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Abstract 

In microprocessor architecture, amid a few blocks outcome of the optimized sorting algorithm has proved 
its impact on the results. Sorters can be implemented in domains that includes data centers, cloud 
computing servers for IoT applications. Sorters can be implemented on hardware, by deploying the 
developed sorter on Field Programmable Gate Array (FPGA). By contrasting factors like power 
consumption, implementation time, and implementation space with those of the proposed algorithm, it is 
possible to show the shortcomings of existing sorters like Bubble sort, Bitonic sort, and Odd-Even sort. 
This approves that the sorter with higher capability will perform better for sorting involving large 
numbers, this helps in designing of large-scale sorting for aforementioned applications. Few sorters were 
compared based on the parameters and it was concluded that comparison-free odd-even was having 
upper hand. Hence, the optimized sorter was implemented on the MicroBlaze, which is based on RISC-V 
architecture. 
 
Keywords: FPGA, MicroBlaze, RISC-V, Sorters 

1. Introduction 

FPGAs are now widely used in embedded system and successfully deployed in the applications like edge 
devices in Internet of Things (IoT), cloud computing and data analytics. Even though FPGA based applications 
see a huge difference in performance, still there is a thirst both from industry and academia. Henceforth, RISC-
V finds its demand along with FPGAs. Specialty of Reduced Instruction Set Computer (RISC) principles are the 
foundation of the open standard RISC-V processor, which was developed in 2010. Commercial processors (x86) 
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are upward binary compatible, which means that if present processors add something, all subsequent processors 
must incorporate it [1]. There are only 47 instructions in RISC-V ISA(RV32I) considered as base of RISC-V. 
We can use the RISC-V specification to enhance the ISA with either conventional extensions or customized 
instructions [2].   

When opposed to software operating on a general-purpose CPU, hardware acceleration is the utilization of 
computer hardware designed to perform specialized functions more effectively. One of the major operation 
performed in data center is searching. In order to perform searching effectively, the data must be sorted. 
Sorting operation can be carried out by software and hardware. Software sorting operation consumes more 
number of CPU cycles. Through hardware implementation we can improve the performance of sorters.  

Data level parallelism can be achieved by Single-Instruction-Multiple Data (SIMD) instructions. Most of the 
modern processors use SIMD as accelerator at instruction level. RISC-V provides the flexibility of customizing 
instruction according to the application and on required accelerator devices. Customized instruction and new 
template designed for odd-even merge sort in [3] and also improves performance by optimizing SIMD 
instructions, resulting reduction in length of the code.  

Over decades, soft-core processors have increased its popularity. They are processor hardware description 
models that can be synthesized using a number of semiconductor technologies such as Application Specific 
Integrated Circuit (ASIC), Field Programmable Gate Array (FPGA) or Programmable Logic Device (PLD). 
Soft-core processors give designers the flexibility to tailor their structures to a specific application in order to 
obtain the optimum design trade-offs. In [3], the performance improved by optimizing bandwidth of soft core’s 
cache memory hierarchy.  

FPGA found its application in big data for processing data unparalleled [4] and few of the FPGA drawbacks 
are listed bandwidth bottleneck for big data analytics, higher end FPGAs are expensive, disrupts 
communication [5], cache memory access in FPGA is random and effects the design [6]. Customizing SIMD 
instructions in [3] included novel instruction types, Verilog templates, open source framework and high 
throughput achieved by concentrating on cache memory and communication. [3] combines RISCV32I and 
RISCV32M enhancing performance of customized instructions. It provides efficient implementation of FPGA 
using BRAM.  

A conventional sorting system consists of the following steps: data collection and acquisition, processing, 
dynamic and long-term storage, sorting, and dispatch. Many hardware solutions rely on linear sorting to 
maintain a sorted list with in-order insertions, but they don't optimize throughput, or the rate at which data 
elements are processed. The weakest link in the system, which is often the sorting step, limits the system's 
sorting throughput. Although hardware-based sorting can be accelerated by parallelism, most sorted results are 
still retrieved one at a time. Therefore, a hardware-based linear sorter could only achieve a maximum 
throughput of one sorted output per clock cycle regardless of the system's available and exploitable parallelism. 
Furthermore, specialized hardware such as priority schedulers may have diverse data processing and arrival 
times that must be taken into account if the system is to work in a pipelined fashion. Because pipelined systems 
can't move on to the next stage until the previous one is finished, pausing on a stage can possibly halt the 
pipeline's progress until data is available [29]. 

Other hardware sorting systems, such as Bitonic sorting networks [30, 31], are effectively rendered obsolete by 
this characteristic, as they can only obtain high throughput when acting on all data sets that are readily 
available. A unique sorter solution is required to enable low-latency pipelining and increased throughput 
through parallelism in a sorting system. There are a variety of sorting strategies available, including Bitonic 
sort, Odd-even sort, Bubble sort, Merge sort, and Insertion sort, each with its own set of benefits and 
drawbacks, which are detailed below [32]. 

Bubble sort is a simple and well-known method for sorting data [33] that offers a reasonable answer for a 
minimal number of inputs. When two numbers are compared, if they are not in the correct order, they will be 
swapped as needed. This procedure will be repeated many times, and this phase will be repeated throughout the 
entire sequence. It takes N comparisons in the first iteration for the input of size N, N-1 comparisons in the 
second iteration, and so on until all of the elements have been sorted. The complexity of this sorter is O(N(N-
1)/2) [34]. This strategy has the advantage of using less memory and fewer lines of code to execute; however, 
the significant disadvantage is the longer time required, and it is apparent that the algorithm is unsuccessful for 
huge data sets. 

For large-scale sorting, [35] suggested and successfully developed a tree-based merge sorter. The performance 
was found to be deteriorated due to the distorted data. A reliable strategy was required to deal with enormous 
data collections. It was accomplished through the use of improved sort-merge units, which increased overall 
throughput but were difficult to scale for big data sets. Casper et al. [36] compares various sorting techniques 
in great depth. The sorter that is comparator-free approach is the factor that is prioritized. Attempts to produce 
comparator-free sorting have been done in the recent past, demonstrating a focus on speed and resource 
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management. Optimization is also achieved in the suggested technique, in addition to not utilizing any 
comparator or complicated data path [36]. 

The Odd-Even approach is an alternative sorter algorithm that is quite similar to bubble sorting with a few 
variations. The process is repeated until the array elements are sorted, with Odd and Even Phases occurring in 
each iteration. We execute a bubble sort on odd indexed elements in the odd phase and an even phase bubble 
sort on even indexed elements [37]. This process is repeated for each alternating index (odd-even pair, even-
odd pair) until no swapping operations are necessary and the array is sorted. In this sorting strategy, two 
modules are used: compare and swap. As a result, the time complexity can be calculated to be O(N2). By 
incorporating parallel computation with this sorting strategy, the time complexity can be reduced to O(N) [38]. 
This has recently been discovered to be the preeminent sorting method on hardware devices, as it provides 
stable throughput and consistent performance even when data distributions are skewed. 

Bitonic sort is a typical parallel sorting method that is based on the Bitonic sequence. A Bitonic sequence 
consists of approximately half of the array arranged in ascending order and the other half arranged in 
descending order [39]. When compared to the odd-even sort, this sorting approach is extensively utilized since 
its structure makes implementation simple. This sorting algorithm has an O(N log2(N)) complexity. Insertion 
Sort is less efficient when sorting a large number of items, which necessitates a more advanced algorithm such 
as Quick Sort, Heap Sort, or Merge Sort because its average complexity is O(N2). Each iteration uses the 
Insertion Sort algorithm to integrate a new entry and compare the values of elements in the list [40]. If the 
value of an element is lower than its current value, a swap is made. The main disadvantage of this sorting 
approach is that it is not suitable for large data sets. The complexity is O(N) in the best case and O(N2) in the 
worst scenario [41]. 

The proposed article deals with design of comparator-free sorter in RISC-V processor and the obtained results 
are presented. The remainder section of the paper is structured as follows. Section 2 compares the benchmarks 
and provides an overview of relevant studies. Section 3 elaborates the proposed MicroBlaze architecture and its 
3-stage pipeline. Section 4 discusses implementation of Odd-Even Comparison-free sorter in MicroBlaze 
softcore processor and its result analysis. Finally, Section V concludes the paper. 

2. Related work 

In this paper [7], an SRAM based reconfigurable architecture used to minimize the usage of units and low 
fragmentation. Also integrating low utilized LUTs for reconfigurability. Additional to above, to improve 
efficiency of reconfigurable architecture, configurable hard logics (CHLs) are used along with LUTs. This 
architecture is implemented on Berkeley RISC-V processor and MiBench Benchmarks. And as an alternative 
implemented on open source processor such as LEON and DSP core. Low power can be achieved by LEON 
processor and safety critical by RISC-V, leading to reconfigurability. 

Some of the efficient soft core processors are SecretBlaze [8] and Chisel [9]. Conventional reconfigurable 
architectures have some drawbacks like application domain is not generic, power inefficient [10]- [13]. [7] 
proposes a reconfigurable architecture focusing on efficient area and power for soft core processors by making 
use of low utilization and fragmented functional units. To find the low utilization and fragmented functional 
units, benchmarks are used. Application Specific Integrated Circuit (ASIC) and Reconfigurable Unit (RU) 
module is best suitable for both soft and hard cores. But these methodology has certain drawbacks – access 
pattern not considered. The main concern is utilization of LUTs, even though in small input LUTs is 
underutilized in broad circuits [14] [15]. 

Extension of RISC-V by adding multiplication and division instructions which executed on hardware to open 
standard set provided in [16]. This architecture targeted for 32-bit soft processor RISC-V ISA by assuming in 
order processing of instructions and compared with various Benchmarks.  

Xuantie-910 [17] RISC-V processor is a 64-bit out of order execution 12-stage pipeline releases high efficient 
vector processing, supports multi core processor, delivers high performance compared to its predecessor 
belonging to RISC-V family. The design [18] has been emphasized on instructions encoding, instruction 
functionalities, instruction types, decoder logic complexity, data hazard detection, register file organization and 
access, pipeline operation, impact of branch instructions, control flow, data memory access, operating modes, 
and hardware resources for the execution unit. 

Bit flips in digital systems causes threats, well known as soft errors. This leads to corruption of data which 
remains undetected. So, [19] provides a study on handling various soft errors by BOOM and Rocket processor. 
[20] implemented on Xilinx Kintex-7 (xc7k410t-3fbg676) FPGA 3-stage pipeline with low complexity control 
circuits. Additionally, unique instructions that extend the functionality of the existing ISA are proposed to aid 
with energy metering. Mainly synthesized and deployed instrumented code in RISC-V and FPGA during 
execution resulted in eliminating execution time overhead [21]. 
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In proposed work [22], RISC-V allows us to add new instructions as it supports open source and its taped out 
on 180nm TSMC process. In this paper, proposes embedded FPGA (eFPGA) is directly located inside main 
CPU. LowRISC Ibex RISC-V is a light weight core and uses two pipeline stage consuming less area.  [23] 
discussed regarding resource optimization in paper. RISC-V with FPGA optimized resource utilization 
compared to only soft processor including out of order execution.  

RISC-V supports ISA with no costs [24] and has characteristics like adaptability, flexibility, and features that 
are not yet present in the current solutions. The main goal of this work is the development of a RISC-V 
softcore processor to be implemented in an FPGA, using a non-RISC-V core as the base of this architecture. 
SecretBlaze [25] is an open source 32-bit RISC soft core processors with five stage pipeline and easily 
configurable suitable for system on chip (SOC) design. SecretBlaze uses a MicroBlaze instruction set. This 
approach is modular provides efficient implementation and increases abstraction level of hardware 
descriptions. 

3. Proposed MicroBlaze architecture and optimization of sorter 

FPGA processor cores are intellectual property (IP). As a soft cores involve design elements that can be 
implemented within the FPGA fabrics. The architecture of the proposed processor is presented in this section. 
The main focus is on the changes made to the MicroBlaze architecture and the implementation of the RISC-V 
ISA, as well as the new features and decisions made regarding the FPGA implementation. In this paper, 
discussion begins with a CPU architecture overview, which highlights the major structural changes. Each 
component is discussed in further depth in the subsections that follow. 

 
A. Optimization of Sorter 

The various sorters, such as Bitonic, Insertion, selection, and bubble sort were compared with the proposed 
comparison free odd-even sort. All types of sorters were designed to sort 4-, 8-, 16- and 32-bit numbers and the 
parameters chosen for the comparison are Number of slices, Number of LUT’s, Number of used logics, 
Number of LUT Flipflops, IO utilization and lastly Delay. The result of the proposed sorter is highlighted in 
Table I by keeping the font in bold. 

B. Architecture Overview 

MicroBlaze is a soft core processor designed for Xilinx FPGAs and mainly implemented in the primary 
memory and logic block of FPGAs. A new instruction is issued along with data at every clock cycle. 
Assistance for multi-cycle functional units, caches, and pre-built peripherals including UART, timers, and 
counters stand apart. Based on this finding, the paper solution concentrated not only on the implementation of 
the RISC-V ISA but also on maintaining the MicroBlaze characteristics, such as the approaches adopted and 
their robustness. Apart from compatibility for the RISC-V ISA, the architecture's new features include sorter 
unit which is considered to be the important operation for real time application. 

 
Figure 1: Overview of MicroBlaze Architecture 

Figure 1 represents processor architecture of MicroBlaze by incorporating Odd-Even comparison-free sorter. 
MicroBlaze fetches data and instructions from local RAM memory. The Odd-Even comparison-free sorter 
accepts unsorted data from RAM as input and effectively sorts them using the sorter unit. Figure 2 shows the 
MicroBlaze architecture, which is based on MIPS processors and has a 3-stage pipeline with a modular 
implementation design, as well as two distinct instruction and data memory. Each phase was systematically 
constructed and defined in its own component, using the same hardware description methodology and signal 
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naming conventions. Because of its connectivity to the Register File, the Write-Back stage was implemented in 
the same component as the Instruction Decode. 

C. RISC-V ISA 

The required adjustments to implement the RISC-V ISA were mostly focused on the instruction decoder 
because different formats necessitate rewriting the parsing of each instruction. There are only two types of 
instructions in the MicroBlaze ISA: Type A (for register-register instructions) and Type B (used for register-
immediate operations). The RISC-V ISA, on the other hand, has six different types of instructions. To parse the 
new sorts of instructions, new entries were added to the decoder. Because instructions of the same kind share 
the same opcode, each instruction type is assigned a unique opcode. The specific instruction is then discovered 
and the operands are obtained when the type has been determined. 

Table I. Comparison various parameters of existing sorters with the proposed sorter for different bit length. 

  

   Sorter   

Number 
of Slice 

Registers: 
(Out of 
515200) 

Number 
of Slice 
LUTs: 
(Out of 
257600) 

Number 
used as 
Logic 

(Out of 
257600) 

Number of 
LUT Flip 
Flop pairs 
used (%) 

IO 
Utilization 

(350) 

Delay: 
(ns) 

4 bits 

Bitonic 72 219 221 31 68 2.874 
Proposed 
Odd Even 

70 168 168 30 68 2.147 

Insertion 70 168 168 41 68 2.497 
selection 79 214 216 33 68 3.338 
bubble 76 235 236 31 68 3.433 

8 bits 

Bitonic 140 430 436 33 134 3.431 
Proposed 
Odd Even 

134 284 284 28 132 3.104 

Insertion 138 637 640 32 132 3.409 
selection 145 378 382 38 132 3.743 
bubble 145 395 400 37 132 3.475 

16 Bit 

Bitonic 264 650 652 41 260 4.697 
Proposed 
Odd Even 

262 491 491 37 260 3.791 

Insertion 274 1087 1097 45 260 5.607 
selection 270 645 646 42 260 4.865 
bubble 273 678 679 41 260 5.942 

32 bits 

Bitonic 518 1536 1536 44 516 5.786 
Proposed 
Odd Even 

521 1052 1052 42 518 4.445 

Insertion 620 2777 2867 46 516 5.873 
selection 530 1150 1155 46 56 4.899 
bubble 533 1331 1338 48 516 6.125 
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Figure 2: 3-stage Pipeline MicroBlaze Architecture 

 
D. Memory Organization 

In a Harvard architecture, instructions and data are stored in different memories. This framework offers 
simultaneous access to data and instructions, but it is not possible to combine the program and data addressing 
areas, such as loading a new program as data before execution. As a consequence, this processor is intended to 
be used as a slave, as each program must be transmitted before being executed. The CPU supports peripherals 
that are part of the address space in addition to instructions and data storage. They can be accessed by memory 
instructions, which are processed by the address decoder and routed according to the address map. 

 
E. Instruction memory 

 
The program instructions are stored inside BRAMs because the instruction cache was not implemented. The 
memory should have two ports: one for receiving and sending data through the Peripheral Component 
Interconnect Express (PCIe) interface, and another for fetching instructions from the CPU. Through the 
Vivado's IP Catalog, Xilinx offers a BRAM generator [26], which supports many types of RAMs with 
customizable sizes.  The Dual-Port BRAM is the best option for the architecture since it supports two read and 
write ports for distinct addresses at the same time, as well as two independent clocks. It is feasible to connect 
one of the ports to receive data supplied over PCIe in this manner, but this interface must be compatible with 
AXI4 owing to implementation restrictions. Because BRAMs are not compatible with AXI, we must utilize 
Xilinx's AXI Block RAM Controller IP to convert between the two interfaces. The MicroBlaze's connection 
technology is flexible enough to accommodate a wide range of embedded applications. The Advanced 
eXtensible Interface (AXI) connection, the main I/O bus of MicroBlaze is a master-slave transaction bus that is 
system memory mapped. MicroBlaze is a 32-bit Core Processor tightly coupled with local memory, debug 
interface, controller UART interconnect, timer, and sorter unit.  Figure 3 depicts the connections between the 
AXI Block RAM Controller and the instruction memory, which is implemented using a Dual-Port BRAM. 
Two distinct clock signals, one from PCIe logic and the other from the specialized core clock, are used to 
represent it. 

AXI UARTlite provides asynchronous serial data transfer. One transmission and one receive channel are used 
in the AXI interface, which is based on the AXI4-Lite specification (full duplex). MicroBlaze soft processor is 
connected to Odd-Even sorter unit via AXI interface.  
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Figure 3: Connections between the Core, the Local Memory (implemented with a Dual Ported RAM IP), and the AXI Block RAM 

Controller and interconnect 

4. Performance Analysis 

The proposed Odd-Even Comparison-Free sorter was primarily simulated and synthesized on Xilinx Artix7 
“XC7A200T-2FBG6762” MicroBlaze softcore FPGA at 100MHz. Table II represents the devices utilization of 
proposed sorting on softcore FPGA, open RISC and Rocket core. Utilizing the Cadence Encounter RTL 
compiler and UMC 90nm, a processor has been synthesized. 

Table II Device utilization of MicroBlaze Softcore Processor 

Parameters Proposed 
softcore 

Open 
RISC [27] 

Rocket 
Core[28] 

Slice Registers 1609 1287 1342 
Slice LUTs 1327 1784 1376 
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Types of Resources 
Figure 4: Resource Utilization 

 
Table III Resource Utilization of Logic Blocks 

MMCM BUFG I/O BRAM FF LUTRAM LUT 

10% 13% 1% 2% 1% 1% 1% 
 

The results of the proposed Odd-Even Comparison-Free sorter considering the parameters such as IOB, Number 
of slices, Number of LUT’s, Number of logic, Number of LUT Flipflops, Number of Registers, and Muxes are 
tabulated in Table IV. The frequency at which tests performed is 100MHz. The number of elements considered 
for sorting was seven. Hence, N=7 in all conditions. Therefore, for 32-bit numbers the total length is 224-bits. 
 

Table IV Resource Utilization of Odd-Even Comparison-Free Sorter 

Sorting Technique IOB 
Number 
of slices 

Number 
of LUT’s 

Number of 
Registers 

Number of 
LUT 

Flipflops 
Muxes 

Odd-even comparison 
free merge 

sort(proposed) 
164 84 320 130 520 80 

 
Figure 5 depicts the power consumption by various on-chip components like I/O, BRAM, static power, Muxes, 
Registers, and other logic components. As noted in graph, the total power consumption is 25.9% for overall 
sorting elements. 
 

 

Parameters 

Figure 5: Power Consumption 
 

Table V Power Consumption by various blocks 

Total 
Power PL Static I/O MMCM BRAM Logic Signals Clocks 

0.259 0.131 0.003 0.107 0.002 0.003 0.004 0.01 
 

Table V represent details of power consumption by various blocks in watt unit and Table VI shows the delays 
consumed by data and instruction path. 
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RISC-V Benchmarks: Not only simple tests, more complicated programs are executed on RISC-V benchmarks.  

 
 

Figure 6: RV32I Sorting implementation for N=7 elements 

Table VI Maximum path delays 

Data Path Delay Destination Clock Delay Source Clock Delay Slack (MET) 

2.580ns 3.709ns 4.162ns 14.037ns 
 

5. Conclusion 

Here, optimized comparison free even-odd sorter was proposed for the RISC-V architecture. It was proved that 
it had capacity for better performance after comparing with several parameters such as memory, power 
consumption and resource utilization. Therefore, comparison-free Odd-Even sorter was chosen and it was to be 
implemented on the MicroBlaze architecture. Implementation of the proposed method had scope for reducing 
the active need of memory range as well reducing the area required to be implemented. The proposed sorter 
validates that it had potential to sort any kind asymmetrical data and gives out completely sorted output. The 
sorter was successfully implemented on Xilinx Artix7 “XC7A200T-2FBG6762” MicroBlaze softcore FPGA at 
100MHz. 
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