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Abstract— This research investigates higher-order modulation schemes, such as 256- 
QAM and 1024-QAM, on the performance of LTE-Advanced (LTE-A) systems, aligned with 
the 3GPP evolution toward Non-Standalone (NSA) 5G architectures. By analyzing the 
performance of various modulation techniques, this work supports the downlink capacity 
improvements crucial for NSA 5G deployments where LTE-A serves as the control anchor. 
The system is modeled using MATLAB/SIMULINK and validated through real-time 
hardware testing on the MYIR Z-turn Zynq 7020 board. HDL code generation and 
implementation using Vivado and Vitis ensure a hardware-software co-design approach, 
showcasing system performance in near real-time conditions. 
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I. INTRODUCTION 

The increasing demand for faster speeds, reduced latency, and more dependable 
connections is driving the rapid advancement of 5G mobile communication technology, 
which is changing wireless connectivity. LTE-A and 5G work together in various dynamic 
mobile contexts to deliver reliable, high-performance communication services. Advanced 
modulation techniques increase bits per symbol, optimize spectrum use, and improve 
overall throughput to increase data transmission efficiency [1]. With carrier aggregation 
and enhanced modulation capabilities, LTE-A is essential to the 5G transition because it 
allows current networks and cutting-edge technology to integrate seamlessly [2]. 

1.1 Objective 
Based on the most recent 3GPP specifications, this paper investigates the usefulness of 
higher-order modulation in LTE-A and evaluates its effects on efficiency and performance. 
Even though 5G deployment is spreading worldwide, LTE-Advanced is still essential to 
contemporary communication networks. The study aims to improve spectral efficiency, 
guarantee signal dependability across various channel conditions, and tackle important 
implementation issues. It examines MIMO configurations and advanced modulation [3] 
schemes like 256QAM and 1024QAM to explore the performance collectively. This study 
examines transmitted bits and bit loss under different signal-to-noise ratio (SNR) 
conditions. To improve communication dependability, it looks more closely at the impacts 
of fading channels and suggests ways to lessen their influence. The paper uses 
MATLAB/SIMULINK simulations and hardware testing on the MYIR Z-turn Zynq 7020 
platform to validate the findings [4]. 

 
1.2 3GPP Release 
The Third Generation Partnership Project (3GPP), has dramatically improved LTE and 
sped up the transition to 5G, has been the driving force behind the advancement of mobile 
communications. While Release 13 focused on machine-type communications and public 
safety, Release 12 enhanced LTE to enable mission-critical services. Release 15 [5] marked 
the official launch of 5G with enhanced mobile broadband (eMBB), ultra-reliable low- 
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latency communications (URLLC), and massive machine-type communications (mMTC) 
capabilities. Release 16 has integrated enhanced performance and accommodates new 
applications. Release 17 [6] enhanced 5G with faster data speeds, massive connectivity, 
and more efficiency to support the growth of the Internet of Things and unlicensed 
spectrum. Release 18 [7] highlights faster data speeds, enhanced network efficiency, and 
improved connectivity, boosting overall performance. Key uses include augmented reality, 
smart manufacturing, and remote healthcare. 

 
1.3 Research Route Map 
The structure of the paper is as follows: Section II discusse technology in the 
communication system. Section III covers multiple access techniques, FPGA 
implementation using MATLAB/Simulink on the Zynq-7020 used for coverage is covered 
in Section IV. Followed by Section V discuss the result analysis with Section VI discuss the 
Conclusion. 

 
 

II. ALAMOUTI CODING SCHEME FOR MIMO: ENCODER AND DECODER 
 

Figure 1 shows 2×2 MIMO system utilizing Alamouti Space-Time Block Coding (STBC), 
two transmit antennas and two receive antennas are used to improve system reliability 
and combat fading [8]. The encoding process begins with two complex data symbols, 𝑠1 
and 𝑠2which are transmitted over two consecutive time slots. In Time Slot 1, the first 
transmit antenna (Tx1) sends symbol 𝑠1, while the second transmit antenna (Tx2) 
simultaneously transmits symbol 𝑠2. In Time Slot 2, the antennas transmit the conjugate 
and negated versions of the original symbols: Tx1 transmits −𝑠2

∗ and Tx2 transmits 𝑠1
∗. 

This transmission strategy forms the Alamouti space-time block code, which can be 
mathematically represented by the following transmission matrix:  

                                                   S= [
𝑠1 −𝑠2

∗

𝑠2   𝑠1
∗ ] 

 

Figure 1. 2 x 2 MIMO [9] 

The encoder ensures that both symbols 𝑠1 and 𝑠2 are transmitted from both antennas 
across two time slots, providing spatial and temporal diversity in the system.  The channel 
gains from the transmit antenna i to receive Antennas j is ℎ𝑖𝑗   along with 𝑛𝑖 (𝑡𝑘) noise at 

Receive Antenna i at time slot 𝑡𝑘  respectively. At Receiving Antenna 1 and 2 [10], during 
time slot 𝑡1, the received signal is : 

   𝑟1 (𝑡1)  = ℎ11𝑠1+ℎ21𝑠2+ 𝑛1 (𝑡1)                                                                                  (1) 

   𝑟2 (𝑡1)  = ℎ12𝑠1+ℎ22𝑠2+ 𝑛2 (𝑡1)                                                                                  (2) 
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At Receiving Antenna 1 and 2, during time slot 𝑡2, the received signal is: 

  𝑟1 (𝑡2)  = −ℎ11𝑠2
∗+ℎ21𝑠1

∗+ 𝑛1 (𝑡2)                                                                              (3) 

  𝑟2 (𝑡2)  = −ℎ12𝑠2
∗+ℎ22𝑠1

∗+ 𝑛2 (𝑡2)                                                                              (4) 

To decode the transmitted symbols 𝑠1 and 𝑠2, the receiver uses the known channel gains 
and combines the received signals from both antennas across two time slots. The idea is 
to exploit the orthogonality of the Alamouti code to separate and detect the transmitted 
symbols independently. 

  𝑠1̅ = ℎ11
∗ 𝑟1(𝑡1) + ℎ21𝑟1

∗(𝑡2) + ℎ12
∗ 𝑟2(𝑡1) + ℎ22𝑟2

∗(𝑡2)                                        (5) 

 𝑠2̅ = ℎ21
∗ 𝑟1(𝑡1) − ℎ11𝑟1

∗(𝑡2) + ℎ22
∗ 𝑟2(𝑡1) − ℎ12𝑟2

∗(𝑡2)                                         (6)                               

                                            

III. LTE-A: MULTIPLE ACCESS TECHNIQUES 

Orthogonal Frequency Division Multiple Access (OFDMA) and Single Carrier Frequency 
Division Multiple Access (SC-FDMA) serve as the primary multiple access schemes for 
downlink and uplink channels, respectively [11]. SC-FDMA and OFDMA, adopted for 
uplink and downlink transmission [12] results in enhanced uplink data rates and spectral 
efficiency [13]. 

 
3.1 Transmitter and Receiver 
The input data stream is transmitted at a rate of S symbols/second and is converted from 
serial to parallel using an S/P converter, transmitting limited bits per parallel line. The 
parallel data maps use M-QAM, such as 64-QAM, 256-QAM, and 1024-QAM. After 
modulation, the symbols undergo an M-point FFT, spreading the data across the 
subcarriers. The subcarrier-mapped symbols are then processed by an N-point IFFT, 
converting the frequency-domain symbols to the time-domain waveform [14]. A Cyclic 
Prefix (CP) is appended at the start of each symbol to combat Inter-Symbol Interference 
(ISI), increasing the length of the sample to N +Lp, where N is the number of subcarriers 
or FFT size, and Lp is the length of converted to serial format and transmitted through the 
channel. If {fk, k ∈ 0, …, N − 1} are symbols to be transmitted, the OFDMA modulated signal 
is 
 
s(t) = ∑∞   ∑N−1f ej2πfkt

p(t − mT)                                             (7) 
m=−∞  k=0 k 

    
The frequency of the k-th subcarrier, fk = f0 + kΔf, f0 is the initial frequency of the first 
subcarrier, Δf = 1/T Subchannel bandwidth, which ensures orthogonality between the 
subcarriers. The receiver reverses the transmitter's actions. The signal changes from a 
serial stream to parallel data at the receiver after demodulating and traveling over the 
fading channel. The time-domain samples undergo a transformation back to the 
frequency domain N-point Fast Fourier Transform (FFT) once the cyclic prefix (CP) has 
been eliminated. 

 
 

3.2 Rayleigh and Rician 
 
Rayleigh fading channel occurs in N-LOS. The amplitude of the received signal (r0) and 
Variance of the fading amplitude (σ2). Then, the PDF of Rayleigh channel [15] is 
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   𝑝(𝑟0) =
𝑟0

𝜎2 exp (−
𝑟0

2

2𝜎2)  When 𝑟0 ≥  0                                                                 (8) 

Rician distribution describes the amplitude of a signal with a line-of-sight (LOS) 
component and multiple scattered paths. The probability density function (PDF) for 
Rician fading model [16] is given by: 

 

  𝑝(𝑟0) =
𝑟0

𝜎2 exp (−
𝑟0

2

2𝜎2)  When 𝑟0 ≥  0                                                                  (9)  

In general, the marginal distribution for the phase is dependent on 𝜃 and is obtained by 
integrating out R from the joint distribution: 

  

 𝑓θ(𝜃) =
1

2𝜋
exp (−

𝑠2

2𝜎2) +
𝑚̃

2𝜋𝜎
exp (

𝑚̃2−𝑠2

2𝜎2 ) 𝑄 (−
𝑚̃

𝜎
)                                             (10) 

   
 

3.3 Performance Metrics 

 

 
The Symbol Error Rate (SER) for rectangular M-QAM can be derived by considering two 
orthogonal M-PAM signals on the In-phase (I) and quadrature-phase (Q) branches. The 
error probability of QAM [17] is obtained by analyzing the error probability of each 
branch, where Q is the Q-function representing the tail probability of the Gaussian 
distribution, 𝛾‾𝑠 is the average signal-to-noise ratio (SNR) per symbol, and M is the 
modulation order of the QAM constellation.  
 

  𝑃𝑠 = 1 − (1 −
2(𝑠𝑞𝑟𝑡𝑀−1)

 sqrt 𝑀
𝑄 (√

3𝛾‾𝑠

𝑀−1
))

2

                                                                  (11) 

 

 

IV. FPGA Implementation Using MATLAB/Simulink on Zynq 7020 
 

LTE-A physical layer model is developed using MATLAB and Simulink, incorporating 
signal generation, QAM and OFDM modulation, cyclic prefix insertion, and channel 
modelling with Rayleigh and Rician fading. HDL Code Advisor and HDL Workflow Advisor 
verify the model's suitability for HDL generation. HDL Coder generates Verilog/VHDL 
code and a testbench for simulation and validation. The verified code is imported into 
Xilinx Vivado for RTL synthesis and timing analysis. The design is implemented on the 
MYIR Z-turn Zynq 7020 board, with PMOD LCD peripherals displaying real-time 
performance metrics like transmitted bits, BER, and bit loss. 
 

4.1   MATLAB/SIMULINK 
 
In MATLAB simulations of mobile communication systems, the standard setup usually 
comprises a transmitter, a Rayleigh fading channel, a receiver, BER analysis, and 
constellation diagram visualization. To reduce inter-symbol interference, a cyclic prefix is 
added. The Rayleigh fading channel models multipath fading, a typical scenario where 
signals reflect off different surfaces, leading to multiple delayed and attenuated versions 
of the signal arriving at the receiver. MATLAB’s functions can mimic this by generating 
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random complex Gaussian variables to simulate the channel’s impulse response. It proves 
powerful for channel estimation techniques. Its matrix operations support these methods, 
which are integral to mobile communication. These techniques aid in the development, 
simulation, and optimization of channel estimation algorithms in mobile communication. 
LS, MMSE, and LMS allow efficient adaptation to varying channel conditions, leading to 
improved signal quality and enhanced data retrieval. Accurate channel estimation 
mitigates distortions and interference, contributing to optimal signal quality and 
maximizing data retrieval from the source. 
 
Channel Estimation in LTE, ref [18] 
 
The Least-Squares (LS) channel estimator aims to minimize the overall sum of squared 
differences between the observed and estimated values. This objective is represented by 
the following formula: 
 

ℎ̂𝑝
𝐿𝑆 = (𝑋𝑝

𝐻𝑋)
−1

𝑋𝑝
𝐻𝑌𝑝                                                                                                      (12) 

 
Where h ̂_p^LS is the vector of estimated channel coefficients, X_p^H is the matrix of 
observed values (known input data) and Yp is the vector of observed values (received 
signal).The purpose of LS estimation is to minimize the sum of the squared discrepancies 
between the estimated channel response and the received pilot symbols. 
Application: It is frequently employed in OFDMA systems for channel estimate to achieve 
a precise depiction of the channel's response across various subcarriers. 
The objective of the linear minimum mean square error (MMSE) channel estimator is to 
reduce the mean square error of the true parameter vector ‘h’ to the estimated parameter 
vector ‘z’. The second-order statistics must be understood in detail. The LMMSE channel 
estimator performs better than the LS estimator but requires more computing power, as 
shown by the following expression 
 

h
ˆ

LMMSE = Rh,hp
(Rhp,hp

+ 𝜎𝑤
2 I)

−1
h
ˆ

p
LS                                                                      (13) 

 
where the R (hp,hp ) is the autocorrelation matrix at the pilot symbols point and R_(h,hp) 
is the cross-correlation matrix between the channel and pilot symbol position, σ_w^2 I is 
the noise variance in the system along with the identity matrix I. 

 
Purpose: MMSE estimation considers the noise and interference in the communication 
channel, aiming to minimize the mean square error Between the estimated and true 
channel responses. 
Application: MMSE is crucial for optimizing channel estimation in scenarios where noise 
and interference play significant roles, improving the accuracy of the estimated channel. 

Table I: MATLAB/SIMULINK Release Notes, [19] 

MATLAB/SIMULINK Parameters 

Supported OS Windows, Mac OS, Linux 

Version 2024a 

Included Editions 
Standard, Academic, 
Home, Student 

Application Bitness 32bit, 64bit 

Simulation Kernel Yes 
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             Table II: MATLAB/SIMULINK with Dynamic System Technologies [20] 

Applications  Details 

Control System  Design and simulate including PID 
and adaptive control 

Signal 
Processing 

Aids in developing and analyzing 
algorithms for audio, video, and 
communication systems 

Communication 
System Design 

Modulation, coding, and MIMO 

Power System 
Simulation 

Models and analyzes power 
systems, including grid stability and 
renewable energy integration 

Robotics and 
Autonomous 
Systems 

Supports simulating and testing 
robotic systems and autonomous 
vehicles 

 

4.2  Xilinx Vitis 
 
The Xilinx Vitis unified platform is specifically engineered to facilitate the creation and 
implementation of a diverse array of flexible systems, encompassing System-on-Chip 
(SoC) designs, Xilinx FPGAs, Alveo cards, cloud-based FPGAs, and embedded platforms. 
The research mostly centres around high-performance computing, embedded systems, 
and applications accelerated by field-programmable gate arrays (FPGAs). Vitis empowers 
developers to leverage several Xilinx hardware platforms for applications that require 
high-performance acceleration, making it a versatile tool for FPGA-based development. It 
allows for the utilisation of FPGA resources for activities that are normally handled by 
GPUs, by providing support for many programming languages and frameworks. Vitis AI is 
a specialised component of this platform designed exclusively for performing artificial 
intelligence (AI) inference tasks on Xilinx hardware. The platform provides a range of 
tools and libraries specifically designed to improve and expedite artificial intelligence jobs 
on Xilinx field-programmable gate arrays (FPGAs) and reconfigurable system-on-chips 
(SoCs). 
AI Model: A collection of pre-trained machine learning and deep learning models. 
AI Optimizer: Adjusts model parameters during training to minimize the loss function and 
enhance performance. 
 

Table III: Xilinx Release Notes, [21] 
 

Xilinx  
 

 Parameters 
 

Supported OS  
 

 Windows, Linux 
 

Version  
 

 2024.1 
 

Included Editions  
 

 Vivado, Vitis, ISE 
 

Application Bitness  
 

 64bit 
 

Simulation Kernel  
 

 Yes 
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                            Table IV: Xilinx with FPGA-Based System Design Technologies [22] 
 

Applications in FPGA-
Based System Design 

 

 

            Details 
 

High-Level Synthesis  
  

Enables the development of 
hardware using high-level 
programming languages. 

 

Hardware 
Acceleration 

 

 

 
Provides tools for accelerating 
computational tasks using FPGA 
hardware. 

 

Embedded System 
Design 

Supports the design and 
implementation of embedded 
systems with customizable 
hardware. 

High-Performance 
Computing 

 

 

 
Facilitates the development of 
high-performance computing 
solutions using FPGAs. 

 

Signal Processing  
  

Provides tools for designing and 
implementing signal processing 
algorithms on FPGA hardware. 

 

 
Simulink block diagrams calculate performance metrics such as BER and SNR optimized 
for HDL generation through fixed-point conversion. The HDL library in Simulink 
generates generic HDL code or IP cores for the Zynq 7020. The process includes HDL 
generation, linting, synthesis, and implementation to optimize resource usage. The final 
HDL code is deployed on the FPGA, ensuring the system meets design specifications. 

 
 

V.         RESULT ANALYSIS 
 

The Simulink model in Figure 2 uses 1024-QAM modulation to transmit data through an 
SC-FDMA system and OFDMA at the receiver. It calculates the Bit Error Rate (BER) and 
Signal-to-Noise Ratio (SNR) by comparing the transmitted and received signals. The 
spectrum scope visualizes the transmitted signal, while error rate calculation helps 
evaluate system performance. Table 1 below exemplifies the Bit Error Rate (BER) 
performance for Signal-to-Noise Ratio (SNR).  
 

𝐵𝐸𝑅 =  
No. of Error bits

No. of Transmitted bits
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       Figure 2. Rayleigh Channel with 1024 QAM Simulink Block 

 
It is observed that, as SNR increases BER drops steadily. Among the schemes, 64-QAM 
shows the lowest BER at higher SNR values, demonstrating better noise resilience, 
whereas 1024-QAM maintains the highest data rates at the cost of increases BER, 
highlighting its sensitivity to noise.  
 

       Table V: Rayleigh Channel with different QAM 
 

 
 

Table V measured the number of transmitted bits, bit loss, and packet loss for Rayleigh 
fading channels for 64-QAM, 256-QAM, and 1024-QAM modulation schemes. It is 
observed from the table that the modulation increases it increases the number of bits 
transmitted along with increase in the bit error loss. Table VI compares SISO and MIMO 
(2x1 and 2x2) configurations under a Rayleigh fading channel. The number of transmitted 
bits, bit error loss, and packet loss are compared for different layers. 
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Table VI: Rayleigh Channel with Alamouti Coding 

 
 

 
Figure.3 illustrates the Bit Error Rate (BER) versus Signal-to-Noise Ratio (SNR) 
performance of 64-QAM, 256-QAM, 1024-QAM upto 2048 QAM under nLOS channel. It is 
observed that as the SNR increases, the BER significantly decreases, demonstrating 
improved transmission reliability. Among the three, 64-QAM exhibits the lowest BER 
indicating better robustness to noise. In contrast, higher-order modulations like 256-QAM 
and 1024-QAM require higher SNR to achieve comparable BER performance due to their 
increased symbol complexity and denser constellation points. 
 

 
       Figure.3 BER Versus SNR  

 
 
The Simulink model shown in Figure.4 demonstrates a performance evaluation of SC- 
FDMA and OFDMA transmission schemes using a 1024-QAM modulation over a Rayleigh 
fading channel with integrated forward error correction (FEC) techniques. The system 
incorporates a convolutional encoder and a Viterbi decoder to enhance transmission 
reliability based on the proprietary 3GPP LTE-Advanced (LTE-A) standard. A Bernoulli 
binary generator initially creates random input data, which is then encoded using the 
convolutional encoder for error correction. The encoded bits are mapped to symbols 
using 1024-QAM modulation. The signal follows two paths: an SC-FDMA transmitter and 
Rayleigh SISO channel, and a standard OFDMA path. The SC- FDMA signal is demodulated 
at the receiver and passed through a Viterbi decoder for error correction. 
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Figure.4 Error Detector1024 QAM Simulink Block 
 
From Table V and VI it’s observed that as the modulation and layers increase it also 
increases the bit losses. To reduce the bit error and increase the spectral efficiency error 
correction technique is used. Table VII provides a comparative analysis of 1024- QAM 
modulation with and without applying an error correction technique, explicitly using a 
convolutional encoder and Viterbi decoder. The system with error correction reduces 
overall losses. Consequently, the packet loss is reduced by improving the overall efficiency 
of the system. 
 

Table VII: Error Correct ion Technique 

                               
 
Figure. 5 depicts HDL compatible fixed-point based Simulink model. Block design in 
Vivado, developed for Zynq-based system (MYIR Z-turn Zynq 7020 board). The design 
integrates a Processing System (PS) block connected to various Advanced Extensible 
Interfaces (AXI), including AXI Interconnect and AXI General-Purpose Input/Output 
(GPIO) modules. 
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                                                Figure.5 HDL Block Diagram in Vivado 
 
IP cores such as AXI DMA (Direct Memory Access) and AXI peripherals communicate with 
the PS. A clocking wizard provides the necessary system clocks, while PMOD peripherals 
are connected to display performance metrics. The Subsystem_0 block suggests 
additional custom logic or hardware IP for handling data processing tasks. 

 

                     
                                                                        Figure.6 FPGA Testbed 
 
 
The design was built on the MYIR Zynq-7020 development board as shown in Figure 6. 
While Vitis was used for software development, including platform creation, application 
creation, compilation, and deployment, Vivado was used for hardware design, IP 
integration, RTL Analysis, Synthesis, Implementation and bitstream generation. The FPGA 
board is interfaced to the host computer via JTAG interface for programming and 
debugging. The Zynq-7020 SoC platform could run and validate the designated system in 
real time due to the smooth integration of the hardware and software component. 
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VI     CONCLUSION 
 

Evaluating SISO and MIMO configurations under AWGN and Rayleigh fading channels 
using 64-QAM, 256-QAM, and 1024-QAM modulation schemes reveal the inherent trade-
offs between data rate and reliability. While higher-order modulations like 1024-QAM 
significantly boost throughput, they are more susceptible to noise and channel fading 
resulting in elevated bit and packet loss. To mitigate these impairments, a Viterbi decoder 
paired with a convolutional encoder is employed, effectively reducing errors and 
enhancing data integrity. This error correction mechanism proves particularly beneficial 
in sustaining the performance of 1024-QAM under degraded channel conditions. MIMO 
further improves robustness and signal quality, making it suitable for high-throughput 
wireless communication. These techniques are particularly applicable in LTE-Advanced 
(LTE-A) systems, which play a pivotal role in Non-Standalone (NSA) 5G deployments 
where LTE-A manages the control plane while 5G NR delivers enhanced data capabilities. 
 
The RTL-level design and HDL block integration using Xilinx Vivado, followed by 
implementation on the MYIR Z-turn Zynq-7020 board, provides a comprehensive co- 
design platform. Leveraging the Zynq SoC's dual-core ARM Cortex-A9 processor and 
programmable logic fabric enables real-time data processing and hardware acceleration 
critical for validating LTE-A/NSA 5G protocols. The Vivado-generated synthesis layout 
supports performance evaluation and optimal resource allocation, ensuring scalability 
and reliability in dynamic wireless environments. This combined simulation-to-hardware 
validation workflow demonstrates the practical feasibility of deploying high-order 
modulation schemes like 1024-QAM in real-world 4G and 5G infrastructure, enhancing 
system capacity, user connectivity, and spectrum efficiency. 
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