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the configuration of single attached or Redundant array of inexpensive disks (RAID)manner, and
mostly, IoT operating systems such as Android Things [3], and an I/O subsystem in the operating
system, manages the storage device [4]. Although their performance is considerably faster than
disk-based mechanical storage devices, the read and write latency still could not catch up with that
of Random-access memory (RAM). Therefore, RAM could be used as a storage device or system for
time-critical IoT applications.

A traditional storage I/O subsystem, even if it uses flash-based SSD, will have larger latency and
lower bandwidth compared to memory-oriented read /write operations. Even though the performance
gap diminishes, there still exists several orders of magnitude for latency. Additionally, RAM can access
data on a byte-addressable level. There are a lot of studies to improve I/O performance with RAM
memory, and most of them use RAM memory as a buffer for storage devices [5-9]. The read and write
buffer can reduce write latency by buffering incoming data to a RAM bulffer, or reduce read latency to
get data directly from a RAM buffer, with appropriate buffer-management algorithms. However, the
buffer-based approach still must go through existing file system operations and may have memory
management overhead such as page cache.

Figure 1. Software stack for the durable hybrid RAM disk (DHRD) with direct byte read (DBR).

On the other hand, the RAM disk is a software program that turns a portion of the main memory
into a block device [10-12]. The RAM disk is the most expensive and fastest storage device, in which
the RAM memory block device works like a disk drive. It is also referred to as a software RAM
drive to differentiate it from a hardware RAM drive. RAM disks can provide fast I/O response and
low latency when accessing data. However, it has the disadvantage of data loss in the event of a
power failure; therefore, it lacks durability and persistency. To address this problem, many studies
have been conducted on various types of systems. The simplest approach to prevent data loss is
to asynchronously dump the entire contents of the RAM disk into a dedicated hard disk drive [13].
For better durability, dumping into a hard disk drive can be performed synchronously, but this method
would use the inefficient traditional I/O for RAM-based storage [14]. In addition, there is little scope in
terms of byte addressability advantage of RAM devices when designing RAM-based storage systems.
The byte addressing data access operation provides very low latency.
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Figure 1b,c illustrate a basic difference between a RAM disk and the proposed scheme, durable
hybrid RAM disk (DHRD). The generic RAM disk has a block interface and loses data at a power
failure. However, DHRD with direct byte read (DBR) can improve both durability and read throughput.
The DHRD consists of a RAM disk and a non-volatile storage, such as SSD, as a hybrid storage system.
With this hybrid approach, the DHRD provides durability, which means it does not suffer data loss
during sudden power failure. The DBR DHRD performs I/O operations with the new read scheme that
does not use a disk cache, i.e., page cache, for reads and is byte-addressable unlike direct I/O, wherein
direct I/O uses a strict block-addressing mode. The byte-addressable feature is more convenient for
applications than the use of direct I/O. The new byte-addressable read scheme can be mixed with
buffered writes to apply it to the hybrid RAM disk; moreover, it can be applied to existing applications
without any modification. In addition to that, the initialization procedure of DBR DHRD can reduce
the boot time of the storage device, since it allows general I/O requests during the initialization process
itself, while other RAM disk-based storage cannot support general I/Os during the initialization.
Various experiments that could be applied to sustainable IoT devices were performed to DBR DHRD
and other storage configurations such as SSD and hybrid storage device. The experimental results
show that the DBR DHRD gives better I/O performance than others.

The rest of this paper is organized as follows: Section 2 provides an overview of related work,
Section 3 presents the design and implementation of DHRD in detail. The performance evaluation
of DHRD is presented in Section 4. Finally, Section 5 concludes this paper and presents the relevant
future work.

2. Related Work

RAMDisk is a software-based storage device that takes a portion of the system memory and uses
it as a disk drive with legacy file system operations. The more RAM your computer has, the larger the
RAM disk you can create, but the cost would also be more.

Recently, RAM has been used as a storage system for several high-end computing systems
and IoT devices to provide low latency and low 1/O overhead. RAM is used for intensive random
I/0 in various fields, such as in-memory databases [15], large-scale caching systems [16], cloud
computing [17-20], virtual desktop infrastructure [21-23], web search engine [24], and mission-critical
systems like space applications [25].

Several RAM disk devices were previously developed such as [10-12]. The most traditional
application of RAM disk modules is their use as virtual file systems for Linux kernel from the system’s
boot time. During the system boot time, Linux kernel uses more than one RAM disk file system
to mount the kernel image in its root file system. Also, at run time, Linux uses space to store
system information or hardware device information in proc file system or sysfs of the RAM disk.
The traditional RAM disk file system acts as a regular file system that is mounted in the memory
device in a single computing system. The RAM-based file systems used in Linux have no durability,
which means that if the system’s power turns off, the data of the RAM-based file systems would
disappear. Hence, to ensure durability, dumping from RAM disk drive to the hard disk drive should
be performed synchronously [14].

The development for RAM-based storage drive has been more revitalized as computing systems
require lower latency for single storage I/O operations, especially, applications that use distributed
storage systems such as big data databases and cloud computing systems. Distributed RAM storages in
cluster environments have been studied [14,17,18]. To overcome the volatility of RAM, RAMcloud [17]
provides durability and persistency in a cluster environment, where each node uses RAM as the main
storage. Every node replicates each object in the RAM storage and responds to write requests after
updating all the replicas. Hence, reliability is ensured even if a node fails. Additionally, modified data
are logged to two or more nodes and the logs are asynchronously transferred to a non-volatile storage
to achieve durability.

179



Sensors 2020, 20, 2159

A Solid-State Hybrid Disk (SSHD) is being used on a personal computer, in which SSHD is
composed of SSD and Hard disk drive (HDD) inside the storage device. In the SSHD, Several GB of
SSDs significantly improve overall performance. Modern state-of-art storage systems employ tiered
storage devices [26-28]. For the tiered storage device, the DBR DHRD scheme, proposed in this paper,
can replace SSD in SSHD device. It can significantly improve I/O performance with DBR method.

On the other hand, recently, some new memory-oriented devices are released to give better I/O
throughput for memory-intensive applications. The memory devices are connected to CPU via PCle
NVMe (non-volatile memory express) interface, and the controller chip manages the hybrid storage
of the memory and non-volatile memory SSD. The main operation of the controller is caching other
NVMe SSDs connected to the systems for accelerating storage 1/Os. It provides fast response time and
high throughput for both random as well as sequential reads and writes at block I/O levels. However,
it does not provide byte-level addressable I/O in the internal operations as it is connected to the
PCle bridge interface. Moreover, the dedicated hardware device has limitations in terms of using and
enhancing internal I/O mechanism at the software level.

The proposed hybrid storage system is different from memory-oriented device and provides
advantages such as the use of a legacy storage device without any additional hardware devices to
provide fast response time for read requests using the new read scheme, and durability of RAM disk
drive for write requests. The proposed read scheme in RAM-based disk driver uses byte addressability
of RAM device for fast response time. The concept of byte-addressable 1/O was proposed in our prior
work [29], but this paper presents a new byte-address read scheme that can be mixed with buffered
writes to apply it to the hybrid RAM disk. The read performance can be improved with the help of
byte addressability of RAM while providing durability similar to that of non-RAM disk systems.

3. Durable Hybrid RAM Disk

The DHRD is a hybrid storage that consists of volatile memory and non-volatile storage, while
providing the same durability as that of non-volatile storage. In addition, it improves the read
performance of RAM disks by using a new read interface that is different from buffered I/O and
direct I/O. Read requests are served by the volatile memory, while the write operations are performed
on both the volatile memory and the non-volatile storage simultaneously. Therefore, it provides the
same durability as that of a non-volatile storage. Read performance is determined by the volatile
memory but write performance depends on the non-volatile storage. The DHRD can be used in areas
where read performance is more important than write performance and data durability is mandatory.
For example, it can be applied to read intensive in-memory databases for sustainable IoT devices.
The detailed operations of the proposed system are explained in the next subsections.

3.1. Architecture

Figure 2 shows the software architecture of the DHRD to provide data durability. The DHRD
consists of high-performance volatile memory and non-volatile storage. The high-performance volatile
storage device can be implemented as a RAM disk (RAM disk software). The non-volatile storage
device can be implemented with flash-based SSDs. Non-volatile storage devices are generally slower
than volatile memory storage devices but do not lose data during power failure. In the proposed
system, the volatile memory storage is used as the main storage area, and the updated data in the
volatile memory also gets updated to the non-volatile storage device synchronously.

The DHRD is like a mirrored RAID that consists of a RAM disk and a flash-based SSD, where
read requests are served only from the RAM disk and write requests are duplicated to both the RAM
disk and the SSD. The RAM disk is mirrored with the SSD. Hence, the RAM disk can be recovered
from SSD even if the RAM disk loses its data due to a sudden power failure

When the system restarts, the RAM disk is automatically initialized with the data in the SSD.
Depending on the capacity of the RAM disk, it might take a long time to load all the data onto the
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RAM disk. This paper presents a technique that allows immediate response that takes care of the
initialization and hence, continues to serve I/O requests during the long initialization period.

The page cache that is used by block devices exhibits unnecessary memory copy overhead
for RAM disks. The proposed solution provides a cache bypassing read like direct I/O. This uses
the stringent block-level interface, where the buffer size, buffer address, request size, and request
position must be multiples of the logical block size. However, the proposed read scheme used in
DHRD provides a byte interface that has no constraints. This new read interface is described in detail
in Section 3.4.

Operating System

‘ VES & File System ‘

-

Volatile Storage
(Software RAM disk or
RAM-based SSD)

Non—Volatile Storage
(Flash—based SSD)

Figure 2. Software stack for the durable hybrid RAM disk (DHRD) with direct byte read(DBR).
3.2. Basic Primitives

There are three primitive operations in DHRD, read, write, and initialization. Figure 3 shows
these primitive operations of DHRD. Each primitive operation acts as follows:

e Reads: Figure 3a shows the read operation of DHRD. The data contained in the RAM disk are
always the same as those in the SSD; therefore, all read requests delivered to DHRD are forwarded
only to the volatile memory. In other words, read operations are performed only in the RAM
disk.

*  Writes: All write requests delivered to DHRD are sent to both the RAM disk and the SSD. After
two writes are completed in these two lower devices, the response for the request is delivered
to the upper level of the DHRD. The endio in the figure represents the response for the request
meaning the I/O is completed. As a summary, the write operation works like a mirrored RAID.

e Initialization: The initialization is performed after the system boots. When the system boots,
DHRD copies the contents of the SSD to the RAM disk so that the RAM disk can now become
the SSD. Generally, the initialization time is quite long; however, the read and write operations
can be performed during this initialization time itself in the DHRD. The detailed read and write
operations during the initialization is described in the next subsection.

Data can be completely restored from the SSD despite a power failure because the SSD always
keeps up-to-date data. The data recovery efficiency of the DHRD depends on the mounted file system.
The read performance is determined by the RAM, but the write performance has a bottleneck in the
SSD. Consequently, the DHRD is applicable to a server that requires high durability and higher read
performance than write performance.
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Figure 3. The three primitive operations of the durable hybrid RAM disk; read, write and initialization.
3.3. Rapid Resilience with a Fast Initialization

As soon as a system starts, the RAM disk has no data; however the SSD has valid data in the
DHRD, and hence, the RAM disk needs to be filled with the contents of the SSD. The DHRD initializes
the RAM disk with the data that are in the SSD so that the RAM disk has the same data as the SSD.
It takes a long time for this initialization as it is performed through read sequences from SSD device.
The DHRD provides data consistency even if I/O requests are delivered to the DHRD during the copy
operations from SSD to RAM disk at initialization. Consequently, it allows rapid resilience with fast
boot response. There are two operations during initialization: write and read, and there are several
cases for each request. DHRD performs proper policy according to the requests.

3.3.1. Writes During Initialization

Figure 4 shows how write requests are processed during the initialization stage. Data blocks are
divided into chunk units. Each chunk consists of multiple sectors. The chunks are sequentially copied
from the SSD to the RAM disk. As shown in Figure 4, Chunks 0 to 2 were copied from the SSD to the
RAM disk and Chunk 3 is being copied. Chunks 4 to 6 have not been copied yet. Write requests are
classified into three cases as follows:

e Case 1: A write request sent to a chunk before being initialized is blocked until the initialization
for that chunk completes. When the DHRD has finished copying the chunk to the RAM, all
blocked write requests to the chunk are resumed and processed as the initialized chunk.

e Case 2: Write requests to initialized chunks are processed as normal writes. This means that the
write requests are delivered to both the SSD and the RAM disk.

e Case 3: A write request to an uninitialized chunk is sent only to the SSD. The data written to
the SSD will later be copied to the RAM disk by the initialization process. A write request locks
the corresponding chunk and unlocks it after finishing the write operation. When the locked
chunk is chosen for initialization, the initialization process is suspended and resumed only when
the chunk is unlocked by the completion of the write operation. As shown in Figure 4, while a
write request to the uninitialized Chunk 4 is being processed, Chunk 4 is locked, Chunk 3 has
finished initialization, and the next initialization for Chunk 4 is blocked. The blocked initialization
resumes after all writes for Chunk 4 are completed.
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Figure 4. Three write cases during initialization. DHRD ensures data integrity with proper policy for
each case.

3.3.2. Reads During Initialization

Read processing is classified into two cases as follows:

e Case 1: Read requests to initialized chunks are processed only on the RAM disk.
o Case 2: Read requests to chunks that are being initialized or were uninitialized are delivered only
to the SSD.

This scheme can improve the boot response of the DHRD system. However, requests may not be
processed with the best performance during initialization.

3.4. Direct Byte Read

The traditional RAM disk is implemented as a block device that is better suited in the form of
disks rather than as RAM disks. The block device causes an additional memory copy from the disk
cache, but, on the other hand, the RAM disk does not need this disk cache. Here, the disk cache is
integrated with the page cache in the Linux kernel.

The traditional buffered I/O uses the page cache, which degrades the performance of the RAM
disk. The traditional direct I/O requires that the request parameters be aligned in the logical block
size. We need a new I/0O interface that can process byte-range requests without the page cache.

This paper presents a new I/O that is optimized for the DHRD. It can process byte-range read
requests that bypasses the page cache and uses the buffered write policy for the SSD. The new I/O
requires a modified Virtual File System(VES) in the Linux operating system and an extended block
device interface.

Figure 5 compares redundant memory copy with a direct byte read (DBR). The DHRD without the
DBR is presented only as a block device, and performs I/O with the page cache. If the DBR is applied
to the DHRD, data can be copied directly from the memory of the RAM disk to the user memory
without having to go through the block layer.
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Figure 5. Software stack of DHRD for the cases of redundant memory copy and direct byte read.
3.4.1. Compatible Interface

Applications using buffered I/O can use a DBR without modification. Applications use the
conventional buffered I/0O interface to use the DBR. For direct I/O, the address of the application
buffer memory, size of the application buffer memory, request size, and request position must be
aligned in the logical block size. The DBR has no alignment restrictions on request parameters.
The DBR processes 1/O requests in bytes. There is a requirement for the block devices to provide an
additional interface for the DBR, but DBR-enabled block devices are compatible with conventional
block devices. Thus, the DBR can use the existing file systems.

The applications use the file position in bytes, the buffer memory in bytes, and the size in bytes for
I/0. However, the block device has a block-range interface in which all the parameters are multiples
of the logical block size. In the traditional I/O interface, the file system in conjunction with the page
cache converts a byte-range request into one or more block-range requests. Thereafter, the converted
block-range I/O requests are forwarded to the block device.

The DBR requires a DBR-enabled block device, a DBR-enabled file system, and a DBR module
in the Linux kernel. A DBR-enabled block device has the traditional block device interface and an
additional function that processes byte-range requests. The DBR-enabled file system also has one
additional function for DBR. The DBR-support function in the file system can be simply implemented
with the aid of the DBR module.

When the kernel receives an I/O request for a file that is in the DBR-enabled block device, the
request is transferred to the DBR function of the DBR-enabled block device through the DBR interface
of the file system. Therefore, the byte-range request of the application is passed to the block device
without transformation.

3.4.2. Direct Byte Read and Buffered Write

The SSD processes only block-range requests, so the SSD cannot use the new I/O. The SSD is
used for write requests in the DHRD, but not for read requests. Therefore, the DHRD processes write
requests using the traditional block device interface that involves the page cache, while read requests
are processed by the direct byte read (DBR). Figure 5 shows the read path and the write path of the
DHRD with the DBR. The DHRD uses a buffered write policy that uses the page cache and DBR, which
does not use the page cache. To maintain data integrity when read requests and write requests are
delivered to the DHRD simultaneously, the DHRD operates as follows:

e Page not found: When a read request is transferred to the VFS, the VFS checks whether there is
buffered data in the page cache. If it is not there, the read request is processed by the DBR.

e Page found: If there is a buffered page that corresponds to the read request, the data in the
buffered page is transferred to the application buffer.
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This scheme provides data integrity even though byte-level direct reads are mixed with traditional
buffered writes.

4. Evaluation

4.1. Experimental Setup

This section describes a system that we build to measure the performance of the DBR, DHRD,
and evaluation results of the proposed DHRD in comparison with a legacy system. For the
performance evaluation, the proposed DHRD is compared with SSD RAID-0 and a traditional RAM
disk. Throughout the section, we will denote the DHRD having DBR capability as ‘DBR DHRD’ to
differentiate it from the basic DHRD. Also, we denote the software RAM disk as RAMDisk.

The system in the experiments uses two SSDs and 128 GB of DDR3 SDRAM 133 MHz and dual
3.4 GHz processors that have a total of 16 cores. Although the performance evaluation has been
performed on high-end IoT platform equipped with multicore processor, we note that the performance
of DHRD and DBR in terms of IO throughput and bandwidth is not affected by the number of CPU
cores because most of the internal operations of DHRD and DBR consists of IO bound operations, not
CPU bound operations. The SSD RAID is a RAID level 0 array that consists of two SSDs and provides
1.2 GB/s of bandwidth. A Linux kernel (version 3.10.2) ran on this machine hosting benchmark
programs, the XFS filesystem, and the proposed DBR DHRD driver. We developed DHRD modules in
the Linux kernel and modified the kernel to support DBR. The DHRD consisted of a RAMDisk and a
RAID-0 array consisting of two SSDs. The RAMDisk used 122 GB of the main memory.

We did performance evaluation with various types of benchmark programs to show its feasibility
with the aspect of various viewpoints regarding sustainability in IoT-based systems. Those benchmark
programs can cover several IoT devices such as Direct Attached Storage(DAS), Personal Cloud Storage
Device (PCSD), Solid-State Hybrid Device (SSHD), and Digital Video Recorder and Player(DVR),
which requires advanced I/O operations.

4.2. Block-Level Experiments

The first benchmark evaluations are testing for block-level I/O operations. This test is for
storage-oriented devices such as DAS, since DAS uses dense block-level I/O operations. In the
block-level benchmark, block-level read and write operations without file system operations are done
with the benchmark running, then the throughput of the read and write block I/O operations are
measured. The results of block-level benchmark evaluation are plotted in Figure 6, where it plots
throughputs of random read and random write workloads at block level.

At first, Figure 6a shows the performance of random reads in the block devices without a file
system. In the block-level I/O operations, the block devices could be driven by buffered I/O or direct
I/0, so these were applied to the SSD RAID-0, RAMDisk, and DHRD, respectively. The DBR DHRD
does not distinguish between buffered I/O and direct I/O for reads, instead always treats them as
DBR. As shown in the results, the proposed DBR DHRD showed 64 times better read throughput than
‘SSD RAID-0’, which uses direct I/O. On an average, the write throughput of the DHRD with direct
I/0 was twice that of the DHRD that used buffered I/O. The DBR DHRD showed 2.8 times better
read performance than the DHRD that used direct I/O. DBR is implemented as light weight codes,
while direct I/O has more complex computing overhead than DBR that has less locks and has no page
cache flush and waiting calls. The DBR DHRD, which has low computing overhead and no redundant
memory copy, showed the highest read performance.

The write performance of the DHRD depends on the SSD. As shown in Figure 6b, the write
performance of the DHRD and that of the SSD RAID-0 are almost the same, but the write performance
of DHRD is 3% lower than that of ‘SSD RAID-0" because the DHRD includes additional operation
in the RAMDisk. The write performance of the RAMDisk is superior to others. However, unlike the
RAMDisk, the DHRD and the SSD provide persistency. For DHRD with direct I/O, the performance
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was about 5 times higher when the number of processes were 32 than when the number was 1.
The reason being that the SSD consists of dozens of NAND chips and several channels so that the
maximum performance of the SSD can be achieved by several simultaneous 1/0 requests. The DHRD
with buffered I/O has less impact on the degree of concurrent I/O requests. When an application
writes data using buffered 1/O, the data is copied to the page cache and an immediate response is sent
to the application. Therefore, the accumulated pages are concurrently transferred to the final storage
device later, so that this I/O parallelism is better for the SSD of the DHRD.
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Figure 6. The results of block-level benchmark evaluation. It plots throughputs of random read and
random write workloads at block level.

Figure 7 shows evaluation conducted Storage Performance Council (SPC) traces that consist of
two I/0 traces from online transaction processing (OLTP) applications running at two large financial
institutions and three I/O traces from a popular web search engine [30]. We replayed the SPC traces
on the DBR DHRD, DHRD, RAMDisk, and SSD RAID-0 at the block level. The DHRD showed 8%
slower performance than the RAMDisk. However, DBR DHRD showed 20% better performance than
the RAMDisk and 270% better performance than the SSD RAID-0. The DBR DHRD performed best on
SPC workloads that had mixed reads and writes.
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Figure 7. SPC traces: It plots two I/O traces from online transaction processing (OLTP) applications
running at two large financial institutions and three I/O traces from a popular search engine.

4.3. File-Level Experiments

Data storage of IoT devices is a kind of remote storage device that lets systems store data and
other files for sustainable IoT-based services. In this device, file-level I/O throughput is critical
to the system to give best responsiveness. This section presents an evaluation that uses file-level
benchmark programs. It exhibited more computing overhead than the block-level benchmarks. In the
file-level benchmark running, we do sequential read, sequential write, random read, random write,
and mixed pattern of random read /write operations at a file system level with XFS file system [31].
For the sequential benchmark running, a single process does file-level read and write operations, while
throughput of random read and write are measured as the number of processes increases to make
more complex situations. For each pattern running, DBR DHRD, DHRD, RAMDisk, and SSD RAID-0
are compared. The results of these file-level benchmark evaluation are shown in Figure 8, where
throughputs of sequential read and write, random read, random write, and mixed random read /write
workloads are plotted.

Figure 8a,b evaluate the sequential and random read /write performance with a 16 GB file on
an XFS filesystem. Figure 8a shows sequential read and write performance. As shown in the results,
the DBR DHRD gives 3.3 times better sequential read performance than the DHRD in terms of the
throughput aspect. It is because the DBR DHRD has half of the memory copy overhead and simpler
computing complexity than the DHRD. The write performances of the SSD RAID-0, DHRD, and DBR
DHRD were almost the same due to the bottleneck of the SSD as shown in Figure 8d. The performance
of the RAMDisk was the best. Figure 8b shows the mixed random reads and random writes, where the
ratio of reads and writes was 66:34. Most applications showed similar behavior with this I/O ratios.
The DBR DHRD outperformed the DHRD by 16% on average. The DBR DHRD showed 15 times better
performance than the SSD RAID-0 on average with the same durability.

Filebench is a file system and storage benchmark that can generate a wide variety of
workloads [32]. Unlike typical benchmarks, it is flexible and allows an application’s I/O behavior
to be specified using its extensive Workload Model Language (WML). In this section, we evaluate
them with the predefined file server workloads among various Filebench workloads. The file server
workload runs 50 threads simultaneously, and each thread creates an average of 128 KB of files, adds
data to the file, or reads a file. We measured throughputs for four system configurations as the number
of files varies from 32 k to 512 k.
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Figure 8. The results of file-level benchmark evaluation. It plots throughputs of sequential I/O, random
read, random write, and mixed random read and write workloads at file level.

Figure 9 shows performance results obtained using file server workloads using Filebench. In the
figure, the x-axis represents the number of files and the y-axis represents throughputs of each system
running. The file server workload has a 50:50 ratio of reads and writes. As shown in Figure 9, the DBR
DHRD showed 28% and 54% better performances than the DHRD and the SSD RAID-0, respectively.
As this workload has many writes, the RAMDisk achieved the best performance. Although RAMDisk
shows higher throughput than DBR DHRD, the RAMDisk suffers from low durability. Thus, DBR
DHRD can be said to show better performance while keeping reasonable durability when RAM and
SSD are used together in the computing system.

-%-SSDRAID-0  --+-ramdisk ~ —B-DHRD  —e—DBR DHRD
710
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The number of files
Figure 9. A benchmark using Filebench with fileserver workloads.

4.4. Hybrid Storage Devices and DVR Applications

The tiered storage is a data storage method or system consisting of two or more storage media
types. Generally, the frequently used data are served from the fasted storage media such as SSD, and
other cold data are accessed from a low-cost media such as HDD, where the first-tier storage as the
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fasted media is usually performed as a cache for the lower-tier storage. Therefore, the first-tier storage
is also called a cache tier.

One of the emerging storage devices is a tiered storage such as SSHD, which is a traditional
spinning hard disk with a small amount of fast solid-state storage. BDR DHRD can be applied to
the solid-state storage in a SSHD as shown in Figure 10, BDR DHRD can replace the solid-state
storage of SSHD, thereby improving the performance of the solid-state storage of a SSHD. To see if
the performance of DBR DHRD is improved in a tired storage, we compared the I/O performance of
tiered storage devices with DBR DHRD. In this experiment, SSD, HDD, DHRD, and DBR DHRD were
configured in tiered storage devices. Three-tiered storage models, SSD+HDD, DHRD + HDD, and
DBR DHRD + HDD are considered.

SSHD can be implemented by the flashcache [33] module in Linux. The flashcache can make a
tiered storage with SSD and HDD. DHRD is implemented as a general block device, so a DHRD device
can replace the SSD of a flashcache device. By this way, we can make a SSHD that consists of DHRD
and HDD.

PC Matic Research said that the average memory size of desktop computers is 1 GB in 2008,
and 8 GB in 2018 [34]. We can forecast that the average size of PC memory will be 64 GB in 2028.
PC motherboards can support up to 128 GB of memory in 2019. In this experiment, the tiered storage
used 8 GB of memory, which can be used in the mid-sized to high-end desktop computers.

SSHD DHRD-based SSHD
BDR DHRD
solid state storage ’ RAM solid state
storage
HDD HDD

Figure 10. A generic SSHD and a DHRD-based SSHD.

The I/0O traces used in the experiment were collected from three general users using a personal
computer. One is a system administrator user, two are developers, and their daily I/O traces are
collected and used as experimental I/O traces. In those tiered systems, I/O traces collected from users
were performed and throughput is estimated. During the experiment, it is assumed that 70% and
80% of all I/O traces are allocated to SSD or DHRD, which is considered to be the cache tier in tiered
storage system.

The results are plotted in Figure 11, in that Figure 11a compares three types of tiered storage
devices, SSHD(SSD+HDD), DHRD+HDD, and DBR DHRD+HDD, when the hit rate is 70%. Figure 11b
compares them when the hit rate of the cache tier is 80%. Both the RAM size and the SSD size are
8 GB, which is a typical size of a commercial SSHD. As shown in the figures, throughput of DBR
DHRD+HDD and DHRD+HDD-based tiered storage outperforms SSD+HDD-based tiered storage
about several times for each I/O traces. DBR DHRD scheme also outperforms DHRD only, which is
the advantage of direct byte-level read operations supported by DBR. If we compare hit ratio of the
cache tier in the tiered storage, the higher the cache tier hit ratio, the higher throughput we have when
DBR DHRD is used. From the figure, we identify that the throughput DBR DHRD for 80% cache tier
hit ratio is increased about 14%.
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OSSHD (SSD+HDD) BADHRD + HDD |
‘ m DBR DHRD + HDD | = DBR DHRD + HDD
2500 2500
A 2000 § 2000
= 2
= 1500 g 1500
& £
—§0 1000 & 1000
3 <]
25
E 500 M / g 500
0 0 [
User#2 User#3 User#1 User#2 User#3
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Figure 11. The results of tiered storage in hybrid storage device. It plots I/O throughputs of tiered
storage assuming that SSD, DHRD, and DBR DHRD are used as a cache tiered in a tiered storage.

Lastly, we conducted experiments on reading and rewriting video files, which is a kind of
experiment applicable to multimedia-oriented IoT applications. In this experiment, 1.8 GB sized video
file is read, modified partially, and save it as another file. For each system configuration, i.e., SSD,
DHRD, and DBR DHRD, we did those operations three times and measured overall execution time.
The results are plotted in Figure 12. As shown in the figure, DBR DHRD and DHRD were 2.26 times
faster and 1.74 times faster than SSD, respectively. From the results, we identify that DBR DHRD can
be applied to IoT devices that deal with multimedia data.

25

ﬂ%l

SSD DHRD DBR DHRD

Time [sec]
s o 8

o

Figure 12. A result of reading and writing for video files.
5. Conclusions

RAM disk is a software-based storage device to provide low latency, which is compatible with
legacy file system operations. The traditional RAM disk includes the disk cache; however, the fact
is that it does not require disk cache. Another way for a block device to bypass disk cache, Direct
I/0 is used; however, the parameters must be a multiple of the logical block size for Direct /O, so a
byte-level addressable path from application to storage device does not exist.

This paper introduced the DRB DHRD scheme for hybrid storage systems that is composed
of RAM disk and SSD. The proposed DBR-enabled DHRD provides a byte-range interface. It is
compatible with existing interfaces and can be used with buffered writes. The initialization procedure
of DBR-enabled DHRD can reduce the boot time of the storage device, since it allows general
I/0 requests during the initialization process itself, while other RAMDisk-based storage cannot
support general I/Os during the initialization. Experimental evaluation was performed using various
benchmarks that are applicable to various IoT-based systems performing dense I/O operations.
In workloads where reads and writes were mixed, the DHRD performed 15 times better than the SSD.
The DBR also improved the performance of the DHRD by 2.8 times. For the hybrid storage device,
DBR DHRD performed 3 to 5 times faster throughputs than SSHD. Also, DBR DHRD can reduce
execution times of multimedia file’s read and write processing.

As the next step of this study, we are exploring a more advanced version of DRB DHRD for
further features and for performance improvement. A more rigorous comparison of the performance
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of this DRB DHRD scheme versus others could be an important task to improve the completeness of
the proposed system. We set the more rigorous performance evaluations as our further work.
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Abstract: Normalized cross-correlation is an important mathematical tool in digital signal processing.
This paper presents a new algorithm and its systolic structure for digital normalized cross-correlation,
based on the statistical characteristic of inner-product. We first introduce a relationship between the
inner-product in cross-correlation and a first-order moment. Then digital normalized cross-correlation
is transformed into a new calculation formula that mainly includes a first-order moment. Finally,
by using a fast algorithm for first-order moment, we can compute the first-order moment in this
new formula rapidly, and thus develop a fast algorithm for normalized cross-correlation, which
contributes to that arbitrary-length digital normalized cross-correlation being performed by a simple
procedure and less multiplications. Furthermore, as the algorithm for the first-order moment can
be implemented by systolic structure, we design a systolic array for normalized cross-correlation
with a seldom multiplier, in order for its fast hardware implementation. The proposed algorithm and
systolic array are also improved for reducing their addition complexity. The comparisons with some
algorithms and structures have shown the performance of the proposed method.

Keywords: normalized cross-correlation; fast algorithm; first-order moment; systolic array;
multiplication complexity

1. Introduction

Normalized cross-correlation (NCC) is an important mathematical tool in signal and image
processing for feature matching, similarity analysis, motion tracking, object recognition, and so
on [1-3]. In order to improve its real-time and efficient performance, digital NCC has been suggested
to be implemented by some fast algorithms and hardware structures, due to its high computational
complexity [4,5].

Nowadays, since correlation and convolution have similar computation structures, there are
mainly three kinds of fast convolution algorithms can be applied for fast NCC [6,7]: (1) the Fast Fourier
Transform (FFT)-based algorithm, (2) the polynomial-based algorithm, (3) the decomposition algorithm.
However, to our knowledge, each of these algorithms has its applicable limitations. The FFT-based
algorithm is not well-suited to the discrete domain. Plus, it involves with complex multiplications [8,9].
Both the polynomial-based algorithm and the decomposition algorithm require complex computational
structures, and they often lack commonality for arbitrary-length correlations [10,11].

Furthermore, some special algorithms for fast NCC have been presented [12,13]. The fast
cross-correlation of binary sequences can be extended to other types of NCC sequences [14]. The
estimation algorithm derives the scaling factor between the signal and the kernel, so it computes NCC
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using only additions at the cost of small noise [15]. Several methods have been used to assist NCC for
reducing its searching and computing times in image matching, such as the pyramid method [3,7]. In
addition, many parallel algorithms of the inner-product have been published that can perform fast
cross-correlation for NCC [16,17], where the Distributed Arithmetic (DA) with look-up table has not
multiplication, but needs much Read-Only Memory (ROM) [18].

To hardware implementation of fast NCC, Very-Large-Scale Integration (VLSI) circuits have been
applied, where systolic structures are popular due to their regularity and modularity [19-21]. The
integration of the systolic array and the DA technique lead to more efficient VLSI implementation of
cross-correlation, although they use many ROMs and address decoders [22,23]. The Residue Number
System-based DA can reduce ROMs and enhance throughput, while extra encoding processes in the
residue domain are necessary [24].

In this paper, we present a new algorithm and structure to implement digital NCC with a simple
and fast procedure. It is a breakthrough that an NCC formula expressed in terms of a first-order
moment is designed according to the relationship between the inner-product and the first-order
moment, so the computational complexity of NCC is transformed into that of a first-order moment.
For performing an arbitrary-length digital NCC, our algorithm would first establish the NCC formula
based on a first-order moment for correlation sequences, and then introduce a fast algorithm without
multiplication from [25,26] to compute this first-order moment in the new NCC formula rapidly. For
the hardware implementation of NCC, we develop a simple and scalable systolic array derived from
the proposed algorithm, due to the fact that the fast algorithm for the first-order moment is easily
performed by systolic structure [27]. The proposed algorithm and systolic array are also improved
to reduce their addition complexity, according to an even-odd relationship in the computation of the
first-order moment.

The rest of the paper is organized as follows. Section 2 establishes the NCC formula based
on a first-order moment. Section 3 introduces a fast algorithm and its systolic implementation for
first-order moment. Sections 4 and 5 discuss the fast algorithm and the systolic array inspired by
Section 3 to perform the NCC formula in Section 2 rapidly. Comparison and analysis are presented in
Section 6 to demonstrate the feasibility of the proposed algorithm and structure. Finally, Section 7
gives the conclusion.

2. Normalized Cross-Correlation Based on First-Order Moment

Being the most complex operation in NCC, the inner-product of two correlation sequences would
be transformed into a first-order moment for decreasing computational complexity in fast NCCs. To
do this, let us assume two N-point digital sequences { f(i) } and { g(i) }, where { f(i) } is an arbitrary
input sequence, and { g(i) } is the fixed correlation kernel with the value range g(1)€{ 0,1,2,... , L }.
This section establishes an NCC formula for these two sequences that mainly includes a first-order and
a zero-order moment. The aim is to replace the complex computation of cross-correlation in NCC with
an easy computation of a first-order moment.

2.1. Cross-Correlation
Cross-correlation is an inner-product between two digital sequences. It is defined as

N-1

c(n) = f(n)og(n) = Y f(n+i)g(i) ()

i=!

Using mathematical transformation, this Equation (1) could be transformed into a first-order
moment by means of the statistical characteristics of the inner-product operation. To do this, we define
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some subsets Sx (k=0,1,2,...,L) that divide the index set i€{0, 1, ... , N — 1} into L subsets, depending
on the max value in the correlation kernel { g(i) }. Specifically,

Se={i|g)=k i€(0,1,2 -, N-1}} @)

wherek =0,1,2,..., L. In other words, Sy is a set of indices 7 that corresponds to g(i) = k in actual.
Then a new (L + 1)-point sequence { ax(n) } is defined by subsets Sy [28], which is

Y, f(n+i) whereS; # ®
ak(n) = { i€ ’ (3)
0 otherwise

wherek=0,1,2,...,L, and “®” denotes an empty set.

The ai(n) could be acted as the sum of elements in the sequence { f(1 + i) } while the parameter i
corresponds to g(i) = k. The computation of the { ax(n) } is actually a statistics procedure for counting
how much k would be accumulated in the computation of the c(). Therefore, the relationship between
{f(n +1i)}and { ax(n) } can be described as:

N-1 L
fn+i) =) a(n), (42)
i=0 k=0
N-1 L L
fn+i)gi) = Y a(mk =Y a(n)k (4b)
i=0 k=0 k=1

L L
It is obvious that Y, ax(n) in Equation (4a) is a zero-order moment of { ax(n) }, and Y, ax(n)k in
1

Equation (4b) is a first-order moment of { ak(n) }. As a result, the Equation (1) can be transformed into:

L
c(n) = Zak(n)k 6)

k=1

From Equation (5), we obtain a new calculation formula for cross-correlation based on a
first-order moment.

2.2. Normalized Cross-Correlation

Normalized cross-correlation is more complex than cross-correlation, because it includes an
inner-product between two difference sequences from { f(7) }, { g(i) } and their mean value. It is
defined as

N-1
Py [f(n+1) = f(m][g(i) - 3]

p(n) = o .- T (6)
{E 1+ 7o g, st -}
i=0 i=0
— N-1 N-1
where f(n) = %1:0 f(n+i)and g = %Eo g(i).
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This Equation (6) can be rewritten as

T )-8 %, £lr+i)-Fon) T, g)+NFO]
1
N 2

T
o

N- _
{z (nt) unﬂ>mﬂﬂ>ﬂ2[«>7ﬂ

o

- - N-T 7)
Z fln+i)g (1')—% ):: f("+1)):: (i)
(e 3
{{E,Ofnﬂ [Zfr1+1]]2[g ]}
If we set
N-1
b(n) =Y [f(n+i))? ®)
i=0

and substitute Equations (4a), (4b) and (8) into Equation (7), the NCC expressed by Equation (6) can be
converted to

p(n) = T ©)

From Equation (9), we develop a new calculation formula for NCC based on a first-order moment
Y. ag(n)k and a zero-order moment Y ax(n). It is obvious that the computation complexity of this
NCC formula depends heavily upon the complexity of Y, a;(n)k and b(n). Therefore, for a fast
implementation of Equation (9), we introduce a fast algorithm and structure for Y, a;(1)k in Section 3,
and an optimization method for b(n) in Section 4.1.

3. The Fast Algorithm and Systolic Array for First-Order Moment

Liu et al. presented an algorithm and its systolic array for first-order moment in [25-27]. Their
method is suitable to compute the first-order and the zero-order moment in Equation (4) rapidly. In
this section, we introduce this algorithm and systolic array that aims to implement fast NCC by using
Equation (9). In addition, because the introduced algorithm and array request many additions as the
result of removing all multiplications, we also improve them in order for lower addition complexity.

3.1. The Fast Algorithm for First-Order Moment

According to [25], we illustrate a simple 1-network shown in Figure 1 that represents a map of
transforming the two-dimensional vector (1, x) into the vector (1, (1 + x)). This map is denoted by F
that is

F(1, x) = (1, (1+x)).

Figure 1. The 1-network.

Some characteristic equations obtained from F are

F(a, ax) = (a, a(1+x)), F(a+b, a+b) = F(a, a)+F(b, b) (10)
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Also,
F2(1, x) = F(F(1, x)) = F(1, (14x)) = (1, 2+ x)

and by induction
FL1(1, x) = F(...F...F(1, x)) = (1, (L—=1+x)).

Hence, we have
FE-1(1, 1) =F(...F...F(1, 1)) = (1, L),

FL"Ya, a) = (a, La). (11)

To compute first-order moment by this 1-network, let
ar = (ag(n), aqk(n) ) (k=1,2,...,L),
so, Equations (10) and (11) are yielded by

F(F(ag) + ag-1) = F(F(ax)) + F(ax-1) = F*(ax) + F(ax_1)
= (ax(n) +ax_1(n), 3ax(n) + 2ax_1(n) )

Generally, the above equation is expanded into

F(F...F(F(F(ar) +ar1) +...) +a2) +a; = F"(a) + ... + F3(a3) + F(a2) + a1

L L

= (X a(n), ¥ ax(n)k) 0
k=1 k=1

From Equation (12), Y, a;(n) in Equation (4a) and Y ax(n)k in Equation (4b) can both be obtained
from an iterative implementation of the map F. This computational flow uses the (L — 1) recursive
process of map F that includes 3L additions and 0 multiplications [26]. Therefore, the fast algorithm for
first-order moment by Equation (12) can be described in Algorithm 1 as a subroutine Moment [29].
Its computational structure is also shown in Figure 2, which is an iterative structure of a 1-network
with six adders and three latches. Its total addition number to compute N-point first-order moments
Ya(n)km=0,1,...,N—1)is 3NL.

Algorithm 1 Moment (a; (n), ap —1(n), ..., ap(n))

Define the array a with two elements

Initial a « (ap(n), ar(n))

foreachke€[2,L]do //Equation (12)
a[1] « a[1] + a[0] // 1-network F(a)
a[1] < a[1] + ap x+1(n)
a[0] < a[0] + ap.k+1(n)

end for

a[0] « a[0] + ag(n)

return a
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ax(n), ..., ar.1(n), ar(n)

D Latch
O Adder

a(n) ——————]—>

ag(n)

Sa ) Ya(mk
k=0 k=1

Figure 2. The computational structure for first-order moment.

3.2. The Systolic Array for First-Order Moment

The Equation (12) can be implemented by a systolic array for continuously generating a set of
Y. ar(n) and Y, ax(n)k in parallel [27]. This systolic array is shown in Figure 3, which is actually a serial
arrangement of (L — 1) 1-networks extended from Figure 2. It uses 3L — 2 adders, L + 2 latch, and 0
multiplier. In each clock cycle, we should input a sequence { a,(17) } into this systolic array and get a

(L a(n), X ax(n)k).

[0]
1st 1-network
D
2nd 1-network
ay(N-1), -+, ay(2), ay(1),| ar(0)
[2]
ap (N-1), =+, ar1(2), az.(1), a1 (0

Latch array || ZIZZZZZIZZIZZZIZZIZIZZZIZ:Z

2(L-2
(N1, +oeevseresssrenees Lo [2(L-2)]
ALY, e |1 D) L-1)-th 1-network
ag(N-1), ===+ L ao(2), ao(1),| ao(0) [2L-1]
—
L L .
Ya,(N-Dk, .Y a, Dk, Y a, Ok
k=1 = =
L L .
a,(N=1), ... D a, (1), Y a,(0)
k=t k=0 k=0

Figure 3. The systolic array for first-order moment.

Especially, to keep an operation synchronization for this parallel structure, the (L — 1)-point a(n)
(k=2,..., L) should be input into the (L — 1) 1-networks respectively rather than simultaneously.
Generally, a single ai(n) (k > 0) is input into the (L — k)-th 1-network with a latency n + 2 (L - 1 — k) clock
cycle. Hence, in Figure 3, we use the extra latch array to generate latency for ax(n) before it is input
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into the corresponding 1-network. The number of latch array and latency time is shown in the note
“[ 17, which leads to the occurrence that different a;(11) are input into the different 1-networks at regular
intervals. As a result, the total execution time of this systolic array to compute N-point Y, a(n)k (n =0,
1,...,N—=1)is that

2L-1+1+N-1=2L+N-1

clock cycles.

3.3. The Improvement of the Fast Algorithm and Systolic Array for First-Order Moment

The algorithm in Section 3.1 requires many additions that are computationally expensive when N
is larger. In order to reduce its addition number, this algorithm is improved by means of an even-odd
relationship that divides the first-moment of sequence { a;(n) } into two smaller moments. This
even-odd relationship is illustrated as:

L L/2
Y an) = Y [aner (n) + ()] +ao(m), (132)
k=0 k=1

L L/2 L/2 L/2 L/2
Z ar(n)k = Z ag-1(n) - (2k=1) + Z a(n) -2k = 22 [a2k-1 (1) + azic(n) [k — Z ag-1(n).  (13b)
k=1 k=1 k=1 k=1 k=1
According to Equation (13), the fast algorithm described by Figure 2 can be improved to the new
structure shown in Figure 4. This improved algorithm firstly adds L/2 additions to obtain the sequence
{ aok_1(n) + ay(n) } as well as L/2 — 1 addition to accumulate )’ ap,_q(1). Then each a1 (n) + ay(n)
is input into map F successively for performing [/2 — 1 iterations. Finally, a left-shift operation and
1 subtraction are applied to generate Y, ax(n)k. The improved algorithm requires 5L/2 — 1 additions
that are superior to Figure 2, even though its structure is more complex at the cost of decreasing L/2
additions. Although the sequence { ay_1 (1) + ay(n) } could be continually divided by the even-odd
relationship for further reducing additions, the fast algorithm’s structure would become very complex
and unworthy.

ay(n), -+, apa(n), ay(m—| |

as(n), *+, ap3(n), ar.,(n)

D Latch
O Adder
@ Subtracter

L L
Da ) Y ank
k=0 k=1
Figure 4. The improved computational structure for first-order moment.

Similarly, the systolic array in Figure 3 can be improved to the structure shown in Figure 5. This
improved systolic array is a serial arrangement of the L/2 — 1 1-networks extended from Figure 4. It
requires 5L/2 — 3 adders and L/2 + 3 latches that are superior to Figure 3, even though its structure is
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more complex. As a result, the total execution time of this systolic array to compute N-point Y a(1n)k
(n=0,1,...,N —1)is decreased to

L+1+1+N-1=N+L+1

clock cycles.

[0]
Ist
an) 1-network
ar.1(n), [2]
2
el 2nd
a.(n) 1-network
ar3(n) 4]
as(n) L/2-1 st
1-network
as(n)
[L-2]
ax(n)
ai(n) C
[Z]
ao(n)

L-] L-1
ey (m) > a,(n)k
k=0 k=1
Figure 5. The improved systolic array for first-order moment.

4. The Fast Algorithm for Normalized Cross-Correlation

We apply the improved fast algorithm in Section 3.3 to compute the first-order and the zero-order
moments in Equation (9). Thus, the fast algorithm for NCC is presented that can remove most of its
multiplications. At first, some optimization methods are introduced in Section 4.1 to further reduce
its additions.

4.1. The Optimization Methods

As the sequence { g(i) } is a fixed correlation kernel in general, both § = ¥ g(i)/N and ¥, [g(i) — g]*
in Equation (9) could be pre-computed and reused for avoiding their repeated computations [30].

Although b(n) in Equation (8) involves many additions and complex squares, it could also be
computed by a simple function with the previous b(n — 1), where

N-t 2 2 2
b(n) :Eof(n—l-l—i) +[f(n+N=-1)"=f(n-1)7
=bn-1)+[f(n+N-1)+ f(n-1)][f(n+N-1) = f(n-1)]

(14)

We only need to directly compute the first b(0) by N multiplication and N — 1 additions, where
the square is performed by multiplication. Then, the following b(n) (n=1,2, ..., N — 1) would be
obtained from Equation (14) by only 1 multiplication, 2 additions and 1 subtraction.
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4.2. The Step of the Fast Algorithm for NCC

The proposed fast algorithm for NCC would include five steps:

Step1 Initializing all ax(n) =0 (k=0, 1, ..., L), where ay(n) is indispensable for Y, a;(n).

Step2 Implementing Equation (3) to acquire the sequence { ax(n) } using N addition.

Step3 Computing ), ax(n), Y ar(n)k by Equation (13) and Figure 4 with 5L/2 — ladditions.

Step4 Computing b(n) by Equation (14) with 1 multiplication, 2 additions and 1 subtraction.

Step5 Inputting Y ax(n), Y, ar(n)k and b(n) into Equation (9) for a NCC p(n), which need 2 subtractions,
4 multiplications, 1 division and 1 square root calculation.

The computational flow of this algorithm is illustrated in Algorithm 2. It includes N + 5L/2 + 1
additions, 3 subtractions and 5 multiplications per output an NCC p(#n). Therefore, to compute N-point
NCC, itrequires N =1+ N (N +5L/2 + 1) =2 =N (N + 5L/2 + 2) — 3 additions, and only N + N — 1 +
4N = 6N — 1 multiplications.

Algorithm 2 Computing NCC (7, f, g, b(n-1) )

for each a; in the sequence { a }: ap < 0

for each i € [0, N-1] do // Equation (3)
k  g(i)
Ay —ag + f(n + i)

end for

for each k € [1, [/2] do // Equation (13a)

S¢S+ ay_
A < a1 + ok

end for

a < Moment (app, app-1, ..., a2, a1, ) // Algorithm 1

a[l] « afl] <<1-s // Equation (13b)
Compute b(n) by b(n-1), f(n + N — 1) and f(n — 1) // Equation (14)
Compute p(n) by a[0], a[1] and b(n) // Equation (9)
return p(n)

5. The Systolic Array for Normalized Cross-Correlation

We apply the improved systolic array in Figure 5 to design a hardware structure for fast NCC
in parallel. Figure 6 shows this systolic structure that mainly includes three parts: the module A
to compute { ay_q (1) + ag(n) }, the module M to compute the first-order and zero-order moment
of { ax(n) }, and the module S to compute b(n). In each cycle, we simultaneously input N-point
f(n + i) into this systolic array and get an NCC result p(n). At first, since the direct computation
for { apx_1(n) 4 a(n) } needs many adders, a simplified structure for the module A is discussed in
Section 5.1.
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f(0) > A
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Equation (14)
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| Equation (9) |
Module S Module P l ,

p(N-1), ..., p(1), p(0)

Figure 6. The systolic array for fast normalized cross-correlations (NCCs).
5.1. The Module A

The module A is to acquire an L/2-point sequence { ap;_1 (1) + ao (1) } according to Equations
(3) and (13) in every clock cycle. It includes L + 1 sub-modules Ay (k =0, 1, 2, ..., L) that firstly
count { f(n + i) } to generate corresponding { ax(n) }, and then sum up the two adjacent a;(n) to obtain
{ agk—1(n) + az(n) }. We assume the execution time of the module A is T4 clock cycles. The N-point
f(n + 1) should be inputted into the sub-modules { Ay } in a gradual way.

Since the correlation kernel { g(i) } is so invariable that the computational strategy for Equations (3)
and (13) are known in advance, we could simplify the structure of A for less adder and data transfer.
For example, for N =4,L=4and { g(1) } = {1, 2,3, 4}, the module A could be simplified as shown in
Figure 7 with 2 adder and T4 = 1. However, for N =4, L =4and { g({) } ={ 2, 1, 4, 2 }, the module A
would be re-designed as shown in Figure 8 with 2 adder, 3 latches and T4 = logy4 = 2. Therefore, the
structure of the module A should be not fixed, but changed with different sequences { (i) } to reduce
its hardware complexity. We also show the module A using maximum adders when { g(i) } = {4, 4,
4, 4} in Figure 9a, and the module A using 0 adders when { g(i) } = { 2, 4, 6, 8 } in Figure 9b. From
Figures 7-9, it can be obtained the adder number of the module A is from 0 to N — 1, and the latency
T, is from 0 to logyN.
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—» aztay
a3(3)+as(3)=0,  a3(2)+aq(2)=0,
ax(1)+ay(1)=/3), a3(0)+as(0)=A2)+/3)
—+—» a;ta,
ai(3)+ax(3)=£3), a1(2)+ax(2)=A2)+13),
a|(1)+ay(1)=A1)+A2), a1(0)+ax(0)=/0)+A1)

Figure 7. The module A for { g(7) } = {1, 2, 3, 4}.

> a3tay

a3(3)+ay(3)=0,  a3(2)*ay(2)=0,
a3(1)+ay(1)=A3), a3(0)+as(0)=A2)

—» a;ta;

ai(3)+ax3)=A3), ai(2)+ax2)=A2)+/3),
ai(D)+ax(D)=A1)A2), a1(0)+ax(0)=A0)+A1)+A3)

Figure 8. The module A for { g(i) } = {2, 1, 4, 2}.
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Module A
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Figure 9. The module A using different adders: (a) { g(i) } = {4, 4,4, 4}; (b) { () } = {2, 4, 6, 8}.
5.2. The Model P

The Model P is to implement Equation (9) with 4 multipliers, 1 divider and 1 square root extractor.
It receives a Y, ax(n)k and a b(n), and output a corresponding p(n) in each cycle. Some fast methods can
be applied for the square root operation. In addition, the fixed g and ), [(i) — §]2 are saved in advance
against repeated computation.

5.3. The Systolic Array

The systolic array in Figure 6 uses various modules to perform Equations (3), (9), (13) and (14),
respectively, for NCC. Some latches are indispensable to connect these modules for assuring their
mutual and parallel operation. The latch number has been shown in the note “[ ]”. The module M
from Figure 5 is to compute first-order moments and zero-order moments based on Equation (13). The
module S implements Equation (14) and generates b(1) by 1 multiplier, 1 accumulator and 1 subtractor.
Finally, the module P generates NCC p(n). The systolic array’s total adder number is ranged from
2L - 2to 2L + N - 3, and its multiplier number is 5.

The initial value of the accumulator in the module S is set as b(0). In the n-th clock cycle,
f(m+N-1)and f (n — 1) would be input into the module S to get b(11) with three clock cycles. Then
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b(n) is output from the module S to the module P with a latency T4 + L — 1. The aim is that b(n),
Y. ax(n) and Y ai(n)k can arrive in the P at the same time.

6. Comparisons

The proposed algorithm and systolic structure are compared with some existing methods to verify
their effectiveness. These compared methods are also focused on reducing their multiplication numbers.

6.1. Algorithm Comparison

Because correlation and convolution can share fast algorithms, we compare the proposed algorithm
in Section 4 with some convolution algorithms, as well as a fast NCC algorithm to compute an N-point
cyclic NCC. The computational complexity of these algorithms are displayed in Table 1, where we set a
complex multiplication, which is equivalent to three real multiplications and three real additions, an
“AND” operation is equivalent to an addition [31], and a subtraction is also equivalent to an addition.

From Table 1, the multiplication and addition complexity of the FFT-based algorithm are both
O(N logyN), the DA-based algorithm is the least addition complexity, and the fast NCC algorithm has
zero multiplication. The proposed algorithm uses O(N?) additions that are more than the FFT-based
and the DA-based algorithm, and O(N) multiplications that are more than the fast NCC algorithm.
However, the FFT-based algorithm needs float addition and multiplication operations that are more
complex than integer operations, the DA-based algorithm requires tedious decode address and very
large memories, as well as that the fast NCC algorithm is the most addition complexity and not suitable
for high-precision matching [15]. Figure 10 shows the four algorithms’ multiplication and addition
number increasing along with N. It is obviously that the proposed algorithm’s multiplication number
is lower than both the FFT-based algorithm’s and the DA-based algorithm’s, and its addition number
is lower than the fast NCC algorithm’s when N > 320.

Table 1. The compassions of computational complexity.

Algorithm Multiplication Addition
Direct calculation 2N (N +1) 3N (N + 1)
FFT-based algorithm [8,9] (3/2) Nlog,N — (3/2) N + 16 (7/2) Nlog,N — N2 + 15
DA-based algorithm [22] 7N -1 (5N —2) logpL + 8N - 1
Fast NCC algorithm [15] 0 3N (N +1)
The proposed algorithm 6N -1 N (N +5L/2+5)-4
The compassions of multiplication complexity x10* The corr of addition
12,000 2
O FFTbased algorithm 18 O FFT-based algorithm *
o DAbased algorithm o o DAbased algorithm W
18000 4 Fast NCC algorithm o° 16 4 Fast NCC algorithm *
5 + Proposed algorithm & 4 Proposed algorithm W
2 & s 1a -
E s Oooo 2 L=256 o
’ £ R
5 om Oooo i 1 < a
® o o4 s K L
2 oooo 0000000# Zos +++++
£ s o w@o@i###* 3 e
s ° e <os At
= o Q@?ﬁﬁ#ﬁ 04 #11*+++
2000 oooo Qﬁgﬁﬁ 4
EHE 0 et
it
? WA 30 A0 S0 e 700 00 W 0 AW 40 S0 80 F00 E0
N N
(a) (b)

Figure 10. The four algorithm’s multiplication and addition number: (a) Multiplication (b) Addition.

The wireless sensor and communication is an important application field for the proposed
algorithm. Therefore, we compare the execution time of the five algorithms from Table 1 by using
a mobile phone with the type “HUAWEI nova 2s (HWI-AL00)” and the operation system “Android
9”. Figure 11 shows these algorithms’ execution time to compute a cyclic NCC by the phone with N
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from 100 to 6000. The growth curve of the FFT-based algorithm’s time is similar to a step curve, in that
the length of FFT needs to be extended from N to 2M1°82 N1, Although the DA-based algorithm can use
the least time, it needs too much memory to make it worthwhile. From the Figure 11, the proposed
algorithm’s execution time is less than the FFT-based algorithm’s when N < 5500, and is very close to
the fast NCC algorithm, but not involved with noise.

The compassions of executation time
1200 - T - - -

—<— Direst calculation
—— FFT-based algorithm
1000 | —+— DAbased algorithm
—5— Fast NCC algarithm
—#— The proposed algorithm

800
=256

600

400

Execution time (ms)

200

1000 2000 3000 4000 5000 5000
N
Figure 11. The comparisons of the five algorithm’s execution time (ms).

In addition, it is important that the proposed algorithm has five advantages, as follows:

1
2

)
)
3) Precision and Fit to discrete domain as it uses integer operations [32].
)
)

—

With less multiplications and memory.

—

Simple computational structure due to its simple implementation.

—_~

4)  Without limitations on the length of NCC.
(5) Implementation by simple systolic structure.

6.2. Structure Comparison

We compare the proposed systolic array in Section 5 with some existing hardware structures.
Table 2 shows the hardware complexity of these structures to implement an N-point cyclic NCC, where
N =PM (P and M are two positive integers derived from [33]). Because the proposed array’s adder
number and latency are not fixed, but varied with the sequence { g(i) }, we only display their value
range according to Section 5.1. The execution time of the model P is assumed as three clock cycles.

Table 2. The compassions of hardware complexity.

Complexity The Proposed Structure Structure in [22] Structure in [33]
ROM number 0 [(N = 1)/2] [23N=Dr7] 2M P log,L
Adder Number 2L -2To2L+N -3 2N (P + 1)log,L
Latency L+5TologoN +L+5 2 logy L logoL + P
Throughput 1 N/2 log,L 1

From Table 2, it is an advantage that the proposed systolic structure does not need ROMs, while
the other two structures use O(2N) ROMs that are hardware-expensive when N > 16. The structure [22]
has minimum latency, but its throughput is more than 1. The structure [33] needs the O(P) adder and
latency that would increase rapidly with N.

The proposed structure’s hardware complexity is dependent upon L. Furthermore, for long NCCs,
or two-dimension NCCs when N and P are larger than L, the adder number of the proposed structure
is lower than that of the structure [22], and the latency of the proposed structure is lower than that of
the structure [33]. Figure 12 shows the three structures’ adder number and latency increasing along
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with N, where the proposed structure adopts maximum adder and latency to perform comparisons.
It is obvious that the proposed structure’s adder number is least when N > 1800, and its latency is
lower than the structure [33] when N > 1500. Therefore, although additional O(L) latches are required
for data store and transfer, the proposed systolic array could be more efficient in digital signal and
image domain where the maximum value of L is less than 256 in general [34].

w1o* The compassions of adder complexity The compassions of latency
3

2000
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+  Structure [33], P=N/B &~ +  Stucture [33], P=NB o
186 +  Structure [33], P=N/3 *# 1600 * +*
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Figure 12. The three structure’s adder number and latency: (a) Adder (b) Latency.
7. Conclusions

It is suggested that digital NCCs be implemented by efficient algorithms and hardware structures
for decreasing their high multiplication complexity [35]. With the assist of fast computation for
first-order moment, this paper presents an algorithm and a systolic array for fast NCCs that aim to
reduce multiplication as much as possible. To do this, the key is to transform the complex inner-product
in the NCC into a simple first-order moment according to the statistical properties of the digital
inner-product, and then a new NCC formula based on a first-order moment is established in order for
eliminating inner-product operations. As a result, by introducing an algorithm without multiplication
into the computation of the first-order moment in NCC, we proposed a fast algorithm for NCC with the
advantages of simple implementation, less multiplication, no length limitation, and so on. Especially,
as the introduced algorithm for first-order moment requests many additions, we also improved it
by means of an even-odd relationship to reduce addition complexity and execution time. It is an
advantage that the introduced algorithm for the first-order moment can be implemented by systolic
structure, so a systolic array composed of latches and adders is designed for implementing fast NCC
in parallel. This systolic array is hardware-efficient due to its parallel operation, simple structures
and seldom multiplier. This paper analyzes the computational and the hardware complexity for the
proposed algorithm and systolic array, and compares them with some existing methods to prove
their efficiency. The proposed algorithm and array could also be applied for digital filter and various
transforms [36].

There are still many additions in the proposed algorithm and systolic structure. Future studies
will focus on further reducing their additions.
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Abstract: Most Internet of Things (IoT) systems are based on the wireless sensor network (WSN)
due to the reduction of the cable layout cost. However, the battery life of nodes is a key issue when
the node is powered by a battery. A Low-Power WSN Protocol with ADR and TP Hybrid Control
is proposed in this paper to improve battery life significantly. Besides, techniques including the
Sub-1GHz star topology network with Time Division Multiple Access (TDMA), adaptive data rate
(ADR), and transmission power control (TPC) are also used. The long-term testing results show
that the nodes with the proposed algorithm can balance the communication quality and low power
consumption simultaneously. The experimental results also show that the power consumption of the
node with the algorithm was reduced by 38.46-54.44% compared with the control group. If using
AAA Dbattery with 1200 mAh, the node could run approximately 4.2 years with the proposed hybrid
control algorithm with an acquisition period of under 5 s.

Keywords: adaptive data rate (ADR); transmit power control (TPC); time division multiple
access (TDMA); wireless sensor network (WSN); power consumption; Internet of Things (IoT)

1. Introduction

The wireless sensor network (WSN) is the one of bases in Internet of Things (IoT), and most nodes
in the WSN are powered by battery. Extending battery life, saving the maintenance fee, and raising
system reliability are the motivations of this paper. In addition to the battery technology improvement
and power capacity increase, the low-power technology of the device is also significant. In many
applications, IoT device’s security and power consumption are significant issues [1]. The battery power
is usually used in the application of IoT devices, and the battery life is a troublesome problem [2].
Therefore, achieving extremely low power consumption on battery IoT devices has also become
a big challenge.

Moreover, wireless transmission is the highest power-consuming process in communication
devices. A study pointed out that the power consumption of nodes in the wireless sensing network
is mostly concentrated in the process of wireless communication [3]. Therefore, maintaining reliable
communication quality and reducing the power consumption of the device through wireless
communication optimization is the focus of this paper. A WSN structure-integrated time division
multiple access (TDMA), transmission power control (TPC), and adaptive data rate (ADR) are proposed
in this paper to reduce the power consumption of wireless communication.

This paper is based on previously published research by this paper’s authors, which has discussed
the relationship and performance analysis of the transmission power and data rate [4]. This paper then
implements an ultra-low-power WSN IoT with transmission power and data rate hybrid control and
introduces the details. The predecessor of this paper aimed to evaluate the performance difference
between the transmission power and the data rate with the same packet error rate (PER) of 1% through
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sensitivity measurement, thereby achieving a comparison basis of hybrid control between data rate

and transmission power [4]. In this paper, TDMA scheduling detail, data rate parameter settings,

low current selection of transmission power, a simplified hybrid control algorithm, and practical

application are discussed. Finally, this paper also places multiple sensing nodes and measures the

energy-saving effect and PER state of the nodes, and the proposed hybrid control algorithm is expected

to achieve reliable wireless communication and extremely low power consumption simultaneously.
In summary, this paper provides the following contributions:

1.  We propose a hybrid control algorithm combined with TPC and ADR that could adapt the
environmental interferences.

2. Experimental results analysis show that the proposed algorithm achieved energy-saving with
stable communication quality.

2. Related Research

The architecture of the WSN in IoT application and the selection of communication frequency
bands have been discussed in the following studies. The designs for power consumption reduction in
the wireless network, such as media access control (MAC), transmission power, and data rate control,
have also been also discussed in the following literature.

There are two data processing methods that have been proposed, centralization and distribution
data fusion, which each have different benefits. Centralized data fusion processes all the data on
a central node, while the nodes in distributed system process their own data [5]. In order to keep high
maintainability and easy data processing, we adapted star topology network in this paper.

Compared with the 2.4 GHz or 5 GHz frequency band, the transmission distance of the Sub-1
GHz wireless communication is farther, so its coverage is wider and its power consumption is
lower [6-8]. The method of multinodes communication in the WSN includes competition-based [9-12]
and scheduling-based MAC [13-16]. Compared with competition-based MAC, scheduling-based MAC
network throughput is not good, but the design of scheduling-based MAC is simpler. The authors
of [17] proposed a TDMA structure-based MAC protocol for short and long-range networks, and the
sensor node can run for about 3 years. TDMA could reduce dramatic the power consumption of the
WSN, as shown in [17]. However, the proposed algorithm in this paper including ADR and TP control
would lower the power requirement further. Considering the system complexity and low-power
design, TDMA was adopted in this paper.

In wireless communication, transmission power is a major factor for power consumption.
A method called TPC minimizes the transmission power as possible when the communication quality
can be maintained [16-24]. If the environment is better, TPC can achieve more power-saving effects.
In addition to the transmission power, the data rate is also a major factor affecting power consumption.
In the case of packet transmission, if the transmission data rate is faster, the wireless transmission time
is shorter. However, the cost of a faster data rate is transmission quality reduction. The appropriate
data rate is selected based on the relative relationship between the frame delivery ratio (FDR) and the
received signal strength indicator (RSSI) [25-27]. Sodhro, A.H. et al., [28] proposed an energy-efficient
transmission power control (ETPC) algorithm that was based on a wireless channel estimation.
The channel estimation is an important issue for communication quality and power consumption.
The results of the wearable electrocardiogram, demonstrated in [28], have been validated successfully
and make a great contribution in energy-saving and signal-processing. However, the complex control
should be considered. The methods of combining data rate and transmission power control to
achieve power saving were proposed in [29,30]. Due to the fact that ADR and TP hybrid control is
complex, and there are a lack of lectures discussing it, there are research gaps to be covered in this
paper. The authors of [31] also considered DSSS and MFSK for communication quality and power
consumption. However, the proposed algorithm was based on the decided communication to select
a suitable combination of DSSS and MFSK. In order to adapt the environmental interference, a data
rate and transmission power-integrated control algorithm was proposed in this paper. The control
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algorithm can adapt to the environment in which the sensor node is located and choose the best data
rate and transmission power. However, the previous works have discussed the TP and ADR control
individually, but there is a lack of discussion on combination control due to its complexity. Moreover,
because ADR control under TDMA is more difficult because of the complicated communication
handshaking, few researchers have discussed the topic. In this paper, the TP or ADR combination
control TDMA are detailed.

3. System Implementation

3.1. System Architeture

Figure 1 is the implementation platform of Texas Instruments CC430F6137. The network
architecture is a simple star scheme, as shown in Figure 2, and the frequency-shift keying (FSK)/Gaussian
frequency-shift keying (GFSK) was selected as the radio modulation method. The network consisted
of multiple sensing nodes and a central bridge. The bridge was supplied by grid power and the sensor
nodes were supplied by the battery. The placements of the bridge and nodes are shown in Figure 3.
The bridge received packet from the nodes, and it was connected by cable to a gateway. The exact
position is shown in Section 6.1. The TDMA protocol was proposed in this system, and the data rate
and transmission power control algorithms were used to reduce the power consumption of the node to
extend the battery life.

3.2. TDMA Protocol

Figure 4 is a TDMA diagram proposed in this paper. The concept is to predetermine the
communication time slot and turn off the wireless communication function when nodes are idle.
The nodes enter the sleep mode for the rest of the time to save power. First, Trigger Time (TTrig.) is the
synchronous trigger signal sent by the bridge. Next, Sensing Time (Tsensing) is the time interruption
required by the node for sensing, and the time length depends on the processing time required by
the installed sensors. Waiting for Require Time (TWRn) is the interval required by the nth node to
wait for a bridge command. Response Time (TRes.n) is required to reply to the sensing information
packet. Moreover, Delay Time (TDelay) is the slot for packet parsing, wireless communication
reception, transmission mode switching, and radio wave calibration for the nodes and bridges. Finally,
Acquisition Time (TAcq.) indicates the period from the start of the triggering to the end of the
node polling.

The node ID is assigned before the network constructed, and the sequence of the TDMA time
slot is dependent on this ID. When a connected sensor node is turned off, the bridge skips the slot
after a couple reconnections. The reservation slot is reserved in the last portion of acquisition duration,
and it is reserved for the connection of a new sensor node with lowest data rate and highest power.
If the node is checked by the bridge, the time slot will be arranged into the dedicated ID slot in
acquisition duration.

4. Measurement and Analysis of Radio Frequency

4.1. Parameters of Data Rate

The crystal oscillator used in this paper had a crystal oscillator error of 10 ppm. Texas Instruments
provided the SmartRF Studio tool, which can set and select the appropriate frequency deviation and
the receiving channel bandwidth at a specific data rate. The node update period of 5 s was used in this
paper, the design goal was 255 nodes. Therefore, the slowest data rate could only be set to 26 kbps.
In view of the above factors, the data rate of this paper was divided into nine segments, from fastest
(250 kHz) to slowest (50 kHz), to obtain the parameters in Table 1. The paper adopted this method to
set the required data rate and the correlation coefficient.
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Figure 1. CC430F6137 development board.
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Figure 2. Star network architecture.
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Figure 3. (a) The placement of the bridge; (b) the placement of node 2 and node 7.
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4.2. Receiver Sensitivity and Transmission Time in Different Data Rate

A sensitivity experiment was proposed in this paper, and the detail is shown in Figure 5. Two CC430
RF devices were used in this experiment: The transmitter and the receiver. On the transmitter, adjusting
the transmission power is used to change the RSSI, 1000 packets are sent in a fixed data rate, and then
average RSSI and PER are calculated on the receiver. In this paper, the corresponding RSSI when the
PER was 1% was called sensitivity, and each data rate had a sensitivity. The relationship between data
rate, RSSI, and PER is shown in Figure 6. The RSSI closest to one percent PER at each data rate was
taken as the receiver sensitivity of the data rate, as shown in Table 2. The above Figure 6 relationship
and Table 2 sensitivity table were used to analyze the wireless performance of different data rates.
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Figure 4. Diagram of TDMA architecture.

Table 1. Parameters of different data rates.

Data Rate Frequency Deviation RXBW

250 kbps 126.953125 kHz 541.666667 kHz
225 kbps 114.257812 kHz 464.285714 kHz
200 kbps 101.562500 kHz 406.250000 kHz
175 kbps 88.867188 kHz 406.250000 kHz
150 kbps 76.171875 kHz 325.000000 kHz
125 kbps 63.476562 kHz 270.833333 kHz
100 kbps 50.781250 kHz 232.142857 kHz
75 kbps 38.085938 kHz 162.500000 kHz
50 kbps 25.390625 kHz 116.071429 kHz

4.3. Current Consumption in Different Transmission Power

The transmission powers of 121 segments are provided by the CC430F6137, Sub-1GHz wireless
communication chip, while only 41 segments were selected in this paper. Due to the transmission
power table provided by the original manufacturer, the actual value did not correspond to the 920 MHz
band used in this paper. Therefore, the 121-segment transmission power values were measured at
920 MHz by the Rohde & Schwarz RTO2044 digital oscilloscope with a bandwidth of 4 GHz and
a sampling rate of 20 GSa/s, and the more suitable 41 segment settings were chosen in this paper.
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Figure 5. Experimental architecture of receiver sensitivity.
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Figure 6. The relation between RSSI, data rate, and PER.

Table 2. RSSI when the PER was 1% at different data rates.

Data Rate Sensitivity
50 kbps —-96.93 dBm
75 kbps —95.22 dBm
100 kbps —94.36 dBm
125 kbps -93.69 dBm
150 kbps -93.12 dBm
175 kbps -91.96 dBm
200 kbps -91.53 dBm
225 kbps —-90.25 dBm
250 kbps —-90.06 dBm

Figure 7 is a chart comparing the measurement results of the current consumption corresponding
to each transmission power with the original manufacturer. When the transmission power was
larger, the difference between the values of the datasheet and the measurements was larger. In the
interval where the transmit power was —9 dBm to 6 dBm, regardless of the values of datasheet or
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the measurements, the consumption variation was suddenly increased. Therefore, the appropriate 41
segment settings from the set value of 121 were selected, as shown in Table 3.
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Figure 7. Comparison of the datasheet and measured values in the 121 segment transmission power.

Table 3. Current consumptions in 41-segment transmission power.

Transmit Power (dBm) Current (mA) Transmit Power (dBm) Current (mA) Transmit Power (dBm) Current (mA)
10.062 37.739 -1.3157 16.637 —15.688 13.005
9.3152 35.763 —2.0975 16.144 -17.207 12.791
8.2542 33.223 —2.9932 15.633 —18.484 12.612
7.1839 31.071 —4.0892 15.027 —-19.539 12.509
6.8546 30.347 —4.7187 14.729 —20.784 12.395
6.2026 29.153 -5.5103 14.42 —21.604 12.356
5.5377 28.042 —6.8004 14.012 —22.212 12.299
4.3618 20.562 —7.5317 13.913 -23.3 12.246
3.6703 20.005 —8.5849 14.893 —24.073 12.173
3.0454 19.349 -9.7606 14.474 —25.125 12.116
2.2062 18.613 —11.155 14.077 —26.202 12.059
0.78139 17.556 -12.904 13.65 —27.653 12.021

—0.14598 17.583 —13.856 13.325 —28.899 11.941
—0.98536 16.942 —14.407 13.219

4.4. Total Power Consumption of Data Rate and Transmission Power

In Equation (1), I(TxPower) is the current consumption of the transmit power, and the relationship
between the transmit power, data rate, and power consumption is shown in Figure 8 on the condition
that the packet length is 33 Bytes. Figure 8 results were used for the method of energy efficiency
comparisons in Section 5.

1
P C tion = I(TxP X Bit ber X ———— 1
ower Consumption (TxPower) X Bit number Data Rate 1)
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Figure 8. Relation of data rate, transmission power, and power consumption.

5. Control Algorithm

Algorithm of Transmission Power and Data Rate Hybrid Control

The transmission power and data rate hybrid control algorithm was proposed in this paper,
and this algorithm was used to balance wireless quality and low power consumption to achieve a PER
less than 1% and more power-saving. The control architecture between the bridge and sensor nodes
is shown in Figure 9, and the hybrid control algorithm was run in Bridge. In Figure 9, the bridge
received the RSSI feedback from sensor nodes’ transmission signals and calculated the PER using the
packet error interval algorithm. After the hybrid control algorithm was complete, the new transmission
power and data rate control command that generated by adaptive algorithm was sent to the sensor
nodes from the bridge. The detailed flow of the hybrid control algorithm is shown in Figure 10 and
its pseudocode is shown in Figure 11. In this system, input includes the real-time RSSI feedback,
PER record, sensitivity table of different data rates, and power consumption table, and output includes
the data rate control and transmission power control.

The communication quality target of this paper was set at a PER below 1%. In the algorithm of
the packet error interval, the threshold of data rate and transmission power is adjusted by 128 packet
durations. If there are no errors in the continuous 128 packets, it means that the PER is less than
1%. The data rate will be increased, or the transmission power will be reduced. However, if there is
only one incorrect packet in a 128-packet period, it means that the PER is 1%, and the data rate and
transmission power will not be changed.

Then, if two errors have occurred before 128 packets have been completed, the data rate will be
reduced or the transmission power will be increased. In this algorithm, when the error interval is short,
the larger amplitude of the transmission power is set, because it is necessary to react immediately when
an error occurs. Otherwise, when the error interval is long, the lower amplitude of the transmission
power is adjusted, because the environment may be stabilized and the error does not occur easily.
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Finally, by the error interval method, we determined how much to set the N-grade of data rate
and transmission power for the next transmission. After the above N-order adjustment, based on the
database of Figures 6 and 8, the lowest power consumption combination of data rate and transmission
power was selected as the result of the final adjustment. The method flow is shown in Figure 12.

Packet | crC
TP & DR |* Error [€ Receiver [€{:---[{{ Transmitter
adaptive Interval
algorithm » Transmitter [{r-=-1> Receiver
New TP & DR Setting

| Bridge I Node

Sub-1GHz

Figure 9. Control architecture between the bridge and sensor nodes.
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Figure 10. Flowchart of error interval algorithm controlling data rate and transmission power.
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1.  initial TP & DR params

2. receive next packet with RSS5I node info, pak_cnt++
3. if pak_err >=2, then goto #6

4. if pak_cnt <128, then goto #2

5. if pak_err =1, then goto #7

6.  adjust TP & DR based on RSS5I & PER

7.  letpak_cnt and pak_err to be zero

8. goto #2

Figure 11. The pseudocode of control algorithm.

( Start )

Calculate N-grade difference of the current
data rate and the highest data rate

Increase N-grade to the current transmit power, and
record the power consumption combination of
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Figure 12. Flowchart for selecting the best energy efficient combination of data rate and transmit power.
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6. Result

6.1. Experimental Method

The experimental location of this paper is the Sixth Hall of Engineering, National Yunlin University
of Science and Technology, Taiwan. A total of one bridge and ten nodes were set up in the experiment,
as Figure 13 shows.

T Node2 & 7 X

e T

Figure 13. Experimental bridge and nodes placement map.

Every two nodes were placed in the same position. One node had the ADR and TPC control
algorithms, and the other node fixed the data rate to the lowest (50 kbps) and the transmission power
to the maximum. Through long-term testing, the power consumption and PER of nodes placed at the
same position were compared to verify the effect of the algorithm. Nodes 1-5 were the nodes that had
the algorithms, and nodes 6-10 comprised the experimental control group. A total of ten nodes were
located in five different locations. Note that all nodes ran in the TDMA mode to save a lot of power for
the sensing node. However, the power consumption of TDMA is not discussed later.

6.2. Results and Analysis

The experimental data of all nodes is organized as shown in Table 4. Since nodes 6 to 10 were
without algorithms, the transmission power was set to a maximum of 10 dBm and the data rate was
set to the lowest at 50 kbps. The PERs of nodes 6 to 10 were lower than the PERs of nodes 1 to 5 under
the data rate and the transmission power control algorithm. However, the nodes with algorithms
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maintained a PER of less than 1% except for node 1, and the average current consumption was much
lower than that the nodes without algorithms.

Table 4. Node experimental results.

Packet Error Number ~ PER (%) Response (TX) Aver.age Overall Average.
Current Consumption Current Consumption
Nodel 7989 1.4035 8.4740 uA 35.924 uA
Node6 213 0.0374 39.852 uA 74.281 uA
Node2 3599 0.6322 10.493 uA 38.310 uA
Node?7 864 0.1518 39.852 uA 74.281 uA
Node3 5426 0.9532 11.760 uA 39.845 uA
Node8 519 0.0912 39.852 uA 74.281 uA
Node4 4798 0.8429 16.106 uA 44.991 uA
Node9 1896 0.3331 39.852 uA 74.281 uA
Node5 2283 0.4011 5.6440 uA 32516 uA
Nodel0 1922 0.3376 39.852 uA 74.281 uA

Comparing node 1 with node 6, the PER of node 1 was higher than node 6. However, node 1
saved 78.74% more power consumption than node 6 in response packet. In the overall average current
consumption, node 1 saved 51.64% more of the energy than node 6.

Node 2 and node 7 were the nearest nodes for the bridge node. In Table 4, the PER of node 2 was
0.6322%, and node 7 was 0.1518%. Although the PER of node 2 was larger than that of node 7, its overall
PER was still less than 1%. In the response packet, node 2 saved 73.67% more power consumption than
node 7, and in the overall average current consumption, it saved 48.43% more power consumption.

The PER of node 3 was 0.9532%, and node 8 was 0.0912%. In the response packet, node 3 saved
70.49% more power consumption than node 8, and in the overall average current consumption, it saved
46.36% more power consumption.

The experimental result is showed in Figure 14. The PER of node 4 was 0.8429%, and node 9 was
0.3331%. In the overall average current consumption, node 4 was 44.991 uA, and node 9 was 74.281 uA.
In the response packet, node 4 saved 59.59% more power consumption than node 9, and in the overall
average current consumption, it saved 39.43% more power consumption.

RIU Sen it

RSB Senut it
§ 8 b & & 5 4 & 4 b @
§_ 8 % 6 & 4 4 & b

(@) (b)
Figure 14. Experimental results of (a) node 4 and (b) node 9.

The PER of node 5 was 0.4011%, and node 10 was 0.3376%. In the overall average current
consumption, node 5 was 32.516 uA, and node 10 was 74.281 uA. In the response packet, node 5
saved 85.83% more power consumption than node 10, and in the overall average current consumption,
it saved 56.23% more power consumption.
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Obviously, the RSSI values of nodes with algorithms are close to the sensitivity values
corresponding to the current data rate from the experimental results. If the RSSI value is lower
than the sensitivity value, the probability of packet error will increase. Moreover, since the position
of the nodes is affected by the people in the office and the class, the RSSI value of each node floats
dramatically during the daytime and the probability of packet error is high. However, at night, the RSSI
value is so stable that the probability of packet error is low. If the node is supplied by AAA battery
with 1200 mAh, the execution duration could approach about 4.21 years with the proposed algorithm.
The nodes without the proposed algorithm could run only for 1.8 years.

The data of Table 4 is drawn with a bar graph of the nodes” average current consumption as
Figure 15. It is clear the response packet of the nodes with the algorithm saved the most significant
energy in the TX Mode, and the ranking of the power saving was sequentially ranked as nodes 5, 1, 2,
3, and 4. The reason for the difference in the amount of power consumed by each node was assumed
to be the positional relationship.

@
=3

T
RX, IDLE & SLEEP Mode
70 [CITX Mode

o o
S o

2T N w
o © o
T

Average Current Consumption (uA)
B
(=]

o

Node1 Node2 Node3 Node4 Node5 Node6~10

Figure 15. Nodes overall average current consumption.

For justification of the proposed algorithm, the experimental results for long-term testing are
presented in Figure 16 and Table 5. Figure 16 shows the battery voltage variation in node 4 and node 9,
which ran with and without control algorithm for 69 days of execution. The battery voltage of the
node 9 in Table 5 was obviously lower than that of node 4, and the results also verify the proposed
algorithm workable.
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Figure 16. The battery voltage of (a) node 4 and (b) node 9 within 69 days.
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Table 5. The battery voltage of each node at the 69th day.

Experimental Group Node 1 Node 2 Node 3 Node 4 Node 5
Battery voltage 2.659 V 2.65V 2.66 V 2.652V 2.669 V
Control group Node 6 Node 7 Node 8 Node 9 Node 10
Battery voltage 2,618V 2,614V 2617V 2.606 V 2,624V

7. Conclusions

A wireless sensor network based on Sub1G-Hz and star topology was constructed in this paper,
and the TDMA wireless communication protocol and the transmission power and data rate control
algorithm were proposed to reduce power consumption on sensing nodes usefully. According to
the dynamic environment, sensing nodes with hybrid control algorithms automatically adapt the
transmission power and data rate to achieve good communication quality and low power consumption
simultaneously. The above algorithms will increase the performance and reduce power consumption
on wireless communication. Then, communication devices could be operated at very low power
consumption when using wireless communication.

The experimental results show that PER states of nodes can effectively be controlled near the
target value, 1%, which can prove the good reliability of communication. In addition, because all nodes
run in the TDMA architecture’s wireless protocol, TDMA can enable a wireless transmission in a low
duty cycle. The average current consumption of the node without the hybrid control algorithm was
calculated as 74.281 uA, and the power consumptions of algorithm nodes were different and depended
on the positions of the nodes. According to the experimental results, when the power consumption of
the response packet in the transmission mode was compared, the power consumption saved up to
85.83%. The overall consumption saved up to 56.23% of the power consumption, which indicates that
the algorithms proposed in this paper actually have an energy-saving effect for wireless communication.
If the node is powered by AAA battery with 1200 mAh, the node could run approximately 4.21 years
with proposed algorithm. The other TDMA is discussed in [17] for the LoRa system but not included
about ADR and TP, and the authors suggest that the battery life is about 3 years.

In summary, the proposed hybrid control algorithm is complex, and the payload and node number
in the WSN are also limited. However, the system architecture and control algorithm proposed in
this paper could lower several important things such as the power consumption, system complexity,
maintenance fee, etc.
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