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Abstract: This research evaluates the channel capacity (CC) of 5th Generation Multiple Input
Multiple Output (MIMO) antennas for propagation channels used in wireless communication. In
the presence of several frequency sources for the information and communication channels, the
effect on the CC of one-port and multi-port antennas is observed using the Path Loss Model (PLM),
which is significantly impacted due to the number of antennas used and their characteristics. The
CC is also estimated using a different approach, Kronecker's Model (KM). The channel matrix
using both models is estimated by maintaining 5 cm and 25 cm spacing between the transmitting
and receiving antennas. At 2.4 GHz for a 1-port antenna-based channel, the CC calculated using
PLM is 5.5 bps/Hz for both spacing, whereas the CC calculated using KM is 3.65 bps/Hz and 3.12
bps/Hz for 5 cm and 25 cm spacing, respectively. The CC in the PLM is found between 35 to 140
bps/Hz at a frequency of 3.5 GHz, whereas it is reported between 12 to 38 bps/Hz using the KM
at the same frequency, irrespective of distances. The maximum CC calculated using PLM is 5
bps/Hz for a 1-port antenna-based channel, 34 bps/Hz for 2-port MIMO antenna-based channels,
80 bps/Hz for 4-port MIMO antenna-based channels, and 157 bps/Hz for 8-port MIMO antenna
based channels in the frequency band from 3.45 GHz to 3.7 GHz. Thus, it is experimentally
confirmed that the capacity enriched by approximately 4 times on increasing the number of
antenna ports from 2 to 8 and operating frequency.

Keywords: Channel capacity, WLAN, 5G, MIMO, SISO, Signal to Noise Ratio (SNR).

1. Introduction: The rise of wireless personal ~ large throughput [2]. Several MIMO antenna
communication systems (PCS) can be ascribed approaches have been developed recently to
to the increasing demand for technological = meet the requirements of the wireless
breakthroughs that more closely correspond communication system's channel capacity
with the swiftly evolving demands of our  (CC)and data transmission rate [3]. Benefits of
surroundings [1]. The idea of information and MIMO in WLAN and 5G technologies include
communication propagation channels, which  faster data rates, a single connection, lower
have a wide range of applications in security, latency, and more connected nodes. The
entertainment, healthcare, and communication, increasing demand for higher data rates has
was conceived by one of the numerous prompted the development of new techniques
inventive PCSs. Wireless communication  aimed at achieving these speeds. Unlike typical
networks such as Wireless Local Area  wireless propagation channels, the estimation
Networks (WLAN), Worldwide of its characteristics in information and
Interoperability for Microwave  Access communication is influenced by the kind,
(WiMAX), and 5G have been widely utilised  orientation, propagation environment, and
by portable wireless communication devices. number of antenna elements [1].

These are the most well-documented wireless

bands used with MIMO antenna systems for ~ Recently, a dielectric medium-equipped four-

port integrated MIMO antenna construction
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operating at 2.4 GHz was presented in [4]. By
raising the pattern gain, the achievable CC (21
bps/Hz) was greater than the optimum CC. A
dual-band 4-port MIMO antenna operating at
28 GHz and 41.69 GHz was proposed [5].
After evaluation, the CC was found to be
nearly equal to 21 bps/Hz. A quad-port MIMO
antenna with a 2.42—7.45 GHz bandwidth was
suggested [6]. Considering that the four
elements had different numbers of transmitting
and receiving antennas, their maximum CC
was 21.34 bps/Hz. A quad-element MIMO
antenna for the 433 MHz industrial, scientific,
and medical (ISM) bands was designed [7].
Moreover, this antenna offered 19.9 bps/Hz of
CC. A range of the computed CC was reported
57.98 to 59.87 bps/Hz in a 12x 12 MIMO
antenna system made using four tri-port
antennas [8]. A weighted polarisation MIMO
antenna was used for 2.45 GHz wireless body
area networks [9]. The average CC that was
computed was 16 bps/Hz. In all the above-
reported studies, CC is plotted by adjusting
signal-to-noise ratio (SNR) values from 1 dB
to 20 dB or taking any constant SNR value. So,
there is very little information about the
measurement of SNR, as well as the
measurement of path loss and channel matrix

[6].

This research uses a Spectrum Analyzer to
obtain the received power and SNR which are
used to evaluate the CC of WLAN/5G MIMO
antennas under two different models: the Path
Loss Model (PLM) and the Kronecker Model
(KM). Additionally, by putting 1-port, 2-port,
4-port, and 8-port antennas at both the
transmitting (Tx) and receiving (Rx) sides, the
CC has been assessed. To the best of the
authors' information, no thorough
investigation has been done on the SNR and
CC measurement for WLAN/5G MIMO. The
rest of the research paper is structured as
follows.  The  specifications of the
measurement setup are highlighted in Section
2. The channel model and capacity estimates
are provided in Section 3. In Section 4, the
measured data for the SNR and CC are
presented. In Section 4, the suggested work is
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also contrasted with other reported work. The
conclusion is provided in Section 5.

2. Measurement Setup: Three antennas, a 1-
port circular spilt-ring resonator (SRR)
antenna [10] (Ant. 1) for the WLAN band
measurements over frequency band 2.29-2.95
GHz, a 2-port dual polarized circular slot
microstrip antenna [11] (Ant. 2), and 8-port
circular slot microstrip MIMO antenna
[12](Ant. 3) for 5G band measurements over
the frequency band 3.4-3.7 GHz are selected to
form channels. These antennas are shown in
Figure 1(a)-(c), respectively. These antennas
provide sufficient gain and radiation properties
in the entire WLAN (Ant. 1) and 5G band (Ant.
2, and Ant. 3). The ANSYS 3D High-
Frequency Simulation Software (HFSS) is
used for designing Ant. 1 and CST studio suite
is for designing Ant. 2 and Ant. 3. These
antennas are made on an FR4 substrate with
4.4 dielectric constant. The FR4 substrate is
chosen for the antennas used because it is
lightweight, cheap, and easily accessible, and
its hardness makes this substrate immune to
environmental changes. The main drawback of
FR4 is that the copper coating on the FR4
substrate can be chipped off over time. The
complete dimensions of the antennas used are
shown in Table 1 and their performance
parameters are presented in Table 2.

S
@
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Figure 1: Fabricated picture of the antennas used (a)
Ant. 1, (b) Ant. 2, and (c) Ant. 3.



An anechoic chamber was used for all the
measurements, which has a size of
5.8mx2.7mx3.05m. This anechoic chamber
has a Quiet Zone of size 0.4mx0.4mx0.4m,
which provides a reflectivity level from -34.24
dB to -48.51 dB and shielding effectiveness
from -86 dB to -90 dB in the frequency range
800 MHz -16 GHz. The standard used for the
measurement is a ridge horn antenna. For all
the measurements, two arbitrary distances (D)
between identical transmitting and receiving
antennas are selected as 5 and 25 cm, so the
effect of distance over the CC can be observed
in near-field and far-field regions.

Table 1: Complete dimensions of the antennas used

Antenna Ant. 1 Ant. 2 Ant. 3
No.

Feed 22x3 11.9%x3.5 11.9x3.5
(mm?)

Radius of 7.5 8.1 8.1

the (external  (circular (circular
circular ring), 5.5 slot) slot)
ring/slot (internal

(mm) ring )

Thickness 1 1.6 1.6

of the (both (circular (circular
circular rings) slot) slot)
ring/slot

(mm)

Ground 22x11 3.5x3.5 150x75
(mm?)

L-shaped - (5.5%x1.5)+ (5.5x1.5)+
structure (4.5x1) (4.5x1)

Table 2: Performance details of the antennas used

Antenna Ant. 1 Ant. 2 Ant. 3

No.

No. of ports 1 2 4/8

Structure Circular Circular Circular

of Antenna SRR Slot Slot
MIMO MIMO

Frequency @ 2.29-2.95 3.4-3.7 3.4-3.8

range

(GHz)

Isolation Not -44.53 -12

(dB) Applicable

Gain 2.1 3.77 5.21

(dB)

Dimension = 43 x26 35x35 75%x150

(mmX>mm)

For the measurements of signal-to-noise ratio
(SNR) at these two distances, a RIGOL signal
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generator model DSG3060 is used to transmit
the signal at the desired bands and an R&S
spectrum analyzer model FSL6 is used to
measure the SNR. To obtain the path loss
values, an R&S handheld vector network
analyser (VNA) ZVHS is used for obtaining
measured S-parameters for different sets of
Ant. 1, Ant. 2, and Ant. 3 [11].

Pyramidal Absorber
D
—
mplifier with
biasing

Amplifier with,
biasing

Tx Antenna Rx Antenna

2 : ( :
Figure 2: SNR measurement arrangements for (a)
Block diagram, (b) Ant. 1 as 1Tx1R at 5 cm, (c) Ant.
2 as 2Tx2R at 25 cm, and (d) Ant. 3 as 8Tx8R at 5
cm.



The channel (H)-matrix for channels made
using these antennas is calculated from the
respective path loss values using equation (2).
Figure 2 illustrates a signal-to-noise ratio
(SNR) measurement setup of how the antennas
were placed for the wireless communication
channels. An amplifier (green-colored circuit)
is used to amplify the received signal and then
measured on the spectrum analyzer. Since the
transmission coefficient is a ratio, the gain of
the signal due to this amplifier is nullified as
appears equally in the incident and transmitted
signals.

3. Characterization of MIMO Channel

3.1 Channel Model in MIMO: Unlike
traditional Single-Input-Single-Output (SISO)
(Figure 3(a)), a MIMO system (Figure 3(b))
allows for multiple independent transmission
channels, without any additional transmitted
power or bandwidth. This results in a CC that
increases almost linearly with the increase in
the number of antenna elements (under
specific conditions) [13] [14].

The input-output relationship between the
transmitter (Tx) and receiver (Rx) in a MIMO
wireless propagation channel with m transmit
and n receive antennas is expressed by [1],

Y=HX+W (1)
where X=[mx1] transmit vector, Y= [nx1]
received vector, W= additive white Gaussian
noise vector, and H=[nxm] channel matrix
composed of the complex random variable, hi;
for 1=1,...., n and j=I,....m, signifying the
channel fading coefficient between the ith
receive antenna and jth transmit antenna.

3.2. Path Loss between Transmitter and
Receiver: The scattering parameters (S-
parameters) between Tx and Rx antennas can be
obtained from a vector network analyzer
(VNA), which gives the path loss (PL) using
equation (1) [15].

S2112

PL =
(1-181112)(1-1S221®)gTx8RxEp

2)
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where S»; is the transmission coefficient, Sii
and Sy, are the reflection coefficients of Tx and
Ry antennas, gy is the Tx antenna gain, ggry is
the Ry antenna gain, and e, is polarization
efficiency (=1 for co-polarized antennas and
0.5 for cross-polarized antennas). In another
way, the PL is taken as the path gain

)\ 2
factor= ( / 41‘[D) , here D is the distance

between Tx and Ry antennas, and A is the
wavelength. The channel matrix (H) formed
between the Tx and Rx antennas is calculated
using the PLM as follows [16]:

PL —10( Yr1XiL 1Yy 1|Hl,(f)|)

3)
where H;j(f) is the transfer function in
frequency-domain for the channel between the
jth Tx antenna to ith Ry antenna, so it represents

the channel formed between the Tx and Ry
antennas, M, N=1, 2, 4,8.

SISO MIMO (2x2)
‘
mH ==Y [
Tx1
(a)

Figure 3: Techniques of channel commumcatlons
with their CC (a) SISO (b) MIMO.

3.3 Kronecker Model (KM) for H-Matrix:
Another model that can be used to construct the
H-matrix is the Kronecker model (KM), which
assumes that the CC 1is calculated in the
propagation environment of an independent
and identically distributed (i.i.d.) Rayleigh
fading channel (Hw). This model considered
that the complex Gaussian values with zero
mean and unit variance make up the entries of
the Hw matrix. Using the KM, the MIMO
channel matrix H is provided by [17]:

H=R/*H, R;"? @

where the transmission and reception matrices
are denoted by Rt (=AY?’Rr A'"?) and Rr
(=AY?Rt A'?), respectively. The complex
correlation coefficient 1s determined by



utilizing the radiation pattern and is indicated
by the off-diagonal (i, j) element of the matrix
consisting of Rr and Rt , whose diagonal
elements are 1. The total efficiency of the ith
port (newt) is represented by the ith element (i,
1) of the diagonal matrix A [17].

3.4 MIMO CC: From the knowledge of SNR
with the transmitting signal, the CC is
calculated in 1 Hz of bandwidth using equation

(5) from the H-matrix using equation (3) and
equation (4) for both models. The CC is
expressed as [17]:

CC = log,[det( L g + %HH*)] (5)
where det=determinant, SNR=average SNR,
Inr=nr*ng identity matrix, H = channel matrix,
H*=Hermitian transpose, nr =number of Rx
antennas, and nt =number of Ty antennas.

4. MIMO Capacity Results:

Further, the channel capacities are evaluated
for channels created by 1Txx1Ry using Ant. 1,
2Txx2Rx using Ant. 2, 4Txx4Rx using Ant. 3
with the matched loads connected to the
remaining four ports, and 8Txx8Rx using Ant.
3 based on both PLM and KM at 5 cm and 25
cm distances between Tx and Ryx as shown in
Table 3.

Table 3: Channel Details Used for CC Measurement

Nam Type No. of No. of Freque Dista
e of of Tx R« ncy nce
chan Ante anten anten wused D)
nel nna nas nas (GHz) betwe
used en Tx
and
RX
(cm)
Case Ant.1 1 1 2.1-2.8 5 and
1 25
Case Ant.2 2 2 3.1-40 S and
2 25
Case Ant.3 4 4 3.1-40 5 and
3 25
Case Ant.3 8 8 3.14.0 5 and
4 25

The measured SNR of the channel formed in
Case 1 is presented in Figure 4(a), which
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shows that the SNR values vary from 16.91dB
to 18.38 dB. The measured SNR of the Case 2
and Case 3 are shown in Figure 4(b). The SNR
values of Case 2 fluctuate from 26.78 to 29.36
dB and Case 3 varies from 27.27dB to 29.74
dB. The same SNR values are found for Case
4 as in Case 3.

As depicted in Figure 2(a), a pair of Ant. 1 is
used to measure the path loss between them at
2.4 GHz. Figure 5 shows the (CC) obtained
using PLM based on equations (2), (3) and (4)
at two different distances of 5 cm and 25 cm.
For both cases, the CC is less than 6 bps/Hz,
which is low for the 4G networks whereas, the
CC is approximately 3 bps/Hz at two different
distances of 5 cm and 25 cm using KM
(equations (4) and (5)) as considered only
SNR.

The path loss between a pair of dual-polarized
circular slot antennas is measured at 3.5 GHz as
presented in Figure 2(b). Figure 6 shows the
CC obtained from the PLM at 5 cm and 25 cm
distances. When D=5 c¢m, the CC is obtained
from 32 to 34 bps/Hz. However, when D=25
cm, CC is achieved from 34 to 50 bps/Hz. The
above data shows that for the frequency range
of 3.5 GHz to 3.7 GHz, the CC shows the same
kind of pattern for both distances. The CC
obtained from the KM is increased from 5to 13
bps/Hz at a 5 cm distance, while in the case of
25 cm, it fluctuates from 5 to 12 bps/Hz. The
above data shows that for the operating band of
3.5 GHz for 5G, the channels can be
transmitted with approximately the same CC
for both distances.

An 8-port MIMO antenna as shown in Figure
2(c) is used in pairs to obtain the path loss
between its various ports. To use as a 4-port
antenna-based channel, the path loss between
only the top 4-ports of this antenna is used to
estimate the H-matrix. Figure 7 compares the
CC from the PLM measurements at two
different distances of 5 cm and 25 cm. In the
case of 5 cm, the CC is obtained from 69 to 79
bps/Hz while in the case of 25 cm, CC
fluctuates from 57 to 80 bps/Hz. For the
frequency range of 3.5 GHz to 3.7 GHz, the CC
shows a similar trend at both distances. When
the number of antennas increases from 2 to 4,



there is a slight improvement in CC. In the case
of 5 cm, the CC using KM is achieved from 13
to 20 bps/Hz. However, when D=25 cm, CC
fluctuates from 5 to 20 bps/Hz.

18.51—
_ 18.0 \ g
m .
T 17.51 \'\
DZ: .
h 17.01 \_
16.5; "
—=— Case 1

16.0 r r . :
20 22 24 26 28 30

Frequency (GHz)
(a)
30.0
29.5;
~ 29.01
(i)
T 28.5;
04
= 28.01
W 27.5;
2701 Cioe 3 and Case J
26.5 ase 3 and Case

3.0 32 3.4 36 3.8 4.0
Frequency (GHz)

(b)
Figure 4: Measured SNR (a) Case 1, and (b) Case 2;
Case 3 and Case 4.
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Figure 5: CC for Case 1 using PLM and KM.

Figure 8 shows the CC for channels formed
using 8-ports of two identical MIMO antennas
at two different distances of 5 cm and 25 cm
obtained using PLM. The capacity growth
varies from 137 bps/Hz to 157 bps/Hz for a 5
cm distance and from 94 bps/Hz to 135 bps/Hz
for a 25 cm distance. In the 3.5 GHz to 3.7

448

CNS&E Journal Volume 1 (6), December 2024

GHz frequency band, the CC exhibits a
comparable pattern at both distances. As a
result, the CC significantly improves with the
addition of eight antennas. Using the KM, the
capacity growth varies from as low as 8
bps/Hz to a high value up to 36 bps/Hz in the
case of 25 cm, and from 24 bps/Hz to 39
bps/Hz in the case of 5 cm. So, the CC shows
a similar trend for both distances in most
frequency points.

60
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I
5 — —— —
&301 _ _
&7 |—— PLM (D=5 cm) —e— PLM (D=25 cm)
8 20— KM (D=5 cm) —v— KM (D=25 cm)
104 >o—-=-¢~‘<:>-x
0 : : .
3.4 35 3.6 3.7 3.8

Frequency (GHz)
Figure 6: CC for Case 2 using PLM and KM.
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Figure 7: CC for Case 3 (4Tx4R) using PLM and
KM.

Figure 9 depicts the achievable channel
capacities of all four cases at 3.5 GHz using
PLM and KM for D=5 cm and 25 cm. It can
be noted that the CC calculated using PLM is
more than the KM. In Single Input Single
Output (SISO) (Case 1), both PLM and KM
provide almost the same CC. However, for
MIMO Cases 2, 3, and 4, there is a significant
difference in the CC. This is because in PLM,
real transmission channels were considered
which include SNR at both the transmitter’s
and receiver’s end, and in KM, SNR only at the
receiver is being considered and it takes care of



the total efficiency while the channel scenario

is avoided.
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Figure 8: CC for Case 4 (8Tx8R) using PLM and

KM.
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Figure 9: Comparison of channel capacities obtained
for the four cases.

Table 4: Comparison of proposed work with other similar previously reported work

Ref.

[4]
[5]

[6]
[7]
8]

91

(18]
[19]
[20]
[21]
Case 1*
Case 2*

Case 3*

Case 4%

No. of BW

Antenna (GHz)

Elements

4 2.4-2.44

4 27.75-28.18/41.31-
41.99

4 2.42-7.45

4 0.356-0.536

12 3.4-3.6
(-6dB BW)

2 245

4 2.9-10.86

4 3.1-10.6

4 3.5-11

4 2.3-13.75

1 2.29-2.95

2 3.4-3.8

4 3.4-3.8

8 3.4-3.8

Isolation
(dB)

>12

>20

>12
>20

>10

NR
>22
>17
>17
>22

NA
>16
>15

>15

Average SNR Max. CC

(dB) (bps/Hz)

20 (Set value) 21

20 (Set value) 21

20 (Set value) 21.34

20 (Set value) 19.9

20 (Set value) 59.87

30 (Set value) 16

NR NR

NR NR

NR NR

NR NR

17.35 (Measured) PLM=5,
KM=4

28 (Measured) PLM=34,
KM=12

29 (Measured) PLM=71,
KM=21

29 (Measured) PLM=140,
KM=38

Note: * = This Work, BW=Bandwidth, and NR=Not Reported.
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With the increase in the distance, no significant
change in CC is observed for both PLM and
KM. This shows that the CC is independent of
the distance between Tx and Ry. As the number
of Tx and Rx antennas increases, CC increases
almost linearly in both PLM and KM. This
confirms that the CC is dependent on the
number of antennas on both the Tx and Ry
sides. These results are important for using
MIMO antennas in information and
communication technology systems for the
Smart City. So, the MIMO antenna with more
number of antenna elements provides high data
rates.

This work is finally compared with the recently
reported work in Table 4, which has calculated
CC. In the previous work [4]-[9], SNR is set to
a fixed value of 20 dB or 30 dB, while other 4-
port MIMO antennas are reported without CC
[18]-[21]. None of the previously reported
work has measured SNR and calculated CC
using PLM and KM. Also, in the proposed
work CC is calculated by varying the number
of antennas at both Tx and Rx and keeping 5 cm
and 25 cm distance between Tx and Ry
antennas. Addressing the environmental
challenges in outdoor networks faced by
antennas used is critical for ensuring their
long-term  durability and  reliability.
Environmental factors such as temperature
variation, humidity, precipitation, wind, dust,
pollution, solar radiation, and atmospheric
absorption can significantly impact channel
performance in addition to multipath
interference.

5. Conclusions: This paper investigates the
Channel Capacity (CC) for WLAN and 5G
bands at 2.4 GHz and 3.5 GHz bands,
respectively, for different channels constructed
utilising the 1-port, 2-port, 4-port, and 8-port
antennas. Two models are used to evaluate the
CC: path loss model (PLM) and Kronecker's
model (KM). Because SNR just at the receiver
is taken into account in KM, significant
discrepancies in results are achieved when
compared to those obtained by PLM. In path
loss  computation,  however,  genuine
transmission channels were taken into account,
which include SNR at both the transmitter and
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receiver's end. Taking into account the impact
on the CC in the many source scenarios makes
the study valuable for wireless communication
systems that use MIMO antennas.
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