Running head: 5G DIGITAL PROCESSING		1
5G DIGITAL PROCESSING		4








5G Digital Processing
Name of Student
Institutional Affiliation






[bookmark: _Toc36236045]Abstract
Digital signal processing has evolved significantly over the course of the past few years to meet the changing needs of the contemporary communications environment. The standards of wireless communication have shifted into a new paradigm that requires faster speeds and efficiency. Digital signal processors have found their place within baseband modem of most mobile communication devices. There are many limitations when it comes to bigger cores and higher performance in such devices, however, especially because of power consumption and battery life. Digital signal processor controller cores and other heterogeneous cores have been enhanced, therefore, in the wake of 5G technology. This paper provides an in-depth analysis of the evolution of digital signal processing towards the 5G framework with a specific focus on the demands of the contemporary communication environment. 
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A background analysis on the evolution of technology reveals the fact that various variables have changed significantly over the course of few years. Digital signal processing was limited in performance and simple in architecture a few years ago even though it was complex in programming (Bongiovi et. al., 2019). Fused instructions were used in digital processing in the early 2000s, for instance, before the advancement of technology. Digital signal processors also used Single Instruction Multiple Data computation (SIMD) (Mazur et. al., 2019). Such approaches were used in Multiply-Accumulate (MAC), at dual or single computation. These digital signal processors were generally used in voice processing applications and a variety of signal processing as their programming was quite simple (Fitzgerald et al., 2019). The digital signal processors of the time had limited Instruction Set Architecture and were basically assembly-level programed cores. The advent of 5G technology therefore comes with increased requirements in terms of digital signal processing as will be analysed in this paper. 
There are various emerging issues in digital signal processing especially with the advent of 5G technology. There have been enhancements in various accompanying technologies and foundational aspects of digital signal processing (Bui et al., 2020). Power consumption and battery life, for instance, are critical elements of any framework of 5G digital signal processing (Amatriain, 2019). The evolution of digital signal processing follows such trends, therefore, as the necessity for heterogeneous and task-specific cores emerges. Digital signal processing controller cores, customised cores, accelerators, and processors have to be of a wide range, therefore, in keeping with the evolving technology. 
[bookmark: _Toc36236049]An Overview of 5G Technology
The 5G technology refers to the fifth generation technology of wireless communications that supports cellular data networks. The advent of the technology is posed to accelerate the internet of things and is hailed as a very significant improvement of previous technologies (Silveira 2019). The revolutionary technology was widely adopted in large scale in 2019 leading to the upgrade of infrastructure by leading telecommunication service providers (Podder et al., 2020). 5G functionality is poised to replace older technologies across different platforms in the telecommunication industry (Blandford & Parr, 2019). The benefits of 5G technology will also be felt in many other global sectors as most of them rely on telecommunication in one way or the other. 
It is essential to understand 5G technology to contextualise in within the broad discussion of digital signal processing. The spectrum of frequencies of 5G technology is divided into low-band, mid-band and millimetre waves (Dolz et al., 2020). The low band frequency operates on a frequency range that is similar to that of 4G. The 5G millimetre frequency is the fastest, however with speeds as high as 1-2 Gbits/s down. The frequencies are also above 24 GHz and can go up to 72GHz. These speeds are way above the lower boundary of the extremely high frequency band. More cells are required because the reach is short. It should be noted, however, that the millimetre waves have difficulties traversing many windows and walls leading to a limited coverage indoors. 
The adoption of the various 5G bands is fast growing across the world. The mid-band of 5G is deployed in over 20 networks and is the most widely used band (Stanisavljević et al., 2019). The speeds within this category are at about of 100-400 Mbit/s down in a 100 MHz wide band. It is also worth noting that speeds can exceed a gigabit per second in field and lab environments occasionally. Frequencies deployed within this bad are from 2.4 GHz to 4.2 GHz. There are various companies currently using 2.5 GHz while have adopted a range of 3.3 GHz and 4 GHz leading to increased reach. An upgrade of existing towers can increase reach and eventually lower cost.  
[bookmark: _Toc36236050]Digital Signal Processing and Wireless Communication
Wireless communication has significantly pushed digital signal processing to the next level. Digital signal processing has evolved in terms of performance in various cellular applications (Bakshi et al., 2019). A typical 3G cellular baseband modem would use a single digital signal processor optimized for quad/ dual Single Instruction Multiple Data and Multiply-Accumulate performance with simplistic digital signal processing filter instructions such as Infinite Impulse Response (IIR) and Fast Fourier Transform (FFT). The Very Long Instruction Word architecture was adopted to enhance performance through allowing for the execution of parallel, multiple operations in closed, tight loops. C-compiler technology was developing and advancing at that point but programming remained at the assembly level for digital signal processing algorithms for optimized performance. 
Technologies eventually improved over time, however, leading to more efficiencies. More optimized operations and quick software development became possible, for instance, because of digital signal processing libraries for digital signal processors (Noor et al., 2019). Complex data type (I and Q) computation support is needed for 3G wireless communication algorithms. The data types became an addition to the library and architecture, therefore, and the compiler could then be mapped to the Single Instruction Multiple Data and Multiply-Accumulate computation units of the digital signal processors (Stanisavljević et al., 2019). Approximately a half of the computation of wireless communication applications of the time was digital signal processing while the other 50% involved non-vector and control data computation (scalar) tasks. 
Scalar and control tasks were not suited to run on a Single Instruction Multiple Data and Very Long Instruction Word digital signal processor because control code has exceptions and branches that cause many long stalls on the pipeline. Branch prediction functions and scalar computation units were introduced into digital processing as a consequence. A new market for digital signal processors was opened as they were well suited for audio and voice applications as the performance of Single Instruction Multiple Data and Multiply-Accumulate could deliver the computational performance required for audio offload engines used in tablets and smartphones. 
[bookmark: _Toc36236051]The Role of Cellular LTE 
Wireless mobile communication standards that include WiFi and celluar communication drove the necessity for computational complexity. Heightened software programmability to enable enhanced functionality on a mobile baseband chip was also brought about by Multiple Input And Multiple Output (MIMO), estimation algorithms, channel aggregation, multiple antenna and 3.9 G modems. Compiler technology has also changed to acknowledge digital signal processor vector data types and to match loop strides (Stanisavljević et al., 2019). The same has also evolved to perform simple auto vectorization within inner loops. The width of digital signal processors and Single Instruction Multiple Data increased to 16, 32, and even 64 Multiply-Accumulate/ cycle for infrastructure applications and cellular mobiles. An Instruction Set Architecture (ISA) that is more customized and includes a matrix computation acceleration, more digital signal processing filter acceleration instruction, and addressing modes further accelerated operations for improved performance. 
High throughput of complex vector data in MAC units was supported by a dual load store architecture with wide store units or/ and load. An updating of register files was also done, coupled with this, with a larger number of dedicated vector data register files. This was done to balance the architecture to the computation throughput and reduce the pressure of the internal register. The Very Long Instruction Word architecture also expanded to enhance higher computation throughput. To function at optimal performance, for instance, the FFT function needs Lead, Execution and Store leading to a 4-issue Very Long Instruction Word for digital signal processing vector operations. 
The new digital signal processors were integrated with scalar and vector engines which can execute in parallel. Some of the architecture have Very Long Instruction Word schemes of split digital signal processing vector scalar operations and vector operations leading to large instruction word lengths. Other digital signal processors merge the Very Long Instruction Word scalar and vector operations leading to smaller instruction word length but more instruction decoding complexity. The digital signal processing and control functions are scheduled and pre-mapped by the compiler into Very Long Instruction Word instructions on the digital signal processors. 
There was a shift to using multiple cores in modems systems to respond to the different requirements of processing within the system as the complexity of computation increased with LTE category number. The processors were characterised by different performance and architecture capabilities depending on the functional component of the system in which they were used. Complex vector data computation on the digital signal processing functions is required, for instance, on the front end of the LTE modem (Stanisavljević et al., 2019). The necessity for soft-bit domain processing that includes scalar 16-bit data best suited for a variety of architecture/ Instruction Set Architecture (ISA), and better served by task specific or small processors. The complexity of computation increased about ten times with 4G (LTE-Advanced) modems compared to 3G modems. The digital signal processors further improved and have been accelerated to support improvements in technology. Modems under this framework have customised instructions and wireless communication algorithms either as part of extendable options or the base Instruction Set Architecture. The inclusion of floating point support adopted for the infrastructure Multiple Input Multiple Output computation algorithms was another essential improvement in the digital signal processing technology. 
[bookmark: _Toc36236052]Heterogeneity in 4G and Higher Systems
A ‘one processor fits all’ has become no longer viable as the computation complexity and workload of algorithms continue to improve. There has emerged a necessity to shift to heterogeneous systems over time, given the evolving requirements in the market (Björnson et al., 2019) More digital signal processors were being utilized for main path computation with programmable cores that were highly task-specific for the most data-intensive tasks like channel estimation, turbo codec, and front-end FFT. Always-on activation applications and massive IoT drive the requirement on digital signal processing in a completely different direction in contrast to the higher end of 4G wireless communication modems (Stanisavljević et al., 2019). The ability to implement multiple digital signal processors in one digital signal processor core, low power requirements, and low cost are pushing single core implementations. The new types of digital signal processors have an Instruction Set Architecture and architecture that amalgamates control, wireless communications, audio and motion/ image detection algorithms. There is increased flexibility to select/ and deselect architectural and computation options to adopt the smallest size and the lowest power possible in the ‘one core fits all’ approach. 
[bookmark: _Toc36236053]Functionality and Complexity Demands of 5G Technology
The complexity of 5G has been observed to be much higher compared to earlier generations. It is estimated that 5G computation complexity is about 10 times to 20 times, for instance, compared to 4G technology (Sorokina et al., 2019). Modems with 5G capabilities have much more complexity in terms of latency, bandwidths, and range of applications. The Multiple Input Multiple Output configurations are also much more advanced and higher. Some infrastructure applications apply massive Multiple Input Multiple Output that can only be implemented within a framework of high precision floating-point computation. More task-specific programmable cores are being used to offload the main computation intensive tasks and reducing or eliminating, rather, the necessity for the wide Single Instruction Multiple Data, Very Long Instruction Word digital signal processors to run these algorithms. 
Digital signal processors are being used specifically for digital signal computation. The sequencing and control operations are offloaded from the wide Single Instruction Multiple Data, Very Long Instruction Word digital signal processors to an optimised controller DSP core (Stankovic et al., 2019). The core is aimed at high GHz maximum clock frequency. It is also targeted at multithreaded operation and very efficient task switching. Various digital signal processing extensions supporting quad-MAC, dual, and single level DSP are not optimal to function on the main wide Single Instruction Multiple Data, Very Long Instruction Word digital signal processors but can work on the DSP core or controller. A superscalar architecture is preferred, in this regard, compared to a Very Long Instruction Word digital signal processor because it targets the controller algorithms as the code is control with exceptions, interruptions and branching. The cores under review function as sequencers for the hardware accelerator blocks when it comes to low-level DSP and control functions. This is another operation offloaded from the main DSPs. The controller cores need express connectivity to synchronizing operations between hardware blocks, data movement, and support of service requests. 
[bookmark: _Toc36236054]Conclusion
In conclusion, it is evident that digital signal processing has changed significantly in the recent past. There have been various improvements over the course of the past few years with the primary orientation being towards improvement in terms of performance. The standards of wireless communication have evolved into a new phase that supports faster speeds and efficiency in multi-sector environments. Technology has moved on a positive trajectory with the advent of 5G even though there are many limitations when it comes to bigger cores and higher performance in such devices. Digital signal processing for 5G technology will continue changing in the foreseeable future as other shifts in the technological landscape occur. 
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