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Abstract:

Reliable wireless image transmission over fading channels remains a significant challenge due to the combined
effects of multipath propagation and additive noise, which degrade both transmission reliability and reconstructed
image quality. This paper presents and evaluates an integrated 2x2 Alamouti multiple-input multiple-output
(MIMO) image transmission framework that combines spatial diversity, rate-1/2 convolutional channel coding,
and three digital modulation schemes to improve communication reliability over Rayleigh fading channels. Binary
Phase Shift Keying (BPSK), Quadrature Phase Shift Keying (QPSK), and 16-Quadrature Amplitude Modulation
(16-QAM) are investigated to analyze the trade-off between transmission reliability and spectral efficiency.
System performance is evaluated through bit error rate (BER) analysis over a wide range of signal-to-noise ratio
(SNR) values, while the quality of the reconstructed images is assessed using the Peak Signal-to-Noise Ratio
(PSNR) and the Structural Similarity Index Measure (SSIM). The simulation results demonstrate that the
combination of Alamouti space-time block coding and convolutional coding significantly enhances transmission
reliability over Rayleigh fading channels. Among the investigated modulation schemes, BPSK achieves the lowest
BER together with the highest image reconstruction quality, yielding a PSNR of 58.38 dB and an SSIM of 0.9996
at an operating SNR of 10 dB, whereas comparable image quality is maintained at an SNR of 2 dB when
convolutional coding is employed. QPSK provides an effective compromise between transmission reliability and
spectral efficiency, whereas 16-QAM offers the highest spectral efficiency at the expense of increased sensitivity
to channel impairments. Overall, the obtained results demonstrate that the integration of Alamouti STBC and
convolutional coding provides a reliable and computationally efficient approach for wireless image transmission
and offers practical design guidelines for selecting appropriate modulation schemes according to application
requirements.

Keywords: Alamouti STBC, MIMO, Convolutional Coding, Rayleigh Fading, Image Transmission, BPSK,
QPSK, 16-QAM, BER, PSNR, SSIM.
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I. Introduction

Wireless communication systems have experienced remarkable advances in recent years, driven by the rapid
growth of multimedia services, mobile communications, wireless sensing applications, and next-generation
wireless networks [1], [2]. As a result, reliable wireless image transmission has become an increasingly important
research topic because multimedia applications are highly sensitive to transmission errors, fading effects, and
channel impairments [3], [4]. Furthermore, the growing demand for real-time image and video services has
intensified the need for communication techniques capable of maintaining high reliability and transmission
efficiency under adverse channel conditions [5].

In practical wireless environments, transmitted signals are commonly affected by multipath propagation,
shadowing, interference, and additive noise. These impairments can significantly degrade signal quality, increase
the Bit Error Rate (BER), and reduce the quality of reconstructed multimedia content at the receiver [6], [7].
Consequently, the development of robust communication techniques capable of mitigating fading effects while
improving transmission efficiency has attracted considerable attention in recent years [3].

BER is one of the most important performance metrics for evaluating wireless communication systems because it
directly reflects transmission reliability and signal detection accuracy [7], [8]. Accurate BER analysis provides
valuable insights into the effects of modulation schemes, channel conditions, and antenna configurations on
overall system performance. Consequently, BER evaluation through computer simulation has become a widely
adopted approach for analyzing communication systems before practical implementation [10].

Digital modulation techniques play a fundamental role in modern wireless communication systems by determining
how binary information is mapped onto carrier signals. Different modulation techniques provide different trade-
offs among communication reliability, bandwidth utilization, throughput, spectral efficiency, and implementation
complexity [9]. Binary Phase Shift Keying (BPSK) is widely recognized for its robustness against noise and fading
because of the large Euclidean distance between constellation points. Quadrature Phase Shift Keying (QPSK)
improves spectral efficiency by transmitting two bits per symbol while maintaining acceptable BER performance
[11], [12]. Higher-order modulation techniques, such as 16-Quadrature Amplitude Modulation (16-QAM), further
improve throughput and spectral efficiency by transmitting multiple bits per symbol. However, their performance
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becomes increasingly sensitive to fading and channel noise due to the reduced Euclidean distance between
constellation points [6], [13].

To combat fading effects and improve communication reliability, Multiple-Input Multiple-Output (MIMO)
technology has emerged as one of the most effective wireless transmission techniques [14], [15]. By employing
multiple antennas at both the transmitter and receiver, MIMO systems exploit spatial diversity to improve signal
robustness without requiring additional bandwidth or transmit power [16]. Among various diversity techniques,
the Alamouti Space-Time Block Coding (STBC) scheme has attracted considerable attention because of its low
computational complexity and its ability to achieve full transmit diversity [17]. The combination of Alamouti
STBC with appropriate digital modulation techniques can therefore provide significant BER improvements in
fading environments [18].

In addition to spatial diversity, channel coding techniques are widely employed to further enhance transmission
reliability. Convolutional coding combined with Soft Decision Viterbi decoding introduces controlled redundancy
into the transmitted data stream, enabling the receiver to detect and correct transmission errors more effectively
[19], [20]. Such coding techniques are particularly beneficial under severe fading conditions, where uncoded
transmission systems typically experience significant performance degradation.

Several previous studies have investigated BER performance for different modulation schemes and wireless
channel models. However, most existing studies primarily focus on BER evaluation without simultaneously
investigating image reconstruction quality, throughput performance, and spectral efficiency within a unified
MIMO wireless image transmission framework [21], [22]. Furthermore, relatively limited attention has been
devoted to comparative studies involving both coded and uncoded MIMO systems together with image quality
evaluation metrics such as the Peak Signal-to-Noise Ratio (PSNR) and the Structural Similarity Index Measure
(SSIM) [23].

Motivated by these observations, this paper presents a comprehensive performance evaluation of uncoded and
convolutionally coded 2x2 Alamouti MIMO for wireless image transmission over Rayleigh fading channels. The
performance of BPSK, QPSK, and 16-QAM modulation schemes is comparatively analyzed to investigate the
trade-off between transmission reliability, throughput, and spectral efficiency. In addition, convolutional coding
with Soft Decision Viterbi decoding is employed to evaluate its impact on transmission reliability and
reconstructed image quality. System performance is assessed using BER, PSNR, SSIM, throughput, and spectral
efficiency, providing a comprehensive evaluation of the relationships among transmission reliability, bandwidth
efficiency, and image reconstruction quality under different communication scenarios.

1. System Model

Wireless communication systems transmit information over open-air propagation channels without requiring
physical wired connections. They are widely employed in mobile communications, wireless multimedia services,
image transmission, wireless sensor networks, and next-generation communication systems. However, wireless
channels are inherently affected by noise, interference, and multipath fading, which degrade transmission
reliability and received signal quality [24], [25].

To improve communication performance under fading conditions, modern wireless systems employ digital
modulation, Multiple-Input Multiple-Output (MIMO) technology, diversity techniques, and channel coding. This
paper investigates wireless image transmission using 2x2 Alamouti STBC MIMO combined with different digital
modulation schemes over Rayleigh fading channels with AWGN.

2.1 Channel Model

In wireless environments, transmitted signals propagate through multiple paths because of reflection, scattering,
and diffraction from surrounding objects. Consequently, the received signal experiences random amplitude and
phase variations known as multipath fading [26].

To represent practical propagation conditions, a Rayleigh fading channel with AWGN is considered. The Rayleigh

model is appropriate for non-line-of-sight (NLOS) environments, where no dominant propagation path exists
between the transmitter and receiver [27], [28]. Accordingly, the received signal is expressed as:

r(t) = h(t)s(t) + n(t)

where r(t) is the received signal, h(t) is the fading channel coefficient, s(t) represents the transmitted signal,
and n(t) denotes the AWGN component.
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2.2 MIMO Alamouti STBC System

MIMO technology enhances wireless communication reliability by exploiting spatial diversity through multiple
antennas at both the transmitter and receiver, thereby improving signal robustness without requiring additional
bandwidth or transmit power [17].

Among various MIMO techniques, Alamouti STBC is widely used because of its simple implementation, low
computational complexity, and full transmit diversity capability [29]-[31]. This paper employs a 2x2 Alamouti
STBC MIMO system for wireless image transmission. The Alamouti encoder transmits two symbols over two
consecutive time slots according to the following transmission matrix.

S1 52
S = * *:|
—S2 51

where s; and s, are the transmitted complex symbols, and s* denotes the complex conjugate operation.

The use of Alamouti STBC provides spatial diversity gain, significantly improving transmission reliability and
reducing BER over fading channels. This improvement is particularly beneficial for wireless image transmission,
where transmission errors directly affect the quality of the reconstructed image.

2.3 Digital Modulation Schemes

Digital modulation determines how binary information is mapped onto carrier signals and directly influences
transmission reliability, throughput, and spectral efficiency [32]. In this paper, three modulation schemes are
investigated: BPSK, QPSK, and 16-QAM, representing low-, medium-, and high-order modulation formats,
respectively.

A. Binary Phase Shift Keying (BPSK)

BPSK transmits one bit per symbol using two phase states separated by 180°. Owing to the maximum Euclidean
distance between constellation points, it provides the highest robustness against noise and fading, resulting in the
lowest BER among the investigated modulation schemes [33]. However, its spectral efficiency is limited to one
bit per symbol.

B. Quadrature Phase Shift Keying (QPSK)

QPSK conveys two bits per symbol using four phase states, doubling the spectral efficiency of BPSK while
maintaining good BER performance under moderate channel conditions [32]. Consequently, it provides a practical
compromise between transmission reliability and bandwidth efficiency.

C. 16-Quadrature Amplitude Modulation (16-QAM)

16-QAM transmits four bits per symbol by combining amplitude and phase variations, providing the highest
throughput and spectral efficiency among the investigated modulation schemes [34]. However, the reduced
Euclidean distance between constellation points increases its sensitivity to noise and fading, requiring higher SNR
values to achieve reliable performance.

These modulation schemes provide different trade-offs between transmission reliability, throughput, and spectral
efficiency, making them suitable for evaluating wireless image transmission under different channel conditions.

2.4 Channel Coding

Channel coding is widely employed to improve transmission reliability in noisy and fading environments. In this
paper, a rate-1/2 convolutional code with Soft Decision Viterbi decoding is employed to reduce transmission
errors and improve BER performance.

Convolutional coding introduces controlled redundancy into the transmitted bit stream, enabling more reliable
error correction at the receiver [35]. Soft Decision Viterbi decoding further improves decoding accuracy by
exploiting the reliability information contained in the received symbols rather than making hard binary decisions,
thereby providing superior error-correction performance compared with conventional hard-decision decoding
[36].
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3. Performance Metrics

The performance of wireless image transmission systems cannot be adequately evaluated using a single metric
because both communication reliability and reconstructed image quality must be considered. Therefore, this paper
evaluates system performance using BER, PSNR, SSIM, throughput, and spectral efficiency. These metrics
provide a comprehensive assessment of transmission reliability, bandwidth utilization, and image reconstruction
quality under different modulation schemes and coding configurations.

1 Image Quality Metrics

Channel impairments such as fading and noise introduce transmission errors that degrade the quality of
reconstructed images. To objectively evaluate image reconstruction performance, PSNR and SSIM are employed.

A. Peak Signal-to-Noise Ratio (PSNR)

PSNR is a widely used objective metric that measures the similarity between the original and reconstructed images
based on the mean squared error (MSE) [23]. Higher PSNR values indicate lower distortion and better image
reconstruction quality. It is calculated as

PSNR = 10log, (MAXZ)

MSE

where MAX is the maximum pixel intensity and MSE is the mean squared error between the original and
reconstructed images.

B. Structural Similarity Index Measure (SSIM)

While PSNR quantifies pixel-wise distortion, SSIM evaluates image quality according to human visual perception
by jointly considering luminance, contrast, and structural similarity [37]. SSIM ranges from O to 1, with values
closer to 1 indicating higher structural similarity and better reconstructed image quality.

3.2 Bit Error Rate (BER)

BER is a fundamental performance metric that quantifies transmission reliability by measuring the ratio of
erroneous bits to the total number of transmitted bits [38]. Lower BER values indicate improved communication
performance and greater robustness against fading and noise.

BER is defined as

BER = Ne
=N

where N, is the number of erroneous bits, N, is the total number of transmitted bits.

In this paper, BER is evaluated over a wide range of SNR values to investigate the effects of modulation schemes,
Alamouti STBC, and convolutional coding on transmission reliability.

3.3 Throughput and Spectral Efficiency

Throughput represents the effective information rate successfully received after accounting for transmission errors
[39]. Itis evaluated as

Throughput = R(1 — BER)
where R is the transmission rate.

Spectral efficiency measures the amount of information transmitted per unit bandwidth [40]. For the investigated
modulation schemes, the nominal spectral efficiencies are 1, 2, and 4 b/s/Hz for BPSK, QPSK, and 16-QAM,
respectively. Consequently, higher-order modulation schemes provide higher throughput and bandwidth
efficiency, whereas lower-order modulation schemes generally offer better transmission reliability. This trade-off
is further analyzed in the Results and Discussion section.
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4. Results and Discussion

The performance of the investigated 2x2 Alamouti MIMO image transmission system was evaluated over
Rayleigh fading channels using BPSK, QPSK, and 16-QAM modulation schemes. The evaluation was conducted
in two stages. First, the BER performance of the uncoded and convolutionally coded systems was analyzed over
a wide range of SNR values. Subsequently, image transmission performance was assessed using PSNR and SSIM
to examine the relationship between communication reliability and reconstructed image quality. Finally, the trade-
off between reliability, throughput, and spectral efficiency was discussed to evaluate the suitability of each
modulation scheme for different wireless communication scenarios.

4.1 BER Performance of Uncoded MIMO Transmission

Figure 1 presents the BER performance of the uncoded 2x2 Alamouti MIMO system employing BPSK, QPSK,
and 16-QAM over a Rayleigh fading channel. As shown, the BER decreases continuously with increasing SNR
for all modulation schemes, demonstrating the effectiveness of Alamouti spatial diversity in mitigating fading-
induced errors.
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Figure 1: BER performance of the uncoded 2x2 Alamouti MIMO system.

Among the investigated modulation schemes, BPSK consistently achieves the lowest BER throughout the entire
SNR range owing to the maximum Euclidean distance between its constellation points. This characteristic
provides superior robustness against channel fading and additive noise, making BPSK the most reliable
modulation scheme, particularly at low and moderate SNR values.

QPSK exhibits slightly higher BER than BPSK while doubling the number of transmitted bits per symbol. This
behavior provides an effective compromise between transmission reliability and bandwidth efficiency, making
QPSK well suited for applications requiring both reliable communication and moderate data rates.

By contrast, 16-QAM demonstrates the highest BER because its dense constellation reduces the minimum
Euclidean distance between adjacent symbols, thereby increasing the probability of symbol detection errors under
fading and noisy channel conditions. Nevertheless, the higher modulation order substantially improves the
achievable throughput and spectral efficiency.

4.2 BER Performance of Coded MIMO Transmission

To improve transmission reliability, rate-1/2 convolutional coding with Soft Decision Viterbi decoding was
incorporated into the 2x2 Alamouti MIMO system. Figure 2 compares the BER performance of the coded system
for BPSK, QPSK, and 16-QAM over the same Rayleigh fading channel
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BER Performance of Convolutionally Coded Alamouti MIMO Systems
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Figure 2: BER performance of the convolutionally coded 2x2 Alamouti MIMO system.

As illustrated in Figure 2 channel coding significantly reduces the BER for all investigated modulation schemes,
with the greatest improvement observed in the low- and moderate-SNR regions where transmission errors are
most severe. This improvement results from the redundancy introduced by convolutional coding, which enables
the Viterbi decoder to detect and correct a substantial proportion of channel-induced errors.

Among the investigated modulation schemes, BPSK achieves the best BER performance after coding, followed
by QPSK, while 16-QAM continues to exhibit the highest BER because of its higher sensitivity to fading and
noise. Nevertheless, all modulation schemes benefit from channel coding, confirming its effectiveness in
enhancing communication reliability.

The obtained results also demonstrate that the combination of Alamouti spatial diversity and convolutional coding
provides complementary protection against channel impairments. While Alamouti STBC mitigates multipath
fading through spatial diversity, convolutional coding reduces the residual transmission errors through forward
error correction. The resulting diversity and coding gains substantially improve system robustness without
increasing the transmission bandwidth or transmit power.

4.3 Image Transmission Performance

To further assess the practical performance of the investigated transmission schemes, grayscale image
transmission experiments were conducted using the 2x2 Alamouti MIMO system. While the BER results provide
a quantitative measure of transmission reliability, image reconstruction quality was evaluated using PSNR and
SSIM, which jointly assess objective distortion and perceptual image quality.

Figure 3 presents the reconstructed images obtained using the uncoded system with (a) BPSK, (b) QPSK, and (c)
16-QAM at an operating SNR of 10 dB. For each modulation scheme, the corresponding BER, PSNR, and SSIM
values were used to evaluate transmission performance.
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Received Image
BER=0.00001049 | PSNR=58.38 dB
Original Image SSIM=0.9996

Figure 3(a): BPSK image transmission (SNR = 10 dB).

As shown in Fig. 3(a), BPSK achieves the highest reconstruction quality, producing the lowest BER together with
the highest PSNR and SSIM values. Consequently, the reconstructed image is visually almost indistinguishable
from the original image, demonstrating the excellent robustness of BPSK against Rayleigh fading and additive
noise.

Received Image
BER=0.00011778 | PSNR=43.22 dB
Original Image SSIM=0.9901

Figure 3(b): QPSK image transmission (SNR = 10 dB).

The image reconstructed using QPSK, shown in Fig. 3(b), also exhibits high visual quality with only a slight
reduction in PSNR and SSIM compared with BPSK. Despite transmitting twice as many bits per symbol, QPSK

preserves most structural image details, providing an effective balance between transmission reliability and
spectral efficiency.
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Received Image
BER=0.00921392 | PSNR=24.48 dB
Original Image SSIM=0.4759

Figure 3(c): 16-QAM image transmission (SNR = 10 dB).

As illustrated in Fig. 3(c), 16-QAM exhibits more noticeable image degradation because of its higher BER under
identical channel conditions. The lower PSNR and SSIM values result in visible distortions, particularly around
edges and fine image details. Nevertheless, the reconstructed image remains clearly recognizable, demonstrating
that higher-order modulation can still support acceptable image transmission when combined with Alamouti
spatial diversity.

To further evaluate the impact of channel coding, Figure 4 shows the reconstructed image obtained using rate-1/2
convolutionally coded BPSK with Soft-Decision Viterbi decoding at an operating SNR of 2 dB.

Received Image
BER=0.000002384 | PSNR=69.31 dB
Onginal Image SSIM=0.9999

Figure 4: BPSK image transmission with convolutional coding (SNR = 2 dB).

Despite the substantially lower operating SNR, the reconstructed image maintains excellent visual quality with a
very low BER and high PSNR and SSIM values. Compared with the uncoded transmission at 10 dB, image quality
is largely preserved even at 2 dB, demonstrating the significant coding gain achieved by the convolutional coding
scheme.

This improvement results from the complementary operation of Alamouti STBC and forward error correction.
While Alamouti STBC mitigates multipath fading through spatial diversity, convolutional coding enables the
Viterbi decoder to correct a large proportion of residual transmission errors. Their combined effect significantly
improves communication reliability and preserves image quality under challenging channel conditions.
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4.4 Coding Gain and Performance Trade-Off

The obtained results demonstrate the inherent trade-off between transmission reliability and spectral efficiency in
wireless MIMO communication systems. Among the investigated modulation schemes, BPSK consistently
provides the lowest BER and the highest reconstructed image quality, confirming its superior robustness under
Rayleigh fading conditions. In contrast, 16-QAM achieves the highest throughput and spectral efficiency by
transmitting four bits per symbol, but at the expense of increased sensitivity to channel impairments and higher
BER. QPSK offers an effective compromise, combining relatively low BER with improved bandwidth efficiency,
making it well suited for applications requiring both reliable transmission and moderate data rates.

A key outcome of this study is the significant improvement achieved through convolutional coding. The coded
system consistently outperforms its uncoded counterpart over the entire SNR range, with the largest improvement
observed at low and moderate SNR values. This behavior confirms the effectiveness of forward error correction
in reducing transmission errors under challenging channel conditions.

The coding gain is further verified by the image transmission results. While the uncoded BPSK system achieves
excellent image quality at an operating SNR of 10 dB, comparable visual quality is maintained when convolutional
coding is employed at 2 dB. This result demonstrates that channel coding extends reliable system operation to
substantially lower SNR values while preserving high image reconstruction quality.

The integration of Alamouti STBC and convolutional coding provides complementary diversity and coding gains,
significantly enhancing transmission reliability without increasing transmission bandwidth or transmit power.
These results demonstrate that the combination of spatial diversity and forward error correction is an effective
approach for achieving reliable wireless image transmission over fading channels.

Conclusion

This paper presented a comprehensive performance evaluation of a 2x2 Alamouti MIMO wireless image
transmission system employing BPSK, QPSK, and 16-QAM modulation schemes over Rayleigh fading channels.
To enhance transmission reliability, rate-1/2 convolutional coding with Soft Decision Viterbi decoding was
incorporated, and its impact was investigated through BER analysis together with objective image quality
assessment using PSNR and SSIM.

The simulation results demonstrate that the combined use of Alamouti STBC and convolutional coding
significantly improves communication reliability under fading conditions. Among the investigated modulation
schemes, BPSK achieved the lowest BER together with the highest reconstructed image quality, whereas QPSK
provided an effective compromise between reliability and spectral efficiency. 16-QAM offered the highest
spectral efficiency and throughput at the expense of increased sensitivity to channel impairments.

A key outcome of this work is the significant coding gain achieved through convolutional coding. Comparable
image quality was maintained at an operating SNR of 2 dB with channel coding, compared with the uncoded
transmission at 10 dB, demonstrating the effectiveness of forward error correction in extending reliable system
operation to lower SNR conditions. The close agreement between the BER, PSNR, and SSIM results further
confirms that improvements in communication reliability directly translate into enhanced reconstructed image
quality. The presented results demonstrate that the integration of Alamouti STBC, convolutional coding, and
appropriate modulation selection provides an effective and computationally efficient solution for reliable wireless
image transmission over fading channels. Future work may investigate more advanced channel coding techniques,
such as LDPC and Turbo codes, adaptive modulation schemes, higher-order MIMO configurations, and OFDM-
based transmission to further enhance reliability, spectral efficiency, and multimedia quality.
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