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ARTICLE INFO                             ABSTRACT    
 

  
This paper discusses the Software Defined Radio-based Digital Transceiver, focusing on the 256-QAM 
transceiver used exclusively in 5G. The transceiver discussed here is software-defined, quite unlike that 
used in 5G.The 5G transceiver switches to the 256-QAM Modulation scheme when the received power 
is high. This paper uses the SIMULINK model to discuss the 256-QAM Modulation scheme, where the 
whole transceiver is designed and implemented on an FPGA. The speed and reconfigurability of the 
FPGAs are the driving forces for such an implementation. This Model's VHDL and C codes are 
generated automatically using the HDL workflow advisor. This circuit was designed and implemented 
on ZEDBOARD, which has an SoC comprising the Zync-7000 FPGA and ARM processor. The whole 
Model runs such that a part runs on the FPGA, and the rest runs on the ARM processor. 
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INTRODUCTION 
 
The need for very high-speed data transmission has resulted in the rapid growth of digital communication hardware.The mobile 
communication industry faces the problem of providing this technology which can support many services ranging from a low bit 
rate communication, such as voice communications of about 2 Mbps, to multimedia communications with a much higher bit rate of 
over 2 Mbps.ASIC design and implementation are not very flexible and require much time to market. Hence, Field-Programmable 
Gate Array (FPGA) is preferred over the ASIC.The FPGA hardware is programmable and does not involve a delay in the case of IC 
fabrication. (1, 7). The capacity of the multimedia communications network is rapidly growing with the rapid growth in mobile data 
services. To reach such a goal higher modulation scheme and FEC codes become necessary. This results in the design of the FPGA 
architecture and implementation of adaptive QAM modulation, which can support a high modulation scheme such as 256-QAM. 
(2). In wired and wireless communication circuits, FPGAs can provide excellent solutions, such as reprogramming the baseband 
circuit. Nowadays, FPGAs can offer accuracy in simulating, validating, testing, and implementing designs(3, 10).Still, a Major 
challenge faced in circuit design is implementing the 256-QAM (4). A wide variety of applications require high-speed and low-cost 
wireless communication circuits for data transmission, which is catered by rapid growth in technology. Higher Modulation schemes 
are used to increase the data rate, such as the 256-QAM modulation, which results from the bandwidth-limited channel because it 
can accommodate more data into one symbol.The Forward Error Correction schemes are necessary because such systems are used 
in wireless channels that observe random and burst errors. FPGA is a more effective transceiver design as the transmitter and 
receiver can be integrated into a single FPGA (5, 6). The current analog capacity channels are much slower than the High-speed 
wireless data communications in general and Multi-channel Multi-point Distribution Services (MMDS) in particular (8).New 
transmission channel methods are extensively used for providing more bandwidth as higher-order modulation types are limited (9). 
The low power consumption has enhanced the necessity for the evolution of communication technology from 3G to 5G. The 5G 
technology is now viable, which is necessary for the rapidly growing traffic demand and newer services (11). In the application of 
digital signal processing and digital communications, FPGAs have been exclusively adopted. They are also well suited for the 
technologies like software-defined radios, which are evolving fast. This is due to the programmability and reconfigurability of the 
FPGAs. The baseband functionalities of a transceiver are primarily implemented using FPGAs. The communication transceiver can 
use reconfigurable hardware such as FPGAs to perform digital signal processing tasks (12). Section II describes the System 
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architecture. Section III describes the Forward Error Correction (FEC) used in this system. Section IV illustrates the QAM-256 
Modulation. Section V discusses the QAM-256 Demodulation. Section VI describes the hardware implementation of the design 
onto the ZEDBOARD and the Real-time results Section VII draws on the conclusion. 
 
System Architecture: The 256-QAM transceiver is implemented using the Model in MATLAB SIMULINK. The top Model of 
the system is shown in Figure 1.  
 

 
 

Fig. 1. Top Model of the System 
 

 
Fig. 2. QAM-256 Model of the Transceiver 

 
In this Model, the QAM-256 subsystem contains the baseband model of the complete transceiver, shown in Figure 2. The main 
subsystems in the 256-QAM Model are Modulation/demodulation, Coding / Decoding, etc. The QAM-256 subsystem block runs 
on the FPGA, and the rest runs on the ARM processor onto the ZEDBOARD. The colors depict the sampling speeds at various 
connection points in the Model, with red color having the highest sampling speed and sky blue having the lowest sampling speed. 
The FEC used in this design is a more efficient scheme of the (7,4) Block Codes which is the (8, 4) Block Codes. 
 
From the input bit stream to the Modulator, the circuit comprises the transmitter, and after this, the serial bit output from this 
subsystem is the receiver. The single serial bit stream input to the 256-QAM subsystem is fed to the serial-to-parallel converter, 
which outputs a parallel bit stream of 8-bit wide. This 8-bit stream is divided into four-bit streams and provided to the two (8,4) 
Block coders running in parallel. The output from the two Block coders is concatenated to give a bit stream of 16-bit width. This 
16-bit parallel stream is passed through a parallel-to-serial converter which converts it into 8-bit words (because the QAM-256 has 
eight bits per symbol. This 8-bit word is again broken into two 4-bit words and passed on to the in-phase and quadrature-phase 
modulators, shown clearly in Figure 2.  
 
Forward Error correction: The forward error correction is implemented using two (8, 4) block coders and decoders. The circuit 
of the block coder is given in Figures 3 and 4. The block decoder is shown in Figures 5 and 6.  
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Fig. 3. The Block Coder Subsystem (two coders in parallel) 

 

 
Fig. 4. The (8, 4) Block Coder architecture 

 

 
Fig. 5. The Block Decoder Subsystem (two decoders in parallel) 

 
The algorithm for the (8, 4) block coder and decoder is well documented in the books and literature.The coder's output is 8-bit, 
which comprises the 4-bit data and 4-bit parity. These 8-bit words from the two coders are fed to the multiplexer, which joins this 
into a single 16-bit wordprovided to the parallel-to-serial converter. This P/S converter gives an output of 8-bit wide which is split 
into two 4-bit wide, fed to the In-phase and quadrature-phase modulators of the 256-QAM transmitter. On the receiver side, as 
seen in Figure 5, the 16-bit word is fed to the Demultiplexer, which breaks it into two 8-bit words. The 8-bit words are further 
processed by the two decoders running in parallel and give an output of 4-bit each, which are then concatenated to make it an 8-bit 
word which is the data. This is then passed through a P/S converter giving a single bit-stream output.  This bit-stream is then fed to 
the vector scope, where it is compared with the input bit-stream to ascertain the errors in the transmission, which can be observed 
in Figure 1. The comparison results are shown in the Real-time result section, later passed onto the vector scope as shown in 
Figure 1. 
 
QAM-256 Modulation: The 256-QAM Modulation Blocks (in-phase and quadrature-phase) are shown in Figure 7. Both the 
blocks are identical,so only one subsystem is described here. 
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Fig. 6. The (8, 4) Block Decoder architecture 

 
 

Fig. 7. QAM-256 Modulator 
 
 
 

 

 
 

Fig. 8. The QAM_256 Multiplexer 
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Fig. 9. One Subsystem in the QAM-256 Multiplexer 
 

Table 1. Multiplexing Table (Real and Imaginary parts of symbols) 

 
4-bit word (Gray Coded) Multiplexed Symbol Value 

0000 -15 
0001 -13 
0011 -11 
0010 -9 
0110 -7 
0111 -5 
0101 -3 
0100 -1 
1100 1 
1101 3 
1111 5 
1110 7 
1010 9 
1011 11 
1001 13 
1000 15 

 
This symbol value then modulates the real and imaginary parts of the incoming symbol of the eight bits (4-bit each for the real and 
imaginary parts), as shown in Figure 9. From Table 1 it can be seen that the eight bits are split up into two 4-bit chunks and gray-
coded for the real and imaginary parts. The range of symbol values taken by each symbol for these real and imaginary parts are 
ranging from +15 to -15. 
 

 
 

Fig. 10. The QAM-256 Demodulation Subsystem for the in-phase and quadrature-phase components 
 
 

 
 

Fig. 11. The LPF subsystem 
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Fig. 12. The Detector Subsystem for in-phase and quadrature-phase demodulators 
 

 
Fig. 13. One Subsystem in the Detector Subsystem 

 
QAM-256 Demodulation: Figure 10 illustrates the 256-QAM demodulation for the real and imaginary parts of the 256-QAM 
symbols. The coherent demodulation is employed here, and the carrier generated in the transmitter is phase synchronized with the 
carrier generated in the receiver. This happens automatically as the numerically controlled oscillators generate the two carriers on 
the same FPGA. The output of the multiplier is fed to the LPF, as shown in Figure 10. This LPF then cuts off the high-frequency 
part of the received signal and passes only the DC part of the signal, which we are interested in. This DC part contains the 
information about the symbol transmitted. This DC part is then decoded, as shown in Table 1, to give the transmitted symbols for 
the real and imaginary parts. This LPF has been designed and implemented by converting the analog LPF into digital LPF using 
the Bilinear Transformation technique. The filter thus realized is an IIR Digital Filter, as seen in Figure 11. 
 
The values of B and C constants shown in Figure 11 are calculated and stored in the Model properties. They can be easily varied 
in the Model properties section depending upon the cut-off frequency of the LPF. Moreover, the detector part is shown by the 
subsystem in Figure 12. In the detector, one subsystem can be seen in Figure 13. As seen from this figure, the value -13 falls 
between -12 and -14, which are the thresholds. In the same way, -11 falls between -12 and -10, the two thresholds in the detector.  
There are 15 thresholds in all for the system. They are  
 
-14, -12, -10, -8, -6, -4, -2, 0, 2, 4, 6, 8, 10, 12, 14.  
 
A value above 14 is taken as +15 was transmitted, and a value below -14 is assumed to be -15 was transmitted. This is done for the 
real and imaginary parts. These values obtained are then decoded into 4-bit values for the real and imaginary parts, as illustrated in 
Table 1.  
 
Hardware Implementation and Real-Time Results: HDL Workflow Advisor is used to implement the system in the 
hardware.This HDL Workflow Advisor is illustratedin Figure 15. From this figure, we observed thateach process must be passed 
on successfully to move on to the following procedure. All the functions from the first to the last must be passed successfully for 
the system to be run onto the FPGA, which is the ZEDBOARD.  
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Fig. 14. Generated Software Interface Model 
 

The HDL Workflow Advisor generates the entire system's VHDL codes and the Software Interface Model. All the codes 
generated by the HDL Workflow Advisor are perfect if the system is perfect without errors. After generating the VHDL codes, the 
Advisor also developed the ".bit" file for downloading onto the FPGA. The C-codes for the ARM processor are generated on the 
go when we run this Software Interface Model. This C-code is then compiled into a ".exe" file to download onto the ARM 
processor. Figure 14 illustrates the Software Interface Model generated automatically by the Workflow Advisor. When we hit the 
Run button on the Software Interface Model, the Model runs in real-time, whose results are depicted in the next section. Figure 15 
illustrates the completed processes for this design. The last function, the "Program Target Device", downloads the ".bit" file onto 
the FPGA on the ZEDBOARD. The Software Interface Model of the QAM-256 transceivers is generated in process 4.2. Finally, 
the FPGA bit-stream is generated in process 4.3, as seen in Figure 15.The real-time results for the 256-QAM are illustrated in 
Figure 16.The figure shows that the upper bit-stream is the transmitted bit-stream, and the lower bit-stream is the received bit-
stream. Also, we can observe from this figure that apart from a slight latency, the sent and the received bit-streams are identical.  

 

 
 

Fig. 15. The HDL workflow advisor processes passed 
 

 
 

Fig. 16. Real-Time Results 
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CONCLUSION 
 
The 256-QAM transceiveris designed and implemented using MATLAB / SIMULINK. For the different subsystems, the circuit is 
designed and tested in real-time and found to be working satisfactorily.The (8,4) Block Coding Decoding is working fine. The 
Modulator and Demodulator subsystems are designed and tested in real-time and are found to be working satisfactorily. The 
Detector and the LPF Subsystems were developed and tested, and were found to be working satisfactorily. The VHDL and the C-
codes for the entire system are generated automatically by the HDL Workflow Advisor, and the system runs in real-time and 
works fine. The codes generated are perfect without requiring any debugging. The transmitted and the received bit-streams are 
seen to be identical except for a small latency, which is obvious. The Model-Based Design approach used here has saved 
considerable time in reaching the final implementation stage. 
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