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A Spiral Cavity Backed 4 < 4 MIMO SIW Antenna at Ku Band
for Radio Telescopes
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ABSTRACT: A compact spiral cavity backed substrate integrated waveguide (SIW) multiple input multiple output (MIMO) antenna is
presented in this paper. The edge-shaped spiral on top of the SIW cavity acts as a dipole antenna. The dual spiral arms are excited from
their symmetrical connecting center. The single antenna element in MIMO is rotated such that unit cells are orthogonal to each other,
forming a compact 2 x 2 and 4 x 4 MIMO SIW antenna. The proposed design shows a wide bandwidth of 930 MHz (13.74 GHz to
14.67 GHz) and 67.68% impedance bandwidth. The overall size of proposed MIMO SIW antenna is 0.9\, x 0.9A, X 0.024),, where
Ao 1s the operating wavelength. A return loss of 18.4 dB at 14.17 GHz is achieved. The series of metal pins (in plus shape) at the center
of 4 x 4 MIMO improves the isolation to 19.6 dB at resonant frequency. A pattern diversity in broadside direction is achieved by the top
spiral arms and its complementary spiral arms at the bottom. The beamwidth of the proposed antenna is 90° varying from —45 deg to
+45 deg, useful for reliable signal transmission and reception. Thus, the proposed antenna is a symmetrical compact design working at

Ku band suitable for radio telescope application.

1. INTRODUCTION

adio telescopes are powerful instruments used to observe

the universe in radio frequencies [1,2]. They play a crucial
role in astronomy, astrophysics, and cosmology, helping scien-
tists understand celestial phenomena such as pulsars, quasars,
and cosmic microwave background radiation. Multiple input
multiple output (MIMO) antenna technology is now integrated
into radio and telescopic applications to improve signal reli-
ability, system overall performance, and high throughput. In
MIMO technology, using multiple antennas at transmitter and
receiver improves signal quality and reception. Some of the ad-
vantages are: First is the ability to detect weaker signals from
distant celestial objects, increasing the sensitivity of radio tele-
scopes. Second is signals from multiple antennas, and MIMO
systems can achieve higher spatial resolution improving the
clarity and detail of the images produced by radio telescopes
and allowing for more precise observations and measurements.
This allows astronomers to observe faint cosmic phenomena
that would otherwise go undetected. Third is that MIMO sys-
tems can exploit diversity gain to enhance signal quality and
reduce the impact of radio frequency interference (RFI), lead-
ing to clearer and more accurate observations.

By enhancing signal reception, increasing data throughput,
mitigating interference, and providing scalability, MIMO tech-
nology enables radio telescopes to achieve unprecedented lev-
els of sensitivity, resolution, and accuracy. The integration of
MIMO antennas into radio telescopic applications represents a
significant advancement in the field of radio astronomy. This
technological leap opens new frontiers for exploring the uni-
verse, unraveling its mysteries, and advancing our understand-
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ing of the cosmos. Researchers have explored various MIMO
antenna design approaches using microstrip technology [3].
Recently MIMO antennas have been designed on flexible and
transparent substrates too given in [4,5]. However, these an-
tennas suffer from low gain and fabrication complexity specifi-
cally at higher frequencies. At higher frequency substrate in-
tegrated waveguide (SIW) technology provides the opportu-
nity for low cost, low insertion loss, planar integration, and
hence high quality factor [6]. Cavity backed SIW has played a
key role in array, multiplexing and duplexing antennas [7—13].
The advantage of cavity backed SIW antennas is the size com-
pactness and high gain with minimum losses (due to confined
structure). MIMO technology is integrated with cavity backed
SIW technology to achieve compact structures, high isolation,
and high gain system. In 2023, Tewari et al. proposed a self-
isolation based cavity backed SIW MIMO antenna working at
Ka band with high gain [14, 15].

An Archimedean spiral SIW antenna, in particular, has gar-
nered attention for its design and performance benefits. Spiral
antennas are known for wide bandwidth, circular polarization,
and frequency independent antennas suitable for various appli-
cations, including wireless communications, radar systems, and
satellite communications [16]. Archimedean spiral SIW an-
tenna is a specific implementation that leverages the SIW ap-
proach to enhance the traditional spiral antenna’s performance.
Key characteristics include: compact size, circular polarization,
and ease of fabrication. Researchers have explored different
configurations to achieve circular polarization in SIW anten-
nas [17,18]. In literature, cavity backed SIW dual spiral arm
antenna is an area that needs attention showing more opportu-
nities in this field. Compared to circular spiral antenna designs,
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FIGURE 1. Unit cell of dual arm spiral cavity backed SIW antenna.

rectangular spiral antenna is more suitable in terms of compact-
ness and gain. Similar concept is used in the paper to design a
compact MIMO antenna.

In this paper, we present an edge shaped spiral SIW MIMO
antenna with its complementary structure configuration. The
paper is categorized in following sections. Section 1 presents
the basic designing of complementary cavity backed spiral SIW
antenna (CCBSSA). Section 2 covers the result and discussion
on parametric analysis of antenna, followed by design and re-
sults of CCBSSA MIMO with the help of graphs and plots.
Section 3 covers the diversity performance analysis of MIMO
antenna, and Section 4 covers the conclusion and learning out-
come of proposed antenna design.

2. ANTENNA DESIGN METHODOLOGY

SIW rectangular cavity is designed to operate in desired oper-
ating frequency which lies in Ku band region with minimum
leakage losses. The substrate is Rogers RT/Duroid 5880 with
a relative permittivity of 2.2 and a loss tangent of 0.0009. The
cavity backed spiral SIW antenna is shown in Fig. 1. The di-
mensions of the cavity backed SIW are calculated based on the
resonant frequency of 14 GHz [7] from Equations (1)—(3).

q )
Ir (1)
\/ eff Leﬁ’
where

d2
Le = Lsiw - T 2
7 0.95p @

d2
We ;= Wsiw — T 3
7 0.95p 3)

Here, cis the speed of light (m/sec); f;- is the resonant frequency
in Hz; m and g are the modes of cavity resonator; Wey is the
width of rectangular cavity; L. is the length of the cavity res-
onator; L, is the length of SIW cavity; W;,, is the width of
SIW cavity; d is the diameter of the metal vias; and p is the
pitch of vias. The curve equation of a dual Archimedean spiral
single arm 7y of the antenna is calculated from the following
Equation (4) given in [20]:

L= Tin + 0 4

Here, r;, is the inner radius of spiral arm, a the increased rate
of spiral (constant), and & the spoke angle. The two arms of
the Archimedean spiral antenna are 180° out of phase to each
other. The equation for the second arm r, becomes (5):

Ty =rin +a(¢p — ) ®)

The proportional constant ‘a’ is also known as growing rate
of spiral arms. It is calculated from following Equation (6):

™

(6)

Here, L is the space between the arms, and W, is the width
of each arm. The space between arms, i.e., L;,, is calculated
from following Equation (7):

(Tout - Tin)

L:
TN — Wa

(7

Here, the number of turns of the spiral is denoted by /N, and
r9 is the distance from the center to the outer arm of the spiral.
The inner radius r;, (approx. equal to A\/4) is proportional to
lower frequency point, and r,, (is the total length of arm from
center or circumference of the spiral) is proportional to higher
frequency point for an operating frequency range.

The CCBSSA design is structured in three layers: top, sub-
strate, and bottom layers shown in Fig. 1. The top layer con-
sists of the dual spiral arms of metal strips in rectangular shape
(acting as dipole), along with a field boundary of copper strip
covering the row of metal vias, to ensure the center feeding of
dual arm spiral antenna and avoid spurious surface radiation of
antenna. The middle layer consists of a substrate with a STW
cavity formed by a row of metal vias. The proper selection
of diameter and pitch of vias minimizes the leakage loss and
band-gap effect phenomenon in SIW. Certain guidelines are
mentioned in [19] to calculate the value of diameter and pitch
of vias in SIW. The bottom layer consists of a complementar-
ity structure of spiral arms, consisting of the same dimensions
but with a mirror image just below the top spiral, such that the
feeding port lies at the center of top and bottom spirals shown
in Fig. 2 with design parameters.
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FIGURE 2. Unit cell of arm spiral cavity backed SIW antenna with design parameters and top/bottom view. L; = 3.76 mm, L2 = 0.83 mm,
rin = 0.5mm, oy = 4.83mm, Wyep, = 0.34dmm, Wy, = 7.25mm, L, = 13.2mm, W = 7.25mm, L = 13.2mm, p = 1.2mm,
d = 0.8 mm and width of metal strip above vias=3 mm. (a) Top view and (b) Bottom view.
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FIGURE 3. S11 response of unit cell CBSSA resonating at 14.17 GHz.

3. RESULT ANALYSIS AND DISCUSSION
3.1. Unit Cell CCBSSA

The region where the spiral’s circumference equals one wave-
length is where the Archimedean spiral antenna radiates waves.
The unit cell consists of dual spiral arms connected through
a coaxial port at the center such that the arms are 180° to
each other (can be seen in Fig. 2). A complementary struc-
ture of spiral is etched at the bottom ground plane which im-
proves the impedance matching. The unit cell of complemen-
tary cavity backed spiral-arms SIW antenna (CCBSSA) radi-
ates at 14.17 GHz with a return loss of 25 dB (S11 < | — 10| dB
impedance bandwidth) as shown in Fig. 3. The port excited
at the center of dual arm spiral with polarities positive (+) and
negative (—) triggers the current to flow in each arm. The num-
ber of turns in spiral arm influences the operating bandwidth of
the antenna, but increase in exponential rate of turns is limited
to the decaying of current as well. The number of optimized
turns is limited to three after which current extends to zero, and
antenna does not radiate.

The field distribution plot is shown in Fig. 3, where current
flows from center coaxial feed towards each arm of spiral along
the length at 14.17 GHz. Also, it can be seen that fields are
confined in the cavity, by the electric field boundary wall of a
metal strip of width 3 mm. The metal strip is placed above the
metal vias from all four sides to avoid any leakage of power
and efficient radiation of spiral arms, as seen in Fig. 4. The
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FIGURE 4. Field distribution of CCBSSA unit cell at 14.17 GHz.

top spiral arms radiate in broadside direction (i.e., perpendicu-
lar to antenna plane or maximum radiation at 0° in F-plane).
Similarly, its complementary spiral arms at bottom plane radi-
ate at 180° in E-plane. Thus, an eight shape radiation pattern
is achieved in CCBSSA design. It can be verified from 2D plot
radiation pattern of unit cell CCBSSA for co- and x-pol in E-
and H-planes, shown in Fig. 5. Due to spiral arms at top and
bottom of the SIW cavity, CCBSSA radiates in both the direc-
tions which helps to achieve pattern diversity.

3.2. Parametric Analysis

Upon parametric analysis of the proposed design by changing
the length of the arm and providing it with variations ranging
from 2 mm to 2.4 mm, a pattern in the S1; is observed as shown
in Fig. 6(a). It can be clearly inferred that 2.25 mm is considered
as the optimum length of the spiral at which the bandwidth and
return loss are maximum. As the length increases, there is a
slight change in the return loss.

Similarly on changing the width of the spiral arm as shown in
Fig. 6(b), the frequency is shifted towards a higher side, which
indicates that by decreasing the width of the spiral arm, the fre-
quency can be shifted towards higher side. The optimal value
of 0.34 mm is the width of the spiral arm selected based on re-
quired operating frequency.

3.3. A Spiral Cavity Backed MIMO SIW Antenna

The spiral arms of each antenna are structured in a compact
manner to design MIMO SIW antennas. Here four unit cells
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FIGURE 6. Parametric analysis of dual spiral arms (a) length and (b) width (Wqp).
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FIGURE 7. A 2 x 2 CBSSA MIMO antenna design is shown in figure above (a) and (b) without and (c) with metal vias wall. The ports are shown
in orange color for each antenna.

of CCBSSA are rotated and placed orthogonal to each other to
minimize the coupling of radiation pattern, surface current cou-

pling and increase isolation between any two antennas as shown

in Fig. 7 (2 x 2 MIMO CBSSA) and Fig. 9 (4 x 4 MIMO CCB-

SSA), with top and bottom views for each MIMO antenna. The
2 x 2 MIMO CCBSSA is measured and simulated resonating
at 14.2 GHz with S1; of —21.8 dB and S5; of —33 dB shown in
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FIGURE 9. Proposed CBSSA 4 x 4 MIMO antenna design with top view and bottom view is shown in (a) and (b).

TABLE 1. Comparison among simulated Archimedean spiral unit cell, 2 x 2 and 4 x 4 MIMO SIW antennas.

Antenna Design fr (GHz) | S (dB) | Sz (dB) | Gain (dBi)
Unit Cell 14.17 —25 - 5.1
2 x 2 MIMO SIW without Isolation 14.21 —20.5 —28 5.1
2 x 2 MIMO SIW with Isolation 14.21 —21.8 —33 5.2
4 x 4 MIMO SIW without Isolation 14.2 —20.46 —20.45 5.6
4 x 4 MIMO SIW with Isolation 14.17 —184 —19.6 54

Fig. 8, with fabrication prototype. The measured S parameter
results are in a good match with the simulated ones.

To design a compact MIMO antenna, mutual coupling or
isolation between antennas degrades. The distance required to
avoid mutual coupling between any two antennas should be ap-
proximately A\/2. In the proposed 4 x 4 MIMO CCBSSA, the
distance from portl to port2, port2 to port3, and port3 to port4
is 10.3 mm which is less than A/2 as shown in Fig. 9. Thus,
to avoid any interference and radiation leakage between the el-
ements, vias in the form of a ‘+’ is placed. The placement
of vias in the given design provides additional isolation to each
element from the adjacent one. This improves isolation shifting
resonant frequency to 14.17 GHz.

Table 1 shows the comparison and improvement of isolation
and gain in unit cell, 2 x 2 and 4 x 4 CCBSSA MIMO an-
tennas. The measured and simulated .S parameter graphs dis-
play a good matching of —18.4 dB as well as a good isolation
of —19.6 dB at 14.17 GHz seen in Fig. 10 (with fabricated pro-
totype). The measured resonating frequency is found to be ap-
proximately 14.25 GHz. The shift in the resonating frequency
between measurement and simulation is due to coaxial port at
center feeding of dual spiral arms and fabrication error (due to
soldering and phase cable losses). Further, the current distribu-
tion for the 4 x 4 CCBSSA MIMO antennas is shown in Fig. 11.
It can be clearly seen in Fig. 11 that when antenna element 1 is
excited, all the current and radiation are confined only to the
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FIGURE 12. Measurement setup of CCBSSA MIMO with Vector Network Analyzer (VNA) and in Anechoic chamber.

antenna cell, hence avoiding any interference or leakage to the
neighboring elements like shown in Fig. 11 (without metal pin
wall).

The dimension of proposed 4 x 4 MIMO CCBSSA is 27.1 x
27.1 x 0.508 mm?, making it highly compact and suitable
for systems and applications requiring less component space.

Fig. 12 shows measurement setup of MIMO CCBSSA using
Vector Network Analyzer (VNA up to 30 GHz) and Anechoic
chamber (up to 40 GHz).

Figure 13 shows the measured and simulated radiation pat-
terns in E-plane and H-plane of the proposed antenna along
+z and —z axes with respect to antenna plane at 14.25 GHz.
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TABLE 2. Comparison with existing literature.

Reference Technology Antenna Size (mm?) fr (GHz) FBW (%) Return Loss (dB) Gain (dBi) ECC
211 Rect: lar Spiral
cctangular 1ra
Sohi etal., . £ . P 34 X 68.7 x 3.25 6.6 2.65 423 4.6 < 0.0009
Microstrip MIMO
2020
[22] Traineul
William etal., et 28 x 20.5 x 1.6 3.79 - 24 3.7 0.08
Spiral MIMO
2019
(23] Microstri
Algadai etal., crostrip 36 x 43 x 1.57 515 0.04 18 3.45 ;
wire spiral
2016
[24] Spiral microstri
Saidi etal., piral microstip 13.6 x 20.1 55 004 23 72 <005
button MIMO
2023
[25] .
Tunable spiral
Padanathan etal., . . 120 x 60 x 1.6 34 0.12 < —10 2.38 < 0.2
MIMO microstrip
2017
[26]
Hashmi etal., spiral microstrip 236 x 272 x 3 0.433 47 < —10 7.4 -
2022
Proposed Work |Spiral SIW MIMO 27.1 x 27.1 X 0.508 14.25 6.7 18.43 5.4 0.0001
. . . . The beamwidth varies from —45° to +45° (i.e., beamwidth of
0.9%8 - 56 90° ). The pattern diversity is achieved as antenna radiates in
siose.] both the directions at theta = 0° and theta = 90°. The radia-
g e tion efficiency and gain plot is shown in Fig. 14. The proposed
é 0.994 4 g spiral MIMO SIW antenna radiates in elliptical polarization at
- '5'2'§ the operating frequency band. It can be seen in Fig. 15 that
g - the variation in current distribution at different phase excita-
2 0992 e tions is shown. The plus shape isolation structure at the center
= Lis of MIMO SIW antenna confines the field of each antenna by
8981 - ’ an electric field boundary, due to which the current in the dual
2050 pescaam . spiral arms rotates from center port (+) to (—), towards one
125 13.0 135 14.0 145 15.0 arm from 0° and 180° (i.e., Left hand polarization) and towards

Frequency (GHz)

FIGURE 14. Radiation efficiency and peak gain in proposed 4 x 4
MIMO SIW antenna.

second arm from 180° to 360° (i.e., Right hand polarization).
Thus, the proposed antenna shows both left-handed and right-
handed elliptical polarization. The same can be verified from
Fig. 16. The axial ratio value varies from 4.6 to 5.9 dB, and it
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FIGURE 16. Simulated axial ratio plot of proposed MIMO SIW antenna
at 14.17 GHz.

shows characteristics of elliptical polarization in the proposed
4 x 4 MIMO CCBSSA.

3.4. Diversity Performance Analysis of MIMO Antenna

Envelope correlation coefficient (ECC) and total active reflec-
tion coefficient (TARC) are essential parameters for evaluating
the diversity performance of MIMO antennas. Low ECC val-
ues indicate that the antennas provide uncorrelated signal paths,

enhancing the diversity gain and overall system reliability. On
the other hand, low TARC values reflect minimal active reflec-
tions and efficient antenna performance, contributing to higher
efficiency and better signal quality. Together, these parameters
help in optimizing the design and performance of MIMO sys-
tems for advanced wireless communication applications. ECC
is a measure of how independently the multiple antennas in a
MIMO system operate. The ECC between two antennas can be
calculated using the S-parameters [27] from Equation (8).

|S51512 + S Saa|”
(1 - (|511|2 + |521|2)) (1 - (\512|2 + |522|2))

@®)
Ideally, ECC should be less than 0.05 for acceptable diversity
performance, with values close to 0 indicating better perfor-
mance. The proposed MIMO antenna achieves a good value of
0.0001 as shown in Fig. 17.

TARC is defined as the ratio of the square root of the sum
of the reflected powers to the sum of the input powers for all
ports in a MIMO system in Equations (9) and (10). A TARC
value close to 0 means minimal active reflection, implying ef-
ficient transmission and minimal mutual coupling between an-
tenna ports. In Fig. 17, it can be seen that the TARC value
at 14.17 GHz is approximately —19 dB calculated from Equa-
tion (10) given in [28], showing efficient transmission of sig-

ECC =
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Table 2 shows the comparison of proposed MIMO CCB-
SSA antenna with existing literature in terms of size, resonant
frequency, fractional bandwidth (FBW), return loss, gain, and
ECC. The technology here is mainly microstrip, as very little
work has been done in spiral SIW MIMO antenna. The spiral
antennas designed in literature are designed at .S and C bands
only compared to proposed design working in Ku band.

4. CONCLUSION

The dual arm Archimedean spiral integrated with substrate inte-
grated waveguide technology provides a miniaturized antenna
design with minimum losses and high gain. The 4 x 4 MIMO
antenna design achieves a high self-isolation using metal pins
(in plus shape at center) of 19.6 dB at 14.17 GHz. The measured
and simulated results almost match in S parameter plot and ra-
diation pattern plot. As the gain increases from unit cell to 2 x 2
MIMO and 4 x 4 MIMO antennas, the bandwidth of antenna
decreases from 970 MHz to 810 MHz (4 x 4 MIMO). Gain and
bandwidth of an antenna have a trade-off. The diversity per-
formance parameters like ECC and TARC show good isolation
and minimum reflection in proposed CBSSA MIMO antenna,
with values within acceptable limits. The structure with small
size and high performance is suitable for applications in radio
telescope, space communication, and Radar communication.
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