 are 180° out-of-phase and Js is excited in-phase.

Total E-field Magnitude
B :

(a) (b)
Fig. 6. 3D normalized radiation pattern by exciting individual ports at 1.04
GHz: (b) Port 1; (c) Port 2.

TABLE |
CCC BETWEEN EMBEDDED RADIATION PATTERNS AND CHARACTERISTIC
FAR-FIELD PATTERNS IN FIG. 3(A).

Mode 1 Mode 2 Mode 3
@1.02 GHz
Port 1 0.0520° 0.97/-16.4° 0.24 £-96°
Port 2 0.05,180° | 0.97./163° 0.24 /-96°
@1.04 GHz
Port 1 0.01/-4.6° 0.72/-55.3° 0.69./73.8°
Port 2 0.01,178° 0.72,123.2° | 0.69/73.8°
@1.05 GHz
Port 1 0.02£-11° 0.3£39° 0.95/-65.8°
Port 2 0.02,168° | 0.3.£-148° 0.95/-65°

Due to the lower eigenvalue of J; at 1.02 GHz, it has more
contribution to the far-field patterns than Js. Hence, the total
patterns of both ports are similar to the pattern of J,, indicating
high correlation. However, at 1.04 GHz, the far-field patterns
are almost equally contributed by J, and Js, with 180° phase
difference in the excitation of J, by the two ports. Thus, the
CCC of the two ports is nearly zero at 1.04 GHz. The pattern
orthogonality can be visualized by significant differences in the
far-field patterns of the two unmatched ports (see Fig. 6).
However, as the frequency increases further to 1.05 GHz, the
patterns of two ports are dominated by Js, degrading the pattern
orthogonality of the two ports. Therefore, it is concluded that
pattern orthogonality is only achieved for a small bandwidth.
Moreover, as mentioned, Fig. 4(a) shows that the maximum
bandwidth that can be achieved for the folded strips’ case with
the center-feed ports is also small 4.3%. To match both ports at
the frequency of maximum bandwidth potential (1.02 GHz, see
Fig. 4(a)), a two Murata element matching network consisting
of a parallel inductor (L = 2 nH) and a series capacitor (C = 12
pF) was used at each port.

Although the folding the strips has resulted in a smaller
bandwidth (from 7% to 4.3%) and poor ECC performance, the
performance limitation is mostly due to the two center-feed
ports not exciting the wideband Ji. mode. Therefore, to enlarge
the bandwidth, J; should also be excited by two ports.

B. Offset Feed Positions

To utilize Jy, it is necessary to offset the two feeding ports
(probe feeds) from the center of the strips, so to excite its
electric near-field (see magnitude distribution of Fig. 5(a)).
Based on this consideration, there are two options, i.e.,
offsetting the two ports from the center position in the same or
the opposite directions along the longer sides. However, from
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the phase response of Fig. 5(a), it can be seen that these two
cases differ in that the same-direction offset results in in-phase
excitation of Ji, whereas the opposite-direction offset result in
180° out-of-phase excitation. On the other hand, both offset
cases result in equal magnitude but 180° out-of-phase excitation
of J (see Fig. 5(b)). Therefore, according to (8) as well as the
discussions in Section 1I, the same-direction offset should
provide low correlation between the two ports, whereas the
opposite-direction offset should result in high correlation.
These predictions are verified in Fig. 7(b), where the ECC
exceeds 0.4 for the opposite-direction case but lower than 0.1
for the same-direction offset, within their respective 6 dB
impedance bandwidth. As before, both ports in the same-
direction offset case were matched at the frequencies of
maximum bandwidth (0.8 GHz) with two Murata element
matching networks. The parallel inductor value and the series
capacitor value were 3.4 nH and 11.4 pF, respectively. Relative
to the center fed chassis, the maximum bandwidth potential
with the same-direction offset feed increases from 4.3% to 7%,
due to the excitation of Ji. Also, as shown in Fig. 7(b), the
isolation is larger than 9 dB in the bandwidth (0.77-0.83 GHz).

For further validation of the same-direction offset case, the
CCC between each mode and each port was calculated using
(5) and summarized in Table Il at three frequencies within the
6 dB impedance bandwidth. Similar to the previous case in
Table I, it can be observed that J; is excited with 180° phase
shift and Jsz is excited in phase between the ports. However,
contrary to the center-feed chassis, the contribution of J; is
higher, and it is excited in-phase by the two ports (as expected
from Fig. 5(a)). Moreover, the excitation of Js is less than that
of Jiand J; in the band because of Js’s narrower bandwidth
(compare Figs. 1(b) and 1(c)). Therefore, the total patterns (see
Fig. 8) is a combination of the far-field dipole patterns of J; and
J2, with a rotation of ¢ ~ 45° relative to either modal pattern.

Furthermore, it is shown in Fig. 3(b) that by moving the
shorting pins from the center, J; has more surface currents
around the metal strips and shorting pins (than that in Fig. 3(a)).
Compared to the center shorting pins, due to the longer slots
formed between the metal strips and the chassis, the resonance
frequency of the J, and Js will shift to lower frequencies and
resonance of the J; remains almost unchanged (see Fig. 1(c)).
The resonant frequency of Ja is also reduced but it is still far
those of the other three modes (i.e., J1, J2and Js resonate under
1 GHz). However, in comparison to Fig. 1(b), the slope of Jsis
larger in Fig. 1(c), thus its modal bandwidth is smaller. The
resonant frequency of J, and Js can be tuned with the longer
slots (i.e., L, in Fig. 10) on both sides.

Despite the good ECC performance of the same-direction
offset feed structure shown in Fig. 7(b), the bandwidth of 7%
(see Fig. 7(a)) is still small and cannot cover the low LTE bands.
The isolation performance is likewise only moderate (above 9
dB). Furthermore, even though the impedance bandwidth can
be increased using more complex matching networks in
BetaMatch (10% bandwidth was achieved with four matching
elements), the ECC will increase towards the lower frequencies
(e.g., 0.75 GHz) and higher frequencies (e.g., 0.96 GHz). This
is because the excitation of J, will decrease in those frequencies

S parameters (dB)

R . N ’

~ -~ -
230 o S

07 0.75 U:?# 0.85 09 0.7 0.75 0.8 0.81 0.82 083
Frequency (GHz)
(b)

Frequency (GHz)
(a)
Fig. 7. (a) S parameters of the two matched ports for the offset feed in the same
direction and (a) ECC of two matched ports in the operating bandwidth for
offset feed in opposite direction (solid) and same direction (dashed).

TABLE Il
CCC BETWEEN EMBEDDED RADIATION PATTERNS AND CHARACTERISTIC
FAR-FIELD PATTERNS OF FIG. 3(B).

Mode 1 Mode 2 Mode 3
@0.79 GHz
Port 1 0.68,43.6° | 0.72./36° 0.16 £-92°
Port 2 0.68243° 0.72/£-137° 0.16 £-92°
@0.82 GHz
Port 1 0.70£25.9° | 0.68£-31.6° 0.2/51.4°
Port 2 0.70£24° 0.68.,140° 0.2/51.4°
@0.83 GHz
Port 1 0.61,26.1° | 0.66.,118° 0.43/79.3°
Port 2 0.61.£25° 0.66£-75° 0.43£79.3°

Total E-field Magnitude
B!

(a) (b)
Fig. 8. 3D normalized radiation pattern by exciting individual ports at 0.83
GHz: (a) port 1; (b) port 2.

and J1 is the only mode which will be excited by the two ports.

C. Slotted Chassis

To increase the bandwidth of both ports at the higher
frequency edge, while retaining low ECC, another mode needs
to be jointly excited alongside with Ji, to replace the role of J,
at lower frequencies. Since the E-fields of J; excited by the two
offset feeds are of equal magnitude and phase (with the feed
positions chosen for proper excitation of Ji and Jy), the two
feeds should excite the E-fields of the new mode with equal
magnitude and 180° out-of-phase at the two feeds (as was the
case for Jy) to ensure that ECC is low, as predicted by (8). As
shown in Fig. 1(c), J4’s resonant is above 1 GHz, so by nature
it cannot be used to extend the bandwidth and J, has lower
modal significance in higher frequencies. However, the E-field
distribution of J4 has the desired property of being equal in
magnitude but 180° out-of-phase at the feed locations, as
depicted in Fig. 9.

Therefore, the structure should be modified to allow J, to
contribute to the radiation in the higher frequencies, alongside
with Ji. To this end, by inspecting the current distribution of Js
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Fig. 9. Magnitude and phase of z-directed modal E-field of (a) Ji, (b) J,, and
(c) Js, 2 mm above the chassis at resonant frequencies.

Fig. 10. Final simulated prototype with the total dimensions of 130 x 60 x 4
mm?. The design parameters are: L; = 130 mm, L,=81 mm, Ls=20 mm, h; =
4 mm, h,=4 mm, d;=1 mm, d,=27 mm, d3= 74 mm, d;= 3 mm, W = 60 mm.

TABLE Il
CCC BETWEEN EMBEDDED RADIATION PATTERNS AND CHARACTERISTIC
FAR-FIELD PATTERNS OF FIG. 3(C).

@0.82 GHz Mode 1 Mode 2 Mode 3 Mode 4
Port 1 0.68<5.60° 0.72<-29 .40 0.13<-93.90 | 0.1<-90.5°
Port 2 0.69<5.7¢ 0.69<151° 0.13<-93.90 | 0.12<89.5¢
@0.75 GHz

Port 1 0.65 <-79.9> | 0.71<-160° 0.2<-42.50 ~0
Port 2 0.65<-79.9¢ 0.71<16.7° 0.2<-42.50 ~0
@0.94 GHz

Port 1 0.69<-12.7¢ ~0 0.28<-89¢ 0.69<62.8°
Port 2 0.67<-15.6° ~0 0.22<-89° 0.70<-120°

in Fig. 3(b), the resonant frequency of Js can be decreased to
below 1 GHz (i.e., 0.94 GHz) by inserting two slots along the
longer sides of the chassis, as shown in Fig. 10. In this way, the
current path along the chassis width is increased. Similarly, the
resonant frequency of J is also decreased to 0.78 GHz, which
can contribute to the radiation and improve the ECC at lower
frequencies. By the length of this slot (i.e. ds in Fig. 10), the
resonant frequency of Js4 can be tuned. The computed CCC
between each mode and each port is shown in Table 111 for three
frequencies. As can be seen, J4 offers almost equal contribution
as Ji1 in magnitude, but nearly 180° out-of-phase excitation as
compared to Ji’s nearly co-phase excitation. Furthermore, by
adding the slot, the frequency of maximum bandwidth potential
increases to 0.9 GHz, and the bandwidth potential improves
because of one more resonant mode: Js adds some reactive
admittance (see Fig. 11(b)) to the other modes’ reactive
admittances and also increases the real part of input admittance
at the higher frequencies (see Fig. 11(a)).

Finally, both ports were matched using the BetaMatch
software. To match the ports, a three element [ matching
network consisting of a 4.3 nH series Murata inductor together
with 18 pF and 10 pF parallel Murata capacitors was used. One
more matching element was used here than the previous cases

®
=3
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Mode 4
wssees Other modes
= = =Total
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Re (Admittance) (mS)
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=]
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(a) (b)
Fig. 11. (a) Real part and (b) Imaginary part of the modal and total admittance.

i ©
Fig. 12. Fabricated two-port prototype: (a) top, (b) back and (c) side views.

(in section I11. A and section Il1. B), as it was needed to improve
the matching at the lower frequencies.

IV. PROTOTYPE VERIFICATION

The proposed antenna was fabricated, as shown in Fig. 12.
A copper plate (thickness of 0.5 mm) was used as the chassis of
the prototype and Rohacell foams were used to keep the feeding
structures at the two longer sides more stable. The foams are
electrically neutral (er = 1), so it does not load the modes and
change the simulated results. The simulated and measured S
parameters given in Fig. 13(a) show good agreement. The final
design provides the 6 dB impedance bandwidths of 0.75-0.96
GHz (25%). The measured far-field patterns, shown in Fig. 14,
illustrate that a high level of orthogonality is achieved between
the two ports at three sample frequencies. The measured ECC
is below 0.15 (see Fig. 13(b)) and the measured total efficiency
is above 67% (average of 71%) over the impedance bandwidth.

V. FEASIBILITY OF THREE-PORT ANTENNA AT Low
FREQUENCY BAND

As mentioned earlier, one advantage of the proposed two-
port antenna is that it does not need to occupy the top or bottom
end of the chassis, typically used for self-resonant antenna
elements. Moreover, because of the chassis’ electrically small
dimensions, achieving more than two uncorrelated ports in the
low frequency band is challenging. To our knowledge, no such
three-port antenna has been reported.

In this section, extending the proposed two-port wideband
design, the feasibility of a three-port structure for low band
coverage is studied. In particular, the planar-coupled feed loop
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Fig. 13. (a) S parameters and (b) ECC of the simulated (solid lines) and
measured (dashed lines) prototype of two-port antenna designed using CMA.
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Fig. 14. Measured total radiation patterns of the two-port prototype at three
frequencies: (a) port 1 excitation. (b) port 2 excitation.

in [31] was employed to realize the self-resonant magnetic
antenna as the third port. The loop antenna [31] was previously
adopted in [11] to provide an uncorrelated but narrowband
second port for a traditional chassis top/bottom antenna. The
antenna occupies 15 mm x 60 mm at the top end of the two-port
structure (see Fig. 15), with the total chassis length (130 mm)
unchanged. As observed in Fig. 15, the coupled feed loop is
implemented on a substrate and consists of two half-square
rings, with the inner ring acting as the matching feed and the
outer ring as the main radiator [31]. Although the coupled loop
makes use of the shorter edge of the chassis, the resonant modes
of the chassis is not excited over the existing two ports’ 6 dB
bandwidth (i.e., magnetic fields of J;-Js are weak at this
location). Therefore, only the loop is excited (as a self-resonant
structure) and the current is mostly confined around the outer
loop (see Fig. 16). Only small amounts of currents are coupled
to the slots on the chassis. The parameters of the coupled loop
antenna are shown in Fig. 16. It is noted that the operation of
the ports 1 and 2 will not be affected by adding the third port so
the parameters of the chassis is the same as Fig. 10 and no re-
optimization is needed.

Surface current (A/m) B0

20

Fig. 15. Current distribution of the 3-port antenna at 0.95 GHz when the loop
antenna is excited. The parameters of the loop antenna are: m; = 15 mm, m, =
10 mm, mz=2 mm, my= 15 mm, ms= 3 mm, h3= 0.8 mm, C = 0.17 pF. The
substrate has a permittivity of 2.45, a loss tangent of 0.003 and a thickness h,.

S parameters (dB)

0.65 0.75 0.85 0.95 1.05
Frequency (GHz)
g. 16. Simulated S parameters of the coupled loop, with different values of C.
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0 : .
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Fig. 17. Simulated ECC of the three port antenna based on far-field patterns.

A major drawback of the coupled loop antenna is the narrow
bandwidth [11], [31]. However, it can still be used as a diversity
antenna, where a relatively small instantaneous bandwidth is
needed (e.g., up to 20 MHz for LTE). To provide coverage over
the entire low band, the resonant frequency of the coupled loop
antenna (or third port) can be tuned by replacing the fixed
capacitor between the two-arm separations of the outer loop
(i.e., C in Fig. 15) with a varactor [11]. The S parameters with
different capacitance values are shown in Fig. 16. The required
tuning range of the varactor is between 0.17-0.43 pF to cover
the bandwidth of the other two ports shown in Fig. 13(a). No
matching network is needed. The achieved isolation is above 12
dB, which is enough for frequency bands below 1 GHz. More
importantly, the ECC between the third port and any of the other
ports is below 0.11 for all varactor states (see Fig. 17). The total
simulated efficiency of port 3 is above 83% for all the different
C values.
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VI. CONCLUSION

This paper presents a concept design of MIMO terminal
antennas that relies on the joint excitation of multiple modes
with proper phase shifts to drastically improve the impedance
bandwidth in the low band while retaining low correlation. To
this end, the characteristic currents as well as the amplitude and
phase of the electric near-fields of the modes were used to guide
the stepwise modifications of a previous strip-loaded chassis.
The proposed low-profile two-port design, utilizing direct
probe feeds at the loading strips and two added slots on the
chassis, achieves the same bandwidth over both ports, covering
0.75-0.96 GHz (25% bandwidth). In addition, it is shown that a
narrowband but tunable third antenna port can be added to the
unused space typically occupied by traditional self-resonant
antenna elements, to provide a three-port MIMO antenna.
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