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Dual-Band Hexagonal SRR Antennas and Their Applications
in SIMO and MISO-Based WLAN/WiMAX Systems

Puneet Sehgal®> 2 and Kamlesh Patel® *

Abstract—This article presents the performance of a hexagonal split-ring resonator (H-SRR) antenna
in the 2.4/5.2 GHz bands and evaluation of channel capacity for single-input multiple-output (SIMO)
and multiple-input single-output (MISO) systems. The proposed antenna consists of two hexagonal-
shaped split-ring resonators for dual-band operation with higher gain and metallic loadings between the
rings to achieve a wide impedance bandwidth. Impedance modeling of the proposed antennas confirms
the role of conductance and inductance of metallic loading for enhancing the antenna characteristics, and
thus, the fabricated H-SRR antenna achieves dual-band features with improved impedance bandwidth of
50%/76% and a gain of 2.32/2.57 dB at 2.4/5.2 GHz frequency bands. The performance of the hexagonal
SRR antenna is then investigated for space diversity applications in the 1 x 3 SIMO and 3 x 1 MISO
systems with circular SRR antennas. In linear and spherical arrangements of the antennas, the channel
capacity is found in the range of 2.7 to 4.8 Mbps at the 2.4/5.2 GHz bands, which also confirms its
dependency on the number of antennas as well as on the placement of antennas.

1. INTRODUCTION

New wireless applications demand ever-increasing data rates from both cellular and non-cellular
networks, like in technologies for robots, drones, self-driving vehicles, and new medical devices. To
satisfy these requirements in non-cellular networks, the wireless local area network (WLAN) standard
is continually being extended for a noise-free, disturbance-free effective communication channel with
minimum data loss, and a good value of signal-to-noise ratio (S/N) for reliable transmission of data [1].
So, two features, namely wide bandwidth and high channel capacity, of such networks can help to
achieve the future demand for more channels with high transmission speed. To increase it, various
system configurations based on the number of transmitting and receiving antennas are proposed,
namely, single-input single-output (SISO), single-input multiple-output (SIMO), and multiple-input
single-output (MISO), and multiple-input multiple-output (MIMO) [2].

The channel capacity of these systems depends upon the bandwidth of transmission and the S/N
ratio in addition to the characteristics of antennas used. In these four configurations, the channel
capacity (CC) is around 1bps/Hz for a 1 x 1 SISO system [3-6], 1 to 3.4bps/Hz for a 1 x 4 SIMO
system [6], and 1bps/Hz for 4 x 1 MISO system even though 10 transmitting antennas are used |2, 6],
whereas in MIMO, where multiple antennas are used at the transmitter end as well as at the receiver end,
CC is reported to increase to 1 to 8.3 bps/Hz for 4 x 4 MIMO system for 10 transmitting antennas [6-8].
However, the major drawbacks of the MIMO system are mutual coupling and large size. In MIMO
systems, the use of space diversity makes channel communication more effective by minimizing the
effects of multipath fading [9]. The selection of a suitable system configuration depends on the fading
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level between one element and another in a network [10] like in urban areas and also on several multi-
path components which add up differently with each element, and their independent fading develops
easily [11]. So, as in space diversity, the wireless or RF paths are used to place the antennas at
least one-half wavelength or several wavelengths apart at the source (transmitter diversity) or receiving
ends (receiver diversity), or both [12,13]. For ultra-wideband (UWB) applications, planar monopole
antennas are preferred due to their simple small structure, wide impedance bandwidth, and good
omnidirectional radiation patterns [14]. For WLAN (2.4/5.2 GHz)/WiMAX (3.4 GHz) applications [15],
the interest in split-ring resonator (SRR)-based antennas is growing as this structure offers miniature
size with resonant behavior [16,17]. Such antennas are usually fed by coplanar waveguide (CPW) lines
for better impedance matching [17-19]. Different shapes of SRR antennas have been investigated in
WLAN/WiMAX applications previously, like rectangular, circular [20, 21], and hexagonal SRRs [22-25].
These antennas were reported with a gain range of 2.32/2.57dB and an impedance bandwidth range
of 27.67/74.50% in 2.4/5.2 GHz bands. For various WLAN/WiMAX applications, the channel capacity
desires various factors like high-efficiency antennas, low interference of signals, and the minimum effect
of multi-path propagation which are quite prevalent nowadays in the technological era of wireless
communication [26]. Before employing SRR-based antenna into a MIMO system independently or
on the same substrate, first, the performance of these antennas is required to be investigated in a
simpler systems like SIMO and MISO. There are very few reports available on such investigation in
WLAN/WiMAX applications in 2.4/5.2 GHz bands.

In this paper, a hexagonal split ring resonator (H-SRR) structure with coplanar waveguide
transmission (CPW) feed is proposed as a compact wideband monopole antenna and first optimized in
ANSYS High-Frequency Structure Simulator (HFSS) software on an FR-4 substrate along with different
metallic loadings. The simulated results are then compared with a circular SRR antenna (C-SRR) [21],
and the optimized H-SRR antenna is fabricated on an FR-4 substrate. The space diversity performance
is investigated by employing two H-SRR and two C-SRR antennas for the receiver diversity (SIMO
system) and transmitter diversity (MISO system) in two arrangements of antennas, linear and spherical.
The channel capacity of these systems is evaluated at a low bandwidth of 10kHz to explore the future
possibility of using H-SRR antennas in dual-band operation for SIMO/MISO communication systems.

2. DESIGN OF HEXAGONAL SRR ANTENNA

The dimensions of proposed antenna are calculated using the design equations reported earlier [21]. An
equivalent circuit model of the H-SRR antenna is shown in Figure 1, where Ly, C1 represent the outer
ring, corresponding to a lower resonating frequency of 2.4 GHz, and Lo, Cs represent the inner ring
with an upper resonating frequency of 5.2 GHz. Thus, it acts as an L-C tank circuit that operates at a
particular resonance frequency for a single ring of SRR.

Lusrr

1= Cii5aR

Figure 1. Equivalent circuit of H-SRR structure.

The inductance of the tank circuit (Ly.srr) is calculated using Equation (1) [27]

Li_srr = % [t — (N —1)(t+s)]4.86 |:ln ? + 1.84&] (1)

where « is the fill ratio as defined in Equation (2), uo the permeability of free space, ‘N’ the number
of rings in the SRR structure, ‘¢’ the strip width of SRR rings, and ‘s’ the spacing between the SRR
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rings. Here, « is defined as [27],

N -1 t
o (N-1(s+1) )
1—(N-1)(s+1t)
The equivalent capacitance of the hexagonal SRR structure (Cp_ggrr) is obtained using

Equation (3) [27].

(N —-1) (14¢e0) e(V1—0?) 3)
2 2 (o)

where z is the length of the outermost ring, £y the permittivity of the free space, (o) the complete
integration of the first kind, e(v/1 — 02) the complete integration of the second kind, and the value of o (a
constant) is obtained by s/(s+2t) [27]. The resonance frequency is obtained by f, = 1

27/L—srRRCH-SRR

The dimensions of both rings of the H-SRR structure are shown in Table 1 along with calculated lumped
components.

CH—SRR = [233 — (2N - 1) (t -+ 8)] €0

Table 1. Calculated set of physical parameters and resonant frequency of H-SRR antenna.

Various parameters | Outer Ring | Inner Ring

x (mm) 10 7
t (mm) 2.5 2.5
S (mm) 0.5 0.5

(o) 89.82 89.82
(V1 —a?) 60 60
Cru-srr (fF) 87.78 40

Ly_grg (nH) 34.61 20.27
fr (GHz) — calculated 2.6 5.4
fr (GHz) — targeted 24 5.2

From Table 1, since there is a difference between the calculated and targeted resonance frequencies
based on Equations (1) and (3), a few modifications are required to obtain the desired frequencies as
well as to incorporate the effect of the feeding line, which is a tedious task. A solution can be found by
properly optimizing the dimensions of the designed antenna by simulation. So, first, the H-SRR antenna
design is made on ANSYS HFSS and then optimized to get a response at the desired frequencies as
shown in Figure 2(a), where a coplanar waveguide (CPW) fed H-SRR antenna consists of two split-ring
resonators in a hexagonal shape with outer radius (R; = 7.5mm) and inner radius (Ry = 5.5mm),
and the thickness of the hexagonal shape ring is ‘¢ = 2.5mm’. The spacing between the two rings
is ‘s = 0.5mm’. Also, the dimensions L; = 43mm, L3 (length of the ground planes), Ly = 26 mm
(breadth of antenna structure), the gap within both rings (¢ = 1mm), W; = W3 = 11 mm (widths of
top grounds), and Wy = 3mm (width of the center CPW line) are taken the same as for the C-SRR
antenna in [21]. Si, So, S3, and Sy are the metallic loadings used for different designs in Figure 2(b) to
achieve a wider bandwidth with good gain, and their dimensions are given in Table 2. All the antenna
designs are made of the same size, i.e., 43 x 26 x 1.5mm3. The H-SRR antenna is fabricated on FR-4
(e, = 4.4, h = 1.5mm, loss tangent = 0.02 and 35 um thick copper layer) for verification.

2.1. Return Loss and Gain Performance of the H-SRR Antenna

In this section, the simulated and measured return loss and gain characteristics of three proposed H-
SRR designs, fabricated C-SRR [21] and H-SRR antennas are presented. As shown in Figure 3(a)
compared to design 1 and design 2, design 3 of the H-SRR antenna gives better matching at higher
impedance bandwidth (IBW) of 74.50% at 5.2 GHz while at lower band, i.e., 2.4 GHz, the IBW is



142 Sehgal and Patel

L

) w, <W; W;
(a)

design 1 design 2 design 3
(b)

Figure 2. Schematics of (a) H-SRR antenna, (b) design 1, design 2, and design 3 with proposed
modifications in position and numbers of metallic loadings, respectively.

Table 2. Size of metallic loadings for three H-SRR antenna designs.

Proposed designs | Size of Metallic loadings (in mm?)
design 1 S1=85,=15x0.5
design 2 S1=8=15x1
design3 31252253254:1.5X1

obtained as 27.67%. It is observed that with increasing width of metallic loading, return loss remains
almost the same for design 1 and design 2. However, with adding one more metallic loading in design 3,
a new current path led to a slightly extended higher-end frequency in both 2.4 GHz and 5.2 GHz bands,
and the peaks in return loss shifted towards higher frequencies in Figure 3(a), which confirmed a
minor decrease in the equivalent inductance due to mutual coupling of loadings. Also, as given in
Figure 3(b), similar gains of 2.21dB and 1.02dB at 2.4 GHz and 5.2 GHz are obtained, respectively for
all designs. Design 3 is selected for the fabrication for a comparatively wider bandwidth. Figure 3(c) and
Figure 3(d) represent the measurement setup for the return loss and gain measurement using the R&S
Vector Network Analyzer (VNA) model ZVHS in an anechoic chamber. The discrepancy in measured
and simulated results in Figure 3(e) is due to the fabrication tolerances and some variations in the
actual substrate specifications compared to the simulated antenna.

The pairs of C-SRR and H-SRR antennas are taken, and their S-parameters are measured after
the calibration of VNA and used to calculate the gain of the antenna using Equation (4) [28,29].

G? = |Su* / { (1=15ul?) (1 - 1522) @)Ep} (4)

where r is the distance between the antennas (here » = 30 cm); A is the wavelength; G is the gain of the
antennas (considered the same for identical antennas); Sa1, S11, So2 are the S-parameters; and Ep is the
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Figure 3. (a) Simulated return loss and (b) simulated gain response of design 1, design 2, and design 3,
(c) return loss, and (d) gain measurement set up with R&S VNA ZVHS, (e) return loss comparison,
and (f) gain comparison of simulated design 3, fabricated C-SRR, and fabricated H-SRR antennas.
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Table 3. Comparison of antenna parameters of simulated and fabricated antennas.

Sehgal and Patel

Band C-SRR H-SRR
( G‘E:H ; Parameters |design 1 | design 2 | design 3 Antenna antenna
z (Fabricated) | (Fabricated)
Return —17.71 @ —18.55 @
—17. —-17.14 —15.2
loss (dB) 753 7 520 2.415 GHz 2.42 GHz
2.4 Impedance
24.34 23. 27. .
Bandwidth (%) 3 3.90 7.67 36.85 50
Gain (dB) 2.19 2.21 2.21 2.29 2.32
Return —15.67 @ —15.60 @
—16.2 —16. —19.4
loss (dB) 6.27 036 940 5.23 GHz 5.23 GHz
5.2 Impedance
2.62 4.42 4. . 76.53
Bandwidth (%) 72.6 7 74.50 83.75
Gain (dB) 1.39 1.10 1.02 2.61 2.57

polarization efficiency (= 1 for co-polarized antennas). Figure 3(f) shows the simulated and measured
gains of the H-SRR antenna (design 3). The measured gain of the C-SRR antenna is 2.29/2.61dB
at 2.415/5.23 GHz, and for the H-SRR antenna, it is obtained as 2.32/2.57dB at 2.42/5.23 GHz. So,
slightly better return loss and gain performances are obtained for fabricated H-SRR antenna than for
C-SRR antenna as summarized in Table 3.

2.2. Radiation Characteristics Measurements

Figures 4(a)—(b) show the 3-D polar plots or far-field patterns to understand the directional properties of
the H-SRR antenna (design 3) at frequencies 2.4/5.2 GHz. The maximum gain obtained is 2.3/3.67 dB
at 2.4/5.2 GHz in these 3-D patterns. The pattern is almost omnidirectional at 2.4 GHz and radiates
from both sides equally, whereas the radiation concentrates over the CPW feed line at 5.2 GHz rather
than over the entire SRR area.

Max: 3.67

.—10

-15

Min: -21.40

(b)

Figure 4. 3-D polar plot of H-SRR antenna at (a) 2.4 GHz and (b) 5.2 GHz.

The 2-D radiation pattern of the proposed H-SRR antenna is measured using RIGOL signal
generator model DSG3060 (9kHz—6 GHz) and the ROHDE & SCHWARZ spectrum analyzer model
FSL6 (9kHz—6 GHz) in an anechoic chamber. Figures 5(a)—(d) show the simulated and measured
2-D radiation patterns of the proposed H-SRR antenna for E-plane (X-Z) and H-plane (X-Y) at
2.4/5.2 GHz frequencies, respectively. The omnidirectional pattern is obtained for H-plane, which is
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Figure 5. 2-D radiation patterns of H-SRR antenna (design 3) for (a) H-plane at 2.4 GHz, (b) E-plane
at 2.4 GHz, (c) H-plane at 5.2 GHz, (d) E-plane at 5.2 GHz.

useful for applications like airplane antennas [20], while a dumbbell-shaped pattern is obtained for the
E-plane, so this H-SRR antenna is promising for WLAN/WiMAX bands.

To understand the radiation mechanism, the current distribution mechanism of this antenna is
investigated. The simulated surface current distributions are shown in Figures 6(a)-(b) at resonant
frequencies, 2.4 GHz and 5.2 GHz. At 2.4 GHz, maximum radiation is contributed by the inner ring
of the SRR structure and the central conductor of the CPW feed, while at 5.2 GHz the outer ring
of the SRR structure and the central feed part contribute to the maximum radiation. The surface
current density is obtained of the order of 39.6784 A/m at 2.4 GHz and 52.86 A/m at 5.2 GHz on the
H-SRR antenna at different parts on its surface as shown in Figures 6(a)—(b), so the radiation occurs
from the overall surface of rings leading to wider bandwidth due to four metallic loadings (S7, S2, Ss,
S4). Figure 6(c) shows the plots of radiation efficiency magnitude for three proposed designs of H-SRR
antenna. The radiation efficiency at 2.4/5.2 GHz is found to be 96%/93% for design 1, 96%/94% for
design 2, and 96%/93% for design 3.

3. IMPEDANCE MODELING OF H-SRR ANTENNA

From return loss characteristics in Figures 3(a), (e), it is observed that the proposed H-SRR antenna with
metallic loadings acts as a bandpass filter at frequencies under study, i.e., 2.4/5.2 GHz. The analytical
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Figure 6. The surface current distribution of H-SRR (design 3) at (a) 2.4 GHz and (b) 5.2 GHz, (c)
radiation efficiency plot.

modeling was reported earlier to calculate the resonant frequency of the H-SRR structure [27], which
is unable to incorporate the role of a feed line as well as any modifications such as metallic loading in
this structure. An impedance modeling based on return loss measurements is reported to address such
issues [21], which also helped to understand the inductive effect of the metallic loading in achieving
the desired frequencies as well as a wider bandwidth. In the same way, the input impedance Z;, (or
admittance Yj,,) value is obtained from the simulated /measured return loss data of the H-SRR antenna
and using the set of Equations (5)—(7) for input admittance (Y;;,) derived from the impedance equivalent
circuit of the H-SRR structure as shown in Figure 7.

G, =1/R

—AA—00 ™

= C
2.8 1

Figure 7. Equivalent impedance circuit of the H-SRR antenna (#design 3).

In Figure 7, Ly, Cy, G1 are lumped parameters for the outer ring of the radius R; in an H-SRR
antenna (Figure 1); Lo, Cy, G2 are for the inner ring of the radius Rp; G%, L§ represent the total
conductance and inductance for the four metallic loadings (S7, S2, S3, S4) connecting both the rings of
the H-SRR structure (design 3). Y, is the intrinsic admittance of the free space. Here, G4 = G3 + G4
and L% = LsL4/(Ls+ L4), G3 and L3 are the conductance and inductance for the two metallic loadings
(S1, S3), and G4, L4 are the conductance and inductance for the other two metallic loadings (S2, Sy).
The expression for overall input admittance is [21],

(1 *W2L202) (1 —wQLlCl)

Yin = G1G9 + Gng + GgGQ + il (G1 + Gg) + Gl (GQ + Gé)
(1 — w2L101) (1 — WZLQCQ) (1 — w2L101) (1 — (UZLQCQ)
- w?LlL/g + w2L1L2 - w2L1L2 + Yn (5)
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Since Y;, = Gin + jBin where Gy, is the input conductance and B;, is the input susceptance of the
H-SRR antenna, we get the following expressions by comparing the real and imaginary parts with
Equation (5) [21]

o e [A=@PLiC) (1= w?LeCo)] | (1= w?LiC) (1 —w’LaCh)

Gm = G1Gy + G1G3 + G3G2 ngng w2L1L2 w2L1L2 (6)
o (1 — w?LyC5) / (1 - w?L1CY) !

B, — L (G1+GY) + oL (G2 + GY) (7)

Equations (5)—(7) are used to calculate all lumped parameters shown in Figure 7 from the
simulated /measured return loss values of H-SRR and C-SRR antennas. Table 4 shows the calculated
values of these lumped parameters for three simulated H-SRR designs, fabricated C-SRR, and H-SRR
antennas. The lumped element values of Ly, C7, Lo, and C5 are found to be almost the same except for
design 2. Thinner metallic loadings for design 1 give the highest Lj as well as G, and the introduction
of wider loadings as in design 2 or one more set of metallic loadings in design 3 led to lower values of
these parameters. Further, lower values of L and G% of the fabricated H-SRR antenna have contributed
to widening the bandwidth (BW) as compared to the fabricated C-SRR antenna. The performances
of the H-SRR antenna with metallic loadings are summarized in Table 5 along with the previously
published work. From Table 5, it can be seen that the proposed H-SRR antenna provides a dual-band
response with wider impedance bandwidth of 27.67%/74.50% and better gain at 2.4/5.2 GHz bands,
respectively, compared to earlier reported antennas [15, 18,20, 21]. By using 3 or 4 H-SRR on the top
layer with a slotted ground layer or as a coupling structure, more than two times higher gain or 100%
bandwidth is reported [30-32] than the proposed H-SRR antenna, which still maintains the simplicity in
design. Thus, the H-SRR antenna can be used to transmit more channels in the 2.4/5.2 GHz bands. The
calculated @ factor for C-SRR is found to be 6.27/4.57 at 2.4/5.2 GHz, and for H-SRR, it is 3.53/1.31 at
2.4/5.2 GHz, respectively. Thus, the use of optimized four-metallic loadings helps in achieving a wider
band and comparatively higher gain for proposed H-SRR antennas.

Table 4. The calculated values of lumped parameters for simulated and fabricated antennas.

Parameters | design 1 | design 2 | design 3 C. Sialgr;)i;:ceoiype e S]i:{hfl;rll)iiﬁce(iype
L; (nH) 17.06 20.15 18.34 19.14 18.93
Cy (uF) 0.2 0.19 0.22 0.227 (pF) 0.23
Ly (nH) 83.98 24.43 81.81 11.79 17.32
Cs (fF) 0.11 0.38 0.11 78.63 0.52
L% (pH) 191 8.67 61 3.08 x 103 94.5
5(9) 5.5 1.00 1.00 0.99 2.00

4. SPACE DIVERSITY PERFORMANCE OF H-SRR ANTENNA

The space diversity performance of the H-SRR antenna is investigated in terms of receiver diversity in
the single input-multiple output (SIMO) system and transmitter diversity in the multiple-input-single-
output (MISO) system.

4.1. Receiver Diversity and Channel Capacity of SIMO System

For the receiver diversity, one H-SRR antenna acting as a transmitting (Tx) antenna is kept at position 1,
and three receiving (Rx) antennas, one H-SRR, and two C-SRR antennas are kept at three different
positions (2, 3, 4) concerning position 1. Also, the receiver antennas are placed in two arrangements
individually, i.e., the linear and spherical arrangements for the SIMO system output of 1Tx x 3Rx.
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Table 5. Comparison between the present work and other reference antennas.

Shape of er of the Frequency | Electrical Size IBW Gain Design
Antenna/Reference | substrate (GHz) of the antenna (in %) (dB) complexity
Semi-elliptical patch [15]| 4.4 (FR-4) 2.4-12 0.16A x 0.12X - 0.2 Complex
Rectangular-SRR [18] |6.15 (Roger) | 2.4, 5.2, 5.8 0.32) x 0.208X 10, 58 -2, 4 Most Simple
Circular-SRR [20] 4.4 (FR-4) 2.4, 5.2 0.344) x 0.208\ | 27.50, 70.58 | 2.14, 0.34 | Most Simple
Circular-SRR [21] 4.4 (FR-4) 2.4,5.2 0.344X x 0.208 30, 70.78 2.11, 0.36 | Most Simple
H-SRR [30] 4.3 (FR-4) 3 0.23X x 0.19) 146.91 3.88 Complex
H-SRR [31] 4.4 (FR-4) 8.52, 11.38 0.71) x 0.88\ 28.40, 10.19 | 4.63, 4.01 Complex
H-SRR [32] 4.3 (FR-4) 5.98 0.526) x 0.518X 72.5 5.97 Complex

Our work
H-SRR (design 1) |4.4 (FR-4)| 2.4, 5.2 0.344) x 0.208)\ |24.34, 72.622.24, 1.46] Simple
H-SRR (design 2) |4.4 (FR-4)| 2.4,5.2 0.344)\ x 0.208)\ |23.90, 74.42|2.32, 1.11| Simple
H-SRR (design 3) |4.4 (FR-4)| 2.4, 5.2 0.344) x 0.208)\ | 27.67, 74.50|2.31, 1.26| Simple
Fabricated H-SRR | 4.4 (FR-4) | 2.4, 5.2 0.344) x 0.208\ | 50, 76.53 |2.32, 2.57| Simple

where A is the free space wavelength at the lower operating band.

Table 6. Different cases for the receiver diversity of antenna.

POSITION 1 POSITION 2 POSITION 3 POSITION 4
CASES o .. o o
(Transmitting antenna) | (Receiving antenna) | (Receiving antenna) | (Receiving antenna)
1. H-SRR H-SRR C-SRR C-SRR
2. H-SRR H-SRR C-SRR -
3. H-SRR H-SRR - -

Table 6 shows cases 1, 2, and 3 based on different placements of H-SRR and C-SRR antennas at
positions 1, 2, 3, and 4, respectively. For instance, in case 1, the transmitting antenna is H-SRR antenna
kept at a fixed position from three receiving antennas as H-SRR, C-SRR, and C-SRR antennas, placed
respectively at three different positions. The distance between position 2 and position 1 is kept at 32 cm;
for positions 3, and 4, it is 34 cm from position 1 in the linear arrangement of antennas; in the case of a
spherical arrangement, the positions 2, 3, and 4 are at a radial distance of 30 ¢cm, each from position 1,
i.e., transmitting antenna.

Figures 8(a)—(f) show the antenna arrangements for various cases with different views along with
a power divider at the receiver end in the anechoic chamber. The foams of low dielectric constant 1.6
are used to place the SRR antennas. The received power (P,), carrier-to-noise ratio (C/N), and carrier-
to-noise-density ratio (C/No) values are obtained with the input power variation in the range of 0 to
20 dBm for all three cases in both linear and spherical arrangements of receiver antennas at 2.4/5.2 GHz.
Such arrangements form an array of the receiving antennas, so the array factor also contributes to the
total receiving power. The power divider used in the measurement is COMPEL PD0981-4W which is an
RF broadband, 4-way, power divider, and power combiner furnished with SMA female connectors and
featured with 2dB max. insertion loss and 14 dB min. isolation. The measured insertion loss (—S21) of
the power divider is about —0.79dB and —7.75dB at 2.4 GHz and 5.2 GHz frequencies, respectively.

Figures 9(a)—(d) show the plot of received power vs. incident power, and it is observed that the
net received power increases almost linearly with the incident power, while it decreases as the number
of receiving antennas decreases subsequently. In linear arrangements, the received power P, is found in
the range of —64 dBm to —45dBm at 2.4 GHz for case 1 when all three Rx antennas are in use, and it
is lowered to —52dBm at 5.2 GHz for the input power of 20dBm for case 1. Also, for 2.4 GHz, only a
slight variation in P, values is observed among the three cases as in Figure 9(a), while the variation is
large at 5.2 GHz as shown in Figure 9(b), indicating that the larger diversity effect is at higher frequency
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Figure 8. Measurement set up to investigate the receive diversity using H-SRR and C-SRR antennas
in SIMO systems. (a) Case 1 (Side view). (b) Case 1 (Front view). (c¢) Case 2 (Side view). (d) Case 2
(Front view). (e) Case 3 (Side view). (f) Case 3 (Front view).

in the linear arrangement. In cases 1 and 3 at 2.4 GHz in Figure 9(c), the same P, range as in linear
arrangements indicates more dependency on the number of antennas for spherical arrangement.

However, at 5.2 GHz, a lower P, is observed in the spherical arrangements, especially for cases 2
and 3 in the far-field region. This confirms that space diversity using H-SRR antennas is more dependent
on position arrangement and operating frequency rather than the number of antennas.

In Figures 10(a)—(d), the measured C/N with incident power shows that as the magnitude of the
incident power is increased from 0dBm to 20 dBm, the C/N ratio is found to linearly rise from 31 dBc
to 48 dBc at 2.4 GHz for case 1, while it is 2 to 3dBc lower for cases 2 and 3, due to lesser number of
Rx antennas in the linear arrangement, and indicates lower reception of the desired 2.4 GHz signal. A
similar range of C/N is noted in spherical arrangements at 2.4 GHz as in Figure 10(c) and at 5.2 GHz,
and lower C/N is found in the range of 24 dBc to 36 dBc with larger variation with the input power
for each case in Figure 10(b) and Figure 10(d). This confirms larger crosstalk between antennas at a
higher frequency, which lowers net received power as well as creates fading in the reception.

Figures 11(a)—(d) show the measured carrier-to-peak-noise density ratio (C/No) in dBc/Hz in a
linear relationship with the input power which is found to be slightly dependent on the number of
antennas. The C/No is in the range of 74 dBc/Hz to 88 dBc/Hz for case 1, i.e., three Rx antennas at
2.4 GHz in the linear arrangement, and then it decreases with one or two Rx antennas as in Figure 11(a).
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Figure 9. Measured received power variation with incident power for various cases of SIMO system.
(a) Linear arrangement at 2.4 GHz, (b) linear arrangement at 5.2 GHz, (c) spherical arrangement at
2.4 GHz, and (d) spherical arrangement at 5.2 GHz.

Other C/No performances are similar to C/N performances for all cases 1, 2, and 3 at 2.4/5.2 GHz in
both arrangements. The channel capacity (CC) of the SIMO system is given in Equation (8) as [7]

CC = M,BLog, (1 + 2) (8)
where B is the bandwidth of the signal, C'/N the carrier-to-noise ratio, and M, the number of Rx
antennas. For cases 1, 2, and 3, the value of M, is 3, 2, and 1, respectively, as shown in Figures 8(a),
(¢), (e). The bandwidth in measurement is kept at 10kHz in the spectrum analyzer R&S FSL6. Using
Equation (8), the calculated channel capacity (in Mbps) is shown in Figures 12(a)—(b) for all cases 1
to 3 in linear and spherical SIMO (1Tx x 3Rx) systems. The CC of case 1-based SIMO system using
the H-SRR and C-SRR antennas is obtained in the range of (2.70-3.75) Mbps at 2.4 GHz and (2.70-
3.50) Mbps at 5.2 GHz, respectively, in the linear arrangement, while it is (3.0-4.50) Mbps at 2.4 GHz
and (2.90-3.50) Mbps at 5.2 GHz in the spherical arrangement. Also, the rate of increase is a little
higher at the lower band, i.e., 2.4 GHz with the applied input power (in dBm) for the same bandwidth
of 10 kHz; however, for the same percentage bandwidth, a 5.2 GHz band supports almost twice the CC
of that at 2.4 GHz band. The CC values are found to be almost the same in both linear and spherical
arrangements for cases 2 and 3 and increase with the number of Rx antennas rather than the input
power range.
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Figure 10. Measured C/N variation with incident power for various cases of SIMO system, (a) linear
arrangement at 2.4 GHz, (b) linear arrangement at 5.2 GHz, (c) spherical arrangement at 2.4 GHz, and
(d) spherical arrangement at 5.2 GHz.

4.2. Transmitter Diversity and Channel Capacity of MISO System

For transmitter diversity, one H-SRR antenna acting as a receiving (Rx) antenna is kept at position 1,
and three transmitting (Tx) antennas, one H-SRR, and two C-SRR antennas are kept at three different
positions (2, 3, 4), i.e., the linear and spherical MISO arrangements as 3Tx x 1Rx antennas at
2.4/5.2 GHz. Table 7 shows all cases based on different placements of H-SRR and C-SRR antennas

at positions 1, 2, 3,

and 4, respectively.

Table 7. Different cases for the transmitter diversity of antenna.

POSITION 1 POSITION 2 POSITION 3 POSITION 4
CASES (Receiving (Transmitting (Transmitting (Transmitting
antenna) antenna) antenna) antenna)
1. H-SRR H-SRR C-SRR C-SRR
2. H-SRR H-SRR C-SRR -
3. H-SRR H-SRR - -
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Figure 11. Measured carrier-to-noise power density (C/No) variation with incident power for various
cases of SIMO system, (a) linear arrangement at 2.4 GHz, (b) linear arrangement at 5.2 GHz, (c)
spherical arrangement at 2.4 GHz, and (d) spherical arrangement at 5.2 GHz.
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Figure 13. Measured received power variation with incident power for various cases of MISO system,
(a) linear arrangement at 2.4 GHz, (b) linear arrangement at 5.2 GHz, (c) spherical arrangement at
2.4 GHz, and (d) spherical arrangement at 5.2 GHz.

Figures 13(a)—(d) show the plot of received power vs incident power in the range of 0 to 20 dBm.
In the linear arrangement shown in Figure 13(a), the received power is found in the range of —58 to
—43dBm at 2.4 GHz for case 1, when all three Tx antennas are in use, while it reaches —51 dBm at
5.2 GHz for the input power of 20 dBm for the same case in Figure 13(b). In cases 1 and 2 at 2.4 GHz
for the spherical arrangement as in Figures 13(c)—(d). Slightly lower P, is obtained than that in linear
arrangements, and it is about 4-5 dBm higher in case 3. These results again confirm that the transmitter
diversity too is mainly dependent on the position arrangement, i.e., space diversity of the antennas and
frequency. Figures 14(a)—(d) show that as the incident power is increased from 0dBm to 20 dBm, the
C/N ratio is found to linearly rise from 31 dBc to 48 dBc at 2.4 GHz for case 1, while it is 6 to 7dBc
lower for cases 2 and 3, due to less Tx antennas in a linear arrangement. A slightly lower range of C/N
is noted at 5.2 GHz as in Figure 14(b) and found to be in the same range of 26 dBc to 35 dBc for all three
cases. In the spherical arrangements at 2.4 GHz as in Figure 14(c) and at 5.2 GHz as in Figure 14(d),
a similar range of the C/N is found as in the linear arrangements.

However, the variations in C/N values at 5.2 GHz indicate large mutual interference of signals at
the higher frequency, which becomes larger with the high input power of 20dBm. The variations in
C/No performances are found to be similar for cases 1, 2, and 3 at 2.4/5.2 GHz in both arrangements
as that of C/N performances. In the present MISO (3Tx x 1Rx) setup of measurement, the number of
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Figure 14. Measured C/N variation with incident power for various cases of MISO system at
two frequencies, (a) linear arrangement at 2.4 GHz, (b) linear arrangement at 5.2 GHz, (c) spherical
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antennas used at the transmitter end is taken as M; = 3, 2, 1 for cases 1, 2, and 3, respectively, and
the bandwidth is kept the same as 10kHz in Equation (8). The calculated CC (in Mbps) is shown in
Figures 15(a)—(b) for all cases. The CC of SIMO and MISO configurations with the existing antennas
can be compared in Table 8.

Table 8. Channel capacity for different diversity cases for the receiver diversity of antenna.

Space diversity 'CC (in Mbps) in CC. (in Mbps) in
linear arrangement spherical arrangement
Receiver diversity (SIMO) (2.70-3.75) @ 2.4 GHz (2.70-3.50) @ 2.4 GHz
Case 1 (3.00-4.50) @ 5.2GHz | (2.90-3.50) @ 5.2 GHz
Transmitter diversity (MISO) (3.10-4.80) @ 2.4 GHz (2.80-3.50) @ 2.4 GHz
Case 1 (3.20-4.50) @ 5.2 GHz (2.75-3.50) @ 5.2 GHz

As can be seen in Figure 16 and Table 8, the CC of the MISO system is found to be independent of
antenna position and dependent on the number of antennas similar to receiver diversity (SIMO). Thus,
the proposed H-SRR antennas are useful for high-speed transmission in MISO communication systems
like multi-path channel transmission [33].

5. CONCLUSION

A dual-band H-SRR antenna with metallic loadings is proposed for the WLAN/WiMAX applications
according to the IEEE 802.11 a/b standards. The transmitter and receiver diversities are studied
with the H-SRR antenna and additional two C-SRR antennas at 2.4/5.2 GHz bands for SIMO and
MISO systems. The carrier-to-noise ratio (C/N) and carrier-to-noise-density ratio (C/No) values
are found to increase with the number of antennas and vary linearly in the linear arrangements of
receiving/transmitting antennas in SIMO/MISO systems, whereas the slightly nonlinear increase in
these parameters is observed for the spherical arrangements of the same antennas. The calculated
channel capacity (CC) shows that it is dependent more on the number of antennas than on the placement
of antennas. Thus, the reported H-SRR antennas are suitable for employment in both systems for space
diversity performance.
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