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Design of a MIMO Dielectric Resonator Antenna for
LTE Femtocell Base Stations

Jie-Bang Yan, Member, IEEE, and Jennifer T. Bernhard, Fellow, IEEE

Abstract—A novel multiple-input multiple-output (MIMO) di-
electric resonator antenna (DRA) for long term evolution (LTE)
femtocell base stations is described. The proposed antenna is able
to transmit and receive information independently using TE and
HE modes in the LTE bands 12 (698-716 MHz, 728-746 MHz)
and 17 (704-716 MHz, 734-746 MHz). A systematic design method
based on perturbation theory is proposed to induce mode degen-
eration for MIMO operation. Through perturbing the boundary
of the DRA, the amount of energy stored by a specific mode is
changed as well as the resonant frequency of that mode. Hence, by
introducing an adequate boundary perturbation, the TE and HE
modes of the DRA will resonate at the same frequency and share
a common impedance bandwidth. The simulated mutual coupling
between the modes was as low as —40 dB. It was estimated that in
a rich scattering environment with an Signal-to-Noise Ratio (SNR)
of 20 dB per receiver branch, the proposed MIMO DRA was able
to achieve a channel capacity of 11.1 b/s/Hz (as compared to theo-
retical maximum 2 X 2 capacity of 13.4 b/s/Hz). Our experimental
measurements successfully demonstrated the design methodology
proposed in this work.

Index Terms—Dielectric resonator antenna (DRA), long term
evolution (LTE), multiple-input multiple-output (MIMO) antenna,
mutual coupling, perturbation method.

I. INTRODUCTION

HE Federal Communications Commission (FCC) re-

cently released the 700 MHz spectrum which was
previously used for analog television broadcasting [1]. A new
nationwide wireless broadband network based on long term
evolution (LTE) technology has been proposed to operate in
the 700 MHz spectrum [2], [3]. In the LTE Evolved UMTS
terrestrial radio access (E-UTRA) air interface, multiple-input
multiple-output (MIMO) technology plays an important role
in increasing the system’s spectral efficiency [4], [5]. Given
the lower operating frequency of the LTE system, as compared
to the WiFi and cellular standards, the antenna in handheld
devices such as a smartphone or a netbook must be electrically
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small. This implies the mobile antennas are likely to be ineffi-
cient and the coverage of the system is therefore limited. This
is especially true if MIMO operation is needed at both mobile
and base station since the antenna efficiency would be further
reduced due to strong mutual coupling between closely-packed
mobile antennas. In view of this, LTE architecture includes a
femtocell solution for coverage extension [6]. Femtocells can
be considered as low-power access points serving indoor areas.
To exploit the richness in multipath propagation in indoor
scenarios, it is desired to employ MIMO antennas with a very
low mutual coupling as the base station antenna in a femtocell.
One possible solution would be the orthogonally polarized
MIMO antennas proposed in [7]. However the problem is that
such antennas would be oversized when scaled to operate at
700 MHz. Hence, a new MIMO antenna solution for LTE’s
femtocell base station is necessary.

In this work, a 700 MHz dual-mode MIMO dielectric res-
onator antenna (DRA) that is suitable for the new wireless
system is proposed. Although the cost of DRAs may be high
as compared to traditional PIFAs or microstrip antennas, they
have the advantages of compact size, high radiation efficiency,
and wide impedance bandwidth [8]. Another important feature
of DRAs is that the three dimensional structure offers more
degrees of freedom in exciting various orthogonal resonant
modes, and each mode can be utilized to transmit and receive
information independently. This makes the DRA an ideal
candidate for application in MIMO communication systems.
Indeed, a multi-mode usage of a single dielectric resonator
has been suggested in [9], but the emphasis is not on MIMO
applications.

The concept of a MIMO DRA was first described and
demonstrated by Ishimiya et al. in [10], [11]. It was experi-
mentally shown that a cubic MIMO DRA is able to achieve a
diversity gain of about 10 dB and has comparable performance
to traditional MIMO dipole arrays in practical IEEE 802.11n
systems. Nevertheless, in Ishimiya’s papers, no explicit design
method has been described. The major difficulty of applying
DRAs in MIMO systems is to make various modes to resonate
at the same frequency while maintaining low coupling between
the modes. Here, we introduce a systematic design method for
MIMO DRAs. The key in MIMO DRA design is to induce
degenerate modes (i.e., modes that have the same resonant
frequency). Conventionally, only DRAs that exhibit symmetry
can support degenerate modes [12] and this limits any further
size reduction of MIMO DRAs. Hence, a novel mode degener-
ation method based on boundary perturbation is proposed and
demonstrated in this work.

Section II describes the base design for the proposed MIMO
DRA, then, Section III introduces the boundary perturbation for
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Port 1 (HE)
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Port 2 (TE)
coaxial feed
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Fig. 1. Perspective view of the split-cylindrical DRA (¢ = 44 mm, h =
80 mm, W = 120 mm, L = 95 mm, and H = 47.5 mm).

mode degeneration. In Section IV, we evaluate the performance
of the perturbed antenna structure. Simulated results including
those for MIMO capacity are provided. Following that, some
experimental results are given in Section V as a validation to
the developed design methodology. Finally a conclusion and a
discussion of future work are given in Section VI.

II. BASE DESIGN

Consider a split-cylindrical DRA (e, = 18), with a radius a
of 44 mm and a length / of 80 mm residing on a ground plane
with dimensions as shown in Fig. 1. The TEq114s mode and the
HE;15 mode can be excited simultaneously using appropriate
excitation methods, such as probe feeds, aperture coupling or
microstrip feeds. The value of the subscript 6 ranges between
zero and one, depending on the method of feeding [12]. Here,
a 50 2 microstrip-fed rectangular slot and a probe feed were
chosen to excite the TEg1145 and HE; ;5 modes, respectively
(see Fig. 1). FR-4 epoxy board (&, = 4.4) with thickness of 1.6
mm is used as the substrate of the microstrip line. The dimen-
sions of the slot are 50 mm x 4 mm and the probe that excites
the HE15 mode has a length of 27 mm.

Fig. 2 shows the plots of the theoretical magnetic field distri-
butions for the two modes inside the DRA computed using Wol-
fram Research Mathematica [13]. It can be seen that TEg1145
mode behaves as a magnetic dipole on the z-axis while HE15
mode radiates as a short magnetic dipole oriented along the
y-axis. The two modes are therefore orthogonal to each other
and should exhibit low mutual coupling. The resonant frequen-
cies of the TEy11s mode and HE 15 mode can be derived from
the separation equation [8] and are found to be 653 MHz and
520 MHz, respectively,

e () () o
e () () e

where c is the speed of light in free space, and xp1 and xj, are
the first zeros of the zero-order Bessel function and the deriva-
tive of the first-order Bessel function, respectively. A full-wave
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Fig. 2. Theoretical magnetic field distributions for the (a) TEy11+s mode, and
(b) HE1s mode.
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Fig. 3. Simulated .5-parameters of the unperturbed cylindrical DRA.

simulation was performed using Ansys HFSS [14] and the sim-
ulated S-parameters of the antenna are shown in Fig. 3. The
theoretically predicted and simulated operating frequencies of
the modes agree very well with each other. It can also be seen
that the coupling (S21) between the two modes is very low as
expected.

III. DESIGN OF MIMO DRA

A. Boundary Perturbation

In order to work in a MIMO system, the two modes should
have the same resonant frequency and have a shared impedance
bandwidth. To accomplish this, we propose a mode degenera-
tion method based on boundary perturbation. For an arbitrarily
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shaped dielectric resonator, the change in resonant frequency cylindrical boundary of perturbation, o

due to a change of the cavity wall can be determined using per- the DRA
turbation theory [15], and is given by, & ______ radius, a
ound plane
i <M |Ho|* — ¢ |E0|2> dv gromnep
w 0 ~ Aw 3) Fig. 4. Boundary perturbation from the base of the split-cylindrical DRA
wWo fff (/l, |Hy |2 +e|E, |2) dv (Cross-sectional (yz-plane) view).

%
where ¢ and 4 are the permittivity and the permeability of the 50 : , : . . .
dielectric resonator respectively, w and wq are the resonant ra- : : —8—TE (HFSS)

L] i S A I &-- TE (Perturb.) 1

dian frequencies of the perturbed and unperturbed resonator, re-

. . : i ! —&— TE (Boundary approx.)
spectively, Av and V are the volume perturbed and the original 40 |==eensms S S —&— HE (HFSS) 1
volume of the resonator, and Fy and H, are the unperturbed KL ] S s TR S “4-- HE (Perturb.) H
fields. Equation (3) indicates that the change in resonant fre- : i ' HE (Boundary :approx.)
quency is equal to the electric and magnetic energies removed
by the perturbation divided by the total energy stored [15], i.e.,

e S T

Change of fo (%)

w—wy AW, — AW,

] - 4
o W “4)
where AW, and AW,,, are time-averaged electric and magnetic
energies originally contained in the volume perturbed (Av) and Pemubation s (mm)
W is the total energy stored in the unperturbed cavity. Fig. 5. Plot of change of resonant frequency fi against the perturbation param-

Now consider a boundary perturbation from the base of the eter «.
split-cylindrical DRA as depicted in Fig. 4. The changes in reso-
nant frequencies of the TEg;1s mode and HE;;5 mode can be

computed using (3), and the result is shown in Fig. 5. It can be perturbed cylindrical minor axis of the
observed that as the electric boundary is moved up, the resonant boundary of the DRA ellipse
frequency of the HE ;5 mode increases more rapidly than that ;gtﬁ::f;ly
ofthe TEg11 15 mode. Hence, at a certain perturbation value, the X

two resonant frequencies should overlap and thus fulfill the pri-

mary requirement for MIMO antenna design. According to (4), ground plane
the difference in the rate of change of resonant frequency can
be explained by the difference in the energy stored by the two
modes in the perturbation volume Awv. To verify the boundary
perturbation method, an HFSS simulation was carried out and
the result is also shown in Fig. 5. It can be seen that the result 0

Fig. 6. Elliptical approximation of the perturbed cylindrical boundary (Cross-
sectional (yz-plane) view).

predicted by the boundary perturbation method starts to deviate " _
from the result obtained from HFSS when the perturbation, «, ) e : :
increases. This is due to the substitution of the original fields into -10 i —
the perturbed fields during the derivation of (3). The difference 15 : : A T il
between the original fields and the perturbed fields would be in- ) ‘
tolerable when the perturbation is too large. Thus, the deviation = = : : AT [ LA . |
at large perturbations is inherent in the perturbation analysis. 2 At """"""""" """"" """" ]
Nonetheless, the boundary perturbation method gives a good % 30 . T N I i
initial guess on how much perturbation is required to make the - -
two modes resonate at the same frequency. According to the : i : : C [Cas (HIE o)
HFSS simulation result, the two modes both resonate at 700 -40 o S" I
MHz when the perturbation, «, is 13 mm. 45 | = o (TE pom [
In (3), there is no specific constraint on the geometry of the 1 L iI", | S
cavity, hence, the proposed boundary perturbation method can 000 550 600 650 700 750 800 850 900
be applied to DRAs of any other shapes with arbitrary pertur- Frequency (MHz)

bations. However, the difficulty of analysis of such structures

. . - : Fig. 7. Simulated S-parameters of the perturbed cylindrical DRA.
might be the evaluation of the integrals in (3).
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Fig. 8. Comparison of the simulated and measured radiation patterns of Port 1 (HE mode).
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Fig. 9. Comparison of the simulated and measured radiation patterns of Port 2 (TE mode).

B. Boundary Approximation

While the above described boundary perturbation method ob-
tains the solutions by approximating the fields, boundary ap-
proximation estimates the change in resonant frequency by ap-
proximating the structure of the resonator. According to Fig. 6,
a perturbed cylindrical boundary can be modeled by a half el-
lipse. The accuracy of this method depends on how well the
perturbed circular arc is approximated by an elliptic arc. The
resonant frequencies of various modes in an elliptical DRA can
be found by expanding the fields inside the cavity in Mathieu
functions and applying the technique of separation of variables.
A detailed analysis of an elliptical DRA can be found in [16].
The resonant frequencies of a series of split-elliptical DRAs of
various minor axes, which corresponded to the previously de-
scribed set of perturbed cylindrical DRAs, are computed, and
the change in resonant frequency estimated by this boundary
approximation method is plotted in Fig. 5. The results obtained
agree very well with those calculated by both the boundary per-
turbation method and full-wave simulations.

IV. SIMULATED ANTENNA PERFORMANCE

A. Antenna Characteristics

From Section III-A, the TEg11+5 mode and the HE15 mode
of a split-cylindrical DRA will both resonate at 700 MHz when

the perturbation, «, is 13 mm. The dimensions of the perturbed
DRA are 80 mm x 84 mm x 31 mm. Given the same resonant
frequency and a half-wavelength antenna separation, the dimen-
sions of a two-element MIMO PIFA would be 107 mm x 214
mm x 5 mm. Since coupling between antenna ports is another
important parameter to characterize MIMO antennas, the pro-
posed antenna structure was simulated in HFSS. The simulated
S-parameters of the antenna were obtained with 50 € termina-
tions at both ports and are given in Fig. 7. It can be observed
that the mutual coupling between the two modes is insensitive
to the perturbation (see Fig. 3) and is less than —40 dB. This
is significantly lower than the mutual coupling in conventional
MIMO antennas that are based on dipole antennas, patch an-
tennas or PIFAs [17]-[20]. The impedance bandwidths (defined
as |S11] < —9.8dB) of the TE(;15 mode and the HE 15 mode
are 10 MHz and 35 MHz respectively. The TEg;1.4s mode has a
relatively narrow bandwidth and limits the overall bandwidth of
the antenna. Nevertheless, the bandwidth of the TEq114s mode
can be improved using well known bandwidth broadening tech-
niques, such as inserting an air gap between the ground plane
and the DRA [21], [22], or adding a matching stub at the end
of the microstrip line [23]. The simulated gains of the TEq1115
and HE 15 modes are 3.96 and 3.19 dBi, respectively. The sim-
ulated radiation patterns of the two modes, which are orthogonal
to each other, are given in Figs. 8 and 9. Hence, the antenna is
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Fig. 10. The floor plan (16 m x 19 m) of the office environment that was used
to estimate the MIMO channel capacity (notice that there is no line-of-sight
(LOS) path between the transmitter and any of the receivers).

able to exploit polarization diversity and the pattern orthogo-
nality leads to low mutual coupling between the ports.

B. MIMO Performance Evaluation

The channel capacity gain by using the proposed antenna
was evaluated with the aid of Remcom Wireless Insite [24].
In the simulation setup, a single transmitter and 1000 identical
receivers were placed in an office environment as shown in
Fig. 10. The office environment was constructed to resemble
arich scattering environment (i.e., the channel statistics are ap-
proximately Rayleigh distributed). In order to resemble a time-
varying MIMO channel, the receivers were randomly spread
across the designated area of the office such that a 1000 non-
line-of-sight (NLOS) communication links were established. In
all the simulations, there were 80 paths for each channel realiza-
tion. The simulated complex radiation patterns (including both
polarizations, /g and E.,) of the proposed antennas were used at
the transmitter and all the receivers. 1000 samples of the unnor-
malized channel matrix were then obtained from the simulation
[25],

mg[ﬂiﬂ )
91 hah
where there are m(= 1,2, ...,1000) communication links, and

H'™ is the unnormalized channel matrix of the m-th link. Here,
hi represents the m-th sample of the complex channel gain

between port u of the transmitter and port v of the receiver,
where subscripts w = 1,2 and v = 1, 2:

Kom,
Wy = VB (©6)

n=1

Here k., is the number of path in the m-th link; £ is the re-
ceived power contributed by the n-th path in the m-th link; 7
is the phase of the n-th path in the m-th link. From the simu-
lated channel data, it was found that the coherence bandwidth of
the wireless channel was much larger than the bandwidth of the
proposed antenna. Hence, for equal power distributed among

50 : : : , , , ,
—B— |deal SISO ' : ' '

451 A deal 2x2

40l —S— Ideal 3x3
— — Est. mean (DRA)
Est. max (DRA)

Channel capacity (b/s/Hz)

SNR (dB)

Fig. 11. Estimated channel capacity of the proposed MIMO DRA.

the transmit antennas, the flat-fading MIMO channel capacity
of the m-th link, C™, can be calculated by [25]-[27]

o= logZ [det <I]V,‘ + NLH::;"””LHII{Z,I;W”)} (7)
t

where N; and NN, denote the number of transmit and receiver
antennas, respectively; I, is an identity matrix with dimen-
sion NV,.; g is the mean signal-to-noise ratio (SNR) per receive
branch; {}]L represents a complex conjugate transpose; and
H!™  is the m-th normalized channel matrix

norm

H‘Iﬂ
HP, = (8)

norm G
R

N, N,

where || - ||% denotes a Frobenius norm. The mean capacity and
the maximum achievable capacity obtained by using the pro-
posed antenna are plotted in Fig. 11. Fig. 11 also gives the theo-
retical channel capacities for single-input single-output (SISO),
2 x 2 and 3 x 3 channels with zero mean, unity variance, i.i.d.
complex Gaussian distributed channel elements for comparison.
The results indicate that the estimated mean channel capacity is
11.1 b/s/Hz at an SNR of 20 dB per receiver branch. The max-
imum achievable capacity is very close to the theoretical max-
imum 2 x 2 MIMO capacity of 13.4 b/s/Hz. The small discrep-
n n the theoretical and simul ities m
coupling between the modes. Nevertheless, the simulation re-
sults reflect the utility of the antenna design, and a prototype
antenna is presented in Section V.

V. MEASUREMENT RESULTS

The perturbed cylindrical DRA was built and tested in
the Electromagnetics Laboratory at University of Illinois
at Urbana-Champaign. The dielectric material (¢, = 18 and
loss tangent < 0.00015) was supplied by Countis Laboratories
[28]. The dielectric block was bonded onto the ground plane
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Fig. 12. Measured S-parameters of the perturbed cylindrical DRA.

with silver epoxy so as to prevent any air gaps between the di-
electric and ground plane. This is important because for DRAs
with high permittivities, air gaps of less than 0.05 mm can
be enough to significantly alter the expected input impedance
[12]. The S-parameters of the perturbed cylindrical DRA were
measured using Agilent’s two-port Network Analyzer E8363B
(with 50 €2 reference impedance). The measured results are
given in Fig. 12, which are very close to the simulated results
given in Fig. 7. Both modes are well matched at 717 MHz.
The coupling between the ports (S21) is less than —30 dB at
the operating frequency. The measured impedance bandwidths
of the TEg114+s mode and the HE;15 mode are 13.5 MHz and
35 MHz, respectively. The measured radiation patterns along
the three principal cuts are given in Figs. 8 and 9. Despite a
small distortion of the pattern at some angles, the measured
patterns agreed reasonably well with the simulated ones. The
complementary nature of the two orthogonal modes can still be
observed clearly.

VI. CONCLUSION

A 2-port MIMO antenna based on a split-cylindrical DRA is
described in this work. A mode degeneration method derived
from perturbation theory is proposed to make the TE and HE
modes of the split-cylindrical DRA resonate at the same fre-
quency. The proposed method has been verified by both full-
wave simulations and the boundary (elliptical) approximation
method, and can be applied to DRAs of any shape. The fabri-
cated MIMO DRA was tested and the experimental results show
very good agreement with the simulated results. Indeed, given
that the same operating frequency and the same dielectric mate-
rial, the antenna described in this paper is smaller in volume, has
lower profile, has a smaller ground plane and has much lower
mutual coupling as compared to the work in [10], [11]. The pro-
posed antenna is potentially suitable as the femtocell base sta-
tion antenna in the forthcoming nationwide mobile broadband
system based on LTE technology. Future work related to this
paper will be a frequency reconfigurable MIMO DRA which
can easily be adapted to other LTE bands and other wireless
standards.
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