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Колонка на главния редактор 
Здравейте, уважаеми читатели, 

     Добре дошли в нашия пореден нов брой 
на списание JIIT.  
Може би лакмусовият тест на света след 
пандемията ще бъде връщането към 
международните срещи и пътувания. 
Сегашното съчетание от сложни правила за 
трансгранично пътуване създават 
объркване и разочароващи преживявания. 
Междувременно вариантът Delta на covid-
19 се разхожда по света и буди опасения за 
нова опустошителната вълна на вируса. 
Вариантът Delta, комбиниран с нисък 
процент на ваксинация, създава пробле-
ми. Той крие риск за икономиката и 
вземането на правилните решения за 
икономическото възстановяване. По 
времето, когато училищата, университе-
тите и цялата образователна система са 
подложени на напрежение, връщането 
към учебната нормалност ще бъде трудно. 
     На фона на тези глобални проблеми 
един от акцентите в Пловдив Тех Парк сега 
е провеждането на Третата международна 
научна конференция „Изкуствен 
интелект и е-лидерство“.  
     И тази година за трети пореден път 
всички участници са освободени от такси 
за правоучастие. Искаме въпреки 
трудностите на съвремието, да чуем от 
професионалните експерти, инженери, 
изследователи и докторанти какви 
иновативни идеи имат, какви нови 
продукти предлагат и какви намерения 
имат за развитие и растеж. Очакваме, че 
ще срещнем, както амбициозни хора в 
технологична зрялост, така и страстни 
ентусиасти на научното поприще, с които 
да осъществим ползотворни контакти и 
обмен. 
     Независимо от коя сфера на живота 
идвате, Вие сте ценена част от нашата 
общност и ние ще сме благодарни за 
участието Ви в конференцията. 
      Благодарим ви предварително, че ще 
отделите време, за да споделите вашите 
знания, опит и перспектива с нас. 
      Очакваме Ви на AIEL’21. 
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MOBILE NETWORK OPERATORS (MNOs) are known 
for their ability to build and operate massive, high-
performance wireless networks. They rely on highly 
specialized radio access and networking equipment 
with tightly integrated proprietary software to deliver 
the cellular services that connect our cell phones, 
tablets, computers, and other devices. But high costs, 
limited flexibility, and constrained vendor choice are 
prompting MNOs to shift away from such systems  
toward more open, standards-based, software-centric 
virtual platforms. 

 

Many MNOs are well on the journey toward opening 
and virtualizing their core networks, achieving 
significant operational gains. They now have their 
sights on their distributed mobile edge networks: the 
radio access network (RAN). And because MNOs must 
replace or augment existing RAN equipment to deliver 
5G service, they have the opportunity to adopt open 
and virtualized RAN architectures—which we will refer 
to simply as “open RAN”—as part of these 
deployments. 

The open RAN market is still in its early days. We 
estimate that there are currently 35 active open RAN 
deployments across the globe,1 many of which involve 
MNOs testing open RAN in greenfield, rural, and 
emerging markets. Although deployments are starting 
slowly, they could easily double in 2021. While it may 
take anywhere from three to five years for the 
technology to fully mature, open RAN adoption should 
accelerate rapidly thanks to the logic of its network 
design and its strategic alignment with carrier needs. 
Economic and competitive forces are also converging 
to drive the market forward. If this trend continues, the 
open RAN market has the potential to grow 
substantially, with some estimating double-digit 
growth rates2 that will push open RAN to approach 10% 
of the total RAN market by 20253 from less than 1% 
today.4 Moreover, if governments force MNOs to 
replace installed 5G RAN equipment from restricted 
vendors, the growth rate may be even higher. 

Why open RAN? 
At its most basic level, the RAN architecture at the 
mobile network edge comprises a remote radio unit 
(RRU or RU) at the top of a cell tower that 
communicates with a baseband unit (BBU) located at 



4

 

 
№ 2 (3),  2021 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 

  JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

the tower’s bottom. The RAN uses proprietary 
hardware and vendor-defined communication 
interfaces, and its software-driven functionality is 
tightly integrated inside the hardware. 
While these traditional systems have worked well for 
MNOs, they have many drawbacks. Making any 
upgrade or change to the wireless network, even 
seemingly minor ones, requires replacing physical 
hardware throughout the network—a costly, manual, 
and time-consuming process. Moreover, the 
proprietary nature of the equipment and interfaces 
that connect the hardware locks MNOs into existing 
relationships with the vendor that originally supplied 
them. 

FIGURE 1 

THE TRADITIONAL RAN ARCHITECTURE RELIES ON 
SPECIALIZED HARDWARE AND PROPRIETARY SOFTWARE, 
WHICH RAISES COSTS, LIMITS flEXIBILITY, AND CONSTRAINS 
VENDOR CHOICE 

 
 

 
RRU 

 
  Cell 

   tower 
 

     BBU 
 

 

 

Note: RRU = remote radio unit; BBU = baseband unit 

Source: Deloitte analysis. 

 

Virtualizing the RAN and replacing proprietary 
interfaces with standards-based interfaces enables 
equipment interoperability and multivendor RAN 
deployments. This gives network operators more 
flexibility to pick and choose among best-of-breed 
solution providers. By opening the market, currently 
dominated by a handful of vendors, to new suppliers, 
open RAN can not only lower costs but also prompt 
greater innovation through competition, as well as 
allow MNOs to avoid restricted vendors.5 Additionally, 
because they allow operators to use software to push 
out network functions and intelligent automation, 
virtual architectures can speed the roll-out of new 

services that can help carriers better manage their 
networks, improving network performance. 

Open RAN is not an entirely new idea; MNOs have 
discussed the concept of an open RAN architecture for 
decades. But despite open RAN’s appeal, adoption has 
hitherto been slow and met with skepticism due to 
technical engineering and integration challenges. 
Substantial confusion over the terminology and 
available technology options has also hindered 
adoption. 
Now, however, open RAN’s momentum is growing as 
the ecosystem develops, partnerships form, suppliers 
ramp up investments, and operators commit to 
experimentation, trials, and deployments. Over the 
past several years, aggressive experimentation 
through both lab trials and live deployments are 
closing performance gaps between open and 
proprietary RAN solutions, steadily tearing down 
perceived barriers. Rising capital costs and national 
security concerns that further limit financial flexibility, 
as well as the rise of government policies to support 
vendor choice, are also accelerating the movement 
toward virtual and open RAN architectures. Finally, 
open RAN is riding the wave of several technology 
trends, including 5G, cloud virtualization, distributed 
edge computing, and artificial intelligence (AI)–driven 
automation. All of these factors can help push open 
RAN from just a cool idea toward reality. 

The taxonomy of virtual 
 and open RANs 
As is common with emerging technologies, the open 
RAN taxonomy is fluid. Evolving developments in 
engineering, configurations, and standards have led 
to conflicting terminology. Here, we will attempt to 
untangle the language needed to better discuss and 
understand the technology. 

Open RAN encompasses two underlying concepts: 
virtualization and openness. 

Virtual RAN decouples software-driven functionality 
from the underlying hardware, replacing purpose-built 
hardware with a programmable RAN infrastructure 
built with low-cost, general-purpose hardware. This 
allows operators to use a single virtualized BBU to 
support multiple radios instead of needing a 
proprietary physical BBU with fixed functionality at 
every cell site.6 These virtual architectures facilitate the 
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dynamic introduction and administration of software-
based services at RAN edge networks without having to 
replace the underlying hardware. 

Open RAN takes virtualization a step further. It not 
only disaggregates software applications from the 
underlying hardware infrastructure, but also replaces 
the proprietary communication interfaces between 
baseband components—the centralized unit (CU), the 
distributed unit (DU), and the radio units (RUs)—with 
open, standards-based interfaces. Open and standards-
based interfaces enable operators to source the radio, 
baseband, and software from different vendors with 
plug-and- play interoperability.7 

A RAN can be virtualized but not open. Virtualizing and 
opening RAN edge networks are separate decisions. An 
operator can virtualize the RAN by disaggregating 
software functionality from the underlying RAN 
hardware and migrating to a cloud-native architecture 
with or without opening and standardizing the 
communication interfaces.  

For purposes of this article, however, we use the term 
“open RAN” to refer to a virtualized and open RAN 
architecture that gives MNOs both the flexibility to 
virtually manage RAN baseband components and the 
choice to source baseband hardware and software 
components from different  vendors (figure 2). 

 

 
Many would argue that virtualization is only a first but 
necessary step in the journey toward an eventual full 
opening. As long as the interfaces remain closed and 
controlled by the vendor, new entrants cannot 
participate. 

Besides different degrees of openness, there are also 
multiple “flavors” of open RAN. For example, the O-
RAN Alliance (with O-RAN) and the Telecom 
Infrastructure Project (with OpenRAN, not to be  
 

confused with our use of “open RAN”) promote specific 
standards-based open RAN reference architectures, 
standards, and protocols that seek to foster vendor 
interoperability. 

Multiple converging factors  
are driving open RAN adoption 
Several main drivers—each, however, associated with 
a set of hurdles—are helping to accelerate open RAN 
adoption.  
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VIRTUAL RAN ARCHITECTURES LOWER TOTAL COST  
OF OWNERSHIP 
One of the most compelling value propositions of 
virtual RAN architectures, open or closed, is in their 
potential to lower the total cost of ownership of RAN 
networks. These cost reductions can derive from 
sources such as: 
Lower upfront capital deployment costs. 
With rising capital intensity and slowing subscriber and 
revenue growth, MNOs view virtualized RAN as an 
important lever for fundamentally changing network 
economics. For instance, lowering capital costs is key 
to the optimal deployment of next - generation 5G 
wireless networks. 5G will require the addition of 
approximately three to four times more cell sites, 
albeit generally smaller cells on rooftops, lamp posts, 
and utility poles.8 Greater network density is needed to 
achieve 5G’s promise for enhanced coverage, capacity, 
speed, and low latency, as well as to overcome the 
limited propagation characteristics of high-band 
spectrum. Estimates call for the addition of more than 
2 million 5G cell sites in the United States by 2021, up 
from roughly 200,000 today.9 By allowing operators to 
aggregate baseband functionality using a single 
virtualized BBU to support multiple radios, open RAN 
reduces overall hardware cost and enables a smaller, 
simpler, and more energy - efficient installation 
footprint. 
Virtual architectures can also “future-proof’ 
investments in the physical network. Operators can 
use software to upgrade RAN features and 
functionality on the same physical infrastructure to 
keep pace with changing market conditions instead of 
having to rip out and replace whole physical systems. 
Opening RAN architecture interfaces introduces 
vendor competition that can further reduce hardware 
costs. Open RAN allows operators to pick and choose 
among vendors—not just traditional telecom vendors, 
but big tech companies such as hardware 
manufacturers, webscalers, original design 
manufacturers, and others looking to enter the 
market. The ability to change out individual RAN 
components with off-the-shelf hardware from any 
vendor can improve flexibility as well as reduce costs 
and downtime for system scaling and maintenance. 
That said, these savings from vendor choice are 
theoretical. Many industry pundits argue that the 
additional cost, time, and effort to test and integrate 

multivendor systems could well offset, if not 
completely negate, any benefits from vendor 
diversity.10 Additionally, the performance of 
processing intensive RAN capabilities on general- 
purpose hardware may not match what can be 
achieved on bespoke optimized hardware platforms. 
Lower operating expenses through automation. Open 
RAN has the potential to reduce ongoing network 
operating and maintenance expenses while 
simultaneously addressing the conflicting challenge of 
rising data traffic growth and customer expectations. 
Software-mediated RAN architectures empower 
operators with new levels of operational flexibility and 
intelligent automation that fundamentally shift how 
they manage networks.11 Programmable RAN 
infrastructure also makes it simpler and more cost- 
effective to roll out new features and functions at 
distributed RAN locations at a mobile network’s edge. 
Moreover, open interfaces enable these new network 
features and functions to operate on any vendor’s 
hardware without having to send out engineers and 
technicians for vendor-specific integration, as is 
common practice today. Thus, open RAN could replace 
much of the time-consuming and manual work of 
maintaining, upgrading, and optimizing networks with 
light- touch, centrally managed, automated computing 
processes. 
This type of automation, however, comes with its own 
challenges. To achieve these types of operational 
efficiencies, operators should become more adept in 
IT-style systems management and software 
engineering, imitating cloud service providers whose 
velocity in innovation showed the world how to drive 
value from network platforms. Operators should also 
adopt service-oriented practices using rapid-fire 
DevOps and continuous innovation and delivery 
(CI/CD) practices to deploy new applications with 
speed and precision— something operators did not 
have to do with more traditional RAN deployments.12 
Not all operators are eager to take a more hands-on 
approach toward operations. For instance, anything 
that could interfere with network reliability is likely to 
give pause to MNO adoption.13 To reduce this risk, 
some carriers prefer the ease and simplicity of 
traditional systems in which they rely on a few trusted 
vendors to provide new, fully tested, carrier- grade 
solutions with turnkey deployment, maintenance, and 
integration support. Should something go wrong, 
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these operators can lean on their one vendor for 
remediation instead of having to identify and isolate 
the issue, then chase down the culprit from a pack of 
small, unproven vendors who may point the finger at 
anyone but themselves. 

OPEN RAN ENCOURAGES INNOVATION 
Beyond the capex and орех savings discussed above, 
open RAN also drives faster innovation. Instead of 
having to replace network gear to introduce new 
features and functions, MNOs using open RAN can use 
software updates on white-box gear to affect change, 
materially shortening upgrade and innovation cycles. 
Moreover, vendor interoperability negates the need to 
send out technicians for custom onsite integrations, 
further reducing the time, effort, and cost of launching 
new products and services. 

Suppliers also benefit from open RAN because it opens 
up market participation and lowers barriers to entry. 
Because of interoperability, vendors can develop 
products and solutions for use by multiple operators 
instead of having to create unique one - offs for a 
specific operator. Interoperability also fosters best-of-
breed solutions because vendors can focus on what 
they do best—whether hardware, software, or 
silicon—instead of having to develop an entire 
integrated end-to-end system. 

Perhaps most importantly, open RAN systems enable 
MNOs to leverage insights from the traffic flowing 
across their networks to develop solutions that 
improve network performance. Open interfaces 
encourage third-party development of AI/machine 
learning-driven solutions, which help operators deal 
with an increasing array of bandwidth-intensive 
applications and the explosion of data flowing over 
ubiquitous networks and devices. Applications such as 
RAN intelligent controllers (RICs) and self-optimizing 
networks (SONs) are emerging as essential and cost-
effective methods to manage future network 
complexity. 
The ultimate objective is to lower costs and achieve 
super-lean operations with zero-touch, fully 
automated end-to-end network management and 
service orchestration using AI-optimized closed- loop 
automation.14 
Open RAN innovation offers operators additional 
opportunities to evolve from merely providing 
commoditized “dumb pipe” connectivity to delivering 

differentiated customer experiences. For instance, 
MNOs might offer enterprise customers networks 
optimized for specific use cases. 
Examples of these could include ultra-reliable 
networks with near-real-time response for factory 
robotics or pervasive low-power wide-area networks 
for widespread monitoring of assets such as gas 
pipelines or oil rigs. While it remains to be seen 
whether enterprises would take up, let alone pay for, 
these types of services, they do have the potential to 
open the enterprise market to operators—a market in 
which they have not been historically active. 
While innovations made possible by open RAN could 
generate new revenue, it also introduces the risk of 
competition from new entrants. Although 
“coopetition” currently characterizes the competitive 
landscape, open RAN makes it easier for alternative 
players (webscalers, equipment vendors, system 
integrators, and so on) to capitalize on the greater 
availability of new low- cost wireless equipment to 
disrupt the mobile communications market. Rakuten 
and DISH Networks, for example, plan to use open 
architectures to build low-cost alternative networks in 
direct competition with incumbent MNOs. And better 
access to lower-cost wireless equipment was the initial 
inspiration for Facebook to start the Telecom 
Infrastructure Project. 

OPEN RAN DRIVES GREATER VENDOR DIVERSITY  
AND SUPPLY CHAIN SECURITY 
Consolidation over the years has concentrated the RAN 
vendor market to five major players: Huawei, Ericsson, 
Nokia, ZTE, and Samsung. Together, they account for 
more than 95% of the market, with the top three 
vendors, Huawei, Ericsson, and Nokia, controlling 80% 
of the market.15 
Market concentration has come to the forefront of 
political debate in the United States, where the 
government advisory and prohibition against using 
federal funds to purchase communications equipment 
or services from companies that pose a national 
security risk has restricted business with Chinese 
equipment manufacturers.16 This effectively eliminates 
two of the five top vendors mentioned above (Huawei 
and ZTE) and highlights the degree of market 
concentration. Additionally, in April 2020, the US 
Department of State announced the 5G Clean Path 
initiative, which restricts the use of untrusted vendors 
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in the transmission, control, computing, and storage 
equipment of all 5G mobile traffic entering or exiting 
American diplomatic systems at home or abroad. 
The United States is not alone in making such moves. 
Multiple government initiatives around the globe are 
aiming to restrict the use of untrusted vendors. In July 
2020, the United Kingdom announced that it would 
ban new purchases and require the complete removal 
of restricted kit from UK networks. And Australia, New 
Zealand, and Japan all effectively ban the use of 
untrusted vendors from their 5G deployments. 
With more countries restricting vendors, the urgency 
for a new approach is driving greater worldwide 
interest in open RAN. To allow for alternatives, US 
policymakers increasingly seem to favor open RAN 
initiatives. They prefer the market development of 
alternative vendors to expand the supplier ecosystem 
that can give MNOs greater flexibility and choice. 
For US MNOs, the lack of a US “national champion” 
equivalent to the largest players could become 
problematic if trade tensions escalate and national 
security is tied to homegrown network providers. 
However, even though it lacks a major integrated 
wireless equipment manufacturer, the United States is 
home to some of the most prominent emerging open 
RAN startups, including Altiostar, Mavenir, and Parallel 
Networks. Most of these suppliers offer open RAN 
networks compliant with the O-RAN architecture. 
Moreover, the United States boasts many of the most 
significant players in the hardware, silicon, and 
software supply chain ecosystem. These companies 
can partner with one another to cobble together an 
end-to-end carrier- grade open RAN solution. 

The industry is uniting  
around open RAN 
By opening the market and introducing competition, 
open RAN sets up a rift between traditional 
incumbents and forward-looking new entrants. Most 
of these new entrants, however, still need to establish 
themselves in the market; for now, the balance of 
power rests firmly in the camp of a few traditional 
vendors, which may, in fact, emerge stronger. 
Nonetheless, open RAN will likely force incumbent 
vendors to shift their business models away from a 
hardware to a more software-centric approach, 
introducing new business and competitive risks 
through the transition. 

This tension is creating momentum for several 
industry-led open RAN initiatives that seek to unite an 
ecosystem of supply chain partners and advance open 
RAN through the definition, development, and testing 
of standards and reference architectures. Beyond the 
standards defined hy the 3rd Generation Partnership 
Project (3GPP),17 multiple industry groups are leading 
the open RAN movement, each with a different 
purpose. Prominent industry-led open RAN initiatives 
include: 

O-RAN Alliance. This alliance, formed in early 2018, is 
a worldwide carrier-led effort that seeks to define new 
radio architectures. Its main objective 
is to open designs and interfaces between the RRU and 
BBU. It also focuses on vendor interoperability. 

Telecom Infrastructure Project (TIP). 
Launched in early 2016 by Facebook, the TIP has more 
than 500 members and 12 project groups. Its OpenRAN 
project group focuses on building white- box baseband 
and radio unit designs based on O-RAN Alliance 
architecture and interfaces. TIP’s primary goals are to 
develop an ecosystem to spur innovation, enable 
supplier diversity, and reduce deployment and 
maintenance costs across access, transport, and core 
networks. 
Open RAN Policy Coalition. The Open RAN Policy 
Coalition, launched in mid-2020, advocates for 
government policies to help drive open RAN adoption. 
Its growing membership spans operators, equipment 
manufacturers, software developers, and silicon chip 
makers. 

Open Networking Foundation (ONF). In August 2020, 
the ONF announced several new initiatives in the open 
RAN domain. This group is looking to deliver open-
source implementations of functionality included in 
open RAN components such as CU, DU, and RICs. 
From a technical perspective, the O-RAN Alliance’s 
work is the most foundational, prompting partnerships 
with many other organizations. The TIP announced a 
liaison agreement with the O-RAN Alliance in early 
2020 that will allow the two groups to share 
information and hopefully prevent duplication of 
effort. In mid-2020, the telecom industry lobby group 
GSMA announced that it would partner with the O-
RAN Alliance to accelerate the adoption of open RAN 
technologies.18 The ONF has also indicated it will work 
with the O-RAN Alliance to develop its solutions.  
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Like other aspects of open RAN, the dependencies 
between and interactions across these groups can be 
confusing. And while well-intentioned, the plethora of 
initiatives has the potential to further fragment the 
industry, with each offering slightly different flavors of 

open RAN. To deliver a solution that universally 
appeals to multiple stakeholders, it will be critical for 
these various organizations to harmonize their efforts 
and provide a simple way for operators to learn about 
and embrace open RAN. 

 

A SAMPLING OF OPEN RAN VENDOR ECOSYSTEMS 

Companies big and small across the telecommunications ecosystem, including tier one and tier two operators, webscalers, 
traditional vendors, and startups from all corners of the industry, are beginning to coalesce around the open RAN model. 
Some of these players include: 

Traditional RAN equipment vendors. These companies differ widely in the degree to which they embrace open RAN. 

• Examples: Huawei, Ericsson, Nokia, Samsung, ZTE 

New open RAN vendors. Several well-financed new companies are focusing on software-driven RAN architectures using 
plug-and-play, hardware-agnostic infrastructure to radically improve mobile network economics. These companies are 
slowly strengthening their reputation and positioning themselves to become key beneficiaries of the shift to open RAN.  

• Examples: Altiostar, Mavenir, Parallel Network 

Network hardware, software, and component providers. Many traditionally enterprise-focused hardware and component 
vendors are participating in open RAN industry initiatives to position their product portfolios to meet carriers’ emerging 
needs. While most of these vendors do not offer radio technology, they are seeking partnerships in which they contribute 
software, hardware equipment, or components in efforts to engineer a complete integrated solution. 

• Examples: Cisco, Fujitsu, IBM, NEC, Samsung, Hewlett Packard Enterprise (HPE), Dell Technologies, Lenovo 

Chipset vendors. Each chipset vendor offers distinct solutions, with several providing accelerator kits to advance open RAN 
adoption. Sentiment is growing for the need for significant investment in 5G RAN silicon solutions to close the performance 
gap between restricted and unrestricted vendors. 

• Examples: Intel, Qualcomm, Nvidia, Marvell, Xilinx 

Cloud service providers. Cloud providers initially sought to offer MNOs cloud-based virtual environments to house and run 
internal applications and, eventually, external software-defined 
solutions. Now, webscalers and MNOs are increasingly partnering with each other to provide joint enterprise-oriented 
solutions for specific use cases, such as the need for low latency. With the emergence of new types of wholesale wireless 
arrangements from new entrants like Rakuten or DISH, webscalers and over-the-top media providers may emerge as 
formidable competitors to traditional mobile operators. They may even one day use open architectures to develop 
competing networks in their quest to connect the next billion consumers. It is this vision, coupled with frustration with the 
high cost of telecom equipment, that led Facebook to spearhead the TIP. 

• Examples: Amazon web services, Microsoft, Google, IBM, Facebook 
 
Barriers and challenges 
Many challenges to open RAN adoption exist, many of 
which involve highly technical engineering issues that 
are beyond this chapter’s scope. The following are 
some of the more commonly cited concerns that are 
slowing open RAN’s adoption among MNOs: 
Carrier-grade scalability. Experimentation with open 
RAN has thus far been largely limited to local and 

regional deployments. At a small scale, open RAN’s 
complexity of integration and its load on RAN network 
functions is readily managed. Several operators are 
experimenting with open RAN architectures in 
underserved areas where the potential for stranded 
investment and pressure for high performance is low 
since there is little or no existing infrastructure. In 
Turkey, for example, Vodafone is working with vendor  
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 partners using agile methods to make rapid iterative 
updates to software and equipment configurations, 
tracking key performance indicators to provide 
evidence of and confidence in achieving performance 
thresholds. 
Whether this architecture is scalable to larger 
networks with greater traffic loads and higher 
performance requirements is still unproven. Still, some 
evidence of scalability comes from one of open RAN’s 
few live deployments, undertaken by the Japanese e-
commerce giant Rakuten. 
Rakuten is on track to deploy 7,000 open RAN sites in 
Japan by the end of 2021—the equivalent of a 
medium-sized European country such as Austria or 
Portugal.19 But as the number of subscribers on this 
network is relatively low, the technology’s scalability to 
support tens of millions of subscribers is still in 
question. 
Sunk costs. A traditional RAN’s total cost of ownership, 
including the underlying equipment, site rental, 
support, maintenance, and energy costs, can he the 
most expensive part of a mobile network, representing 
65% ÷ 70% of its total cost. Given that, open RAN’s 
appeal from a cost perspective is easy to understand. 
Several studies have concluded that open RAN can 
reduce capex by 40% ÷ 50% and operating expenses by 
30% ÷ 40% relative to a traditional cellular setup.20 
Most of these studies cite Rakuten, which is striving to 
build the first and largest end-to-end virtualized cloud-
native network using open RAN architectures. 
The caveat is that while the total cost of ownership 
claims maybe valid in greenfield environments such as 
in Rakuten’s effort, this magnitude of cost savings 
seems highly improbable in “brownfield” 
environments where significant investments have 
already been made. One of the main reasons for this is 
that 5G deployments build on and require 
interoperability with existing 4G infrastructure— and 
4G’s closed vendor implementations lock operators 
into using the same vendor. Accordingly, operators 
seeking to adopt open RAN in existing infrastructures 
would need to replace legacy equipment, which would 
significantly raise an open RAN deployment’s overall 
cost.21 
Vendor interoperability concerns. New solutions must 
compete against proven, tightly integrated legacy RAN 
systems designed and optimized for high performance. 

While open RAN provides greater vendor choice and 
flexibility in implementation, it also increases 
opportunities for incompatible configurations from 
multiple possible combinations of software and 
hardware. Each combination of multivendor end-to-
end solutions must undergo extensive testing in a 
controlled environment, which would require 
significant additional time, effort, and cost relative to 
traditional setups. 
To explore ways to alleviate this problem, several 
industry-led initiatives, including the O-RAN Alliance, 
are hosting “plugfest” events that bring together 
diverse ecosystems of component vendors to test, 
validate, and harden end-to-end operator solutions 
that can also interoperate with existing legacy 
architectures. Several leading vendors and consortia 
are also launching communal labs to test and validate 
interoperability in a controlled and managed 
environment.22 
System integration. Integration complexity also 
presents a significant obstacle to open RAN adoption, 
as one of the key benefits of remaining with the 
traditional model is that operators can turn complete 
responsibility for implementation, upgrades, and 
maintenance over to the vendor. Should something go 
wrong—and it always does— accountability in the 
current environment is clear. If operators are to evolve 
away from reliance on integrated turnkey systems 
from a single vendor, they should incubate new 
capabilities to orchestrate and manage complex 
multivendor RAN deployments, which will necessitate 
the use of in-house, vendor-supplied, or third-party 
systems integrators. And since open RAN is a relatively 
new area, there are not many integrators with RAN 
experience that also have the operator’s best interest 
in mind. 
While anecdotal, Rakuten’s experience again provides 
grounds for optimism. In assembling its greenfield 
mobile network, the company undertook a significant 
role as system integrator to orchestrate at least 10 
different vendors, achieving many industry firsts in the 
process. Rakuten’s CEO originally thought that the RAN 
integration would he the most complex part of 
coordinating these vendors. But he later acknowledged 
that although the RAN integration was extremely 
challenging, only 10% of the challenge came from the 
RAN and 90% came from “everything else.”23 
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GETTING STARTED WITH OPEN RAN 
Many operators are anxious to move forward with 
open RAN, and the market is developing rapidly. It may 
take some time, but many are confident the industry 
will eventually overcome the technical and engineering 
challenges that stand in the way of reaching a truly 
scalable commercial-grade solution. A mid-2020 
survey of operators found that a majority believed that 
practical applications of 5G open RAN BBUs would 
emerge within two years.24 The same study found that 
operators are not necessarily waiting for full feature 
and performance parity. Many said that they would be 
willing to accept open radio units if they showed 80% 
of the performance capabilities of a traditional 
integrated system, particularly for service in 
underserved areas.25 
Even if open RAN is still not quite ready for widescale 
commercial deployment, this is no time to stand still. 
Since the telecom industry works on long multiyear 
planning cycles that can span decades, operators 
would benefit from taking action today. Now is a good 
time to assess the current state of their business, 

understand where the company needs to go, and 
determine how it needs to change. 
Operators should start educating themselves on the 
opportunities and challenges presented by open RAN. 
A good place to begin is by separating hype from reality 
by participating in industry consortia, learning from 
those already testing open RAN in labs and field trials. 
Operators can also engage with vendors and other 
experts to understand global operator deployment 
trends, assess technology and ecosystem maturity, and 
evaluate the total cost of ownership of alternate 
deployments based on their own unique starting point. 
While engineers tackle the technological issues, 
operators can take decisive action in developing an 
operationalization plan, building an organization and 
culture of innovation and continuous improvement to 
support new software-centric business and operating 
models enabled by open cloud-native architectures. If 
they want to successfully transition to open RAN, 
operators should acquire new capabilities, hire and 
develop internal talent, and adopt new ways of 
working. 

 

SIGNIFICANT LIVE OPEN RAN IMPLEMENTATIONS AND TRIALS 

Rakuten, with its 7,000-site deployment planned for launch by the end of 2020, is leading the telecom industry's transformation toward 
open RAN architectures. Rakuten, which has a reputation for disruptive innovation, is leveraging the strengths of different vendors 
for various parts of the network, which has never been done before.26 The lack of legacy infrastructure helps reduce the risk and cost 
of deployment. 

Dish Network in the United States intends to build the first fully open RAN-compliant stand-alone nationwide 5G wireless network. The 
company is in the process of selecting the vendors that will help build the new, greenfield network. Dish plans to cover 70% of the 
US population with 5G by June 2023.27 

Vodafone is conducting extensive open RAN trials in the United Kingdom, South Africa, Mozambique, Turkey, Ireland, and the 
Democratic Republic of Congo with clear timelines for commercial deployments across multiple wireless technologies (2G, 3G, 4G, 
and 5G). The company is seeking to deploy open RAN technology across its considerable European footprint, which covers 100,000 
cell sites and 400 million people across 14 countries. 

Telefonica announced it will conduct 4G and 5G open RAN technology trials in Germany, Spain, the United Kingdom, and Brazil in 2020. 
The Spanish operator will collaborate with several vendors to develop and deploy O-RAN trials across its footprint.28 Telefonica also 
has several open RAN projects in Peru. 

Deutsche Telekom is collaborating with two vendors on developing a programmable open RAN platform based on a disaggregated open 
RAN architecture. The collaboration is part of Deutsche Telekom's European Open Test and Integration Center to test O-RAN-
compliant solutions. 

Etisalat, a telecom services provider based in the United Arab Emirates, is launching the first Middle 
Eastern virtual RAN in collaboration with leading RAN technology vendors. Its solution seeks to decouple programmable RAN software 

elements from the hardware. This would allow generally available hardware and server platforms to process the RAN software, 
improving deployment flexibility, scalability, agility, and energy effici 
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THE BOTTOM LINE 

The traditional RAN represents one of the last bastions of 
closed proprietary systems. If history repeats itself, the 
adoption of open RAN may mimic the time it took the 
industry to transition to open and virtual core networks—
the seven years between 2013, when the tenets 
underlying core network virtualization were introduced, 
and 2020, when more than half of the industry's core 
wireless shipments migrated from purpose-built to virtual 
network solutions. The expectation is that more than 80% 
of core wireless network deployments will be virtualized 
by 2023.29 Though open RAN is still in its infancy, the clear 
growing interest in the technology could be the start of a 
large and significant trend with the potential to 
revolutionize the telecom industry. 
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AS 5G BECOMES more widespread, some have 
sounded alarm bells about its supposed health 
hazards. Two main concerns have been voiced, both 
related to the radiation associated with the 
technology. The most common perception is that 5G 
causes cancer. The second fear is that 5G-emitted 
radiation weakens the immune system, enabling 
COVID-19 to spread. 
Both of these fears, in our view, are grossly overblown. 
We predict that in 2021, it is very unlikely that the 
radiation from 5G mobile networks and 5G phones will  

 
affect the health of any single individual, be it a 5G 
user, a user of any other generation of mobile phones, 
or any individual in the vicinity of a mobile network but 
not actually using a mobile device. There is no link 
between the growth in COVID-19 infections and the 
roll-out of 5G networks.  
Unfortunately, while extensive scientific evidence 
proves that mobile phone technologies have no 
adverse health impacts—not just for 5G but also earlier 
generations—we also predict that between 10% and 
20% adults in many advanced economies will 
mistakenly equate 5G with possible harm to their 
health. A Deloitte consumer poll in May 2020 found a 
fifth or more adults in six out of 14 countries surveyed 
agreed with the statement “I believe there are health 
risks associated with 5G” (figure 1). 

Radiation ≠ radioactivity 
What has led to this high level of concern about 5G’s 
health impacts? It may have its roots in a simple 
confusion of terminology. 

Radiation is commonly assumed to involve 
radioactivity, but this is not necessarily the case. The 
confusion arises because the words “radiation” and 
“radioactivity” have been conflated, a confusion that 
has persisted since the dropping of the Hiroshima and 
Nagasaki nuclear bombs in 1945. As a result of these 
events, as well as incidents at several nuclear power 
plants in the 75 years since, the term “radiation” has 
often mistakenly become associated with destruction 
on a massive scale. In a similar vein, “radiation”—in 
reality, radioactivity—is also associated with cancer, 
reinforcing the word’s connotation of mortal peril. 
The point here is that radiation is not inherently 
radioactive. The literal definition of radiation is merely
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any process by which an object (from a human to a 
radiator to a star) emits energy (whether heat, light, or 
radioactive particles), which then travels through a 
medium (such as the air or hot water) and is absorbed 
by another object (a human body, a frying pan, a steam 
engine, or anything else). Radiation thus spans multiple 
everyday processes to which most people do not give 
a moment’s consideration. In our daily lives, most of us 
are regularly exposed to multiple types of radiation, 
most commonly in the form of sunlight. 
By this definition, 5G does generate radiation, butat 
very safe levels, and none of it is radioactive radiation. 
5G base stations and phones, and the frequency ranges 
within which 5G operates, are very likely to be 
operating well within safe parameters in 2021 and 
throughout 5G’s lifetime, which may extend to two 
decades. Radiation within these parameters does not 
significantly raise the risk of cancer. It also does not 
weaken the immune system, and thus has not 
contributed to the spread of COVID-19. 

Radio waves, 5G,and health: A new 
variation on a familiar theme 
Understanding in more detail why 5G and other 
cellular mobile technologies are safe requires an 
elementary knowledge of how mobile networks and 
similar radio transmission-based services work. 
Mobile phone networks are a variation on a 
conventional radio setup. A central transmitter relays 
sound via radio waves to a device equipped with an 
antenna (indeed, what is commonly referred to as 
“radio” today is a reference to the use of radio waves 
to distribute radio stations’ content). Radio waves, also 
known as radiofrequency electromagnetic fields 
(EMF), are a form of radiation, but a harmless one. 
Traditional television also uses the same distribution 
technique: A central transmitter relays sounds and 
images that are then received by antennas. 
Today, billions of people receive TV and radio content 
via a network of transmitters that connect with 
receivers in homes, offices, and vehicles around the 
world. Although the proportion of video content 
delivered on demand has steadily risen over the past 
decade, most of the hours of video consumed globally 
are still likely to be transmitted wirelessly via national 
networks of transmission towers. 
All generations of mobile phone technology, including 
5G, take the same familiar underlying approach. A 

mobile network consists of a nationwide grid of cell 
sites. These sites feature transmitters that generate 
radio waves, which are received by a mobile phone’s 
antenna. 
The radio waves generated by mobile networks, TV 
stations, and radio stations are innocuous. On the very 
broad spectrum (known as the electromagnetic 
spectrum) in which radiation exists, radio waves fall on 
the low-frequency, very low-energy end. Such 
radiation is sometimes referred to as nonionizing 
radiation. This contrasts with radiation such as X-rays, 
gamma rays, and some types of ultraviolet light, which 
fall into the high-frequency, very high-energy end 
(figure 2). These types of radiation are referred to as 
ionizing radiation, so called because it has sufficient 
energy to damage DNA by removing electrons from 
atoms, potentially leading to cancer. 
Admittedly, one difference between broadcast radio 
and TV and mobile telephony is that the receiving 
device can also transmit. But even this capability is not 
wholly new. Walkie-talkies were first used in the 
1940s; mobile phone networks, though designed to be 
scalable to whole countries and used for person-to-
person calls, work on the same principle. 
Another minor variation is the reach of each 
transmitter. For television, most transmitters in use 
today have a range of 65 to 90 kilometers.1 For FM 
radio, the range is likely to be up to 45 kilometers.2 
Mobile phone tower transmitters, in contrast, typically 
have a range of between 50 meters and 20 kilometers, 
with the majority being low-range transmitters of less 
than 500 meters. 
The average range per base station has generally 
decreased over time as the number of base stations 
has increased, with the majority of additional base 
stations covering much less territory. With the rollout 
of 5G networks, cell size may be as little as 10 meters 
in radius (known as small cells), with a transmission 
power of 100 milliwatts.3 (The rationale for reducing 
cell size is to enable higher performance with regard to 
download speeds or the number of users per square 
kilometer.) With small cells, the base stations are small 
enough to be wall- mountable or attached to 
lampposts.4 As cell size decreases, transmission power 
required declines. 
The reason for mentioning these similarities is to point 
out that mobile telephony, including the latest 5G 
standard, relies on the same underlying transmission 
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methods that have been used for decades. Content is 
created, relayed over radio waves, and received—a 
technique that has been delivering content wirelessly 
for more than 100 years. 
Like the technology itself, concerns about the health 
effects of wireless transmission are not new. 
Some individuals were concerned about the impacts of 
earlier mobile network generations as 
well as of other types of wireless networks, principally 
Wi-Fi and TETRA (a type of private radio 
communications network often used by emergency 
services). Looking further back still, some people 
worried about the health impacts of emissions from 
television transmitters too.5 

A common concern going back decades has been the 
risk of brain and skin cancer from mobile phones. 
However, this concern has been demonstrated to be 
unproven. A 2019 study of mobile phone use and the 
incidence of brain tumors in Australia found no 
increase in the incidence of brain tumors since the 
1980s. The researchers looked at the periods 1982-
1992, 1993-2002, and 2003-2013, which covered the 
introduction of analog cellular (1G), 2G, 3G, and the 
beginning of 4G. Their conclusion: “[There have been] 
no increases in any brain tumor types, including glioma 
and glioblastoma, during the period of substantial 
mobile phone use from 2003 to 2013.”6

 
 
As for skin cancer, a 2018 review of medical studies 
undertaken between 1995 and 2017 found that 
“overall evaluations showed that the effects of mobile 
phone radiation on skin 
diseases are weak and have no statistical 
significance.”7 These skin cancer studies alone 
comprised data from 392,119 individuals—a very large 
sample size. 

What has been different about 5G is that the means 
of amplifying misunderstandings about its health 
impacts, either deliberately or ignorantly, are greater 
than ever, because the capability to share true or false 
information is greater than ever before. Many 
individuals who believe 5G may cause them harm have 
had these ideas suggested to them, most typically via 
social networks, in sensational but plausible language. 
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Extremely low power, 
extremely low risk 

Of course, nonionizing radiation is not always 
completely harmless. The most common form of 
nonionizing radiation is visible light, which has a higher 
energy level than radio waves. An excess of visible 
light—or even radio waves—can produce heat, and in 
extreme cases cause burns and body tissue damage. 
However, the power behind the radiofrequency 
radiation generated by mobile networks is controlled 
and poses virtually no risk to consumers. 
Power transmission from mobile telephony, including 
5G, is far lower than that from light bulbs, TV, radio 
towers, or even sunlight on an overcast day. The 
quantity of this power is measured in watts, and a 
single watt is a tiny quantity of energy. The power 
transmitted by the mobile phones used in 2021 and 
into the foreseeable future can reach up to two watts, 
depending on the age of the phone; it can be as low as 
0.001 watt, with the vast majority of devices in use this 
year peaking at 1 watt. By comparison, the power 
transmitted by CB radios, which have been in use for 
decades, reaches up to four watts.8 
As with a car journey, the shorter the distance, the less 
the power required. A phone held next to the head or 
kept in a pocket would have the greatest impact. The 
radiation level from a phone or speaker placed on a 
table near the user would be lower. A smartphone will 
transmit more power when base stations are relatively 
distant, but most smartphones are used 
predominantly indoors, and tend to be connected to 
Wi-Fi routers (which are effectively miniature base 
stations), which are often mere meters away. In all of 
these cases, the amount of power transmitted is 
minimal—certainly much lower than required to he 
harmful. Further, a smartphone transmits power only 
when sending or receiving data, a mechanism designed 
to prolong battery life. 
The power generated by mobile network base stations 
is similarly low. A base station’s transmissions range in 
power from a quarter of a watt for a small cell (which 
would often be indoors and cover a small range) to 200 
watts9 for a minority of 5G base stations.10 More 
typically, an outdoor base station with the greatest 
range would have a power output of between 10 and 
100 watts. The output of indoor base stations, which 

usually have a range of hundreds of meters or less, is 
much lower.11 
As with a phone, a base station’s power level declines 
with distance from its transmitter. An individual 100 
meters away from a 5G macrocell antenna located at 
30 meters’ height would absorb less than one 
microwatt (one-thousandth of a watt) of power.12 
When one is directly next to a base station supporting 
any generation of mobile standard (not just 5G), 
exposure limits maybe exceeded.13 But these areas are 
inaccessible to the public, sometimes because of their 
height (20 meters or higher for larger sites), their 
location (often at the top of buildings), or their design 
(because the units are enclosed). In the case of indoor 
base stations, excessive exposure would only happen 
within a few centimeters of the transmitter. 
Average broadcast transmission power has declined as 
the number of base stations deployed has increased, 
resulting in a smaller distance between base stations 
and users. Transmitter power levels for 1G and 2G 
networks were far more powerful, on average, than 
those used for 4G or 5G, since 1G and 2G transmitters 
covered a far greater range, often tens of kilometers in 
each direction. 
In contrast, 4G and 5G masts in city centers and other 
traditionally congested areas may cover just 100 
meters. 
It is worth reiterating how minuscule a watt is. An 
incandescent bulb, which radiates light via a wire 
filament that is heated until it glows, is rated between 
25 to 200 watts. In domestic settings, people may be 
less than half a meter away from a light bulb. A person 
this distance from a 25-watt bulb would be exposed to 
thousands of times more radiation than an individual 
who was 10 meters (unusually close) to a relatively 
high-powered 5G base station.14 This is not just the 
case in 2021—it should hold true always. Similarly, 
people absorb five times more radio frequency 
exposure from FM radio and television broadcasts than 
from mobile network base stations.15 The broadcaster 
transmitter power levels used for TV and FM radio can 
reach up to 100,000 watts.16 For AM radio, the 
transmission power may reach 500,000 watts.17 
Humans have coexisted with incandescent light bulbs, 
and their radiation, since the 1880s with no known 
malign effects (except, of course, from being burnt 
from touching a lit bulb). As for broadcast power, the 
first television station went on the air in 1928,18 and 
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the first commercial radio station launched in 192019—
yet no reliable account of people being harmed by the 
radiation these stations generate has ever been 
reported. 
 
5G is even safer than previous mobile 
network generations 
In 2021, consumers who are concerned about the 
health impacts of mobile networks are likely to be most 
worried about 5G, the latest generation of mobile 
technology. However, in some ways, 5G is likely to 
have even lower potential health impacts than earlier 
generations of mobile telephony. 
5G has been designed to use less power than previous 
generations to reduce operational costs; as a result, it 
emits less power as well. This is accomplished via the 
new, advanced radio and core architecture used in the 
5G standard, with 5G networks assisting 5G devices in 
minimizing power transmit levels.20 5G base stations 
also can be put into sleep mode when there are no 
active users (for example, at night). This capability is 
not available with 4G networks, which transmit control 
signals even when there are no users in range.21 
5G also incorporates a technique known as 
beamforming, an approach that involves directing a 
narrow beam of radio waves to the user device (such 
as a smartphone). This method is equivalent to 
directing a narrow beam of light from a pocket 
flashlight at a target, focusing the radio waves on the 
device. This method not only enables higher 
connection speeds, but also leads to lower radio wave 
exposure than prior network generations,22 which 
would often spread radio waves across a wide arc, 
similar to a car’s headlight. 
Some people may conflate the risks associated with 
beamforming with industrial-grade laser beams. A 
manufacturing-grade laser beam, which is 100 million 
times as powerful as a typical laser pointer, is capable 
of melting steel.23 But beamforming in 5G networks 
involves innocuous levels of power. 
As a final note, tests of 5G sites in 2020 by regulators 
such as Ofcom in the United Kingdom have found that 
their EMF levels are well within International 
Commission on Non-Ionizing Radiation Protection 
(ICNIRP) guidelines.24 ICNIRP is an independent 
scientific commission based in Germany that works 
with the World Health Organization (WHO), the 

International Labour Organization (ILO), and the 
European Commission. The highest EMF level recorded 
among the 22 locations tested was 1.5% of the 
acceptable level—in other words, 98.5% below the 
acceptable level. Most of the sites tested supported 
four generations of mobile technology; that is, a 
combination of 2G, 3G, 4G, and 5G (in many markets, 
5G-only base stations remain relatively rare). At all of 
these sites, 5G contributed the least to the EMF fields 
measured. In 19 of the 22 locations, the highest 5G 
band value was less than 0.01% of the acceptable 
ICNIRP level. 

5G and the spread of COVID-19 

One myth about 5G’s impact on health that has been 
widely spread in 2020 is the fictional association 
between the roll-out of 5G and the spread of COVID-
19.25 Put plainly, the idea that 5G transmits COVID-19 
is as bogus as it is impossible. COVID-19 is a virus 
spread through respiratory droplets from other 
people. A virus does not travel via radio waves. 
A variant of 5G misinformation related to COVID- 19 is 
that 5G emits radiation that weakens people’s immune 
systems, making them more susceptible to illness.26 
This is similarly false. 
It is likely that misinformation about 5G’s relationship 
to COVID-19 will be as pervasive in 2021 as it was in 
2020. An Ofcom survey at the end of June 2020 found 
that 29% of respondents had come across false or 
misleading information about COVID-19 in the prior 
week.27 The most common topic, seen by 21% of 
respondents, was “theories linking the origins or 
causes of COVID-19 to 5G technology.” Misinformation 
about 5G was even more prevalent earlier in the year: 
An Ofcom survey undertaken from April 10-12, 2020, 
found that 50% of respondents had seen false or 
misleading statements about 5G. The good news is that 
these people recognized the misinformation as such.28 
The bad news is that the majority (57%) of those who 
saw what they regarded as misinformation did nothing 
about it. 
 

THE BOTTOM LINE 
Our research shows that understanding of 5G's 
benefits is low in multiple markets, with up to two-
thirds of adults stating that they do not know enough 
about 5G in general as of mid-2020. Among women,  
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the proportion is even higher, at three-quarters. The 
lack of understanding also peaks among older users. 
In the vast majority of cases, we would hope that the 
widespread provision of accessible but comprehensive 
information about how 5G and other wireless 
technologies work would put consumers' minds at rest. 
Mobile operators, mobile handset providers, 
telecommunications regulators, government 
communications bodies, and science programs on 
broadcast and on-demand platforms could, in 
combination, counter the vast tide of misinformation 
about 5G. Individual companies and regulators could 
also work together to constrain the ability to share 
misinformation, despite the commercial impact that 
this may have. 
What would make an information campaign about 5G 
successful? Among other things, it would need to be 
both proactive and reactive. It would need to be 
designed for all types of users, not just those with a 
science background. And misinformation would need 
to be met with information of a similar caliber. 
Headlines need to be met with headlines. Rebuttals to 
fake claims should be expressed using similar channels 
and similar language. Misinformation spread by well-
known individuals should be countered with 
information from well-known individuals. Celebrities 
with marketing relationships on the basis of significant 
social media presence could be asked to become the 
figureheads of information campaigns. Soap operas 
with mass market reach could include storylines that 
feature discussions and explanations about 5G. 
Without such widespread and accessible efforts, the 
facts may be ignored. It may not be enough only to post 
a link to ICNIRP. 
Information campaigns also should do more than 
explain why 5G is safe. They should also educate 
people about its positive applications—for example, 
making everyday mobile applications, such as browsing 
and maps, notably faster. Carriers could also talk about 
how 5G could make other mainstream applications, 
such as driving, easier and safer. (A car could provide 
regular status updates, including video footage, to 
manufacturers, which could enable them to identify 
flaws faster.) The telecom industry could also 
showcase the many applications that 4G has enabled 
and that consumers have come to depend on. 
There should also be debates on effective ways of 
preventing the proliferation of misinformation on 

social media. As social media becomes a far more 
common source of news, checks and balances that 
control for accuracy while still permitting freedom of 
speech are becoming increasingly important. Offering 
the ability to fact-check is one way to help social media 
users filter facts from fiction, but all readers cannot be 
relied on to have the discipline to verify. 
It may not be possible to persuade everyone that 5G is 
safe. There is likely to be a niche—perhaps less than 1% 
of the population—that will remain convinced not just 
that wireless technologies are harmful, but that their 
deployment is deliberate and that the intent is to cause 
harm. Unfortunately, while such niche views have in 
the past lacked widespread amplification, social media 
has often provided the mechanism for conspiracy 
theories to flourish and proliferate. If education is to be 
effective in curbing popular fears, it should be 
compelling, consistent, and pervasive, and it should 
begin now. 
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Abstract— This paper deals with a simplified adaptive 
two-dimensional (2D) proportional-derivative (PD) command to 
line-of-sight (CLOS) guidance law which widens the interval of 
stability of the closed loop system of an anti-tank guided missile 
(ATGM) with regard to the phase coupling angle between the 
two orthogonal channels of the missile, in order to improve the 
transition process performance while putting the missile onto 
the line-of-sight (LOS) and fight the loss of the system stability. 
The guidance law is very simple. It does only rotate the summary 
vector of the two classical PD guidance laws of y and z -channels 
in the complex plane by an angle whose angular velocity is 
directly proportional to an index of disproportionality. The 
stability of the adaptive mechanism is proven. The effectiveness 
of the proposed approach is illustrated by simulation results. 

Keywords—anti-tank guided missile, command to 
line-of-sight, nonlinear control, adaptive control, 
asymptotic stability  

I. INTRODUCTION 
The command to line-of-sight (CLOS) guidance, also 

called three-point guidance, is a classical guidance 
method [1–4]. The simplicity of the idea of CLOS 
guidance to keep the missile to the line-of-sight (LOS) 
joining the ground tracker and the target is 
implemented in many anti-tank guided missile (ATGM) 
systems. In [5] it is mentioned that “the performance of 
CLOS guidance for short range engagements is known 
to be typically good”; “Recent advances in beam-
pointing technology have led to renewed interest in 
CLOS guidance. 

Let us consider from the above point of view an 
occurrence which worsens the performance indicators 
of a CLOS ATGM guidance and control system. There is 
seen a spiral type trajectory in the plane perpendicular 
to the LOS, i.e. in the picture plane represented in Fig. 
1, which corresponds to Fig. 2.5 in [2], or the 𝑌𝑌𝐿𝐿𝑍𝑍𝐿𝐿-plane 
represented in Fig. 2 corresponding to Fig. 2 in [5], 

during the transient process of putting the ATGM from 
the initial deviations in both vertical and horizontal 
planes onto the LOS implementing the CLOS guidance 
even though the target is non-maneuvering. The design 
of the ATGM guidance and control system based on 
symmetric channels for control in vertical and 
horizontal planes is aimed at eliminating the vertical 
and horizontal deviations respectively in the plane 
perpendicular to the LOS. The phase coupling between 
the two orthogonal channels worsens the performance 
indices of the missile, leads to spiral type trajectory 
characteristics in the picture plane and stability loss. It 
further makes sense how to enhance the traditionally 
implemented guidance laws in order to fight 
successfully this occurrence in a way which also enables 
an easy practical realization. 

The survey in the field of the CLOS guidance laws 
synthesis shows an enormous number of papers. The 
intensive researchers’ activity involves powerful 
modern control theory techniques from the fields of 
the back-stepping control, predictive control, adaptive 
control, feedback linearization, optimal control, fuzzy 
logic control, fuzzy sliding mode control, game theory 
approach, and etc. to deal with different engagement 
scenarios including also highly maneuvering targets [8] 
for overcoming specific disadvantages of the CLOS 
guidance and to improve the performance of the CLOS 
based systems [5, 8–23] etc. Some authors criticize very 
consistently the guidance laws based on some results 
of the control theory [24]. It could be mentioned that 
the scope of the studies is rather global. 

The PD guidance law is comprehensible and still 
appears as a workhorse of the CLOS guidance [4, 34–
38]. On the other hand, the approach to the synthesis 
of CLOS guidance law in the picture plane [6, 7, 33, 42, 
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joining the ground tracker and the target is 
implemented in many anti-tank guided missile (ATGM) 
systems. In [5] it is mentioned that “the performance of 
CLOS guidance for short range engagements is known 
to be typically good”; “Recent advances in beam-
pointing technology have led to renewed interest in 
CLOS guidance. 

Let us consider from the above point of view an 
occurrence which worsens the performance indicators 
of a CLOS ATGM guidance and control system. There is 
seen a spiral type trajectory in the plane perpendicular 
to the LOS, i.e. in the picture plane represented in Fig. 
1, which corresponds to Fig. 2.5 in [2], or the 𝑌𝑌𝐿𝐿𝑍𝑍𝐿𝐿-plane 
represented in Fig. 2 corresponding to Fig. 2 in [5], 

during the transient process of putting the ATGM from 
the initial deviations in both vertical and horizontal 
planes onto the LOS implementing the CLOS guidance 
even though the target is non-maneuvering. The design 
of the ATGM guidance and control system based on 
symmetric channels for control in vertical and 
horizontal planes is aimed at eliminating the vertical 
and horizontal deviations respectively in the plane 
perpendicular to the LOS. The phase coupling between 
the two orthogonal channels worsens the performance 
indices of the missile, leads to spiral type trajectory 
characteristics in the picture plane and stability loss. It 
further makes sense how to enhance the traditionally 
implemented guidance laws in order to fight 
successfully this occurrence in a way which also enables 
an easy practical realization. 

The survey in the field of the CLOS guidance laws 
synthesis shows an enormous number of papers. The 
intensive researchers’ activity involves powerful 
modern control theory techniques from the fields of 
the back-stepping control, predictive control, adaptive 
control, feedback linearization, optimal control, fuzzy 
logic control, fuzzy sliding mode control, game theory 
approach, and etc. to deal with different engagement 
scenarios including also highly maneuvering targets [8] 
for overcoming specific disadvantages of the CLOS 
guidance and to improve the performance of the CLOS 
based systems [5, 8–23] etc. Some authors criticize very 
consistently the guidance laws based on some results 
of the control theory [24]. It could be mentioned that 
the scope of the studies is rather global. 

The PD guidance law is comprehensible and still 
appears as a workhorse of the CLOS guidance [4, 34–
38]. On the other hand, the approach to the synthesis 
of CLOS guidance law in the picture plane [6, 7, 33, 42, 
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43] based on polar coordinates shows a great potential 
and in case with no coupling between the channels 
shows excellent results [42–43]. For that reason the 
goal is a try to develop an upgrade of the classical PD 
guidance law based on a consideration in polar 
coordinates, which could allow to keep or improve the 
missile transient process performance while putting the 
missile onto the LOS in a broader interval than the 
classical one regarding the phase coupling angle 
between the two orthogonal channels in a relatively 
simple way. 

The rest part of the paper is organized in the 
following way: The problem formulation is presented in 
Sec. II. Sec. III represents the guidance law alongside 
with the way it is derived. Sec. IV represents some 
numerical experiments. Sec. V is devoted to the 
concluding remarks. 

 

 
Fig. 1. Picture plane representation in three-point 
guidance. 

 

 
Fig. 2. The LOS frame (𝑿𝑿𝑳𝑳, 𝒀𝒀𝑳𝑳, 𝒁𝒁𝑳𝑳) in CLOS guidance. 

 
Fig. 3. Processes in the 𝒀𝒀𝑳𝑳𝒁𝒁𝑳𝑳 -plane, the picture 
plane, of the closed loop system (1), (3) with identical 
and separate classical PD guidance law in each channel. 

II. PROBLEM FORMULATION 
Let us consider the ideal most simple linear but with 

phase coupling, cross-links, between two 𝑦𝑦  and 𝑧𝑧 -
channels case of the spatial guidance loop of a CLOS 
ATGM regarding the horizontal and vertical 
components of the ATGM in the plane perpendicular to 
the LOS (1), where (𝑋𝑋𝐿𝐿, 𝑌𝑌𝐿𝐿, 𝑍𝑍𝐿𝐿)  represents the LOS 
frame as shown in Fig. 2. Let 𝛾𝛾  be the parameter 
defining the phase coupling angle between two 𝑦𝑦 and 
𝑧𝑧 -channels. Let the guidance law represent two 
identical PD guidance laws in each pitch and yaw 
channel (3) assuming the target is non-maneuvering 
and ignoring the gravity acceleration: 

 

�̈�𝑦 = 𝑎𝑎𝑦𝑦(𝑡𝑡) ,
�̈�𝑧 = 𝑎𝑎𝑧𝑧(𝑡𝑡) ,
𝑎𝑎𝑦𝑦 = 𝑢𝑢𝑦𝑦 cos 𝛾𝛾 + 𝑢𝑢𝑧𝑧 cos (𝜋𝜋

2 + 𝛾𝛾) ,

𝑎𝑎𝑧𝑧 = 𝑢𝑢𝑦𝑦 sin 𝛾𝛾 + 𝑢𝑢𝑧𝑧 sin (𝜋𝜋
2 + 𝛾𝛾) .

  (1) 

[𝑦𝑦(0)
𝑧𝑧(0)] = [𝑦𝑦0

𝑧𝑧0
] , [�̇�𝑦(0)

�̇�𝑧(0)] = [𝑦𝑦10
𝑧𝑧10

] (2)

𝑢𝑢𝑦𝑦 = −1
𝑎𝑎0

(𝑦𝑦 + 𝑎𝑎1�̇�𝑦) ,

𝑢𝑢𝑧𝑧 = −1
𝑎𝑎0

(𝑧𝑧 + 𝑎𝑎1�̇�𝑧) ,
𝑎𝑎0 > 0, 𝑎𝑎1 > 0

(3)

𝛾𝛾 = 𝛾𝛾0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 (4)

𝛾𝛾0 = 0 (5)

cos 𝛾𝛾0 ≈ 1 𝑎𝑎𝑐𝑐𝑎𝑎 sin 𝛾𝛾0 ≈ 0 (6)
𝑎𝑎0�̈�𝑦 + 𝑎𝑎1�̇�𝑦 + 𝑦𝑦 = 0 ,
𝑎𝑎0�̈�𝑧 + 𝑎𝑎1�̇�𝑧 + 𝑧𝑧 = 0 (7)

𝐻𝐻(𝑐𝑐) = 𝑎𝑎0𝑐𝑐2 + 𝑎𝑎1𝑐𝑐 + 1 (8)
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Let us assume the synthesis of the parameters (𝑎𝑎0,
𝑎𝑎1) is done supposing (5) or (6) and the couple (𝑎𝑎0, 𝑎𝑎1) 
provides asymptotic stability of the closed loop system 
(1) - (3). In that case the closed loop system represents 
(7) with both separate y and z-channels having identical 
dynamics based on one and the same characteristic 
polynomial (8). As it is shown in [42–43] the system 
trajectory in the picture plane even in that ideal case 
with no coupling between the channels possesses an 
immutable characteristic representing a spiral type 
trajectory in the picture plane caused by the non-
proportional to each one initial conditions (2) in the 
common case - Fig. 3. 

The analysis of the stability of the closed loop 
system (1) - (3) with control (3) in function of the 
parameter 𝛾𝛾  (4) shows that the system (1) - (3) with 
control law (3) is asymptotically stable if 𝛾𝛾0 satisfies (9). 
The closed loop system becomes neutrally stable at the 
boundaries (10) of (9) and becomes unstable at (11). 
The critical crossover value of |𝛾𝛾0| - 𝛾𝛾𝑐𝑐𝑐𝑐 represents (12) 
where the gain crossover frequency 𝜔𝜔𝑐𝑐𝑐𝑐0  is calculated 
according to (13). 
 𝛾𝛾0 ∈ (−𝛾𝛾𝑐𝑐𝑐𝑐, 𝛾𝛾𝑐𝑐𝑐𝑐)    (9) 

|𝛾𝛾0| = 𝛾𝛾𝑐𝑐𝑐𝑐

|𝛾𝛾0| > 𝛾𝛾𝑐𝑐𝑐𝑐

𝛾𝛾𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑃𝑃0 = tan−1(𝑎𝑎1𝜔𝜔𝑐𝑐𝑐𝑐0)

𝜔𝜔𝑐𝑐𝑐𝑐0 = √𝑎𝑎12+√𝑎𝑎14+4𝑎𝑎02

2𝑎𝑎02

In order to illustrate the above conclusion about the 
stability of the closed loop system (1) - (3) with control 
law (3) in function of the parameter 𝛾𝛾0  (4) let the 
parameters of the control (3) be the pair (14). The 
calculated  𝛾𝛾𝑐𝑐𝑐𝑐  represents (15). For all the processes, 
the initial conditions (2) are proportional to one 
another (16). Fig. 4 shows the processes in the 𝑦𝑦𝑦𝑦-plane 
as well as the processes on 𝑦𝑦  and 𝑦𝑦  consequently 
at  𝛾𝛾0 = 0 ,  𝛾𝛾0 = −0.5𝛾𝛾𝑐𝑐𝑐𝑐, 𝛾𝛾0 = +0.75𝛾𝛾𝑐𝑐𝑐𝑐, 𝛾𝛾0 = ±𝛾𝛾𝑐𝑐𝑐𝑐 
and  𝛾𝛾0 = +1.01𝛾𝛾𝑐𝑐𝑐𝑐 , where  𝛾𝛾𝑐𝑐𝑐𝑐 = 43.1176  deg. (15). 
The increase of |𝛾𝛾0| worsens the stability of the closed 
loop system - Fig. 4-b,c which becomes neutrally stable 
at 𝛾𝛾0 = ±𝛾𝛾𝑐𝑐𝑐𝑐  as shown in Fig. 4-d,e and becomes 
unstable at |𝛾𝛾0| > 𝛾𝛾𝑐𝑐𝑐𝑐, as illustrated in Fig. 4-f at 𝛾𝛾0 =
+1.01𝛾𝛾𝑐𝑐𝑐𝑐. 

𝑎𝑎0 = 0.04 (𝑠𝑠2), 𝑎𝑎1 = 0.16 (𝑠𝑠) (14)

 𝛾𝛾𝑐𝑐𝑐𝑐 = 43.1176 𝑑𝑑𝑑𝑑𝑑𝑑 (15)
𝑦𝑦0 = 2, 𝑦𝑦10 = 0,
𝑦𝑦0 = 1, 𝑦𝑦10 = 0     (16) 

 
a) 𝛾𝛾0 = 0 deg.; 

 
b) 𝛾𝛾0 = −0.5𝛾𝛾𝑐𝑐𝑐𝑐 = −21.5588 deg.; 

 
c) 𝛾𝛾0 = 0.75𝛾𝛾𝑐𝑐𝑐𝑐 = 32.3382 deg.; 

 
d) 𝛾𝛾0 = 𝛾𝛾𝑐𝑐𝑐𝑐 = 43.1176 deg.; 
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e) 𝛾𝛾0 = −𝛾𝛾𝑐𝑐𝑐𝑐 = −43.1176 deg.; 

 
f) 𝛾𝛾0 = 1.01𝛾𝛾𝑐𝑐𝑐𝑐 = 43.5488 deg. 

Fig. 4. Processes in the 𝒚𝒚𝒚𝒚 -plane as well as the 
processes on 𝒚𝒚  and 𝒚𝒚  consequently at  𝜸𝜸𝟎𝟎 = 𝟎𝟎 ,  𝜸𝜸𝟎𝟎 =
−𝟎𝟎. 𝟓𝟓𝜸𝜸𝒄𝒄𝒄𝒄, 𝜸𝜸𝟎𝟎 = +𝟎𝟎. 𝟕𝟕𝟓𝟓𝜸𝜸𝒄𝒄𝒄𝒄, 𝜸𝜸𝟎𝟎 = ±𝜸𝜸𝒄𝒄𝒄𝒄  and  𝜸𝜸𝟎𝟎 =
+𝟏𝟏. 𝟎𝟎𝟏𝟏𝜸𝜸𝒄𝒄𝒄𝒄, where  𝜸𝜸𝒄𝒄𝒄𝒄 = 𝟒𝟒𝟒𝟒. 𝟏𝟏𝟏𝟏𝟕𝟕𝟏𝟏 deg. 

So the existence of phase coupling between the 
channels in spite of the fact that the processes start 
evolving at proportional to one another initial 
conditions leads to loss of symmetry and 
proportionality between the processes in both 
channels. The system’s transition process trajectory in 
the 𝑌𝑌𝐿𝐿𝑍𝑍𝐿𝐿-plane, the picture plane, in the common case 
does not lie on a straight line and represents a spiral 
one. The phase coupling defeats system’s stability and 
symmetry. It worsens the performance indices of the 
spatial closed loop system of the CLOS ATGM 
concerning the settling time and overshooting/falling of 
the transition process of putting the missile onto the 
LOS from the initial deviations from the LOS at the 
beginning of the missile controlled flight to the target. 

III. A SIMPLIFIED ADAPTIVE TWO-DIMENSIONAL 
PROPORTIONAL–DERIVATIVE COMMAND TO LINE-OF-SIGHT 

GUIDANCE LAW 
Let us employ the complex presentation (17) of the 

missile position in the picture plane. The closed loop 

system in terms of (17) represents (18). Let us define a 
controlled variable 𝜓𝜓 (rad) in the way (19) where 𝑢𝑢𝜓𝜓 
represents the control of the angular velocity �̇�𝜓 of the 
angle 𝜓𝜓. Let also the initial conditions of the angle 𝜓𝜓 be 
(20). Rename the control 𝑢𝑢𝑝𝑝  in (18) as 𝑢𝑢1𝑝𝑝  (21) and 
form the guidance law (22) which represents the 
complex form of the classical PD guidance law (CPDGL) 
(3) but with controlled vector rotation. 

𝑝𝑝 = 𝑦𝑦 + 𝑖𝑖𝑖𝑖 = 𝑟𝑟𝑒𝑒𝑖𝑖𝑖𝑖,
𝑟𝑟 = |𝑝𝑝| = √𝑦𝑦2 + 𝑖𝑖2 ,   𝜑𝜑 = arg (𝑝𝑝)  (17) 

�̈�𝑝 = 𝑎𝑎𝑝𝑝 ,
𝑎𝑎𝑝𝑝 = 𝑒𝑒𝑖𝑖𝛾𝛾0𝑢𝑢𝑝𝑝 ,
𝑢𝑢𝑝𝑝 =  −1

𝑎𝑎0
(𝑝𝑝 + 𝑎𝑎1�̇�𝑝) ,

    (18) 

𝑑𝑑𝜓𝜓
𝑑𝑑𝑑𝑑 = 𝑢𝑢𝜓𝜓     (19) 

𝜓𝜓(0) = 0     (20) 

𝑢𝑢1𝑝𝑝 =  −1
𝑎𝑎0

(𝑝𝑝 + 𝑎𝑎1�̇�𝑝)    (21) 

𝑢𝑢𝑝𝑝 =  𝑒𝑒𝑖𝑖𝜓𝜓𝑢𝑢1𝑝𝑝     (22) 

Thus, the system (18) with phase coupling between 
the channels in terms of the complex variables (17) 
where the control 𝑢𝑢𝑝𝑝  is replaced by (22) represents 
now (23). 

�̈�𝑝 = 𝑎𝑎𝑝𝑝 ,
𝑎𝑎𝑝𝑝 = 𝑒𝑒𝑖𝑖𝛾𝛾0𝑢𝑢𝑝𝑝 ,
𝑢𝑢𝑝𝑝 =  𝑒𝑒𝑖𝑖𝜓𝜓𝑢𝑢1𝑝𝑝 ,
𝑢𝑢1𝑝𝑝 = −1

𝑎𝑎0
(𝑝𝑝 + 𝑎𝑎1�̇�𝑝),

𝑑𝑑𝜓𝜓
𝑑𝑑𝑑𝑑 = 𝑢𝑢𝜓𝜓.

    (23) 

Our aim is to synthesize a control 𝑢𝑢𝜓𝜓 of the angular 
velocity of the angle 𝜓𝜓 of the controlled direction of the 
spatial CPDGL vector for the system (23) with initial 
conditions according to (2) and (20) so that the phase 
coupling between the channels caused by the angle 𝛾𝛾0 
is compensated alongside with providing stability of the 
closed loop system. 
A. Analysis of the system (23) 

The system (23) could be represented as (24) by the 
variables 𝑟𝑟,  𝜑𝜑1  and 𝛾𝛾1,  where 𝜑𝜑1 = �̇�𝜑  and 𝛾𝛾1 = 𝛾𝛾0 +
𝜓𝜓 is considered as an input variable. 

�̈�𝑟     = − 1
𝑎𝑎0

(𝑟𝑟 + 𝑎𝑎1�̇�𝑟) cos 𝛾𝛾1 +
                                   𝑎𝑎1

𝑎𝑎0
𝑟𝑟𝜑𝜑1 sin 𝛾𝛾1 + 𝑟𝑟𝜑𝜑1

2,
𝑟𝑟�̇�𝜑1 = − 𝑎𝑎1

𝑎𝑎0
𝑟𝑟𝜑𝜑1 cos 𝛾𝛾1 −

                         1
𝑎𝑎0

(𝑟𝑟 + 𝑎𝑎1�̇�𝑟) sin 𝛾𝛾1 − 2�̇�𝑟𝜑𝜑1.

 (24) 

0 5 10
-2

-1

0

1

2

t (s)

y 
(m

)

0 5 10
-2

-1

0

1

2

t (s)

z 
(m

)
-1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1

0

1

2
gamma0= -1*gammacr= -43.1176 (deg)

y (m)

z 
(m

)

0 5 10
-2

-1

0

1

2

t (s)

y 
(m

)

0 5 10
-2

-1

0

1

2

t (s)

z 
(m

)

-1.5 -1 -0.5 0 0.5 1 1.5 2
-2

-1

0

1

2
gamma0= 1.01*gammacr= 43.5488 (deg)

y (m)

z 
(m

)



26

 
№ 2 (3),  2021 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 
 

  JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

The analysis of (24) under the assumption 𝛾𝛾1 ∈
(−𝛾𝛾𝑐𝑐𝑐𝑐, 𝛾𝛾𝑐𝑐𝑐𝑐), 𝛾𝛾1 = 𝛾𝛾10 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, shows the existence of 
the boundary (26) and the steady state 𝜑𝜑1𝑠𝑠𝑠𝑠  (27), 
where 𝑟𝑟1 represents (25). 

𝑟𝑟1 = �̇�𝑐
𝑐𝑐 (25)

−∞ < lim
𝑡𝑡→∞

�̇�𝑐(𝑡𝑡)
𝑐𝑐(𝑡𝑡) = 𝑟𝑟1𝑠𝑠𝑠𝑠 < ∞ (26)

𝜑𝜑1𝑠𝑠𝑠𝑠 = −(1+𝑎𝑎1𝑐𝑐1𝑠𝑠𝑠𝑠)
𝑎𝑎1 cos 𝛾𝛾10+2𝑎𝑎0𝑐𝑐1𝑠𝑠𝑠𝑠

sin 𝛾𝛾10 (27) 

The second equation of (24) around the steady state 
(27) assuming (26) is achieved represents (28). Let us 
define the time constant 𝑇𝑇𝜑𝜑1 and the coefficient  𝑘𝑘𝜑𝜑1 
according to (30), assuming (29). Assume also (31). Thus 
we can represent (28) by the transfer 
function 𝑊𝑊𝜑𝜑1𝛾𝛾1(𝑐𝑐) (32). When (33) occurs the transfer 
function  𝑊𝑊𝜑𝜑1𝛾𝛾1(𝑐𝑐)  transforms into (35) where the 
coefficient 𝑘𝑘𝜑𝜑1 is according to (34). A short summary of 
the values of the time constant  𝑇𝑇𝜑𝜑1  and the 
coefficient 𝑘𝑘𝜑𝜑1 at different values of 𝛾𝛾10 is presented in 
Table I. 

�̇�𝜑1 = − (𝑎𝑎1
𝑎𝑎0

cos 𝛾𝛾10 + 2𝑟𝑟1𝑠𝑠𝑠𝑠) 𝜑𝜑1 −

                                         1
𝑎𝑎0

(1 + 𝑎𝑎1𝑟𝑟1𝑠𝑠𝑠𝑠) sin 𝛾𝛾10
 (28) 

(𝑎𝑎1
𝑎𝑎0

cos 𝛾𝛾10 + 2𝑟𝑟1𝑠𝑠𝑠𝑠) ≠ 0   (29) 

𝑇𝑇𝜑𝜑1 = 1
(𝑎𝑎1

𝑎𝑎0
cos 𝛾𝛾10+2𝑐𝑐1𝑠𝑠𝑠𝑠)

𝑘𝑘𝜑𝜑1 =
− 1

𝑎𝑎0
(1+𝑎𝑎1𝑐𝑐1𝑠𝑠𝑠𝑠)

(𝑎𝑎1
𝑎𝑎0

cos 𝛾𝛾10+2𝑐𝑐1𝑠𝑠𝑠𝑠)

    (30) 

sin 𝛾𝛾10 ≈ 𝛾𝛾10     (31) 

𝑊𝑊𝜑𝜑1𝛾𝛾1(𝑐𝑐) = 𝑘𝑘𝜑𝜑1
𝑇𝑇𝜑𝜑1𝑠𝑠+1    (32) 

(𝑎𝑎1
𝑎𝑎0

cos 𝛾𝛾10 + 2𝑟𝑟1𝑠𝑠𝑠𝑠) = 0   (33) 

𝑘𝑘𝜑𝜑1 = − 1
𝑎𝑎0

(1 + 𝑎𝑎1𝑟𝑟1𝑠𝑠𝑠𝑠)   (34) 

𝑊𝑊𝜑𝜑1𝛾𝛾1(𝑐𝑐) = 𝑘𝑘𝜑𝜑1    (35) 

TABLE I.  SHORT SUMMARY OF THE VALUES OF THE TIME 
CONSTANT 𝑻𝑻𝝋𝝋𝝋𝝋 AND THE COEFFICIENT 𝒌𝒌𝝋𝝋𝝋𝝋 AT DIFFERENT 

VALUES OF 𝜸𝜸𝝋𝝋𝟏𝟏. 
𝛾𝛾10
𝛾𝛾𝑐𝑐𝑐𝑐

 0.3 −0.6 0.9 

𝜸𝜸𝝋𝝋𝟏𝟏 (rad) 0.23 −0.45 0.68 
𝜸𝜸𝝋𝝋𝟏𝟏 (deg.) 12.94

≈ 13 
−25.87
≈ −26 

38.81
≈ 39 

𝑻𝑻𝝋𝝋𝝋𝝋 (s) 1.2 0.6 0.4 

𝒌𝒌𝝋𝝋𝝋𝝋 = 𝝋𝝋𝝋𝝋𝟏𝟏𝟏𝟏/
𝜸𝜸𝝋𝝋𝟏𝟏 (1/s) 

−22.3 −12.0 −8.5 

 

B. Synthesis of the guidance law 
1) Synthesis of the control of the vector rotation of the 

spatial CPDGL 
Based on the transfer function 𝑊𝑊𝜑𝜑1𝛾𝛾1(𝑐𝑐)  (32) we 

propose the control (36) of the vector rotation of the 
spatial CPDGL. Thus employing only the second 
equation of the system (24) we synthesize the closed 
loop (37) which is represented also in Fig. 5. 

𝑢𝑢𝜓𝜓 = 𝑘𝑘𝜓𝜓𝜑𝜑1, 𝑘𝑘𝜓𝜓 > 0     (36) 

𝜑𝜑1(𝑐𝑐) = 𝑘𝑘𝜑𝜑1
𝑇𝑇𝜑𝜑1𝑠𝑠+1 𝛾𝛾1(𝑐𝑐),

𝛾𝛾1(𝑐𝑐) = 𝛾𝛾0(𝑐𝑐) + 𝜓𝜓(𝑐𝑐),
𝜓𝜓(𝑐𝑐) = 1

s 𝑢𝑢𝜓𝜓(𝑐𝑐),
𝑢𝑢𝜓𝜓(𝑐𝑐) = 𝑘𝑘𝜓𝜓𝜑𝜑1(𝑐𝑐)

    (37) 

 
Fig. 5. The synthesized closed loop for controlling the 
vector rotation of the spatial CPDGL. 

2) Further simplification of the guidance law 
In order to avoid division by zero when 𝑟𝑟 = 0 and 

the uncertainty at (38) let us introduce 𝜑𝜑1𝑐𝑐 as (39) and 
name it an index of disproportionality. The closed loop 
remains stable because the forms of the characteristic 
polynomial (40) or (41) turn respectively into (42) and 
(43) when  𝑟𝑟 ≠ 0 . The occurrence 𝑟𝑟 = 0  in some 
number of points before achieving the steady state 
breaks the loop (𝑢𝑢𝜓𝜓  (44) becomes zero when 𝑟𝑟 = 0), 
but the compensation of the phase coupling angle 𝛾𝛾0 
via the controlled angle 𝜓𝜓 remains intact since 𝜓𝜓 is the 
output of the integrator whose input is the control 𝑢𝑢𝜓𝜓 
(44). So these occurrences do not destroy the stability 
of the synthesized closed loop system. The benefits of 
this modification consist in the avoidance of the 
employment of variable structure control (there is no 
division by zero) as well as reinforcing the implemented 
here feedback principle by taking into account the 
distance from the plane origin. 

𝜑𝜑1 = �̇�𝜑 = �̇�𝑧 cos 𝜑𝜑−�̇�𝑦 sin 𝜑𝜑
𝑐𝑐 = �̇�𝑧𝑦𝑦−�̇�𝑦𝑧𝑧

𝑦𝑦2+𝑧𝑧2   (38) 
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𝜑𝜑1𝑟𝑟 = �̇�𝑧𝑦𝑦 − �̇�𝑦𝑧𝑧     (39) 

𝐻𝐻(𝑠𝑠) = 𝑇𝑇𝜑𝜑1𝑠𝑠2 + 𝑠𝑠 − 𝑘𝑘𝜑𝜑1𝑘𝑘𝜓𝜓    (40) 

𝐻𝐻(𝑠𝑠) = 𝑠𝑠 − 𝑘𝑘𝜑𝜑1𝑘𝑘𝜓𝜓     (41) 

𝐻𝐻(𝑠𝑠) = 𝑇𝑇𝜑𝜑1𝑠𝑠2 + 𝑠𝑠 − 𝑘𝑘𝜑𝜑1𝑘𝑘𝜓𝜓𝑟𝑟2 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑟𝑟 ≠ 0  (42) 

𝐻𝐻(𝑠𝑠) = 𝑠𝑠 − 𝑘𝑘𝜑𝜑1𝑘𝑘𝜓𝜓𝑟𝑟2 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑟𝑟 ≠ 0   (43) 

𝑢𝑢𝜓𝜓 = 𝑘𝑘𝜓𝜓𝜑𝜑1𝑟𝑟      (44) 

Finally the control 𝑢𝑢𝜓𝜓  of the introduced variable 
direction of the summary vector of the two CPDGLs of 𝑦𝑦 
and  𝑧𝑧 -channels in the complex plane in terms of 
Cartesian coordinates represents (45). Let us name the 
two identical classical PD guidance laws of 𝑦𝑦  and 𝑧𝑧 -
channels alongside with the proposed control (45) of 
the direction of their summary vector in the complex 
plane by the variable angle 𝜓𝜓 simplified (S) adaptive (A) 
two-dimensional (2D) proportional-derivative (PD) 
guidance (G) law (L) – SA2DPDGL. 

𝑢𝑢𝜓𝜓 = 𝑘𝑘𝜓𝜓(�̇�𝑧𝑦𝑦 − �̇�𝑦𝑧𝑧)     (45) 

C. Final representation of the SA2DPDGL in terms of 
Cartesian coordinates 
The whole SA2DPDGL represents the system 

consisting of (19), (20), (21), and (22), whose summary 
in terms of Cartesian coordinates is the following 
system (46). 

𝑢𝑢1𝑦𝑦 = − 1
𝑎𝑎0

(𝑦𝑦 + 𝑎𝑎1�̇�𝑦),

𝑢𝑢1𝑧𝑧 = − 1
𝑎𝑎0

(𝑧𝑧 + 𝑎𝑎1�̇�𝑧),
     

𝑢𝑢𝜓𝜓 = 𝑘𝑘𝜓𝜓(�̇�𝑧𝑦𝑦 − �̇�𝑦𝑧𝑧),    (46) 
𝑑𝑑𝜓𝜓
𝑑𝑑𝑑𝑑 = 𝑢𝑢𝜓𝜓, 𝜓𝜓(0) = 0,     

𝑢𝑢𝑦𝑦 = 𝑢𝑢1𝑦𝑦 cos 𝜓𝜓 − 𝑢𝑢1𝑧𝑧 sin 𝜓𝜓 ,
𝑢𝑢𝑧𝑧 = 𝑢𝑢1𝑧𝑧 cos 𝜓𝜓 + 𝑢𝑢1𝑦𝑦 sin 𝜓𝜓 .    

IV. NUMERICAL EXPERIMENTS 

Let us replace the two identical classical PD guidance 
laws of 𝑦𝑦 and 𝑧𝑧-channels in the illustrative example of 
Section II by the developed SA2DPDGL. The only 
adjustment regarding the new SA2DPDGL consists in a 
proper choice of the coefficient  𝑘𝑘𝜓𝜓  while the 
parameters  𝑎𝑎0  and  𝑎𝑎1  are kept the same as in the 
classical case (14). Thus the closed loop guidance 
system represents the equations (1), (4) with the 
guidance law (46). The pair  (𝑎𝑎0, 𝑎𝑎1)  represents (14) 
while the coefficient 𝑘𝑘𝜓𝜓 is chosen (47). 

𝑘𝑘𝜓𝜓 = 0.5      (47) 

Fig. 6 shows the trajectories in the picture plane 
from initial conditions (16) as well as the adaptive 
control  𝑢𝑢𝜓𝜓  (45) of the SA2DPDGL and the summary 
phase coupling angle  𝛾𝛾1 = 𝛾𝛾0 + 𝜓𝜓  for some cases of 
the phase coupling angle 𝛾𝛾0  when it is within the 
interval of stability 𝛾𝛾0 ∈ (−𝛾𝛾𝑐𝑐𝑟𝑟, 𝛾𝛾𝑐𝑐𝑟𝑟) or it is outside the 
interval of stability  𝛾𝛾0 ∉ (−𝛾𝛾𝑐𝑐𝑟𝑟, 𝛾𝛾𝑐𝑐𝑟𝑟) . Note that the 
classical closed loop guidance systems when  𝛾𝛾0 ∉
(−𝛾𝛾𝑐𝑐𝑟𝑟, 𝛾𝛾𝑐𝑐𝑟𝑟)  are not asymptotically stable while the 
SA2DPDGL provides stability in a very wide range 
from  𝛾𝛾0 = −90 𝑑𝑑𝑒𝑒𝑑𝑑  to  𝛾𝛾0 = 90 𝑑𝑑𝑒𝑒𝑑𝑑  accompanied 
with an acceptable performance too. The maximum 
overload max(𝑒𝑒𝑦𝑦, 𝑒𝑒𝑧𝑧) remains practically the same as 
in the classical case when there is no coupling between 
the channels. 

 
a) 
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d) 

 
e) 

 
f) 

Fig. 6. Trajectories in the picture plane from initial 
conditions (16), the adaptive control  𝒖𝒖𝝍𝝍  (45) of the 
SA2DPDGL and the summary phase coupling 
angle  𝜸𝜸𝟏𝟏 = 𝜸𝜸𝟎𝟎 + 𝝍𝝍  for some cases of the phase 
coupling angle  𝜸𝜸𝟎𝟎 : a) and b) when 𝜸𝜸𝟎𝟎 = 𝟎𝟎. 𝟗𝟗𝜸𝜸𝒄𝒄𝒄𝒄 =
𝟑𝟑𝟑𝟑. 𝟑𝟑𝟏𝟏 ≈ 𝟑𝟑𝟗𝟗  deg.; c) and d) when 𝜸𝜸𝟎𝟎 = 𝟐𝟐. 𝟎𝟎𝟑𝟑𝟎𝟎𝟑𝟑𝜸𝜸𝒄𝒄𝒄𝒄 =
𝟗𝟗𝟎𝟎 deg. ; e) and f) when 𝜸𝜸𝟎𝟎 = −𝟐𝟐. 𝟎𝟎𝟑𝟑𝟎𝟎𝟑𝟑𝜸𝜸𝒄𝒄𝒄𝒄 = −𝟗𝟗𝟎𝟎 deg. 

V. CONCLUSIONS 

The synthesized SA2DPDGL boasts the following: 

The SA2DPDGL is really very simple. It does only 
rotate the summary vector of the two CPDGLs of  𝑦𝑦 
and 𝑧𝑧 -channels in the complex plane by the angle 𝜓𝜓 
whose angular velocity �̇�𝜓 is directly proportional to the 
index of disproportionality 𝜑𝜑1𝑟𝑟 = �̇�𝑧𝑦𝑦 − �̇�𝑦𝑧𝑧  in  𝑚𝑚2/𝑠𝑠 
with a coefficient of proportionality 𝑘𝑘𝜓𝜓. The SA2DPDGL 
does not change the magnitude of the summary vector 

of the two CPDGLs of 𝑦𝑦 and 𝑧𝑧 -channels in the complex 
plane. The introduced and controlled angle 𝜓𝜓  of 
rotation of the summary vector of the two CPDGLs of 𝑦𝑦 
and 𝑧𝑧 -channels is aimed at the compensation of the 
unknown phase coupling angle 𝛾𝛾0  so that the steady 
state of the summary phase coupling angle 𝛾𝛾1 = 𝛾𝛾0 +
𝜓𝜓 is within the stability interval tending theoretically to 
zero. Thus the asymptotic stability of the adaptive 
mechanism leads to decoupling of the spatial closed 
loop system with phase coupling between the channels 
with a zero steady state of the summary phase coupling 
between the channels  𝛾𝛾1  which provides the 
asymptotic stability of the whole spatial closed loop 
guidance system; 

The SA2DPDGL manages well even with cases 
outside the interval of stability for the phase coupling 
between the channels in the classical application where 
the spatial CPDGL does not provide stability at all, for 
example – in a very wide range from  𝛾𝛾0 = −90 𝑑𝑑𝑑𝑑𝑑𝑑 
to 𝛾𝛾0 = 90 𝑑𝑑𝑑𝑑𝑑𝑑; 

The closed loop guidance system with the 
SA2DPDGL is not a variable structure system; 

The input data for the new guidance law are the 
same as in the classical case; 

The only parameter for adjustment is the 
coefficient 𝑘𝑘𝜓𝜓 of the adaptive control (45). 

All above benefits are gained by a synthesis based 
on the idea of compensation only for the phase 
coupling between the channels omitting the 
requirement to straighten the trajectory in the picture 
plane. 
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Abstract— The paper presents a study of a 
switching mode power converter of buck topology, 
evaluated using hardware-in-the-loop (HIL) 
testbench. The purpose is to illustrate how HIL 
testbenches are constructed, what measurements 
and control could be achieved and how this 
approach could benefit the researchers and 
trainees. This is achieved using electronic control 
peripherials such as ADC, DAC and PWM blocks. 

Keywords— dc/dc converter, digital control,  core-
independent peripherials, hardware-in-the-loop 

I. INTRODUCTION 
Switch mode power supplies are more efficient at 

DC-DC conversion than the linear voltage regulators 
but their higher complexity and cost can be revolting 
for numerous applications, particularly to low-power 
application. The offered dedicated controller ICs will 
typically only operate with predetermined voltage 
ranges and switching parameters, meaning that 
different designs have to be used in different use 
cases. Implementing the switching controller using 
microcontrollers and their core independent 
peripherals makes for a highly flexible system, adding 
only passive components to the bill of materials, 
thereby reducing the number of different ICs. The 
downside of the approach is the complexity of the 
design software, but this can be overcome by reusing 
software blocks and algorithms for the different 
designs. 

This paper shows how to implement a feedback 
switching controller for a buck converter using the 
core independent peripherals of the general 
microcontroller devices. After the initial set-up, the 
core independent peripherals are independent of the 

CPU, allowing the microcontroller to do other 
computing or control tasks in parallel. 

II. TEST SETUP 
The proposed test setup is realized using standard 

(IVI compatible) instruments, interfaced using National 
Instruments VISA library. The software interface is 
generated using NI visual programming using block-
diagrams and instrument panels. The hardware used is 
the MPLAB-Xpress microchip board, programmed via 
the MPLAB Cloud IDE programmer [3]. More details 
regarding the software and hardware setup are given 
below 

A. LabVIEW Virtual instrument 
The block-diagram of the Hardware-in-the-Loop 

test bench is shown on figure 1. It is composed of 
control blocks responsible for VISA communication, 
DAQmx channels for ADC and PWM control. The 
implemented feedback switching controller for a buck 
converter using the core independent peripherals of 
the microcontroller is using the noted internal 
peripherals. They are independent of the CPU, 
allowing the microcontroller to do the computational 
and communicational tasks in parallel. да се допълни 
и цитира за конкретната платка какво съдържа!!! 

B. Hardware testbench 
The hardware is composed of the MPLAB Xpress 

board, shown on figure 2. A Closed Loop Voltage and 
Current Control using Core Independent Peripherals is 
designed, the feedback controller is based upon a 
hysteretic control, because of its simplicity, compared 
to the digital z-transformed 2P2Z, PID or other 
complex discrete controllers. The general design of the 
buck converter is covered in [1, 2, 3]. Setting the 
output voltage or the output of the buck converter is 
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covered made using the front panel, shown on figure 
#. The buck converter was designed using following 

parameters: rated input voltage Vd = 20V; rated output 
voltage V0 = 10V, rated output current I0 = 1A, 
operating frequency f = 200 kHz is selected. The design 
was carried out according to the standard 
methodology presented in [2, 3, 4], and the following 
values of the circuit elements L = 0.47mH; C = 10μF; R 
= 10Ω were obtained and the transistor control pulse 
duty cycle D = 50%. 

III. EVALUATION SYSTEM DESIGN  
The study presents a Hardware-in-the-loop 

configuration using IVI and VISA compatible virtual 
instruments. The communication with the core-
independent modules is achieved via a dedicated 
embedded program on the MPLAB Xpress board with 
the PIC16F18855 microcontroller. The controller itself 
features a 10-bit Analog-to-Digital Converter alongside  

with enhanced Computation modules for automated 
signal analysis, 2 channels 5-bit Digital-to-Analog 

Converter, 2 channels of 10-bit Pulse-Width-
Modulation, along with additional 5 8bit-channels on 
the capture and compare block [5, 11].  

 On figure 2 is shown the hardware block with the 
MPLAB express evaluation board as a motherboard, 
hosting the experiment and the power circuit attached 
as a daughter board on top of the provided 
prototyping header. The board contains a dual 
MOSFET in a SO-8 package, along with the inductor, 
capacitors and the diode, all mounted via SMD 
technology. The control and measurement signals are 
provided to the motherboard via the headers and 
routed to the appropriate pin positions.  

 The feedback control algorithms are based on a 
modified hysteretic mode control with ability to 
monitor both the pulses of the inductor current or the 

 
Fig. 2. The MPLAB Xpress board with the 

converter power circuit on top. 

 
Fig. 1. Block diagram of the Hardware-in-the-Loop testbench. 

 
Fig. 3. The MPLAB Xpress board with the 

converter power circuit on top. 



33

 
№ 2 (3),  2021 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 
 

  JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

output voltage. The hysteretic mode is chosen due to 
the following advantages. There is direct monitoring of 
the output voltage using the ADC inputs, without the 
need of extra computing power to process the 
acquired samples. This allows for extremely fast load 
transient responses and highly stable feedback loop. 
This also eliminates the need for phase compensation 
loop and algorithm and allows arbitrary variable 
switching frequencies. The downside of this method is 
the large jittering and possible low-frequency ringing 

whenever the converter is in “skip-cycles” mode. 

Nonetheless the algorithm can be modified to 
voltage mode or current mode control, either in ripple 
detection mode or with a PID, 2P2Z, 3P3Z control and 
alike. The advantages of voltage mode control is the 
simple control loop, taking samples from the output 
voltage via a resistor divider and using a single ADC 
channel. It has inherent ability to control shorter on-
times. This control type has high noise tolerance, but 
requires complex compensation algorithm [6-9]. The 
current mode control is a modified voltage mode 
control, that uses circuit inductor current instead of 
triangular waves. It has high stability of the feedback 
loop and substantially simplified phase compensation 

circuit design. It has faster load transient response 
than the voltage mode, but requires that the feedback 
noise be taken into account. 

On figure 3 is show the front panel of the 
developed virtual instrument. It is composed of the 
following items – a switch for choosing the control 
mode – be it either current mode control or voltage 
mode control; input box for the reference value; 
momentary value measurement – that is a meter 
gauge, showing either the output capacitor voltage or 
the inductor current, depending of the position of the 
control switch; numerical boxes for settling of the 
working switching frequency of the converter and the 
duty cycle. The measurement results are acquired, 
accumulated and displayed on adjacent waveform 
windows, as it is shown on the figures below. 

IV. RESULTS 
The acquired waveforms of the transient process 

are displayed on the figures, using the different 
control references. On figure 4 is shown a reference 

stabilization using hysteretic voltage reference control 
for a 6V output voltage reference. It can be observed 
that it has relatively higher overshoot and startup 
oscillation, however the transient process is fast. 

 
Fig. 4. Output voltage reference for 6V transient 

waveforms. 

 
Fig. 5. Output current reference for 0,8A transient 

waveforms 
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From the presented results is observed that for the 
normal operation of the converter it is necessary to 
use a soft-start system for better initial transient 
characteristics, because otherwise there would be a 
significant overload of the devices or the protection 
system will be activated. On the other hand, the 
presented example is suitable for using model-based 
optimization, through which it is possible to improve 
the dynamics of the converter. [8-10].  

On figure 5 are shown the waveforms of the 
transient process using hysteretic current reference 
control for a 0.8A inductor current reference value. It 
can be observed that the settling of the output voltage 
is smoother and without oscillation. Relatively to the 
voltage reference method the transient process is 
faster.  

When maintaining a constant reference output 
current, no such overshoot is observed as was the case 
with the output voltage. This gives reason to believe 
that hysteresis monitoring is more suitable for 
maintaining a constant output current than a constant 
output voltage. All this is applicable to the use of other 
control methods, both classical and innovative such as 
neural-network controllers, model predictive control, 
fuzzy logic and more. For this purpose, only the type of 
the controller is changed and the respective program 
is loaded. This flexibility and adaptability of the 
approach is useful in power electronics training. 

V. CONCLUSION 
The paper presents a study of a converter together 

with its controller, using two very modern and 
advanced technologies: Hardware-in-the-Loop and 
microcontroller core independent peripherals. Their 
integration allows a very clear and logical study of the 
operation of the power electronic devices and to 
improve the knowledge and skills of trainees and 
students. The general work environment is based on 
software for graphic programming LabVIEW, which is 
very clear and convenient both for setting the 
parameters and for visualization and subsequent 
processing of the obtained results.  

On the other hand, this approach is suitable for use 
in the process of control synthesis and especially the 
setting of the controller. Also this allows automated 
data acquisition, collection and processing, which is 

the basis for the use of techniques based on artificial 
intelligence, in the training and design of power 
electronic devices and systems, etc.  
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Abstract — Some known and new proposed kind of 
strategies for multicriteria optimization are 
investigated and compared. All strategies are based 
on the generalized functions of usefulness. The 
generalized function of usefulness includes six 
transformations of the objective parameters. The 
investigation of the new generalized functions is 
tested by a practical problem to choose a Pareto-
optimal variant of production of a trade product. 
The comparison shows that the best practical 
property has the additive type of generalized 
objective function and some of the new strategies are 
more sensitive to the control variables changes.  

Keywords—multicriteria optimization, decision 
making, Pareto-optimal solution, utility function, 
additive generalized function, multiplicative type 
function, harmonic type function, arithmetic mean, 
geometric mean, harmonic mean. 

 
 INTRODUCTION 
Multicriteria optimization is an incorrect task, as it 

does not have a single solution. When choosing the 
best of the many possible compromise solutions, called 
Pareto-optimal [1,2], a generalized objective function 
is created to satisfy the different requirements for 
optimality of the individual target indicators, i.e. the 
vector criterion. 

There are many strategies for searching for Pareto-
optimal solutions, such as the weight vector 
scalarization method, sum of gradients methods, 
heuristic random search methods, combined methods, 
etc. [1]. One of the most used strategies for finding 
multiple Pareto-optimal solutions is the strategy of the 
recommended solutions, so called reference points 
approach [1,3,4,5,6]. 

The present study compares known strategies for 
scalarization of the vector criterion for optimization 
and proposes new approaches for generalized 
objective function creation. 

RESEARCHED STRATEGIES FOR MULTICRITERIAL 
DECISION-MAKING 

The choice of a compromise solution strongly 
depends on the way of the generalized objective 
function creation, which unites the set of objective 
indicators. In the present study, for comparative 
analysis, six generalized functions of usefulness are 
included: 
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x

m

1j
j max)(

m
1)(1F  


xxp

amF         (1) 

 

2. Geometric mean generalized objective function 
of usefulness 

x
m m21 max)()...().()(2F  xxxxp

gmF   (2) 

 

3. Harmonic mean generalized objective function 
of usefulness 

xm

1j

max

)(
1

)(3F 






 x

x

j

p
hm

mF                              (3) 

 
 

4. Additive generalized objective function of 
usefulness 

x

m

1j
j max)()(4F  


xxp

adF                        (4) 

 



36

 
№ 2 (3),  2021 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 

  JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

5. Multiplicative generalized objective function of 
usefulness 
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6. Harmonic generalized objective function of 

usefulness 
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The first three generalized functions are traditionally 
used, and the other three are new proposed 
modifications, such as strategies for creating 
generalized functions of usefulness. The aim is to study 
and to compare the properties, efficiency of the 
methods and their sensitivity to the decisions made 
depending on the control parameters. 

 
CREATION OF GENERALIZED FUNCTIONS OF 

USEFULNESS UNDER THE STRATEGY OF THE 
RECOMMENDED SOLUTIONS 

The formula according to which a linear 
transformation is made for normalization of the 
objective parameters in the limits (0   +1), taken as 
absolute values, is the following: 

minj,maxj,

ref
jj

j
tr
j yy

)(y)(y
)()(y






xx
xx , j = 1, 2, ..., m,        (7) 

where, 

m is the number of the objective parameters )(y j x ; 

)(j x , j = 1, 2, ..., m is an indication of the normalized 

usefulness of the objective parameters )(y j x  in 
equations from (1) to (6); 

)(y j x  is the natural value of each objective 
parameter of  (j = 1, 2, …, m); 

)(yref
j x  is the recommended (referenced) value of 

each objective parameter r; 

)(y max,j x  and )(y min,j x  are the maximum and 
minimum values for each objective indicator, 
respectively. 
For the comparative analysis of the above six strategies 
from F-1 to F-6, real data from [7] are used.  
In order to optimize the technological process in the 
production of paper intended for writing and printing, 
it is necessary to achieve maximum values of the 
following indicators of paper quality: 

y1 – maximum number of double folds until the paper 
sample breaks; 

y2 – maximum value of the resistance indicator of 
cracking of the paper sample, kN/m2; 

y3 – maximum resistance to plucking cellulose fibers 
from the paper, cm/s. 

 

The control parameters of the process and their 
allowable limits of change are as follows: 

30   x1   40 – degree of cellulose grinding in 
Schopper - Riegler, oSchR;  
2.25   x2   3.75 – amount of sizing agent in the pulp, 
%; 
10  x3   20 – amount of filler in the cellulose pulp, %. 
 
An experimental study of the technological process has 
been made through realized an optimal compositional 
plan of variants of combinations of the control 
parameters x1, x2 and x3 and the values of the objective 
parameters y1, y2 and y3 have been determined. The 
obtained experimental data for all variants of the 
experimental plan are given in Table. 1. With an arrow 
in the table shows the direction of the desired value, 
which in this example is the maximum. The "ideal" 
normalized desired and undesirable values (+1   0) of 
the objective parameters were adjusted by two percent 
each in the multi-criteria decision-making and are given 
in the Table 1 as 0.98 and 0.02. 

The optimal plan of the experiments with 15 variants 
of combinations of control variables, the results from 
the experiments for the objective parameters and the 
normalized utility of the values of the objective 
parameters determined by formula (7) are given in 
Table. 1. 
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Table 1. Experimental plan, experimental results for the objective parameters and the normalized usefulness of 
the values of the objective parameters 
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1x ,  
оSchR 

2x , 
% 

3x , 
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y1 
number 

y2 
kN/m2 

y3 
cm/s  )(1 x   )(2 x   )(3 x  

1 30 2.25 10 20 2.00 341 0,189 0,556 0,765 

2 40 2.25 10 13 2.10 345 0,020 0,667 0,980 

3 30 3.75 10 34 1.60 333 0,568 0,111 0,294 

4 40 3.75 10 17 1.70 335 0,108 0,222 0,412 

5 30 2.25 20 31 2.30 330 0,486 0,889 0,118 

6 40 2.25 20 50 2.40 332 0,980 0,980 0,235 

7 30 3.75 20 25 1.75 337 0,324 0,278 0,529 

8 40 3.75 20 22 1.60 333 0,243 0,111 0,294 

9 30 3 15 28 1.80 331 0,405 0,333 0,176 

10 40 3 15 28 1.70 333 0,405 0,222 0,294 

11 35 2.25 15 25 1.90 332 0,324 0,444 0,235 

12 35 3.75 15 20 1.50 328 0,189 0,020 0,020 

13 35 3 10 15 1.80 341 0,054 0,333 0,765 

14 35 3 20 20 1.90 334 0,189 0,444 0,353 

15 35 3 15 17 1.70 332 0,108 0,222 0,235 
 
 
 

yj,min 13 1.5 328 

yj,max 50 2.4 345 
 

j  37 0.9 17 min,jmax,jj yy  ,  j = 1, 2, 3 

 

)(yref
j x  13 1.5 328 

 
The calculated values of the generalized objective 

functions for the six strategies (F-1 to F-6) for linear 
transformation into usefulness and ranking of the 
variants by ranks from 1 to 15 are given in Table 2.
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Table 2. Values of the generalized functions of usefulness for strategies from F-1 to F-6 for transformation and 
ranking of the options by ranks (Rank 1 is the highest) 
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1 0,503 3 0,432 2 0,357 2 1,509 3 0,080 2 0,119 2 
2 0,556 2 0,236 11 0,057 14 1,667 2 0,013 11 0,019 14 
3 0,324 9 0,265 9 0,212 9 0,973 9 0,019 9 0,071 9 
4 0,247 12 0,215 12 0,185 10 0,742 12 0,010 12 0,062 10 
5 0,498 4 0,371 3 0,257 8 1,493 4 0,051 3 0,086 8 
6 0,732 1 0,609 1 0,477 1 2,195 1 0,226 1 0,159 1 
7 0,377 6 0,363 4 0,350 3 1,132 6 0,048 4 0,117 3 
8 0,216 13 0,200 13 0,182 11 0,648 13 0,008 13 0,061 11 
9 0,305 11 0,288 8 0,269 7 0,915 11 0,024 8 0,090 7 

10 0,307 10 0,298 7 0,289 5 0,922 10 0,026 7 0,097 5 
11 0,335 7 0,324 5 0,313 4 1,004 7 0,034 5 0,104 4 
12 0,076 15 0,042 15 0,028 15 0,229 15 0,0001 15 0,010 15 
13 0,384 5 0,240 10 0,132 13 1,152 5 0,014 10 0,044 13 
14 0,329 8 0,310 6 0,289 6 0,987 8 0,030 6 0,096 6 
15 0,189 14 0,178 14 0,167 12 0,566 14 0,006 14 0,056 12 

 
 

ANALYSIS OF THE VARIANTS BY THEIR USEFULNESS 
AND BY THE NUMBER OF RANKS FROM ONE TO 
THREE  

In Table 3, which is an excerpt from Table 2, only 
the variants are given that have at least one ranking 

with a rank from one to three for the studied six types 
of generalized functions of usefulness from F-1 to F-6. 
The five best variants with the highest values of the 
generalized functions of usefulness (F-1 to F-6) are 
graphically presented on Fig. 1 to Fig. 6.   

 
Table 3. The objective functions values for the five electrode offers transformed in desirability. 
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1 0,503 3 0,432 2 0,357 2 1,509 3 0,080 2 0,119 2 

2 0,556 2 0,236 11 0,057 14 1,667 2 0,013 11 0,019 14 

5 0,498 4 0,371 3 0,257 8 1,493 4 0,051 3 0,086 8 

6 0,732 1 0,609 1 0,477 1 2,195 1 0,226 1 0,159 1 

7 0,377 6 0,363 4 0,350 3 1,132 6 0,048 4 0,117 3 
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Fig. 1. Variants with the highest ranks from 1 to 5 for arithmetic mean generalized function F-1 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Variants with the highest ranks from 1 to 5 for geometric mean generalized objective function F-2 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 3. Variants with the highest ranks from 1 to 5 for harmonic mean generalized objective function F-3 
 
 
 
 
 

 
 
 
 
 
 

Fig. 4. Variants with the highest ranks from 1 to 5 for additive generalized objective function F-4 
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Fig. 5. Variants with the highest ranks from 1 to 5 for multiplicative generalized objective function F-5 
 
 

 
 

 
 
 
 
 
 
 
 

Fig. 6. Variants with the highest ranks from 1 to 5 for harmonic generalized objective function F-6 

RANKING OF VARIANTS BY NUMBER OF RANKS 
FROM ONE TO SIX  
(1) Variant №6 has Rank 1 for all 6 types of 

generalized objective functions (F-1 to F-6); 
(2) Variant №1 has Rank 2 by four generalized 

objective functions (F-2, F-3, F-5 and F-6) and Rank 3 by 
2 generalized function functions (F-1 and F-4); 

(3) Variant №2 has Rank 2 of two generalized 
objective functions (F-1 and F-4); 

(4) Variant №5 has Rank 3 of two generalized 
objective functions (F-2 and F-5) and Rank 4 by two 
generalized objective functions (F-1 and F-4); 

(5) Variant №7 has Rank 3 of two generalized 
objective functions (F-3 and F-6) and Rank 4 for two 
generalized objective functions (F-2 and F-5); 

(6) Variant №11 has Rank 4 of two generalized 
objective functions (F-3 and F-6) and Rank 5 for two 
generalized objective functions (F-2 and F-5); 

(7) Variant №13 has Rank 5 of two generalized 
objective functions (F-1 and F-4); 

(8) Variant №10 has Rank 5 of two generalized 
objective functions (F-3 and F-6). 

STUDY OF THE SENSITIVITY OF GENERALIZED 
OBJECTIVE FUNCTIONS IN OPTIMAL DECISION-
MAKING 

To study the sensitivity of the type of the 
generalized objective function, on which an optimal 
decision is made, the intervals of change j  of the 

utility function )FandF( min,jmax,j  for j = 1, 2, ..., 6 
are determined by formula (8). The ratio of the 
maximum value to the interval for the six 
transformations from F-1 to F-6 is calculated by (8). 

 
6...,,2,1j,FF min,jmax,jmin)(maxj        (8) 

 
Normalization of the maximum values of the 
generalized functions of usefulness in relation to the 
interval of change of the usefulness is given by (9). 
 

6...,,2,1j,
F

F
min)(maxj

max,jN
j 





                            (9) 

The results are given in Table 4 and graphically 
represented on Fig. 7 and Fig. 8. 
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Table 4. Interval of alteration of the generalized objective function for the six transformations from F-1 to F-6 
and ratio of the maximum usefulness to the variation interval 

Generalized 
objective 
function 

p
aF  

F-1 

p
gF  

F-2 

p
hF  

F-3 

p
apF  

F-4 

p
mF  

F-5 

p
harmF  
F-6 

min)(max,j   0.656 0.567 0.449 1.966 0.226 0.149 

N
jF  1.116 1.074 1.062 1.116 1.000 1.067 

 
 

 
 
 
 
 
 
 
 
 

 
Fig. 7. Maximum usefulness values, normalized to the 

variation interval for each strategy F-1 to F-6 
 
The Fig. 7 shows that the strategies for the 

arithmetic mean (F-1) and the additive form (F-4) of 
the generalized objective function have the largest and 
equal values of generalized usefulness, which is quite 
logical, since they are linearly correlated, but the 
absolute values of the additive form are in a wider 
range, which makes it more sensitive. The usefulness 
of the harmonic, geometric mean and harmonic mean 
are almost equal and relatively high. The usefulness of 
the multiplicative form (F-5) is the lowest compared 
with the other generalized function of usefulness. 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 8. Variation interval of usefulness for each F-1 to 
F-6 strategy 

 
Fig. 8 shows that the additive strategy (F-4) has the 

largest and strongly dominant range of variation of the 
generalized utility, i.e. the greatest sensitivity. It is 
followed by the arithmetical mean (F-1) and geometric 
mean (F-3) strategies, but with significantly lower 
values. 

 
CONCLUSION 
(1) Three new strategies for multicriteria 

optimization using generalized functions of additive, 
multiplicative and harmonic type are proposed, as 
their efficiency is compared with the classical 
strategies for creation of generalized functions of 
arithmetical mean, geometric mean and harmonic 
mean. 

(2) A comparative analysis of the six strategies for 
optimal decision making is made using a practical 
example of choosing the optimal variant for process 
control, and the following is established:  

(а) In the multiplicative form for creation of a 
generalized objective function, the highest values of 
the generalized utility function strongly dominate; 

(b) Additive and harmonic forms give a wider range 
of options in the ranking of the best solutions; 

(c) When using the normalized function of the 
generalized usefulness as a criterion for multi-criteria 
decisions making, the maximum values are obtained 
for the strategies: arithmetical mean, additive and 
harmonic; 

(d) The range of change is the largest and with the 
greatest sensitivity of the generalized objective 
function in decision, making there is the additive 
strategy for creating a generalized function of 
usefulness. 

(3) In the study, economic indicators are not 
included in the generalized criterion. We recommend 
that in optimal decisions making in practice to apply 
the strategies without including an economic indicator 
(i.e. price) in the generalized criterion. We propose to 

Generalized objective function 

 

 

Generalized objective function 
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present ranked optimal decisions with the respective 
ranks up to the third rank (or up to the fifth rank), and 
the economic indicator of the chosen option to be an 
accompanying criterion in the final decision-making. 
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