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Abstract: Utilizing antenna diversity techniques has become a well-known approach to improve
the performance of wireless communication systems. Multiple antenna arrays with half-length
spacing, such as a uniform linear array (ULA), have been taken into consideration. Since 60 GHz is an
unlicensed frequency band and ideal for local propagation, it is where the technology is being used.
The transmitter and receiver both accomplish QAM modulation and demodulation. The performance
in terms of bit error rate (BER) was tested in MATLAB simulation software for all antenna diversity
scenarios: the single input and single output (SISO) DWT, multiple input and single output (MISO)
DWT, single input and multiple output (SIMO) DWT, and multiple input and multiple output (MIMO)
DWT. The MIMO DWT was shown to be the best of them. The performance of MIMO OFDM using
various wavelets was also simulated, and the performance of the Haar wavelet transform was 2 dB
better than that of the other wavelet transform. Compared to simulation results, the analytical results
showed good agreement with little discrepancy.

Keywords: SISO; SIMO; MISO; MIMO; BER; antenna arrays

1. Introduction

The development of millimeter wave technologies has improved the functionality
of wireless networks. It is now possible to meet the requirements for millimeter wave
communication systems, such as high data rate, security, mobility, and spectral efficiency. In
addition to increased system performance, success can be attributed to diversity approaches,
wavelet transforms, coding algorithms, and other developing technologies. Future genera-
tions are considering wavelets because of their flexibility, which increases spectral efficiency.
As the number of users for wireless communication quickly grows, many antennas are
becoming utilized at the transmitter and receiver to maximize efficiency. MIMO antenna di-
versity is therefore essential for millimeter wave communication systems to boost capacity
and minimize signal loss. The MIMO diversity technique was shown to outperform other
diversity techniques when they were compared in for millimeter wave communication
networks. Since millimeter wave wavelengths are short, numerous antenna arrays that
operate at high frequencies have been used for short-range propagation systems.

An overview of the literature is presented in Section 2, followed by a detailed descrip-
tion of the methodology and the system model of the technique in Section 3. In Section 4,
we discuss and compare the results obtained using the technique.

2. Literature Review

The fifth generation (5G) of wireless communication systems will primarily use mil-
limeter wave (mm wave) technology due to the band’s potential for high data rates, mobility,

Electronics 2022, 11, 2626. https://doi.org/10.3390/electronics11162626 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11162626
https://doi.org/10.3390/electronics11162626
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-5186-3728
https://doi.org/10.3390/electronics11162626
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11162626?type=check_update&version=1


Electronics 2022, 11, 2626 2 of 12

and low energy consumption [1]. One of the key criteria for future wireless communication
networks is an increase in spectral efficiency. The signal loss caused by channel propaga-
tion at the receiver is one of the current main research issues. When a system employs
millimeter waves, the received signal becomes more sensitive since the frequency ranges
from 3 GHz to 300 GHz. Discrete wavelet transforms are employed in orthogonal frequency
division multiplexing (OFDM) systems to increase spectral efficiency (DWT). Therefore,
wavelet transforms can be used to design antenna diversity techniques to enhance system
performance and spectrum efficiency [2].

Different modulation methods enhance the performance of MIMO wireless channels.
In MISO channels, transmit diversity is achieved using a sophisticated algorithm, whereas
SIMO channels use receiver diversity schemes such as MRC and selection diversity [3–6].
However, because it necessitates inserting a cyclic prefix at the transmitter and removing it
at the receiver, conventional OFDM employing fast Fourier transform (FFT) still has the
disadvantage of lowering spectral efficiency. As it does not require the use of a cyclic prefix,
discrete wavelet transformations (DWTs) are employed as a substitute for FFTs to boost
spectrum efficiency. One of the limitations of wireless signal transmission can be multipath
fading, the result of which is that the signal at the receiver could be distorted and loud.
Therefore, antenna diversity, or having several inputs and outputs, can enhance a receiver’s
BER performance. To increase spectral efficiency and decrease BER, MIMO diversity with
wavelet transform must be applied in millimeter wave communication systems.

The primary method for raising spectral efficiency and enhancing system performance
in mobile communication is the use of smart antenna systems. In order to create required
radiation patterns, smart antennas often consist of a number of radiating elements (i.e.,
array antennas) whose individual excitation can be controlled by a DSP (digital signal
processor) [7]. In 5G wireless communication networks, antenna arrays are now a part of
the default configuration. Since an antenna array contains several elements, it can be used
as an MIMO system in wireless communications systems. By examining the redundancy
across the several broadcast and receive channels, antenna arrays can be used to improve
the performance of systems in terms of BER. They also enable a system’s spatial data to be
reused in order to increase coverage.

The unlicensed spectrum at 60 GHz supports high rates, and many researchers are
using the 60 GHz frequency because it also provides license free communication and
improve efficiency [8–12]. Hence, for our investigation, the signal was deployed at 60 GHz
and a two-element uniform array antenna array with half-length spacing was used to
provide the MIMO diversity technique. The performance of OFDM with wavelet transform
is better than that of the fast Fourier transform because it does not require the insertion of a
cyclic prefix [13–19]. Studies of MIMO diversity with wavelet transform have shown that it
can improve the performance in terms of BER compared with SISO channel diversity, and it
has been suggested to be able to meet the demands of wireless networks [20–23]. Therefore,
an MIMO diversity technique with OFDM can be used to improve the performance in
terms of BER [24,25].

3. System Model and Methodology

Figure 1 represents the studied system model’s overall view. The receiver block re-
ceives the data after they have been created and transmitted to the transmitter block and
channel. In the next section, we provide a detailed explanation of each block. By comparing
the computed BER with the actual data that are transmitted to the channel, the biterr
function from MATLAB is used to calculate the BER at the receiver.
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Figure 1. Overview of the system model.

3.1. Transmitter Block

The transmitter block of the proposed technique is highlighted in Figure 1. Using 16
QAM modulation, the generated data are modulated. The data are then reshaped using
a number of symbols. The definition of approximation coefficient vectors (CA) involves
transposing the reshaped data. Detailed coefficient vectors (CD) are created by transposing
the reshaped data and adding zeroes to their length. Thus, if XX is the data after reshape,

XX = [d1, d2, . . . . . . . . . . . . . . . .dn] (1)

CA can be define as by taking its transpose,

CA = XXT (2)

Then, CD can be expressed as by taking its transpose. Here, l is the length,

CD = [0, 0, 0 . . . . . . .l(CA)]T (3)

Finally, a built-in MATLAB function of IDWT is used to conduct a one-dimensional
reconstruction with respect to the wavelet type using the vectors representing the approxi-
mation and detailed coefficients. We chose the dB8 wavelet type for our study. The channel
receives the data that have been rebuilt and are used for transmission. Therefore, employing
IDWT eliminates the need for cyclic prefix insertion, improving spectral efficiency.

3.2. Receiver Block

Figure 1 highlights the receiver block of the proposed approach. The channel-received
data are passed via the built-in dwt MATLAB function, which (depending on the wavelet
type and including the approximation and detailed coefficient vectors cA and cD, respec-
tively) returns the one-dimensional wavelet transform. The type of wavelet used in the
transmitter is also used here. Since cA and cD are both the same length, only cA is reshaped
and cD is disregarded. The reshaped data are then demodulated using 16 QAM demodula-
tion. The biterr function is applied to the demodulated data to determine the BER, and the
results are shown using the SNR range. The findings are represented in terms of BER and
lead to reductions in BER, which improves system performance.

When employing the wavelet transform, it is vital to recover the original signal from
the wavelet coefficients. To achieve perfect reconstruction, certain conditions must be met
by the analysis and filters [26]. Let G(z) and, G∗(z) represent low pass and synthesis filters,
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respectively, and H(z) and, H∗(z) represent high pass and synthesis filters, respectively.
The filters must then meet the following two requirements:

G(−z)G∗(z) + H (−z)H∗(z) = 0 (4)

G(z)G∗(z) + H (z)H∗(z) = 2Z−d (5)

According to Equations (4) and (5), the reconstruction is aliasing-free and the am-
plitude distortion has an amplitude of one. When the analysis and synthesis filters are
switched, the perfect reconstruction condition does not change.

3.3. Channel Model

The conventional layout for 5G wireless communication systems now includes antenna
arrays. Such wireless communications systems are sometimes referred to as multiple input
and multiple output (MIMO) systems since an antenna array contains several elements.
By examining the redundancy across the various transmit and receive channels, antenna
arrays can aid in increasing the SNR. Additionally, they enable the system’s spatial and
temporal information to be recycled in order to increase coverage. The system is deployed
at 60 GHz in the line-of-sight propagation (LOS) and multipath propagation channel. The
LOS path is the direct path between the transmitter and receiver assuming perfect channel
conditions. Scatters are placed in the channel between transmitter and receiver, and when
the data are passed through each scatter, they form a path that results in a multipath
propagation channel.

The transmitter is placed at a distance of 100 m in an indoor scenario. Antenna
arrays have been used to reduce the BER as they consist of multiple elements that provide
multiple inputs and outputs [27]. To investigate the performance with wavelet transform,
the considered transmitter and receiver antenna array was a two-element ULA with half-
wavelength spacing. The channel matrix for the MIMO channel with transmit and receive
array for the millimeter wave channel model was adopted with the Scatteringchanmtx
MATLAB function, The function returns the channel matrix components based on elements
of transmit and receive array. The received signal Y can be given as

[Y] = [hchan]× [x] + [ n] (6)

The hchan can be 2× 2 channel matrix for MIMO channel, and it can be 1× 2 or 2× 1
channel matrix for SIMO and MISO channels, respectively; n is the AWGN noise. The
transmit and receive element position are found based on the wavelength, which depicts
the frequency of millimeter wave communication system.

3.4. Analysis of Proposed Technique

In this section, the BER analysis of the proposed technique is discussed. The perfor-
mance is analyzed for the MIMO channel with a ULA having half-length spacing.

The received signal is expressed mathematically as

Y(t) = s(t) + n(t) (7)

If the r(t) is the impulse response of the ULA channel is given by

r(t) = e−i2π x
λ (8)

Therefore, the equation can be written as

y(t) = r(t)× s(t ) + n(t) (9)
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where n(t) is the noise and s(t) represents the data transmitted. The error pe for DWT-OFDM
is given by [28]

pe =

√
M− 1√

M log2

√
M

erfc

√3 log2M Eb
N

2(M− 1)

 (10)

where M is the M array QAM modulation and Eb
N is SNR.

The BER for the millimeter wave MIMO LOS is given by [29]

BER = Pe

(
Eb
N

m
n

)
(11)

Then BER for the MIMO DWT can be expressed as

BER =
1
2

Pe

√(
Eb
N

m
n

)
(12)

where m is the number of transmitter antennas and n is number of receiver antennas.

4. Results and Discussion

In this section, the effectiveness of wavelet transform with various diversity tech-
niques and the effectiveness of various wavelet families for MIMO diversity techniques are
explored. Additionally, analytical findings are used to validate the observed performance.
Our work was purely a simulation, and experimental work was out of our scope due to the
constraints of equipment and cost. In order to validate our simulation work in accordance
with theoretical work, we compared our simulation results with the mathematical model
described in Section 3.4 so that the parameters of SNR and BER were correctly measured.

4.1. SISO and SIMO

Figure 2 displays the BER of SISO and SIMO channel diversity performance. In this
case, the data were transmitted over a single channel at the transmitter, while receive
diversity was used at the receiver with a uniform linear array antenna that offered array
gain to increase SNR and reduce BER. Table 1 lists the simulation parameters. The wavelet
family we considered for our research was dB8, and the modulation strategy we used was
QAM modulation. The performance of the SIMO DWT, with an SNR of 13.5 dB at 10−3 BER,
was better than that of the SISO DWT with wavelet transform and much greater than the
minimum 13.5 dB required for mm wave communication systems.

Table 1. Simulation parameters for SISO and SIMO.

Simulation Parameters SIMO DWT SISO DWT

Modulation Scheme QAM 16 QAM 16
DWT family dB8 dB8

Type of channel AWGN AWGN
Number of antennas 1 × 2 1 × 1

SNR range [0:20] [0:20]
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4.2. SISO and MISO

Figure 3 displays the wavelet-transformed BER performance for the SISO and MISO
channel diversity techniques. Data were transmitted through the channel and received by
the receiver through the signal output channel when transmit diversity was used at the
transmitter. Because of the array gain at the transmitter, the SNR was increased, which
reduced the BER. Because the SNR value at 10−3 for the MISO DWT was 12 dB and that
for the SISO DWT was higher than 12 dB, the MISO DWT performed better than the SISO
DWT diversity approach.
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The simulation parameters are given Table 2. The wavelet family was dB8, and the
modulation scheme was QAM.

Table 2. Simulation parameters for SISO and MISO.

Simulation Parameters MISO DWT SISO DWT

Modulation Scheme QAM 16 QAM 16
DWT family dB8 dB8

Type of channel AWGN AWGN
Number of antennas 2 × 1 1 × 1

SNR range [0:20] [0:20]

4.3. SISO and MIMO

According to the aforementioned findings, transmit diversity improved performance,
and receive diversity improved performance compared to an SISO channel without any
diversity. Therefore, we implemented transmit and receive diversity at the transmitter
and receiver, respectively, to increase the system’s performance. Figure 4 displays the
effectiveness of the wavelet-based channel diversity strategy for SISO and MIMO in terms
of BER. At the same BER, the SNR value was 4 dB at 10−2 for the MIMO DWT and 20 dB for
the SISO DWT. This performance gain difference was 16 dB because the antenna diversity
with a two-element ULA with half-length spacing was applied at both the transmitter and
receiver. The two-element ULA with half-length spacing was only considered because
having less complex wavelet transforms leads to more complexity in the model at both the
transmitter and receiver sides during the construction and reconstruction of data processing,
as mentioned in Section 3.2. The MIMO DWT had an SNR value of 11 dB at 10−3, which
was much better than that of the SISO DWT. The simulation parameters, for which the
QAM modulation scheme was used and the dB8 wavelet family was considered, are given
Table 3.
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Table 3. Simulation parameters for SISO and MIMO.

Simulation Parameters MIMO DWT SISO DWT

Modulation Scheme QAM 16 QAM 16
DWT family dB8 dB8

Type of channel AWGN AWGN
Number of antennas 2 × 2 1 × 1

SNR range [0:20] [0:20]

4.4. Comparison of Different Wavelet Transforms for MIMO DWT

Figure 5 shows the performance results in terms of BER for different wavelet trans-
forms. The wavelet families used were dB8, Haar and Bior 3.5, and the modulation scheme
was QAM modulation. When the performance of dB8 was compared with that of Haar and
Bior 3.5, the performance of Haar was found to be better in terms of SNR, with an increase
of 2 dB, and in terms of BER for the MIMO DWT system in millimeter wave communication
systems. The values of SNR at 10−3 were 10 dB and 12 dB for Haar and dB8, respectively.
Hence, the performance of dB8 family was much better than that of the Bior family.

Electronics 2022, 11, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 4. MIMO diversity with DWT-OFDM. 

4.4. Comparison of Different Wavelet Transforms for MIMO DWT 
Figure 5 shows the performance results in terms of BER for different wavelet trans-

forms. The wavelet families used were dB8, Haar and Bior 3.5, and the modulation scheme 
was QAM modulation. When the performance of dB8 was compared with that of Haar 
and Bior 3.5, the performance of Haar was found to be better in terms of SNR, with an 
increase of 2 dB, and in terms of BER for the MIMO DWT system in millimeter wave com-
munication systems. The values of SNR at 10−3 were 10 dB and 12 dB for Haar and dB8, 
respectively. Hence, the performance of dB8 family was much better than that of the Bior 
family. 

 
Figure 5. Comparison of different wavelet transforms. Figure 5. Comparison of different wavelet transforms.

The simulation performance in terms of BER for the MIMO DWT system was analyzed
with different wavelets; the parameters are listed in Table 4.

Table 4. Parameters for different wavelets.

Simulation Parameters MIMO DWT

Modulation Scheme QAM 16
DWT family Haar, dB8, Bior 3.5

Type of channel AWGN
Number of antennas 2 × 2

SNR range [0:20]
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4.5. Comparison of Present Results
4.5.1. Proposed Results with Analytical Method

Figure 6 shows a comparisons of the outcomes of the suggested simulation with those
analytically obtained using BER Equation (12). The graph demonstrates that the BER values
for the SNR range of 6–8 dB was essentially the same as the simulation findings, with very
little variance between them. This means that our proposed simulation results were very
close to the analytical results. The accuracy of simulated and proposed results was very
close at the median range of SNR (from 6 to 8 dB) compared to highest and lowest values
of SNR. The BER values of the simulation findings slightly differed from the analytical
results for SNR ranges of 2–4 dB and 8–12 dB. In order to calculate the average BER for
the simulation results given that the data were generated at random, the suggested MIMO
diversity technique with wavelet transform was iterated a number of times.
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Table 5 lists the estimated average BER values, as well as the BER values derived
from the BER Equation (12). The table demonstrates that there was only a 0.001 difference
between the BER values for the SNR range of 6–8 dB. For the SNR ranges of both 2–6 dB
and 8–12 dB, the analytical BER values were higher than the simulated BER values. When
the two results were contrasted, however, the BER values revealed less discrepancy. As
a result, there was good agreement between the proposed simulation findings and the
analytical results.

Table 5. Validation of BER values.

SNR Analytical BER Value Average BER (Simulation)

2 21.84 × 10−3 10.69 × 10−3

4 11.04 × 10−3 7.70 × 10−3

6 5.22 × 10−3 4.97 × 10−3

8 2.42 × 10−3 2.54 × 10−3

10 1.11 × 10−3 0.79 × 10−3

12 0.50 × 10−3 0.34 × 10−3
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4.5.2. Proposed Results with Existing Work

In the work of Vani and Bargade [30], the BER value at 10−3 was 12 dB for the Haar
wavelet family for the 2× 2 MIMO diversity technique using 16 QAM modulation, whereas
our proposed technique using a two-element ULA with half-length spacing had an SNR
value of 9 dB for the same BER, wavelet family, and modulation scheme. Therefore, our
technique showed an improvement of 3 dB diversity gain. Similarly, for the Daubechie
and Bior wavelet families, our work demonstrated a significant improvement of 10 dB
gain using 16 QAM modulation at 10−1.6 and 10−1.5, respectively. Furthermore, in the
work of Srivastava and Chourasia, [31] for the Daubechie wavelet family, the BER value
at 10−2 was 14 dB using 16 QAM modulation, whereas our proposed technique using
two-element ULA with half-length spacing had an SNR value of 4 dB for the same BER,
wavelet family, and modulation scheme. Therefore, our technique showed an improvement
of 10 dB diversity gain.

At 10−2 of BER, our technique led to the same SNR value as that of Gupta and
Thakur, [32] using a 16 QAM modulation scheme. However, the wavelet families were
different. They used a DWT with a discrete cosine transform (DCT). In addition at 10−3

of BER, the work of [32] showed a better improvement of diversity gain compared to our
results due to fact that those researchers used a DCT in addition to a DWT while we used
the Daubechie wavelet family. Therefore, based on the comparisons shown in Table 6, our
diversity technique led to a significant improvement in terms of BER.

Table 6. Comparison of presented results with existing work.

Reference BER SNR Wavelet Modulation

Vani and Bigrade, [30]

10−3 12 dB Haar 16 QAM

10−1.6 12 dB Db2 16 QAM

10−1.5 12 dB Bior 16 QAM

Srivastava and Chourasia, [31] 10−2 14 dB Db2 16 QAM

Gupta and Thakur, [32]
10−3 6 dB DWT DCT 16 QAM

10−2 3.5 dB DWT DCT 16 QAM

Present work
10−3 9 dB Haar 16 QAM

10−2 4 dB Db8 16 QAM

5. Conclusions

Antenna diversity techniques with wavelet transform were developed and analyzed by
using two-element ULA and half-length spacing. The performance of the SIMO DWT and
the MISO DWT was strong, with a gain of 2 dB compared with the SISO DWT. However, the
performance of the MIMO DWT was much better than that of the SIMO and MISO DWTs,
with a gain of 2 dB. We compared the MIMO diversity technique with different wavelets
and found that the simplest Haar wavelet transform was better in terms of performance,
with a gain of 2 dB. The numerical simulation results were in good agreement with the
analytical results. For future study, the MIMO diversity technique with a four-element
ULA can be investigated.
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