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This paper studies the performance of a submillimeter wave antenna operating between frequencies 0.1 THz and
10 THz with a 4-cyano-4-pentylbiphenyl [5CB] substrate. Since the size and shape of the antenna impact its gain/
directivity, resonant frequency, bandwidth, and efﬁciency, the two antenna types considered in this paper are: (a)
Rectangular Patch Antenna (RPA), and (b) Cylindrical Dielectric Resonator Antenna (CDRA). Here a submillimeter wave antenna is compared with a millimeter wave (a few GHz to 100 GHz) antenna. These popular mmwave antennas are chosen for the submillimeter wave antenna in order to understand changes in their performance as the result of changes in their geometrical shape. FEldberechnung bei Korpern mit beliebiger Oberﬂache
(FEKO) software is used for the design and calculation of the Three-Dimensional (3D) ElectroMagnetic (EM)
patterns. This paper also concentrates on the design and analysis of a massive submillimeter wave Multiple-Input
Multiple-Output (MIMO) (8 by 8) RPA and CDRA.

1. Introduction
The increasing demand for Multiple-Input Multiple-Output (MIMO)
communication technology has motivated this work. Since communication devices operating at high frequencies are studied extensively [1,
2], this paper uses submillimeter wave frequency band and observes the
behavior of massive MIMO antennas in that band. At the same time, the
behavior of the antenna operating over a millimeter wave frequency
band is compared in this paper. A perfect electric conductor is used in
designing the MIMO antenna. The 4-cyano-4-pentylbiphenyl (5CB)
nematic liquid crystal with a dielectric constant of 8.58 [3,4,5] is chosen
as the substrate mainly because of its behavior as a dipole, with both
positive and negative polarities in the presence of external magnetic and
electric ﬁelds, as described in detail in Ref. [6]. In addition, the massive
MIMO technology (also known as large-scale antenna systems) basically
uses a very large number of service antennas (e.g., hundreds or thousands) that are operated fully coherently and adaptively [7,8,9,10,11].
Extra antennas help by focusing the transmission and reception of the
signal energy into ever-smaller regions of space. This can result in huge
improvements in throughput and energy efﬁciency, particularly when
combined with the simultaneous scheduling of a large number of user
terminals (e.g., tens or hundreds), as explained in Refs. [7,8,9,10,11].
Submillimeter wave massive MIMO can help to improve antenna efﬁciency by deploying an array of low-power, low-cost miniature

antennas. Simulations in this paper are performed using the real part of
the complex dielectric constant of 5CB liquid crystal droplets as the
antenna substrate.
This paper introduces, for the ﬁrst time, a submillimeter wave
massive MIMO antenna design. It also shows that with digital BeamForming (BF), one can compensate the path loss due to the high frequency range of a submillimeter wave and hence increase the gain for a
submillimeter wave massive MIMO antenna. For the ﬁrst time in this
paper, performances of the massive MIMO Rectangular Patch Antenna
(RPA) and massive MIMO Cylindrical Dielectric Resonator Antenna
(CDRA) operating over a submillimeter wave frequency band are
compared with their performances over a millimeter wave frequency
band. Figs. 1 and 2 show the antenna designs, respectively, for a massive
64-element MIMO RPA and a massive 64-element MIMO CDRA with an
operating frequency over the submillimeter wave frequency band.
This paper is organized as follows: Section 2 performs theoretical
analysis for both antenna types (RPA and CDRA) used in this paper.
Section 3 explains the parameters used for designing the antenna using
FEldberechnung bei Korpern mit beliebiger Oberﬂache (FEKO) and the
simulated results. It also draws comparisons between the millimeter
wave antenna and the submillimeter wave antenna. Section 4 presents
the massive submillimeter wave MIMO antenna design and an analysis,
and also compares the simulated results with that of the millimeter wave
massive MIMO antenna. Section 5 offers the conclusions.
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2805 nm and a resonant impedance of 50 ohm. The width of the patch is
calculated using the standard eqn. 14-6 stated in Ref. [13]. The effective
dielectric constant is εreff and can be written using eqn. 14-1 in Ref. [13].
The actual physical length of the patch can also be calculated using eqn.
14-7 in Ref. [13]. Finally, the effective length of the patch for the
dominant transverse electromagnetic TM x010 mode with no fringing effect
can be calculated from eqn. 14-3 in Ref. [13].
The next task is to calculate the parallel equivalent admittance for the
radiating patch. The equivalent admittance is expressed in terms of the
conductance and the susceptance. The conductance of a uniform radiating slot is obtained from eqns. 14-10, 14-11, 14-12, and 14-12a in
Ref. [13]. In Ref. [13], θ is the polar angle in the spherical coordinate
system used for antenna analysis, and k0 is the propagation factor, which
is often known as the vector wave number. The mutual conductance
between the non-uniform radiating slots of the patch antenna is calculated according to eqn. 14-18a in Ref. [13] as well. Finally, the inset feed
point distance y0 is obtained using eqn. 14-20a in Ref. [13].
The MoM analysis method used in FEKO depends on the position of
the feed, and hence the measured E-plane and H-plane patterns of the
RPA are different from that of the computed pattern using MoM. This
difference occurs in the computation because the position of the feed as
calculated is not completely symmetrical along the E-plane [13]. Another
very important antenna property is antenna directivity, which has been
deﬁned in Ref. [13] as the radiation intensity averaged over all directions, where the average radiation intensity is equal to the total power
radiated by the antenna divided by 4π . The directivity of a rectangular
patch antenna can be expressed using eqn. 14–50 in Ref. [13]. The next
important antenna property that needs to be calculated is the quality
factor.
As deﬁned in eqn. 14–83 in Ref. [13], the quality factor Qt can be
expressed in terms of radiation, conduction, dielectric, and surface wave
losses. Qrad is the quality factor due to radiation losses, Qc is the quality
factor due to conduction losses, Qd is the quality factor due to dielectric
losses, and Qsw is the quality factor due to the surface wave. The quality
factor can be easily calculated from the fractional bandwidth of the antenna because it is inversely proportional to the quality factor and is
deﬁned accurately in eqn. 14-88a [13]. The total antenna efﬁciency e0 is
used to take into account the losses at the input terminals [5]. The total
antenna efﬁciency can be expressed using eqn. 2–45 in Ref. [13], where
ecd is the antenna radiation efﬁciency, which is used to relate the gain and
directivity, and jΓj is the magnitude of the reﬂection coefﬁcient. The
radiation efﬁciency of the rectangular patch antenna can be expressed in
terms of a quality factor through eqn. 14–90 in Ref. [13]. The efﬁciency
of the rectangular patch antenna varies with the substrate height and also
with the dielectric constant of the substrate, which is to be discussed later
in this paper. Another very useful measure describing the performance of
an antenna is the gain, which is a measure that takes into account the
efﬁciency of the antenna as well as its directional capabilities [13]. The
gain expressed in terms of decibels is expressed through eqn. 2–52 in
Ref. [13].

Fig. 1. 8  8 massive submillimeter MIMO rectangular patch antenna model.

Fig. 2. 8  8 massive submillimeter MIMO cylindrical dielectric resonator antenna model.

2. Antenna design and theoretical analysis
The antenna design and analysis method employed in this paper is the
Method of Moments (MoM), as it is the core of the program upon which
FEKO is based [12]. In this section, we analyze the basic features of RPA
and CDRA based on the commonly known antenna designing procedures
in Refs. [13,14]. The basic difference between the CDRA and RPA is
obviously the shape. The CDRA is characterized by its height and radius,
while the RPA is characterized by a rectangular patch length, patch
width, dielectric substrate height and resonant impedance. Also, this
paper considers the case that the CDRA is excited using a probe feeding
method [14] while the RPA is excited using a pin feeding method [13].
Since both antenna models are widely utilized, this section clearly cites
all major equations for theoretically analyzing the differences between
the two models.
2.1. Rectangular patch antenna
The rectangular patch is one of the most widely used antenna conﬁgurations. In this paper, the rectangular patch antenna is modelled
using a pin-feeding method. The dielectric substrate is modelled as a
planar multilayer substrate with a bottom ground layer using the special
Greens function. The dielectric substrate used for designing the millimeter wave RPA is RT/duroid 5880 with a dielectric constant of 2.2,
while the dielectric substrate for the submillimeter wave RPA is 5CB
liquid crystal droplets with a dielectric constant of 8.58. An inﬁnite
ground plane is used to reduce the simulation time but may not be an
exact representation of a physical antenna. The operating frequency of
the millimeter wave antenna is taken as 3–100 GHz, while that of the
submillimeter wave antenna is taken as 0.1–10 THz. The resonant frequencies of both antennas are obtained from eqn. 14–33 in Ref. [13].
Once the input parameters, substrate height, resonant impedance and
dielectric constant are chosen for the effective antenna design, it is
necessary to calculate the Width (W) and the Length (L) of the patch. The
input parameters for designing the RPA at the millimeter wave are
chosen from example 14.1 in Ref. [13]; while for designing the RPA at the
submillimeter wave, we choose a considerably small substrate height of

2.2. Cylindrical dielectric resonator antenna
The cylindrical dielectric resonator antenna has been used in circuit
applications for several years [14]. The high Q factor and the compact
size of these antennas make them ideal to be used in ﬁlters and oscillators
[14]. The CDRA is characterized by its height H, radius a, and dielectric
constant εr , and the aspect ratio Ha determines the wave number k0 a and
the Q factor for a given dielectric constant [14].
Different excitation modes of the CDRA can also be generated based
on its aspect. If 0:33  Ha  5, then mode TE01δ and mode TM01δ are valid;
otherwise, if 0:4  Ha  6, then mode HEM11 is valid [15]. The operating
frequency of the millimeter wave CDRA is 3–100 GHz, and it varies for
the submillimeter wave antenna between 0.1 and 10 THz. The CDRA is
excited using probe feeding and analyzed using the pure MoM approach.
2
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metallic rod as the conducting probe and 5CB liquid crystal droplets as
the substrate. The Cole-Cole and Debye method is applied to ﬁnd the
complex dielectric constant of the 5CB liquid crystal in Ref. [17], and the
complex dielectric constant is expressed in Ref. [18] as

The dielectric constant of the substrate used for the CDRA at the
millimeter wave is taken as 6.7, whereas 5CB droplets are used as the
substrate of the CDRA at the submillimeter wave with a dielectric constant of 8.58. A set of reasonable input parameters for designing the
CDRA at the millimeter wave are chosen from Table 2.5 in Ref. [14]. For
the submillimeter wave CDRA design, we choose input parameters as
follows: CDRA height as 0.05 nm, CDRA radius as 0.270 nm, and aspect
ratio as 5.4. Since the operating frequency is very high, we consider
considerably small radius and height for designing the submillimeter
wave CDRA.
After the input parameters have been initialized, ﬁrst the Q factor
must be determined, which can be obtained from eqn. 2.12 for the TE01δ
excitation mode and eqn. 2.16 for the HE11δ excitation mode in Ref. [14].
Then the dielectric constant of the substrate should be chosen, followed
by calculation of the wave number k0 a. The wave number is expressed for
the TE01δ excitation mode through eqn. 2.11 and for the HE11δ excitation
mode through eqn. 2.15 in Ref. [14]. The radius of the CDRA can also be
calculated if not initialized for a given aspect ratio and the calculated
wave number. Once the Q factor has been calculated, the corresponding
bandwidth is determined using eqn. 2.6 in Ref. [14]. The resonant frequency of the millimeter wave CDRA is taken to be 60 GHz, while the
resonant frequency of the submillimeter wave CDRA is taken to be
10 THz. Depending on the aspect ratio, the excitation mode is determined. The millimeter wave CDRA has an aspect ratio of 3.56, and hence
the TE01δ mode is selected as the excitation mode, whereas the submillimeter wave CDRA has an aspect ratio of 5.4, and hence the HEM11
mode is selected as the excitation mode.
The total efﬁciency of the CDRA can be found by eqn. 2–45 in
Ref. [13], where the radiation efﬁciency can be found by eqn. 10.3 in
Ref. [14]. The antenna gain in eqn. 2–52 in Ref. [13] can be used to
calculate the gain of the CDRA as well. The directivity of the CDRA is
calculated by FEKO simulation, which will be tabulated later in this
paper.

ε ðωÞ ¼ ε∞ þ

ε ¼ ε'  jε''

E¼

FEKO is an advanced 3D numerical electromagnetic simulator [16]. It
helps to observe antenna patterns in 3D. Following the theoretical
analysis described in the previous section, several approximations are
made in order to simplify the computation for different antenna problems. The exact solutions to antenna problems are obtained numerically
using FEKO. After simulation in FEKO, the output parameters of both the
millimeter wave RPA and the submillimeter wave RPA are tabulated, as
shown in Table 1, which helps to compare the two.
The submillimeter wave single-element RPA has been designed with a

Patch width (W)
Effective dielectric constant
(εreff )
Incremental length (ΔL)
Physical length (L)
Effective length (Leff )
Inset feed point distance (y0 )
Wavelength (λ)
Fractional bandwidth (BW)
Percentage bandwidth
Reﬂection coefﬁcient magnitude
(jΓj)
Quality factor (Qt )
Maximum gain (G0 )
Maximum efﬁciency (e0 )

1.18 cm
1.97

2329.71 nm
5.67

0.081 cm
0.90 cm
1.06 cm
0.31 cm
2.13 cm
0.034
3.47 percent
0:85  jΓj  0:96

784.27 nm
516.65 nm
2085.20 nm
363.14 nm
29,979 nm
0.43
43.92 percent
0:71  jΓj  0:97

2.88
5.89 dBi
100 percent

2.32
8.87 dBi
82.97 percent

pﬃﬃﬃ
Z P:

(3)

Figs. 3 and 4 show the plots of the far-ﬁeld radiation pattern and gain
of the millimeter wave RPA when the excitation voltage is varied to 2 V
and 5 V, while Figs. 5 and 6 show the same for the submillimeter wave
RPA. It can be seen that the antenna gain increases with the increase in
the excitation voltage. When the excitation voltage is 1 V, 2 V, and 5 V,
the gain is 5.89 dBi, 6.60 dBi, and 7.03 dBi, respectively, in the case of the
millimeter wave RPA. For an excitation voltage of 1 V, 2 V, and 5 V, the
antenna gain is 8.87 dBi, 7.66 dBi, and 7.22 dBi, respectively. Due
to space limitations, we performed this experiment only for the RPA.
Some of the ideal conditions in this paper have been used specially to
simplify the calculation using FEKO. When we use some practical antenna parameters, such as the excitation modes of CDRA, other than

Table 1
FEKO simulated output parameters of RPA.
Submillimeter wave
RPA

(2)

where ε' is the static dielectric constant and ε'' is the imaginary part of the
complex dielectric constant. In Ref. [18], the values of ε' and ε'' for the
5CB liquid crystal droplets have been computed. The complex dielectric
constant calculated using eqn. (2) is found to be 81.91 at an excitation
voltage of 1 V. The calculated dielectric constant is a very high quantity,
and hence when applied to the design in FEKO, the preprocessor of FEKO
cannot compute all of the necessary integrations when MoM is used as
the method of analysis. Hence, for maintaining the simplicity of
computation, only the real part of the complex dielectric constant of the
5CB liquid crystal is used as the dielectric constant of the substrate for the
submillimeter wave RPA and the submillimeter wave CDRA. The ε' as
calculated in Ref. [19] is 8.58 for 1 V of excitation voltage, 8.28 for 2 V of
excitation voltage, 18.49 for 12 V of excitation voltage, and 19.40 for
20 V of excitation voltage, respectively. The design in this paper applies
1 V of excitation voltage only; hence, the dielectric constant of the 5CB
liquid crystal substrate is taken as 8.58. A perfect electric conductor is
used for the MIMO antenna design. In a practical scenario, the excitation
voltage may drift [20]; hence, we vary the excitation voltage (E) as 2 V
and 5 V, and plot the RPA antenna pattern and gain over both the
millimeter and submillimeter wave frequency bands. The excitation
voltage at the antenna's feed point is a function of feed point impedance
(Z) and the power received (P) by the antenna, and can be expressed as

3.1. Rectangular patch antenna

Millimeter wave
RPA

(1)

where ε0 is the limiting low-frequency dielectric constant, ε∞ is the
limiting high-frequency dielectric constant, τ is the average relaxation
time, and α is the distribution parameter. The complex dielectric constant
can also be expressed through [19] as

3. FEKO simulated results and analysis

Output parameter

ε0  ε∞
1 þ ðiωτÞ1α

Fig. 3. Millimeter wave RPA: Far-ﬁeld radiation patterns due to excitation
voltage of 2 V, 5 V.
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Fig. 4. Millimeter wave RPA: Antenna gains due to excitation voltage of
2 V, 5 V.
Fig. 7. Millimeter wave RPA: Far-ﬁeld radiation patterns in E- and H- planes.

Fig. 5. Submillimeter wave RPA: Far-ﬁeld radiation patterns due to excitation
voltage of 2 V, 5 V.

Fig. 6. Submillimeter wave RPA: Antenna gains due to excitation voltage of
2 V, 5 V.

TE01δ , and a higher substrate height of the submillimeter RPA, a dominant transverse electromagnetic mode for RPA, other than the fringing
effect and electrical conductivity, the FEKO simulation takes too long.
Therefore, we assume an excitation mode of TE01δ for CDRA, a smaller
substrate height of 2805 nm, an electromagnetic mode of TM x010 with no
fringing effect and perfect electrical conductivity.
Figs. 7 and 8 show the plots of the far-ﬁeld radiation patterns of the
millimeter wave RPA and submillimeter wave RPA when the excitation
voltage is 1 V. The E-plane is deﬁned by 90∘  θ  90∘ and ϕ ¼ 90∘ ,
whereas the H-plane is deﬁned by 90∘  θ  90∘ and ϕ ¼ 0∘ . As
explained in Ref. [5], the presence of the dielectric-covered ground plane
modiﬁes the reﬂection coefﬁcient, which inﬂuences the magnitudes and
phases of the plots in Figs. 7 and 8. For a dielectric-covered ground plane,
the reﬂection coefﬁcient for vertical polarization in the E-plane is nearly

Fig. 8. Submillimeter wave RPA: Far-ﬁeld radiation patterns in E- and
H- planes.

þ1 for observation angles far away from grazing, and it begins to change
rapidly near grazing and becomes 1 at the grazing angle θ ¼ 90∘ [21].
Similarly, the reﬂection coefﬁcient also controls the pattern in the

4
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H-plane. And for a dielectric-covered ground plane, it is 1 for all
observation angles, but basically the H-plane pattern remains unaltered
by the presence of the dielectric cover [21]. In Fig. 8a, the far-ﬁeld antenna gain pattern of the submillimeter wave RPA in the E-plane at
0.1 THz has been observed to be slightly closer to 1 at the grazing angle
θ ¼ 90∘ , which is due to the magnitude of the reﬂection coefﬁcient,
0:7  jΓj  0:97, as calculated in Table 1. Interestingly in Fig. 8b, at the
resonant frequency 10 THz, the vertical polarization in the E-ﬁeld, for all
observation angles, has a reﬂection coefﬁcient closer to þ1. Horizontal
polarization in the H-plane has a uniform reﬂection coefﬁcient, closer to
1 at all observation angles for the resonant frequency of 10 THz. But at
0.1 THz, the horizontal polarization in the H-plane changes; and at a
grazing angle, it has a reﬂection coefﬁcient magnitude closer to þ1. It can
be seen that due to the usage of 5CB liquid crystal droplets as the
dielectric substrate, the reﬂection coefﬁcient of the dielectric-covered
ground is closer to both 1 and þ1. In Fig. 9, the bandwidth of the
millimeter wave RPA is shown to be 0.347 GHz at 3 dB reﬂection, while
Fig. 10 shows 4.39 THz at 3 dB reﬂection for the submillimeter wave
RPA.
It has been observed that the bandwidth of a submillimeter wave
antenna is more than 2500 times higher than that of the millimeter wave
antenna at the same reﬂection of 3 dB. Also from Table 1, it is noted
that the millimeter wave RPA has a maximum gain of 5.89 dBi in the Eﬁeld, whereas the submillimeter wave RPA has a low gain of 8.87 dBi;
thus, it can be concluded that even when the bandwidth is wide, the path
loss is high.
Since a massive MIMO antenna design can increase the overall antenna gain to compensate for path losses experienced by a single element
antenna [7,8,9,10,11], section 4 discusses details regarding how it improves the behavior of a single element antenna. One very interesting
observation is the high quality factor of the submillimeter wave CDRA,
which signiﬁes that even at the submillimeter wave, the CDRA can be
used for designing effective submillimeter wave ﬁlters or submillimeter
wave oscillators.

Fig. 10. Submillimeter wave RPA: Bandwidth (ΔF) at 3 dB.

3.2. Cylindrical dielectric resonator antenna

Fig. 11. Millimeter wave CDRA: Far-ﬁeld radiation patterns in E- and H- plane.

The antenna patterns of the millimeter wave CDRA and the submillimeter wave CDRA have been plotted through POSTFEKO in Figs. 11 and
12, respectively.
Similar to what is shown in Table 1, the output parameters of both the
millimeter wave CDRA and the submillimeter wave CDRA are tabulated
in Table 2, which helps to compare the two.
It has been discussed previously how the reﬂection coefﬁcient of a
dielectric-covered ground plane changes the magnitude and phase of the
far-ﬁeld radiation pattern of the antenna. The magnitude of the reﬂection
coefﬁcient of the millimeter wave CDRA is 0:94  jΓj  0:98; hence, the
antenna pattern in the E-plane is almost þ1, thus showing no phase
change at the grazing angle. On the other hand, the reﬂection coefﬁcient

Fig. 12. Submillimeter wave CDRA: Far-ﬁeld radiation patterns in E- and
H- plane.

of the submillimeter wave CDRA is 0:975  jΓj  0:99; hence, as shown
in Fig. 12, the antenna pattern in the E-plane is found to be a complete
semicircle because the reﬂection coefﬁcient now is approximately þ1 at
all observation angles with no change at the grazing angle. The antenna
pattern in the H-plane remains unaltered in Fig. 11, but the phase and
magnitude change in Fig. 10, which is also due to the variation in the

Fig. 9. Millimeter wave RPA: Bandwidth (ΔF) at 3 dB.
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Table 2
FEKO simulated output parameters of CDRA.

Table 3
MIMO RPA (2  2) antenna design speciﬁcations.

Output parameter

Millimeter wave
CDRA

Submillimeter wave
CDRA

Parameter

Millimeter wave MIMO
RPA

submillimeter wave MIMO
RPA

Free space wave number (k0 )
Wave number for the excitation
mode (k0 a)
Wavelength (λ)
Fractional bandwidth (BW)
Percentage bandwidth
Reﬂection coefﬁcient magnitude
(jΓj)
Quality factor (Qt )
Maximum gain in E-ﬁeld (G0 )
Total efﬁciency (e0 )

2.34
1.20

2.10
1.08

124.91 mm
60 GHz

29,979 nm
10 THz

2.99 cm
0.22
22 percent
0:94  jΓj  0:98

29,979 nm
0.24
24 percent
0:975  jΓj  0:99

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

13.41 dBi
100 percent

9.93 dBi
100 percent

4.62
57.92 dBi
70.05 percent

4.23
127.89 dBi
0 percent

Table 4
MIMO RPA (4  4) antenna design speciﬁcations.

reﬂection coefﬁcient of the horizontal polarization in the H- plane. One
very interesting observation that has been noted is the high-quality factor
of the submillimeter wave CDRA, which signiﬁes that even at the submillimeter wave, the CDRA can be used for designing effective submillimeter wave ﬁlters or submillimeter wave oscillators. The bandwidth of
the submillimeter wave CDRA is wider than that of the millimeter wave
CDRA.
The massive MIMO CDRA has also been designed and analyzed in this
paper. The total efﬁciency of the submillimeter wave CDRA is found to be
zero, as shown in Table 2, which is possibly because a single-probe
feeding technique (instead of the commonly used co-axial-probe
feeding method) has been used in the submillimeter wave CDRA
design. A single-probe feeding model has been developed to process a
faster simulation through FEKO. But at the same time, better designs or
methods, as found in Ref. [22] or by conformal mapping as discussed in
Ref. [23], need to be studied in detail for future experiments using the
CDRA.

Parameter

Millimeter wave MIMO
RPA

submillimeter wave MIMO
RPA

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

124.91 mm
60 GHz

29,979 nm
10 THz

19.12 dBi
100 percent

4.45 dBi
100 percent

Table 5
MIMO RPA (8  8) antenna design speciﬁcations.
Parameter

Millimeter wave MIMO
RPA

submillimeter wave MIMO
RPA

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

124.91 mm
60 GHz

29,979 nm
10 THz

24.38 dBi
100 percent

0.175 dBi
100 percent

4. Massive MIMO antenna design and simulation
4.1. Rectangular patch antenna
The increasing demand for MIMO communication technology has
motivated this work. In addition, this type of technology basically uses a
very large number of service antennas (e.g., hundreds or thousands) that
are operated fully coherently and adaptively [7,8,9,10,11]. Extra antennas help by focusing the transmission and reception of signal energy
into ever-smaller regions of space. This can bring vast improvements in
throughput and energy efﬁciency, particularly when combined with
simultaneous scheduling of a large number of user terminals (e.g., tens or
hundreds) as explained in Refs. [7,8,9,10,11]. Submillimeter wave
massive MIMO technology can help to improve antenna efﬁciency by
deploying an array of low-power, low-cost miniature antennas. The total
efﬁciency of MIMO antennas designed in FEKO is found to be 100
percent, which is practically not possible. Once again, for maintaining
simplicity in the design, the conductor is taken to be a perfect electric
conductor; hence, there is no metallic loss, and the tangent loss of the
dielectric material is assumed to be zero. Thus, the MIMO antenna system
designed is taken to be a lossless system.
The results obtained from FEKO analysis are tabulated in Tables 3–5.
It can be seen that an 8  8 submillimeter wave MIMO RPA has a gain of
about 0.175 dBi, which is 4.43 dBi higher than that of the 4  4 submillimeter wave MIMO RPA, and 9.75 dBi higher than a 2  2 submillimeter wave MIMO RPA. On the other hand, the 8  8 mm wave MIMO
RPA has a gain of about 24.38 dBi, which is 5.26 dBi higher than that of
the 4  4 mm wave MIMO RPA, and 10.9 dBi higher than a 2  2 mm
wave MIMO RPA.
Figs. 13 and 14 show the antenna far-ﬁeld patterns of a 2  2 mm
wave MIMO RPA and a 2  2 submillimeter wave MIMO RPA. Figs. 15
and 16 show the antenna patterns of a 4  4 mm wave MIMO RPA and a
4  4 submillimeter wave MIMO RPA, while Figs. 17 and 18 demonstrate

Fig. 13. 2  2 Millimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.

the same for an 8  8 massive millimeter wave MIMO RPA and an 8  8
massive submillimeter wave MIMO RPA.

4.2. Cylindrical dielectric resonator antenna
Results obtained from FEKO simulation of the MIMO CDRA antenna
design are tabulated in Tables 6–8. It can be seen that an 8  8 submillimeter wave MIMO CDRA has a very low gain of about 40 dBi, which is
6 dBi higher than that of the 4  4 submillimeter wave MIMO CDRA and
13 dBi higher than a 2  2 submillimeter wave MIMO CDRA. On the
other hand, the 8  8 mm wave MIMO CDRA has a gain of about 5.59
6
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Fig. 17. 8  8 Millimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.

Fig. 14. 2  2 Submillimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.

Fig. 18. 8  8 Submillimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.

Fig. 15. 4  4 Millimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.

Table 6
MIMO CDRA (2  2) design speciﬁcations.
Parameter

Millimeter wave MIMO
CDRA

Submillimeter wave MIMO
CDRA

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

2.99 cm
60 GHz

29,979 nm
10 THz

7.98 dBi
100 percent

53.79 dBi
100 percent

Table 7
MIMO CDRA (4  4) design speciﬁcations.

Fig. 16. 4  4 Submillimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes.
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Parameter

Millimeter wave MIMO
CDRA

Submillimeter wave MIMO
CDRA

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

2.99 cm
60 GHz

29,979 nm
10 THz

0.73 dBi
100 percent

46.56 dBi
100 percent
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Table 8
MIMO CDRA (8  8) design speciﬁcations.
Parameter

Millimeter wave MIMO
CDRA

Submillimeter-wave MIMO
CDRA

Wavelength (λ)
Resonant frequency
(f0 )
Gain (G0 )
Total efﬁciency (e0 )

2.99 cm
60 GHz

29,979 nm
10 THz

5.59 dBi
100 percent

40.77 dBi
100 percent

dBi, which is 4.86 dBi higher than that of the 4  4 mm wave MIMO
CDRA and 13.5 dBi higher than that of the 2  2 mm wave MIMO CDRA.
The MIMO CDRA antenna is also designed to be lossless for maintaining
simplicity in the computation using FEKO.
Figs. 19 and 20 show the plots of the far-ﬁeld antenna patterns of a
2  2 mm wave MIMO CDRA and a 2  2 submillimeter wave MIMO
CDRA, respectively. The antenna far-ﬁeld patterns of a 4  4 mm wave
MIMO CDRA and a 4  4 submillimeter wave MIMO CDRA are shown in
Figs. 21 and 22, respectively; and the antenna far-ﬁeld patterns of an
8  8 massive millimeter wave MIMO CDRA and an 8  8 massive submillimeter wave MIMO CDRA are shown in Figs. 23 and 24, respectively.
The results above do not consider beamforming weight vectors when
calculating the antenna radiation pattern. Since the array pattern of the
antennas affects the beam formation to a large extent, a linear OneDimensional (1D) antenna array as well as a planar nonlinear 2D antenna array are both included in the discussion. Once again due to space
limitation, we limit our plots for 1D and 2D RPA antenna array only. The
Array Factor (AF) for the linear 1D RPA antenna array pattern can be
expressed as
AF ðϕ; ϕ0 Þ ¼ w H  v½ :; ϕ:
1N

Fig. 20. 2  2 Submillimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in
E- and H- planes.

(4)

NK

In equation (4), N signiﬁes the number of elements in the linear array,
and K ¼ 100,000 sampling points. Since the angle of incidence ϕ can vary
between 0 and 180 when sampled at K sampling points, the steering
vector matrix v½:; ϕ can be expressed as

:; ϕ1 ; v ½ :; ϕ2 ;
v ½ :; ϕ ¼ v ½N1
N1

NK

: :


: ; v ½ :; ϕK  :
N1

(5)

Where the steering vector v ½:; ϕk  for k ¼ 1,…, K sampling points is obtained from the following equation
j2λπ d

v ðϕÞ ¼ e

;

Fig. 21. 4  4 Millimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in Eand H- planes.

(6)

Fig. 22. 4  4 Submillimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in
E- and H- planes.

Fig. 19. 2  2 Millimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in Eand H- planes.
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Fig. 25. Linear array (1D) antenna pattern without beamforming.
Fig. 23. 8  8 Millimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in Eand H- planes.

Fig. 26. Linear array (1D) antenna pattern with beamforming.
Fig. 24. 8  8 Submillimeter wave MIMO CDRA: Far-ﬁeld radiation patterns in
E- and H- planes.

ej λ ðjjr n
2π

w

ðNNÞ1

¼

x r 1

jjÞðjcosθ0 sinϕ0 jÞðjjr

AF ðϕ0 ; θ0 ; ϕ; θÞ ¼ w H ðϕ0 ; θ0 Þ  v½ϕ; θ  90∘ ;
1ðNNÞ

n

 r 1 jjÞðjcosϕjÞ:

2π

 
e  r

n r 1

 
 cosϕ

:

(9)

(10)

36090

(7)
where the steering vector matrix has each of its elements with a
dimension of ðN  NÞ  1.
Fig. 27 shows a rectangular array 2D antenna pattern without

rn for n ¼ 1…, where N antenna elements are the coordinate points corresponding to each antenna element, while e refers to the unit vectors in
the direction of the coordinate axes. The weight vectors are expressed as
the function of the steering angle ϕ0 in the following equation:
1 j λ
w ¼ e
N
N1

jjÞðjcosθ0 cosϕ0 jÞ

The array factor can be expressed as a function of θ, ϕ, θ0 , and ϕ0 as

where λ is the wavelength, and d is the distance of the antenna element
from the reference point expressed as
d ¼ ðjje jjÞðjjr

n y r 1

NN

:

(8)

When beamforming vectors are not associated, then we get antenna
pattern similar to that shown in Fig. 25, which is obtained for a 1D array;
whereas Fig. 26 represents a multiple beam formation with steering angles at 45 and 30 for a 1D array. A similar method can be applied for
the 2D planar array. The beamforming weight vectors for the 2D planar
array are expressed as a function of both azimuthal angle ðϕÞ and
elevation angle ðθÞ as
Fig. 27. Rectangular Array (2D) antenna pattern without beamforming.
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In Figs. 29–31, the far-ﬁeld radiation patterns of 2  2, 4  4, and 8 
8 submillimeter wave MIMO RPA can be seen. The beamforming weight
vectors are applied to increase the antenna gain and reduce the path loss
due to high frequency. When beamforming weight vectors are implemented, the antenna gain increases by 0.1633 dBi from 9.93 dBi
(without beamforming vectors) with θ0 at 30∘ for a 2  2 MIMO RPA, by
0.26 dBi from 4.45 dBi (without beamforming vectors) with θ0 at 30∘
for a 4  4 MIMO RPA, and by 0.51 dBi from 0.175 dBi (without
beamforming vectors) with θ0 at 45∘ for a 8  8 MIMO RPA.
5. Conclusions
This paper studies, for the ﬁrst time, a massive MIMO antenna design
for the submillimeter wave while operating in the infrared region of the
electromagnetic spectrum with a frequency ranging between 0.1 THz and
10 THz and analyzes its performance using FEKO software. This paper
also applies the digital BF method to increase the antenna gain and to
combat path loss due to high frequency range over the submillimeter
wave frequency band.
In this paper, we have observed the BF gains of the massive MIMO
antenna when the frequency increases from the millimeter wave to the
submillimeter wave, and when the number of antennas increases from 4
to 64. As shown in Tables 3–5, the RPA antenna gain improvement of
10.97 dB occurs when the number of antennas is increased from 4 to 64
for the millimeter frequency, and the RPA antenna gain improvement of
9.755 dB occurs when the number of antennas is increased from 4 to 64
for the submillimeter frequency. Tables 6–8 show the CDRA antenna gain
improvement when the number of antennas is increased from 4 to 64 for
both the millimeter and submillimeter frequency ranges. It can also be
seen that the bandwidth expands from 3.47  108 Hz to 4.39  1012 Hz
when the frequency is increased from the millimeter wave to the submillimeter wave.
We have also discussed the practical scenario when the excitation
voltage at the feeding point of the antenna varies. All of the designs in
this paper involve computational electromagnetic principles. The practical development of these designed antennas and their testings follow
standard antenna testing procedures as discussed in Ref. [24]. And this
would be an effective way to deal with the challenges faced thus far in
achieving better antenna performance.

Fig. 28. Rectangular Array (2D) antenna pattern with beamforming.

Fig. 29. 2  2 submillimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes with beamforming vectors.
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Fig. 30. 4  4 submillimeter wave MIMO RPA: Far-ﬁeld radiation patterns in Eand H- planes with beamforming vectors.
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