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1. Introduction

The switched system is a hybrid dynamical system
consisting of a series of continuous-time subsystems and
a rule that controls the switching between them. Liberzon
D " summarized the research status of switching systems
in the literature. The switched system has received exten-
sive attention in the field of control. In the actual control
a physical process, the uncertainty and time delay of the
systems is often encountered, it is also the cause of sys-
tems instability and poor performance. In recent years, the
problem of H, control for linear time-delay systems with

*Corresponding Author:
Yuzhong Liu,

The problem of non-fragile dynamic output feedback H, control for a
class of uncertain switched systems with time-varying delay is discussed.
Firstly, the form of non-fragile dynamic output feedback H,, controller
is given. Under the condition that the upper bound of time delay and the
upper bound of delay derivative are limited simultaneously, Lyapunov
functional and its corresponding switching rules are constructed by using
single Lyapunov function method and convex combination technique;
Secondly, we use the inequality lemma to scale the derived Lyapunov
functional in order to eliminate the time-varying delay term in the in-
equality, and then introduce the J-function to obtain a nonlinear matrix in-
equality that satisfies the H,, performance index vy, we also employ Schur
complement lemma to transform the nonlinear matrix inequality into set
of linear matrix inequalities consisting of two linear matrix inequalities,
a sufficient condition for the existence of a non-fragile dynamic output
feedback H.,, controller and satisfying the H,, performance index vy is
concluded for a class of uncertain switching systems with variable time
delay; Finally, a switched system composed of two subsystems is consid-
ered and the effectiveness and practicability of the theorem are illustrated
by numerical simulation with LMI toolbox.

uncertainties has attracted much attention. The research
on uncertainty can be divided into two categories: norm
bounded uncertainty and polymorphic uncertainty. For
example, in 1992, Xie L ¥ et al. studied the problem of
robust H, control for linear systems with norm-bounded
time-varying uncertainties; In 2001, Goncalves E N ©/ et
al. studied the design of controllers for systems with poly-
morphic uncertainty. In terms of the design of the control-
ler by the traditional robust control method only needs to
find the gain of the controller to make the closed-loop sys-
tem stable. However, when the controller is digitally exe-
cuted, due to the limited word length of the memory and
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the aging of components and other factors, the controller
is also very sensitive to small changes in its own when re-
lying on different design algorithms, resulting in a closed-
loop system performance degradation or even unstable.
It leads to a new problem: to design a controller that can
withstand a certain range of parameter changes, that is, a
non-fragile controller.

In 1997, Keel " and others first put forward the concept
of “non-fragile”. The explanation of fragile Was further
elaborated in some later published literature . In recent
years, more and more scholars are interested in non-frag-
ile research. In 1998, Dorato P and others studied the
design of non-fragile controllers based on robust control.
In addition, in many practical problems, the state of the
systems can not be measured directly. In view of the cost
and reliability of control implementation, it is more prac-
tical to adopt non fragile output feedback. Yu L7 and oth-
ers studied the design of robust memory less H,, control-
lers for linear time-delay systems with time-varying and
bounded norms uncertainties; In 1997, Han H C ¥ and
others studied the LMI method of output feedback H_, con-
troller design for linear time-delay systems; In 1998, Ko-
kame H "' and others studied the robust H, performance
of linear time-delay differential systems with time-varying
uncertainties; In 2006, Yang G H """ and others studied
the design of non-fragile output feedback H,, controller
for linear systems; In 2009, Li L "' and others studied
the non-fragile dynamic output feedback control of lin-
ear time-varying delay systems; In 2010, Y Wang ""? and
others studied the design of non-fragile output feedback
H,, controllers for linear systems; In 2013, Fernando T
L ") and others studied the output feedback guaranteed
cost control problem of uncertain linear discrete systems.
However, there are few researches on the non-fragile
dynamic output feedback H, control of time-varying
time-delay switched systems with uncertainties.

In this paper, the problem of dynamic output feedback
H,, control for a class of uncertain time-varying delay
systems is studied. Assuming that the uncertainty is norm
bounded and parameter uncertainty which the paramet-
ric form of the uncertain coefficient matrix is given. The
dynamic output feedback controller is designed, which
is substituted into the original systems to obtain a new
closed-loop system. The corresponding switching rules
and Lyapunov functional are constructed. By using con-
vex combination technique, inequality scaling lemma,
and Schur complement lemma, the set of linear matrix
inequality satisfying the given H, performance index 7 is
obtained and the original system is asymptotically stable

and satisfies the performance index 7 . The sufficient con-
ditions for H,, control are obtained, and the validity of the

2 Distributed under creative commons license 4.0

theorem is verified by numerical simulation.

2. Description of the Problem

Consider a class of switched systems with time delay
and uncertainties.

x(t) = (Aa(t) + AAG'([)(t))x(t)
+(Ado-(t) +A4,50 (0)x(t—d(2))
U(t)u(t) + Bla(t)a)(t)

2() = Ciy ) X(D) + D,y 0(2)

o-(t)x(t) + D2o-(t)a)(t)

x(t)=0.te€[-h,0) (1)

Where x(2)eR".u(t)eR" . z(t)eR"

. y(t) € R¥ and @(t) € R are state vector, control
input vector, control output vector, measurement output

vector and external disturbance input vector. A , Adi ,

B, B, C

1o sz’ D , D ; are constant matrices

with proper dimensions; d (t ) is a time-varying delay
and is a continuous function satisfying: 0<d(t)<’[ ,
di)y<d<1. t.
@(t) € R" is the interference input of limited energy;

0-[0500)_)M ={192:"'5

rule of this systems, where n represents the n switch-

d are known constants.

n} represents the handover

ing subsystems of the switching system. AAZ. (t) and

AA i (f ) represent the time-varying uncertainty in the

model and satisfy the following form of norm bounded
conditions

AA;' ()= HF, (t)Eu 2

A4, ()= H,F, (t)E2i €)

Where H 1 H 9i s E andE are constant matrices

with appropriate dimensions, E(l‘ ) are unknown ma-

DOL: https://doi.org/10.30564/jeisr.v3i1.3205
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trices with Lebesgue measurable elements and satisfy the
conditions

F (OF@) <1 )

The problem studied in this paper is to design dynamic
non-fragile output feedback H, controller for uncertain
time-varying delay systems (1), as follows:

X () = (4, + A4, (0)x, () + (B, + AB,, () y(?)

u,(t) =(C, + AC,())x.(?) (5)

makes the systems (1) be asymptotically stable and
meet the given performance index } . The uncertain terms

AA,.(t).,AB_(t) and AC (t) of the controller (5)

represent uncertain gain perturbation and meet the condi-
tions:

A, ()=H, F,()E,
AB,(t)=H, F.()E,

AC,(t)=HF,(1)E, (6)

condition (4) and (6), where H,,, H,,, Hs;, E;;, E,; and Ej;
are constant matrices with appropriate dimensions. And (5)
where A4, B,; and C,; are undetermined constant matrices
with appropriate dimensions.

The closed-loop system is obtained by combining for-
mula (1) and formula (5)

x(7) | Ay +A04,,(@) B, (C,+AC,(?))
xc (t) - (Bci + ABci (t))CZU(t) Aci + AAci (t)

,{ X0 } + {Ad"(’) ’ AAd"(”(t)} *x(t-d(1)
x. (1) 0

B

lo(t)

+ { } *o(t)
(B, +AB,,(1))D,, (1)

(7

Aiming at the systems in this case, the problem to be
solved in this paper is to find a sufficient condition for the
existence of a non-fragile output feedback controller that

satisfies the given H,, performance index ) for the uncer-
tain time-varying delay system (1).

Distributed under creative commons license 4.0

3. Main Results

Definition 1 Considering any given constant }, un-
certain time-varying time-delay switched system (1) in
the presence of non-fragile dynamic output feedback gain
with the form of additive perturbation, the Existing form
of non-fragile dynamic output feedback H, controller can
be obtained, and the system satisfies the given constant

7 . By using the corresponding switching rules, the sys-
tems (1) can be stabilized if there is an output feedback

H,, controller of the form (5) and corresponding switching

rules O-(t ) For a given performance index, the response
of the closed-loop systems satisfy the following two con-
ditions:

1) When external disturbance G)(l) =0, construct

corresponding switching rules O (f ), so that the systems

(1) are asymptotically stable.

2) When the initial state of system (1) at t=0 is 0,
the following inequality holds for all non-zero val-
wes () eL[0,T] , 0<T <0, as follows:

|, < 7|l

Lemma 1 " For any constant £>0, vector X, Y, there
are

2XTY<eX"X+&'Y'Y -

Lemma 2"% For any constant £>0 and proper dimen-
sions matrices H, E and F(¢) satisfy F'(t)F(f)<I, there are

HFWOE+E'FT(O)H" <¢"'HH" +¢E"E

Theorem 1 For systems (1), the dynamic output feed-
back control law given by equation (5), where the control-
ler parameter matrices are as follows:

Aci = ’”11'Pc_1
B, = rziPc_lczTi
C,=r,B'P ®)

Given a constant ) > 0 , there are the following linear
matrix inequalities

DOL: https://doi.org/10.30564/jeisr.v3i1.3205 3
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- M, M, - N, N,
A <0, ) A <0
; ) |:MZ: M3i:| B ; i |:N2T‘ N3i (9)

having solutions forP>(),Pc >0,I’1i,l”2i,l"3i,giv-
ené‘ai>0, (=12 ---7 ,ﬂiZO(ie]V) and

satisfying Zﬂ‘i =1 of n real number, then the systems (1)
i=1

are asymptotically stable under the action of controller (5)

and satisfy the given H, norm bound } .Where

Mli = AiTP+ PAi + Clccli + CZTiCZi + gliEICEli
+83iE§iE2i + 87iC2TiE4TiE4iC2i +&,1
M, = [CEDU + PBliPHliPHZiPAdiPBiHSiPBi:|
Dlzl?Dli + DZTI'DZi + g4iD2T[E4TiE4iD2i
M, =diag| -yl — e, —[(1-d)e, ]l
(A =d)e, M-, 1 -1’1
N, =2n1+ 2r22iC2TiC2i + geiEaTiEsi + ‘95iE5TiE5i

Nzi:[B:H3i FH, PH, PBi]

N, =diag|-e,] —&,1 —&, —I]
The switching rules are as follows:
T
x(t Jox(
o(t)=argmin{ © R ®
o0] o]
+x! (S}, (1), € M}
Where
Ri + lecli Clyilei + PBli
R= DD, —y*I + Dj.D,
i Dlzi“Cli + BIJI"P li lzT 7; 207720
+g4iD2iE4iE4iD2i

' 2 T 1 T
S;=8,+n,C,C,, +e, PL.H, H,F,

1

4 Distributed under creative commons license 4.0

R =A"P+PA +¢,EE, +¢&,]
+e,ELE, + CLCy, + &,CLELE,C,,
+Ple' H HT +[(1-d)e, " 4,4
H(~d)e, I HyHy, + BB
+&, BH H.B P

S, =A'P +PA, +¢,ELE, +¢,ELE,,

+1.CIC,, + P (e, H H.

+&'H, H!)P + PBB'P

When the switched systems (1) have the non-fragile dy-
namic output feedback H,, controller, the uncertain switched
systems with time-varying delay (1) are asymptotically sta-

ble and satisfy the given performance index 7 .
Proof For systems (6), let

{(t,,i,))]ieM;k=0,1,2,---,0=¢, <, <--}

be the switching sequence formed on ¢ €[0,0) corre-

sponding to the switching rule. Therefore, the Lyapunov
function has the following form:

V) =r@+V,)

x) TP o
0|0 P

V() = j((?)

=], 5 ()eul +ey By Ey)x(s)ds

1

The time derivative along the systems (6) is obtained,
as follows:

V(t)=x"(1)Px(t) + x" () Px(¢)
+x! (1)Px, (1) +x, (1) P.x, (1)
+x' (D&, + ‘93'E2TiE2i)x(t)

1

~(1=dO)x" (1 =d(O)(e,]
+ey By By )x(t = d(2)

i

Firstly, the internal stability of the systems is consid-

ered, set w(t ) = O, combine lemma 1, 2 and equations

DOL: https://doi.org/10.30564/jeisr.v3i1.3205
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(2), (3), (4), (5), (6), there are
V() <x"(ORx(0) + x! (1)S,x.(2) (11

According to equation (11), as long as Rl. <0,

Sl, < (), there is V(t) < (). Then the systems (7) is as-
ymptotically stable.

Secondly, when Ct)(f ) # (), under zero initial condi-

tions X(Z,,) = 0, the J function is introduced,

J=[(Z2,()-r’a (Do@)dr <
[ @ zt)-y’a] )+ V (1)dt <

Jow[xr(t) a)iT(f)]R{ ;((tt))}dH j:x:(t)Si'xc(t)dt ,

where
Ri + CIJ;CIZ' Cljllei + PBli
R'= D'D.—y*I+D.D,.
i DIZ;C“ + B[]]'P 1i ltT 7; 2i72i
+g4iD2iE4iE4iD2i

r_ 2T -1 T
Si - Si + r2iC2iC2i + 841' PcH4iH4iPc

14 14
When R,- <0,S,' <O,there are J <0 . The Sys-

tems (1) satisfy the H,, performance index } and are grad-
ually stable under the action of the non-fragile dynamic
output feedback controller (4). The Schur complement

lemma is further used to make the Rl., <0, S; <0.1t
is equivalent to LMI of formula (8) in the theorem. And
in the case of no disturbance input, V(t) < () can still

hold, then the theorem is proved.

4. Simulation Example

Given two uncertain time-varying delay continuous
subsystems to form a linear switched systems (1).Where

Distributed under creative commons license 4.0

5 2 55 1
A 1= ) A 2: >

0 -6 1 -6
) o 03 . 0 03
“T01 04T |02 05

5| |85, " |5
Plos )t s s

oo o010
11— ~12 = 0 0.1 ,C21:C22:[1 3]’

0
D, =D, :|:0:|7D21 =D,, =1,

H, =H,=0.1
0.3
H, =H, 015"

0.2
F(t)=F,(t) =sin(7).

0.1
H31:H32:H41:H42= )

The time delay is taken as 0.5, 4,=0.4, 4,=0.6,

d=09. €,=1.Ca=12 --- 7;i=1,2 By solv-

ing linear matrix inequality (9) to get

[123.8791  —83.3075
-833075  57.8461 |’
[ 1.8904  —0.9448
P =1x10 .
~0.9448  0.4728

We substitute 7, =-2.8628x10%, 7, =5.7130x10°,
r, =7.2021x 107 into (8) to get

—-1.3283

PR —2.6546
<l -2.6546 ’

-5.3112

DOI: https://doi.org/10.30564/jeisr.v3i1.3205 5
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0.1854
- ~0.0039] ;

o = 0_3709} .C,, =[0.0059

We substitute 72 = 4:2942x10° 1, =4.7629%10°
5 ’ 5
Fy =1.2021x107 iy (8) to get

.| —1.9924 39819
A, =1x10 ,
-3.9819 —7.9668
0.1546
o= , C., =[-0.0060 0.0042]
0.3093

The switching rules are as follows:

x(] [x(0) ]
L @,(7) ] L@,(1) ]
+x; (1)(S] = 83)x,() <0
2_l.f_x(t)_T [ x(t) ]
L &,(1) Lo,(1) ]
+xT (1)(S) - S)x.(£) < 0

(R'-R,")
Lif
o(x(1)=i=
(R, -R)

5. Conclusions

In this paper, we study the problem of non-fragile dy-
namic output feedback H,, control for a class of switched
systems with time-varying delay and norm-bounded
uncertainty, a suitable switching rule is constructed by
using a convex combination method and single Lyapun-
ov function method. Furthermore, the derivative term of
Lyapunov functional is scaled by using inequality lemma,
and a sufficient condition for the problem to be solved is
obtained in the form of matrix inequality which is only
related to the upper bound of delay derivative. By using
Schur complement lemma, the obtained matrix inequali-
ty is decomposed into a set of linear matrix inequalities.
At the same time, we get the sufficient conditions of
non-fragile H, control for the uncertain switched systems
with time-varying delay and present the specific form of
the non-fragile dynamic output feedback H, controller.
The practicality and validity of the theorem are verified by
numerical simulation examples. The results show that the
non-fragile dynamic output feedback H, controller theo-
rem is valid for the systems, and the design method may
be suitable for other types of systems.
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1. Introduction

Developing countries like Uganda face many chal-
lenges including poor (internet) infrastructure, unreliable
power supply, and others which hinder the accessibility to
(health, social or judicial) services. Public health systems
in such developing countries are underfunded under-
! Non-the-
less mobile technologies have gained trust among communi-

staffed, and struggling to deal with emergencies "
ties and are being applied in various disciplines *”' including
as health assistants and as financial transaction medium/
platforms.

A good health system is one that responds well with
emergencies, notably, the best health care systems global-
ly [4,5]
tability of such access. Notably, no African health system

emphasize speed of access to health care and equi-

*Corresponding Author:
Swaib Kyanda Kaawaase,

This paper presents a First responder emergency response tool (EMApp)
as a step towards achieving integrated emergency care in developing coun-
tries, the case of Uganda. The EMApp prototype has potential to support
health emergency response from various emergency stakeholders. This
innovation is in line with strategic plans to embrace technologies towards
the establishment of integrated social services such as emergency health-
care services (EHS) in Uganda. We describe the prototype and provide its
functionalities that can be further enhanced to enable access to emergency
services and save life. The possible assumptions, potential challenges and
recommendations to implement and deployment of such a system are pro-
vided. There is currently no such integrated emergency response system in
Uganda as is the case in many other developing countries. For future stud-
ies, there is need to deploy the tool and assess its impact on the communi-
ties.

is ranked among the first 50 best global health systems as
of 2019 where South Africa ranks 53" position . Many
Ugandans loose lives due to the ill state of health care
access infrastructure especially in areas outside the cities
and the remote.

The current growth in information communication
technologies (ICT) and their wide uptake among the com-
munities in developing countries offers a wide potential
to enhance access to social services including emergency
response services although less of such technologies have
been utilized for access to emergency health care services
(EHS) in the developing countries. On the other hand, in
the developed world, customized apps and devices provide
a range of services from health management to cost effective
health care services at the patients’ convenience . Emer-
gency care systems have the potential to avert half of all
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deaths in low- and middle-income countries (LMIC) ",

Emergency health services comprise hospital emergen-
cy department, ambulance services and a number of ae-
ro-medical retrieval and transfer services that provide in-
tegrated medical care to people in acute illness and injury
). Such a service enables early recognition and lifesaving
interventions for time sensitive situations in which delay
in action may result in death, disability or render treat-
ment less effective . EHS range from on-scene care to
a global demand to improve efficiency of health systems.
In this work we consider emergency condition to include
road traffic, trauma, infections, non-communicable diseas-
es and complications of pregnancy which accounted for
90% of the leading death in low and middle income coun-
tries in 2017 . The emergency panic/deficit brought by
the COVID-19 outbreak has shown the ill preparedness of
health systems and highlighted the need to priorities emer-
gency services in Uganda .

We introduce 1" Responder’s Emergency Mobile Ap-
plication (EMApp) to address the delay in response time
by first responders to emergencies due to inadequate,
inaccurate and untimely communication between the
incident reporter and first responders. EMApp will trace
and track emergency information to such emergencies and
providing emergency remedial information to those in
emergencies that could lower the threat levels of a situa-
tion as they await rescue from first responders. EMApp is
to be deployed in Kampala district where communication
infrastructure is sufficient and inhabitants utilize the smart
phones but also the area that is more prone to emergencies
due to population density.

The pilot EMApp coverage includes

i. Ambulance service

ii.  Police

iii.  Fire Brigade

The rest of this paper is organized as follows; section
2 is on EMApp functionalities, section 3 describes the
deployment requirements, while section 4 presents snap-
shots and describes usage, section 5 is a discussion and
conclusion.

2. Materials and Methods

A survey on Uganda’s health system was carried out in
selected districts particularly to identify the hindrances.
Major to the challenges was access to emergency health
care, which is in line with literature "*'*. An integrated
emergency response prototype was developed while con-
sidering user requirements from the same survey. The tool
is in such a way that emergency services are integrated
so that the appropriate service is called up and the right
stakeholder is contacted in time of emergency to save the

8 Distributed under creative commons license 4.0

victim.
2.1 Deployment and Target Users

The application is supported on android operating sys-
tem 5 or higher and the iOS. The application inter-oper-
ates with GPS and google map systems. The application
was developed using a distributed architecture wherein
databases are distributed to different regions of the coun-
try to enable quick access and processing information
requests. The application enables connectivity of different
and independent emergency service providers to aggregate
services and provide comprehensive emergency care.

2.1.1 Target Users

Emergency responders such as public health field
workers who offer field service, the health authorities
who receive timely reports from the system as well as the
individuals who report the incidents. First responder is an
insurance application to many sorts of incidents and there-
fore connects the emergency victim with the first respond-
ers to reduce risk on health. Law enforcement authorities
can also utilize the tool in the case of forensic tracking.
Researchers and developers of health instruments are po-
tential users of the tool for further enhancement or devel-
opment of related tools. Generally, EMApp can be used
by all service providers whose line of work is emergency
response. Users who need to dispatch or book resources at
particular health institutions and quick relay of informa-
tion to firefighting services are targeted.

2.1.2 Installation

The tool is installable on a dedicated server at the cen-
tral health authority for better governance. The tool has
a mobile application that is downloadable from google
plays stores to be installed to mobile gadgets and used to
register use for emergency services. The tool requires a
national ID or passport for best validation at time of regis-
tration. The back end (dashboard) of the tool is an execut-
able file that is installable on computer for administration
of responses ie, monitoring, dispatch, reporting and track-
ing resources as well as ring-fencing resources required
for a particular emergency.

2.1.3 Interfaces

For hardware interface: The First Responder’s Emer-
gency Mobile Application is an iOS and Android mobile
application that is built using React Native programming
language and will communicate with a PHP web admin
controller.

Software interfaces; EMApp is an iOS and Android
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mobile application that is built using the PHP program-
ming language. The primary data input into the system is
in form of text and videos using the mobile application
interface.

For communication interface; The application is a
dependent mobile application that requires internet con-
nectivity with need for a centralized server that will keep
track of the emergency requests made and other data. The
function enables liaison with other existing databases such
as the national database (NDB), Police, insurance and
hospital databases for optimized resource mobilization to
suit the emergency at hand.

2.1.4 Documentation

The internal processes of the application have been
documented with comments in all scripts. Specification
document highlights all the user requirements interpreted
as system functions. The users are provided a user manual
for easy system usage. The user manual is aligned to the
system requirements and hence functions for the optimal
use of first responder tool.

Other documentation are suitable icon names that ap-
propriately describe the function or response that is ex-
pected from the icons.

2.1.5 Assumptions for Suitable Deployment

The most important assumption is the availability of
enabling infrastructure such as data communication net-
work to enable communication and automated mobiliza-
tion of resources to save life in a given emergency state.
Other assumptions include availability of reliable response
policing system and hospital response teams/system at
registered hospitals. Also assumed is a willing and quick
insurance response systems for the case of victims insured
and response systems from other institutions required to
save life in the emergency.

2.1.6 EMApp Functionalities

EMApp functions include user authentications and val-
idation that is intended to reduce response to false and/or
junk alarms by identifying the initiator of the emergency
state in the system. The function is multifactor authen-
tication based on user’s prioritized authentication for
example, the phone number used is legally registered to
the person with a National ID (NID) or passport and such
information can be probed from the NDB once the phone
number is provided. The NID can easily be probed further
for identify of the registered next of kin to the victim and
notified of emergency. Biometrics (fingerprint and picture)
is also registered in the NDB and hence ease of authenti-
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cation verification and identification in case of catastroph-
ic emergency rendering the victim unconscious. All this
is possible through the inbuilt registration function that
collects user details into the local database. The function
of crime reporting involves the responder utilizing the app
to send a crime report to the central policing authorities
in various forms including compressed video or images
while identifying and copying the closest police station
to the crime scene. This function utilizes GPS and google
maps to reduce to time of searching for the emergency
service unit for example, nearest police station to take re-
sponsibility. The user (victim/requester) location function
is also included for best estimate of distance to the nearest
emergency services provider. Request emergency assis-
tance function clearly identifies the type of emergency and
prioritizes based on severely of the emergency. The func-
tion alerts the stakeholders to the emergency, these can
include next of kin as registered on the NID, ambulance,
insurance, legal personnel, domestic violence unit of po-
lice etc. The notify function implements SMS infrastruc-
ture to alert the next of kin but also email and web inter-
face are inbuilt to report details of the emergency such as
location coordinates (and nearby significant features), ID
of the victim, brief crime report in order to elicit the right
response to such an emergency.

The feedback function is necessary to generate impor-
tant usability reports from the users in order to better the
provided emergency services.

Donate function: although the service rendered by the
EMApp is free, this function enables funds raising from
voluntary beneficiaries or well-wishers for maintenance
and continued service support.

3. Results

The results are presented as screenshots of the proto-
type below.

1653 @ © & W =il 90% W

M-APP

15" Responder’s Emergency Application

Figure 1. Startup Screen Interface

The user in emergency condition starts the application
on their phone shown in Figure 1 and selects the specific
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emergency category as in Figure 2 and initiates the emer-
gency response by a single click to enable the application
mobilize the right resources to save or assist the victim (s).

1654 @O -

= EmApp

Select Emergency

4 &
Fire Medical
& *

Crime COVID-19
<
Track Me

A 1=} A" 2

Home My Reports Alerts Profile

Figure 2. Home Interface or screen for selection of emer-
gency category

<« Fire

MY

EMERGENCY EMERGENCY

GUIDELINES

No Fires in Your Area

© Declare Emergency

A =] a® L'}

Home My Reports Alerts Profile

Figure 3. Selected Fire emergency
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Declaring Emergency!!

06 sec

Pl Skip Timer

Figure 4. Declaration of Fire Emergency

< Fire
MY
EMERGENCY GUIDELINES EMERGENCY
MY IMAGES
|

MY VIDEOS

MY AUDIO

No Audio Recorded Yet

© End Emergency

A = ° 9

Home My Reports Alerts Profile

Figure 5. Interface to allow recording media in an emer-
gency
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The user opts for suitable media in which they want to
log the emergency.

ST 824D a

B

ERTICIFIE S

N OC4 4 1 anum O 40 4 1§ 1213w

Emergency response quide Emergency response guide

Tips To Keep In Mind When Respond
Responding

Tips To Keep In Mind When Take Action

Responding
Once You Have Evaluated The

Situation And Understand Your
Options, You Are Able To Choose
How To Respond To The Emergency
In The Way That Maximizes Your
Safety. Remember:

Tips To Keep In Mind When
Responding

o R B

Evaluate

>

Respond
Do Not Take Unnecessary Risk.
Remain As Calm As Possible.

|
Stay Calm Iiways Use Common Sense.
Trust Your Instincts.

Keep Safe

Figure 6. Emergency Response Guidelines and details
screenshots

4. Discussion

The presented prototype is work in progress towards
an integrated emergency first responder system that has
potential to save many lives when deployed in Uganda or
other countries where no emergency response system ex-
ists. The tool is evidently convenient to be utilized when
faced with an emergency as evidenced in the screenshots.

EMApp is a step towards deployment of an integrated
emergency response system for developing countries like
Uganda and hence the focus should be on the additional
scope towards reaching the integrated emergency ser-
vices. It is imperative to establish a cost—effectiveness
database to support the development and implementation
of a scaled emergency response system for developing
countries. Such database should form basis to inform pol-
icy makers and regulators on and assist prioritization for
health and economic benefit.

The tool is recommended to complement the command
and control functions !'” of major emergency management
operations such as in hospitals, health providing insur-
ance, private ambulance services for better functioning
and coordination of the emergency services. For future
studies, there is need to deploy the tool and assess its im-
pact on the health sector in Uganda. There is also need for
inclusiveness by providing speech recognition and other
functionalities for persons with disabilities (PWD), the
tool should be compatible with hearing aid.

For better accessibility, emergency service should
be accessible through a USSD code and verifying with
already provided records such as national ID or pass-
port before dispatch of service. This enables access by
non-smartphone holders but possess the basic phone and

Distributed under creative commons license 4.0

these are a large percentage of the phone users.

5. Conclusions

An integrated emergency response tool was developed
and presented in this report. Uptake of the tool among the
developing nations could enhance access to emergency
care and save lives in time of emergency.
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1. Introduction

Sloane, N.J.A., study the product or multiplication se-
quence {z,} on ¢ degrees of {a,} which has the degree of com-
plexity » and gave the answer that the degree of complexity

)

M-Sequences are used in the forward links for mixing

7

of {z,} can’t be exceeded, N, =[:]+[;]+---+[Z

the information on connection and as in the backward
links of these channels to receivers get the information in
a correct form, especially in the pilot channels and in the
sync channels '™,

Al Cheikha A. H.,
tiplication binary M-Sequences and their complexities,

periods, and the lengths of the linear equivalents of these

studied the construction of the mul-

multiplication sequences, where the multiplication will
be on one M-Sequence or on more than one sequence and
gave an [llustration of the answer of the question “why

*Corresponding Author:

Ahmad Al Cheikha,

Math. Sci.Dep., Ahlia Uni., Bahrain;
Email: alcheikhaa@yahoo.com

Distributed under creative commons license 4.0

M-Sequences play a big important role, as the other binary orthogonal
sequences, for collection the information on the input links and distribution
these information on the output links of the communication channels
and for building new systems with more complexity, larger period, and
security, through multiplication these sequences. In our article we try to
study the construction of the multiplication sequence {z,}and its linear
equivalent, this multiplication sequence is as multiple two sequences, the
first sequence{a,}is an arbitrary M-sequence and the second sequence
{b,}is not completely different but is the reciprocal sequence of the first
sequence {a,} that is the reciprocal sequence has characteristic polynomial
g(x) is reciprocal of f{x), which is the characteristic polynomial of the first
sequence {a,}, also we will study the linear equivalent of the multiplication
sequence {z,}and we will see that the length of the linear equivalent of {z,}
is equal to ((deg fix))’ - deg(f(x)).

the linear shift register don’t be reached the maximum
length ,N,”, where the product or multiplication will be
on h degrees of one M-Sequence, also, the length of the
equivalent shift register of the multiplication sequence is
equal to the product by s, where, 7 and s are the length of
the shift registers of the first and second sequences respec-

tively and they are prime numbers .

2. Research Method and Materials

2.1 M- Sequences

The sequence {s,} of the form:
Snak = Vik=1Sn+k=1 ¥ Vk=2Sn+k=2 T T V0Sp T+
viy&y;el,,i=01,..,k-1
k-1
k= Z ViSnsi TV
i=0

1)

or

DOL: https://doi.org/10.30564/jeisr.v3i1.3507
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Where, 75705715---Yk-1 are in the field F, and & is pos-
itive integer is called a binary linear recurring sequence

of complexity or order k, if ¥ =0 then the sequence is
called homogeneous sequence (H.L.R.S), in other case

the sequence is called non-homogeneous, the vector

(505515-5k—1) is called the initial vector and the charac-
teristic equation of the sequence is:

f(x) = xk +7/k,1xk71 +.. X+, 2
We are limited in our article to¥o =1.
2.2 Definitions and Theorems

Definition 1

The binary sequence {s,} satisfies the following condi-
tion;
S =S n=0,1,..

n+r n

Is called a periodic sequence and the smallest natural
number r which not equal to zero is called the period of
the sequence .

Definition 2

The L.F.S.R is a linear feedback shift register which
contains only addition circuits and the general term of the
sequence {s,} generated through the shift register is the
term of the output of the register .

Definition 3
The vector x = (g’g,"_,g) is the complement of the
vector X =(sy,5,.....5,,), 5; € F, where

s, ==01if s, =land s; =1if 5, =0 3) 27

Definition 4

The coefficient of correlations function of two binary
vectors £ = (L9, l15tyy) and [ = (Lo, 115e0l,1) is

n—1
Ry =Y (-1t @)
i=0

Where ¢, + [;is computed by mod 2.
If x;,»; €{L -1} (usually, replacing in binary vectors ¢
and / each “1” by “1* = -1 and each “0” by “0*=1" then

n—1

Rt,l = Zt’*l;*

i=0

5"

Definition 5

If ‘Rt,l‘ <1of the two vectors ¢ and / then we said the
vectors ¢ and / are orthogonal .

14 Distributed under creative commons license 4.0

Definition 6

If A4 is a set of binary vectors as the following:
A={t;t = (tg,tyyrtyy) X; € Fa,i=01,..,n—1}

The set 4 is orthogonal if and only if satisfies the fol-
lowing two conditions:
n—1
>
=0

1.%te 4, <1, or [R.o|=1. 6)

n—1
S (7"

i=0

2.Vt,le A, &t#1,

<lo |R,|<1.

Definition 7

The maximum length of an equivalent binary liner

feedback shift register is always less than or equal to the

maximum length , N; **%,

Definition 8

The reciprocal function of the function f{(x) is the func-
tion:
gx)=x"f(1/x) @®
Where, n is the degree of f{x) "\

Theorem 9

If {s,} is a H.L.R.S binary sequence with the complex-
ity k, period r and its characteristic polynomial is /(x) then

rlord f(x) and if the polynomial f(x) is primitive then the

period of the sequence {5,}is ,2* _1and this sequence is
called M-Sequence ' *",

Lemma 10 (Fermat’s theorem)

Each element x of the finite field F satisfies the equation:
x?=x ©)

Where q is the number of all elements in F '),
Theorem 11

If {s,}is a homogeneous binary linear recurring se-
quence and g(x)is its characteristic prime polynomial of
degree k and A is aroot of g(x) in any splitting field of F,
then the general term of the sequence {5} is:

k I\

Sy = ZCi(ﬂ 1) (11) !
i=1

Theorem 12

i. (" =D|@" -1 m|n (12)
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ii. any subfield of the field F2,, is a field of order2™ where
m|nand ifFyis a field of order ¢ =2"then any subfield of
it is has the order 2”and m|n, and by inverse if m | then
the field £ contains a subfield of order2™ "3,

*QOur study is limited to the M-Sequence of the period

r=2k_1.
3. Results and Discussion

3.1 Multiplication Two Reciprocal Binary M-Se-
quences

If{a,}is a recurring M-Sequence of degree k and f{(x) is
its characteristic prime polynomial (of degree k), which
has the independent different roots a,, a,, ... , then general
term of sequence{a,}will be given through the relation:

k
ay, = Ajaf + oy +..+ Apa) = ZAiai”
i=l
If the sequence {a,} in F, , its characteristic prime pol-
ynomial is f{x), and a is a root of f{x) then the general term
of the sequence {a,}is

(13)

2k—1

)n

2-1
a, =A4a" + A (@ '+ ..+ A (a
k .
-1
= ZAi(azl )"
i=1

Suppose the recurring M-Sequence {b,} which has the
characteristic prime polynomial g(x), and g(x) is the recip-
rocal of f(x) and f,, f,, ..., B, are the different linear inde-
pendent roots of g(x), which are reciprocal of a,, a,, ... ,0,
, then {bn}is

(14)

k
by =BiB' + By} +...+ BBy =Y Bl
i=1
The sequence {b,} is called the reciprocal sequence of
the sequence {a,}.

Thus, if a; is of the form ,2™' and g,is reciprocal g

then B = azk*ZH*l and b, will be written in the form

k k k k-1
b}’l = Blan(z -2) +Bzan(2 -3 +..+ Bkan(z —27-D

gt (1)
i=1
Thus
Ls i1 k k_Aj-1_
anbn =[2A[(a2 )n]{sz(an(Z 2 1))n]
i=1 Jj=1 (16)

i, j=Liz

: 2i-1 262/ :
=| D4 )@ Y 4B
i=1

Example 1

Suppose the binary recurring sequence {a,} where
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Api3+app1+a, =0, 0r ayy3 =a,,1 +ay,

(7)

The characteristic equation of sequence is x> + x+1=0

and its characteristic polynomial f(x) = Sex+lifaisa
root of the characteristic equation then o generates the field

2 3

F23 ={0,a7 =la,a”,x =a+1,a4 =a’ +a,a5

(18)
2

=a’+a+lal=a’+1}

and a, is given by the formula
ay = Aa" + Ay (@) + Az (at)"
For the initial vector (a,=0, @, = 1, a, = 0) we have
A +A4Ay +A43=0
adj +a’dy +at 4y =1

a’d +atdy +ady =0

Solution this gives us that 4; = a?, 4y =a*, 43 =aand

a, 18

n

a, =a(@)" +a*(@®)" +a(@*)"

(19)

The periodic of {a,}is 23 —1=7and we have the flow-
ing sequence
0101110,0101.......

The following Figurel, shows the shift register gener-
ating {a,}

oltfof—a

Figure 1. Shift register generating{a,}

Suppose the binary recurring sequence b,.3 +b,,2
+b, =0 or b,.3 =b,.3 +b,, its characteristic polynomial
g(x)=x> +x% +1is prime and reciprocal of f(x), the roots
of g(x) are

76 T s a’ _ 3
Bi=—=a"pr="5=a" p="F=a

(24 o o

(20)

Is very easy looking that a®, a’, & are roots of the
characteristic polynomial g(x) corresponding the roots

a,a’,a* of flx) and b, is
by =Bi(@®)" +By(@®)" + By (@®)"
For the initial vector (b,=0,b,=1,b,=1)
B +By)+B3=0
a®B +a’By +a’By =1
a’By+a’By +a®By =1

We have B =a,B, = az,B3 =a*and the general term
of the sequence {b,}is

b, =a(@®)" +a* (@) +a* ()"

o1y
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The sequence {b,}is periodic with the period 23 —1=7
and it is the flowing sequence
0111010,01110....

Figure 2 showing register generating {b, }

r
|-

(1o f—=b

Figure 2. shift register generating {b,}

We can look that one period of the sequence {b,}is one
period of the sequence {a,}but through reading it by in-
verse from the right to the left.

Suppose the multiplication sequence {z,}, where z, =

a,.b, , we have
z, =ayb, = [az(a)" +at@®)" +a(a4)”]

[a(a6)” +a’@’)" +a4(a3)"] (22)

z, =a,b, =a’a" +a’a? v+t +ala? +

aa +ata® 1

Thus, the sequence {z,} is a linear nonhomogeneous
sequence with the length of its linear equivalent is equals
6 that is equal to (deg f'(x))’~ deg f (x) =6, The period of
{z,}is 7, and the sequence {a,} is
0101010, 0101010 .......

We can check that the set of the all periodic permuta-
tion of one period is not an orthogonal set for example ,
for one permutation of the period: 0101010 is: 0010101
and the sum of the two vectors is 0111111.

Suppose the linear homogeneous part of zn is LHP(z,)

:{Zn};
I.HP(ZH)—Z —ala + lat + ata? + ofat

i 23)
raa +ata®

The sequence {z,, } is
1010101,1010101 ...
As the sequence {z,} the set of all periodic permuta-

tions of one period of the sequence {Z;, }is not an orthog-
onal set.
Figure 3, illustrates the linear feedback shift registers

generating the sequence {z,}.

16 Distributed under creative commons license 4.0

Shift regster foxr a

Shft negster fox by

Figure 3. Illustrated the multiplication sequence {z,}

We can look that " a2’ ".a* .o o = o217 =1,

and the characteristic equation of the sequence {Z;, }+is of
the form

x© +,L15x5 +,U4x4 ++y3x3 +,u2x2 +ux+1=0

Or

Zni6 T HSZnes + HaZpg + H3Zys3 + HZp0 + 241 +2, =0
Thus, for n = 0,1,2,3,4,5 we have the following system
of equations

L+ py +pp +1=0

I+ s +p3 + 0y =0
Hs + pg+ py +1=0
Lt prg + 3+ 1y =0
Us + p3 + pp +1=0

Solving this system we have: #s =g =p3 =4y =4 =1
and the characteristic equation of the sequence {z;, s

St 4 et e x+1=0 24)
Or

(f +x+1)(x3 +x? +1)=0
And the recurring formula of the sequence {z;, }is

Z‘n+6 +Z;1+5 +Z;’H—4 +Z;1+3 +Z‘n+2 +Z;1+1 +Z;z =0 (25

Figure4 showing the linear equivalent of the { z,, }:

-T '\-

o

b &8
ol 1 [Lh[l—}—-

Figure 4. the linear feedback shift register generating the
sequence {z, }

We can get {z,} from {Z;,} by adding complement
gate at the output of { Zy }.
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Example 2

Giving the sequence {a,}generating by shift register as

in Figure 5.

[oJofo[1 }—ra

Figure 5. Linear feedback shift register generating
sequence{a,}

Where

Ay.q +ayg +a, =00ra,. 4 =a,, +a, (26)

And f(x)=x*+x+11s its prime characteristic polyno-

mial with the roots g, 2, g* = g+1, 8% = g2 +1 which
are lie in the field ¥,4 where

Fyu={0.8.8°.8°.8 = p+1.B° = B>+ B.B° = B° + B*,
BT =p+p+1,p4 =p 41,87 =g+,

0_ a2 3, a2 2_ 3,2, @)
gl =pt+p+1pl =g+ pt+p gt =g+ 51 +
B+l = g gt 1 g = F L g =

And a, is of the form
ay = A"+ A B2+ BN+ Ay B

Or
a, = A"+ A 7"+ A (B+D)" + Ay (B +1)"

The periodic of the sequence{a,}is 2*-1 =15 and
”=0:>4‘11+4‘12 +4‘13+4‘14 =1
n=1= 4+ 4,87+ 4,84+ 4,88 =0
n=2= 4%+ 4B+ 4,88 + 4,8° =0
n=3= 48 + 4,85+ 4,8 + 4,8 =0

Or

A] +A2 +A3 +A4 =1

A+ Ay B+ A (B+1)+ Ag (B +1)=0

4B+ Ay (B+1)+ A3(B° + 1)+ Ay =0

AP+ Ay (B + B2+ A3 (B + B+ B+ 1)+ Ag(BP + ) =0

Solution this system gives us
A=y = 0 4y =ty =

And
a, = BB+ BR (BN + g1 (B + BT (BY)”

And {a, } is a M-Sequence with period 2*-1 = 15.

100010011010111 100010011010111....... 29)
The cyclic permutations of one period form an orthog-

(28)

Distributed under creative commons license 4.0

onal set.

The sequence b, 4 +b,,3+b, =00r b, 4 =b, 3 +byis
recurring and g(x)=x* + x> +1is its characteristic poly-
nomial is prime and reciprocal f{x), and

B g B g g P g B
:81 ,8 18 =:82 182' :‘8 =:83 ,84 1'8 =:83 ﬁg :8

Are roots of g(x) and b, is
by = BB + By(B1)" + B3 (B')" + By (BT )"

For the initial vector (b,=0,b,=1,b,=1,b,=1)
n=0= B, +B,+B;+B,=0
L =1= "B+ pPB, + !By + p'By =1
n=2= BPB + pBy+a'By+ p1B, =1
n=3= gYB, + p°B, + p°By+ By =1

We have By =B, =B3 =B4 =1, andb,, is
bn :(ﬁ14)n+(ﬁ13)n+(ﬁ11)n+(ﬁ?)n

The period of { b, }is 2* — 1=15 and the sequence is
011110101100100,011110101100100.... (31)

For the initial vector (1 1 1 0) we have the sequence

(30)

{b}, } where, we can get the general term of { b,', } from

b, through shifting n by 2 and b,, is

b;f=}813(}814).&4‘}811(}813)”+ﬁ?(ﬁll)n+ﬁl4(ﬁ?)n
And the sequence {b;, s
111010110010001,111010110010001,111....(33)

Figure 6 showing the linear feedback shift register gen-
erating {b,}

(32)

[0 }—b,

Figure 6. Shift register generating{b,}

We can look that one period of the sequence {b,}is one
period of the sequence {a,}but by reading it by inverse
from the right to the left.

Suppose the multiplication sequence {z,} where z, =
a,.b, we have

z,=a,b,= [ﬂ14'ﬂn+ﬁ13'ﬂ2n+ﬁll.ﬁ4n+ﬂ7'ﬂ8n]
[(BY"+ (B + (B + (B)]
Zn :ﬂ]4ﬂl4n+ﬂ]3ﬁ13n+ﬂl4ﬂ12n+ﬂ12ﬂ1]n+ﬂ13ﬁ9n+ﬂl4ﬂ8n
+ﬁ7ﬁ7n+ﬂ7ﬂ6n+ﬁ7ﬁ4n+ﬁ12ﬂ311+ﬂ]2ﬂ2n+ﬂ]3ﬁ;1

Thus, the sequence {z,} is a lincar homogeneous se-

quence with the length 12 and equal to (deg f (x))’~ deg
f(x) =12, periodic with the period 15 and this sequence is

(34)
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100010010010001, 100010010010001, 10001 ...

We can check that the set of the all periodic permuta-
tions of one period of {z,}is not orthogonal set.

Figure 7 illustrated the nonlinear feedback shift register
generating {z,}.

Ehift ragister of 4,

Ehift razistzr of By,
Figure 7. Illustrated the multiplication sequence {z,}

We can 1001( that ﬁ]4n'ﬁl3n.ﬁ12n”ﬁllnﬁ9nﬁ8nﬁ7nﬁ6nﬁ4nﬁ3)lﬁZﬂﬂn
:’89011:1'

Thus, the characteristic equation of { z,, }is of the form;
2 g+ px® + pgx® + agx® + pxT + pex® + usx® +
,u4x4 +,u3x3 +,u,2x2 +x+1=0

Or
Zunt16 T M Znt11 T 1020410 T HoZyio T LRZyyg T [ 2547
tH6Z 6 T HSZns T HAZn 4 THIZ 03 T HpZya0 T Zyy
1 + Zy = 0

Thus, for n = 0,1,2,3,...,10 and adding for n = 11 be-
cause the equation for n = 10 is linearly pending with the
equations for n = 0 to n = 9 we have the following system
of 12 equations:

o+ Hg + 1y =1
Ho + g + 3 =0
Hg + s+ iy =1
Mg+ fg g+ =1

My + o + te + 413 =1

My + Mg + His + i1 =0

Mg + g + g+ =0

Mg + 7 + 13 =0

Hyy+ g+l + =0

Mo+ fg T s+ 1y =0

Mg + s + g =0

Hyy+ g+ g+ i3 =0

Solving this system we have: #)= ty = g =1 =0;

g = 7 = e = M5 = pg = 43 = 1y =] and the characteristic

18 Distributed under creative commons license 4.0

equation of the sequence {z, }is

P L T e e e S e (3%5)
And the recurring formula of the sequence { z, }is
Zni12 V20410 T Zna7 T 2046 T Znas T g T 2003 T 204
(36)
+z,=0

Figure 8 showing the linear equivalent of the {z,):

{
S
U S S
£ ) o
o e Lo [ [o Lo [o [+

Figure 8. Shift register generating sequence { z, }

Example 3

Given in Figure 9 the shift register generating the re-
curring sequence {a,} with five degrees:

ofofofo 1 }—a

Figure 9. Shift register generating the sequence {a,}
Where
Uuis+ya+a, =00rd, s =dy,0 +a,

(7

And {a,} has the polynomial f(x)=x>+x+las
a prime characteristic polynomial, the roots f{x) are;

bl bl . .
vyt 7= w1 =%+ 7 + 7+ 1 which are lie

in the field 755 and
Es =077 7 =18 =P +ry =+ 727
=r+7 4L = P w0 = g 1
=P+t 4rpB =t A = P
=/t e 7 = e A T = ey
=+l = 2wy =P =, R 2
RSN e AR RS S N e A A A T A Sy Al
R e A N L T ARy S
P =L =+ =1

And a, of the form
a, = 47" +A2}’2n +A374n +A4}’8n +A5}’16”

Or

_ ] 2.\n 4\n 3 2 n
a, =4 + A4 (") +A3(rT) 47+ D+
LG+ )"
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And
n=0=> A+ 4y + 43 + Ay + 45 =1
n=1 :>A1y+A;_,‘v2 +A3}'4 +A4;/8 +A5;V16 =0
n=2= Alyz +A2}'4 +A3}*8 +A4y15 +A45y=0
n=3= Al}'3 +A2y6 +A3y12 +A4y24 +A5,‘V17 =0
n=4= A1y4 +A2}'8 +A3}'16 +A4}'+A572 =0
From the previously system of equation we have

26 21 11 22 13
A=y Aa=yT Ay =y A=y A=y

Thus, a, is equals
a, =720+ ALY RO
The period of {a,}is 2°-1 = 31, and the all cyclic per-
mutations of one period is an orthogonal set.
1000010010110011111000110111010
1000010....... (40)

Suppose the binary recurring sequence b,,s+b, 4

+b,=00r b o =b .+b, with the prime characteristic
5

(39)

polynomial g(x)=x> +x> +1which is the reciprocal f{x),
thus the roots of g(x) are

3t 31 31

4 '_r' '_r'

Is very easy looking that #3°, %% #27 »2 1 are
roots of the characteristic polynomial g(x) and the b, is of
the form

b= BP0V + By (7P ) + By () + By (r ) + B (7"
For the initial vector (b,=0,b,=1,b,=0,b,=1,b,=1,

are the latest 5" values of one period of the sequence {a,}

but by inverse we read them from the right to the left) and

by solving the following system forn =0, n=1,n=2, 3

andn=4)

B, +By+By+By+Bs =0

708 1728y + 7By 7P B, 1 /5B, =1

r¥ B+ 7 By + P By + 7By + By =0

7B +y By + 7By + 7 By + By =1

7B+ BBy + 758y + 7B, + 2B, =1

Solving this system of equations we have: B; = 7%,
By=yY.By=y".By =y Bs=y* and b, is

bn — :st (:VJU):‘I +:|r,19 (?,29 ):‘I +?,?(?,2?)?2 +:V14 (?,23)1‘: +
i 41)
?,28 (:Vl))ﬂ

The sequence {5, }is periodic with the period 25 —1=
31 and it is the flowing sequence:

Distributed under creative commons license 4.0

0101110110001111100110100100001,
0101110 ... (42)
Figure 10 illustrated shift register generating {b,}.

0 —b,

Figure 10. Shift register generating sequence{b,}

We can look that one period of the sequence {b,}is an
one period of the sequence {a,}but by reading it by in-
verse from the right to the left.

Suppose the multiplication sequence {z,} where z,=
a,.b,, we have

z,=a,.b,
=l?26_{:?:}n T N P N - Y
25, 30vn 19,292 T, 20n
_?13(},16};;]? (=) ?‘14(?23)?1 ?19(?15)1‘;
P Vo I e

Z _A5,n 30,0, 5 3 29 dn 10, 6n
L6 20 8 20 e e T 0
yB A0 I8 1 8 19n 19 239 Mn
pA 2,25 Mn 2 08 08 20m 14 30m
IO L B L w

Zy =Sy e 30,2 L5, 29 4 10,60

P67 20 8 20 0 e T 05
pBl6n 18 1Tn 8 190 19 23 9 Mn
;,4?25:‘: + 25,20 2,28 28,200 14,300

Thus, the sequence {z,} is a linear nonhomogeneous
sequence and it is:
0000010010000011100000100100000,
0000010 ....... (44)

The set of all cyclic permutations of one period is not
orthogonal set.

Suppose the linear homogenecous part with the se-
quence is {z’,}, which it’s linear equivalent has the length
(deg 1 (x))~ deg f (x) =20, and the period of { z’, }is 31
and { z’, }is the complement of e {z,}, thus, {z,}is
1111101 1011111 00011111 01101111
I, 1111101 ........ (45)

And the set of the all cyclic permutations of one period
of {z,}is not an orthogonal set. Figure 11 shows the non-
linear shift register generating the sequence {z,}.
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Ehift register of a,

=

2y

[oToToTo1]
O-L2s
b,
_ IIIIEI
"_{;\.

Ehift razistzr of Py

Figurell. Illustrated the multiplication sequence {z,}

According with the sequences {a,}, its reciprocal se-
quence {b,} and their multiplication sequence {z,} in the
examples 1, 2, 3 we have

a, =a’(@)" +a*(@®)" +a(@*)"
In example 1: (46)
b, =a(@®)" +a*(@®)" +a*(@?)"
In example 2:
Iraﬂ=ﬁ14-()8)n+,813-()82)H+ﬁ11-(ﬁ4)n+ﬁ?-(ﬁ8)n
' 13 - 514 11, 413 7, a1l 14, A7 (47)
(Bn =B (B +B (B + BB+ (L)
In example 3:
anz},zﬁ_(},)ﬁ +},21_(},2)H+},11_(},4)H+},22_(},8)?1
13, 1641
TN e s TP
bn :;V..D (},30 )H+},lg(},_9)ﬁ+},? (},_? )?T +},14(}!_3)ﬁ
+ 28015y

We can look the following properties

P1. For one period of the sequence {a,} the period of
its reciprocal sequence {b,} is the same but must read or
write it by inverse from the right to the left.

P2. In the both form of the general term of each of
them and for two consecutive coefficients in each of them
the square of the first coefficient equals the second coeffi-
cient, namely; (4;)% = 4;,1, (B;)* =B;,; and the square
of the first term equals the second term .

P3. The exponent of the coefficient of the first term in
the general term in the sequence {a,} is larger than the
corresponding coefficient in the sequence{b,} by one.

P4. The length of the linear homogeneous part of the
sequence {z,}is equal to ((deg f (x))’~ deg f(x)) Where the
fx) is the characteristic polynomial of the sequence{a,}.

we will check these four properties by studying the
case when the degree of the prime characteristic function
of the sequence {a,} is six where

20 Distributed under creative commons license 4.0

y.g + ﬂn_—l +dy =0---0Frdy.g=dy.+dy, (49)
Where

Fx)=x®+x+1 (50)
The characteristic equation is

xS 4x+1=0 (1)

If o is a root of the characteristic equation then a gener-
ates the field F2°, where Appendix1 showing the elements
of this field.

The term a,, is

a, = 4a" + Agafzn + ‘{3054” +4dy ¥+ ‘{Sam" + A{ﬁaazn
And

F’E=0=>AI +Ag +J‘{3 +A4 +AS +Aﬁ =1

n=1= 4o+ A’ + 40t + 4,0° + 4.0'% + 407 =0

n=2= Aa’ + Ara’ + A3a® + 4400 + 4@’ + Aga =0

n=3= Ao’ + Aya’ + 30’ + 4402 + 450 + 450 =0

n=4= ot + Apad + 43010 + 4,00 + Asa+ Agat =0

34

] ) ,
n=5= A’ + o'’ + 43070 + 40" + 450! + gt =0

Or, using Gaussian methods

A+ Ay + A3+ Ag+ 45+ 4 =1
8 =a5?
19

Ay + A3+ 4,070 + Asat + g’

Az +A4a46 +A§af31 +Aﬁaf36 =

Ay +::[50126 +:{,5a'? =al?
As+dg=ox

AT = a8

Thus

Aﬁ =O.'31

According with the property P, we can guess 4,,..., 4,

as the following
As = (4g)!'2 = (@Y 2 2 (163112 _ 47
Ay = (‘45)1;‘2 — (@2 = (g¥T+632 _ 555
4 :(‘{4)1;‘2 — (@2 2 (@562 _ o
Ay = (43)12 = (@02 2 (3043112 _ 61
4 = (‘{2 )1.-"2 _ (alﬁljl.-"E _ (a61—63)1.-"2 _ aﬁ?
We can check these results through solving the above
system of equations and we have the same results.
Thus, the term an is

61 _2n 0 _4nm

S
ataa § 16%

2 53 A7
anzafﬁ‘a”+a +a ¥ +a'a

(52)
The sequence {a, } is M-Sequence, periodic with the
period 2°-1 = 63, and the all cyclic permutations of one

period is an orthogonal set and the sequence is
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1000001000. 0110001010. 0111101000. 1110010010.
1101110110. 0110101011.111, 1000 .... (53)
The reciprocal polynomial of f{x) is g(x) = x* + x* + 1
and for the initial vector (b,b,b,b;b,bs) = (111110) we have
the following reciprocal sequence {b,}
111.1101010110.0110111011.0100100111.0001011110.01
01000110. 0001000001, 111110 .... (54)

By checking the general terms of the sequence {s,} where

_BIO{ +B')G( +33(I)9H+B4C¥”n+35a'4?ﬁ+
BﬁqSln
Where o is reciprocal a, a® is reciprocal o, ..., a’' is

reciprocal a’’.
According with property P,and P, we can guess B,,...,
By, as the following

I
B =a®1=g5

B, =(B)? = (@) =a!2 =0
By =(By)? = (@®) =all® =0
B, =(By)? = (@) =all0 =¥
Bo=(By) = (@) =a™ =al!
Bg=(Bs)? = (@) =2 =2

=

And thus; the suggested general term of the sequence

{s,} 18

I £ = cr
Sy =cxﬁlcxﬁ_ +a,39(xﬁlrs T )g)E’n _'_(IS'."(I))?@
+a11(x4?n+a__ In

We can check that the sequence {s,} is the same recip-
rocal sequence {b, }and thus

bn :aﬁlaﬁ +a B'a,ﬁln +a 3a39n+a3.- ajm +
11 _47 22 31 (55)
a o "raTa"”
Thus
, e
a, =a®a” +a%a? + oo + 2’ +

2
a,:ﬁ‘ a,lﬁn 31 _32n

+a

_Hx:S' 6ln IpEE

s a2t yin

b, = a8l

(xlla,-'ﬁ‘rz

Also we can check that

6 27t n & 2k 2/ 1 _1\n
ayb, =| D Ai(@® )" || D B(a )
i=1 Jj=1
6
=l D 4B«

ij=Li# j

27l ok ol 6
(24 )n + ZAiBi
i=1
The first bracket contains 30 terms and
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ZAB—G( el 10 10> ra e
27
+C¥4?C¥11+C¥31 22

2 2
123 +Gf1_0 114 92 58 53

=& -+ +G_' +Gf
=af60 +ch? +a’31 +(:x39 +::r38 +(:x}3 =1
Thus,
¢ 271 ok o/l 1ip
ayh,=| Y 4B;(a’ « )1

i,j=Li#j

And the length of the linear equivalent of the linear ho-
mogeneous part of a,.b, is equal to 30 that is equal to ((deg

f@)= degf(x)).
4. Conclusions

For one period of the sequence {a,} the period of its
reciprocal sequence {b,} is the same but we must read or
write it by inverse from the right to the left.

In the both forms of the general term of the sequences
{a,} and {b,}and for two consecutive coefficients in each
of them the square of the first coefficient equals the sec-
ond coefficient, namely; (4)% = 4;,1, (B)* =B;,; and
the square of the first term is equals the second term.

The exponent of the coefficient of the first term in the
general term in the sequence {a,} is larger than the corre-
sponding coefficient in the first term of the sequence{b,}
by one.

If each coefficient and its corresponding root (of the
characteristic equation) in the general term of a sequence
are reciprocal then these coefficients will be roots in the
reciprocal sequence.

The length of the linear homogeneous part of the multi-
plication sequence {z,}is equals to (deg f (x))’~ deg f (x),
where f{(x) is the prime characteristic polynomial of the
sequence{a,}.

The set of all cyclic permutations of one period of the
reciprocal sequence {b,}is an orthogonal set but this set of
the multiplication sequence {z,} is not an orthogonal set.

Each of the sequences {b,}and {z,}is a periodic se-
quence and has the same period of the sequence {a,}.
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1. Introduction

In the last few years, a silent but quite dramatic, a
revolution occurred in the development and production
of autonomous electronic devices (e.g. laptops, smart
phones, palm pilots, digital cameras, household robots,
networked radios, base stations, etc.) that we use in our
daily life. Currently, batteries power most of these devices
and their disposal is environmental disaster. In future for
energy transmission between two antennas repeater radios
will be used "' as shown in Figure 1, which are needed to
be charged wireless because these radios will be deployed

*Corresponding Author:
Rajinikanth Yella,

A novel architecture for Wireless Power Transfer (WPT) module using
monolithic components on GaN is presented in this paper. The design of
such a WPT module receives DC power from solar panels, consists of
photonic power converter (PPC), beamforming antenna, low pass filter,
input matching network, rectifier, output matching network and logic circuit
(off-chip) which are all integrated on a GaN chip. Our WPT components
show excellent simulated performance, for example, our novel beam-
forming antenna and multiple port wideband antenna have a gain of 8.7 dB
and 7.3 dB respectively. We have added a band pass filter to the rectifier
output which gives two benefits to the circuit. The first one is filtering
circuit will remove unwanted harmonics before collecting DC power and
second is filter will boost the efficiency of rectifier by optimizing the load
impedance. Our proposed rectifier has RF-DC conversion efficiency of
74% and 67% with beam-forming antenna and multiple port wide band
antenna respectively. Our WPT module is designed to charge a rechargeable
battery (3 V and 1 mA) of a radio module which will be used between two
antennas in future 5G networks. We believe our proposed WPT module
architecture is unique and it is applicable to both microwave and millimeter
wave systems such as 6G.

mostly in rural areas. This fact motivated us to think of
solution that could enable wireless power transfer (WPT)
using RF energy harvesting techniques to such devices.
Our WPT module is designed to charge a rechargeable
battery (3 V and 1 mA) of a radio module. Existing tech-
niques * (such as near-field inductive coupling, magnet-
ic resonant coupling) for wireless power transfer allow
transmission of tens of watts of power over a few meters.
However, such techniques suffer from low efficiency and
a smaller range. Here, we report the design of a WPT
module using novel monolithic components on GaN at 5.8
GHz frequency (ISM band 4) that has potential to convert
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the power efficiently and transfer the power to devices
deployed in remote areas. Our research goal and its imple-
mentation are to maximize the distance of power transfer
and to achieve maximum conversion efficiency.

An overview of the architecture and components for
our proposed WPT module on a GaN chip is shown in
Figure 1. The Integrated Chip (Figure 1) consist of var-
ious individual components such as; (i) Beamforming
Antenna; (ii), Solar power feed to antenna; (iii) Photonic
Power Converters, (iv) Filter; (v) Input matching circuits
(vi) Rectifier, diode sensor (vi) and digital control circuit.

This paper only deals with the optimum design of
individual components. It can be observed that sunlight
striking on solar panel gives DC energy signal which is
converted to photonic signal by PPC. The antenna acts as
a transducer between PPC to decrease losses. A low pass
filter will allow the signal to pass with a frequency low-
er than 5.8 GHz. It will then be converted to RF power
signal by using rectifier. The sensor is used to check the
correct device bias voltage and impedance of the rectifier.

el ik RAMTL

Figure 2 shows proposed basic building blocks of the
on-chip GaN WPT module. In the future, we will extend
our proposed technologies to millimeter (mm) wave fre-
quency, as there are several motivations to use mm-wave
frequencies in radio links such as availability of wider
bandwidth, relatively narrow beam widths, better spatial
resolution and small wavelength allowing modest size an-
tennas to have a small beam width.

The physical dimension of antennas becomes so com-
pact that it good on practical to build complex antenna ar-
rays integrate them on-chip. In this paper, we are present-
ing the design of the monolithic WPT module containing
components from antenna to load as shown in Figure 2 is
presented. The goal is to ultimately fabricate the mono-
lithic WPT on GaN substrate

2. Photonics Power Converter (PPC)

In order to reduce losses in the WPT module, for re-
mote device application a number of modules connected
together of photonic power converter (PPC) can be used

—

Figure 1. Proposed technology of WPT for 5G Network Communication
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Figure 2. Proposed basic building blocks of WPT on same GaN chip
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for converting DC power to photonic into Electrical pow-
er, although PPCs are not required. So far for the photonic
converters GaAs and Si materials have been used with op-
timization for absorption a different wavelength. For high
conversion efficiencies GaAs has demonstrated 5. Howev-
er, GaN is more suitable for PPC as it has wide bandgap,
large breakdown voltage, and high electron saturation
velocity. As shown in Figure 1, power from Solar cells
will be launched into a photonic power converter (PPC)
which will be a less than 2x2 mm GaN chip. To add volt-
ages from the junctions several HEMT diodes connected
in series, the amount of delivered current is proportional
to the level of light power from solar cells illuminating the
chip. PPC can be coupled with 980 nm fiber to transform
the DC signal and finally expect to convert optical to elec-
trical power. Our proposed idea, GaN photonic converter
is expected to generate greater than 5 volts using a mono-
lithic device chain. We expect optical-to-electrical power
efficiency greater than 90% for the GaN PPC chip.

3. Antenna Design

Traditionally, antennas are off-chip due to their size
and because typical substrates are conductive. However, if
the antenna can be realized on-chip, it can result in a fully
integrated system at a low cost. Monolithic Si-based inte-
grated antennas have been demonstrated in recent years.
However, standard silicon substrate is loss due to its low
substrate resistivity, typically less than 100 cm. Moreo-
ver, the high dielectric constant of silicon causes most of
the power to be absorbed in the substrate. This is a major
drawback for antenna implementation on-chip, as it does
not allow the energy to radiate efficiently into free space.

The mm-wave communication is widely accepted as a
promising candidate for fifth and sixth generation (5G/6G)
mobile communication systems 6 in order to handle mas-
sive data demand. According to the Friis transmission
equation 7, by increasing the operation frequency, the sig-
nal wavelength becomes shorter and the path loss increas-
es. Hence, in order to get the required gain overcoming
attenuation effects, physically smaller antennas arranged
as an array are desired.

In this paper, we are proposing two different kinds of on-
chip GaN antennas for improvement in the radiation effi-
ciency and gain using novel element design, the first one is
beamforming array antenna (BFAA) and second one is mul-
tiple port wideband antenna (MPWBA). The true advantage
of on-chip antenna can be attained by its realization in GaN
chip process so that the circuits can be integrated with the
back end digital blocks on the same chip because GaN will
provide low loss, wide bandwidth, favorable linear polariza-

tion, and temperature stability "
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Figure 3. (a) Geometry of the proposed 4 X 4 antenna
elements (b) single element (c) top view (d) bottom view

4. Beamforming Array Antenna (BFAA)

Generally, antenna arrays are used to generate a high
gain. The antenna gain is proportional to its effective area.
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The higher antenna gain corresponds to the larger effec-
tive area and receives more electromagnetic power. One
of the important parameters of array design, which must
be accommodated very carefully, is set-out of the distance
between the adjacent elements of an array. The decrement
and increment in distance cause interference and distor-
tion, not allowing further assessment of received signals
' Many mutual coupling reduction techniques have been
proposed to improve the isolation performance between
the antenna elements, such as neutralization line technol-
ogy """, electromagnetic bandgap """, mush-room like
decoupling structures " and meta-material decoupling
1817201 By using these decoupling structures, isolation can
be improved.

In this paper, we are proposing a two-layer beamform-
ing a 4x4 array antenna with high isolation between ele-
ments. We have used high-frequency structure simulator
(HFSS), full-wave solver, to design the antenna. The top
layer is a T shape structure and bottom layer consists of
drum type elements as shown in Figure 3a. For beam-
forming array, the distance between antenna elements is
kept close to A /4. Line length is adjusted to create delay
between adjacent elements for beamforming radiation
patterns. Dimensions of proposed antenna are mentioned
in Table 1 (all dimensions in the Table 1 are in mm). The
orange color in Figure 3a is gold material, yellow color is
GaN material and light green color is GaN substrate.

Table 1. Dimensions of the proposed antenna

L 63 L5 32 Y 15 al 6.3
L1 5.2 L6 6.2 Wi 1 a2 11.5
L2 2.5 L7 7.5 w2 0.5

L3 53 L8 8.3 R1 1.5
L4 1.5 L9 9.1 D1 7

The configuration of our designed antenna array is
shown in Figure 3. The antenna is comprised of T shaped
with butterfly/drum-shaped patch elements. GaN was used
as substrate while simulating antenna array. The substrate
details which we used while simulating are, thickness
of substrate is 1 mm, loss tangent value is 0 and relative
permittivity is 9.7. The top layer is a T-shaped stub struc-
ture that is embedded in the GaN substrate, which has a
distance of 0.lmm to the top surface of the substrate. The
bottom layer is comprised of two inverted drum-shaped
patches, which is embedded in the GaN substrate with a
distance of 1 mm to the bottom of the GaN substrate.

The Figure 4 depicts the S11 response of the proposed
antenna. The simulated S11 graph has -10 dB return loss
from 5.67- 5.93 GHz, which means bandwidth of antenna
is nearly 0.26 GHz. To overcome the performance degra-
dation caused by beamforming usually we have to main-
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tain mutual coupling between elements. In this paper we
have maintained -30 dB.
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Figure 5. VSWR of BFAA

The Figure 5 shows VSWR (voltage standing wave ratio)
of the antenna, usually for a good antenna VSWR should
be below 2. Our simulation shows that for the passband fre-
quency, antennas VSWR is below 1.2 as in Figure 5.

081-

Figure 6. Radiation pattern of proposed antenna YZ plane
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The Figure 6 and Figure 7 are radiation patterns in YZ
and XZ directions respectively. The patterns on the Smith
chart indicate stability, low loss, and nearly ideal response.

The proposed BFAA 3D radiation pattern is shown in
Figure 8. Our proposed antenna has maximum gain of 8.7
dB. From different angles, the proposed antenna has high
gain, the overall antenna gain from 0° to 180° degree,
ranges from 8.2 to 8.6 dB.
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i

Figure 7. Radiation pattern of proposed antenna XZ plane
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It is observed from the Figure 9 that the proposed an-

tenna is maintaining good range current whole structure.

4.1 Design of Multiport Wide Band Antenna (MP-
WBA)

In our proposal, we also plan, alternately, to integrate
multiport wideband antenna (MPWBA) on GaN chip for the
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Figure 8. The 3D radiation pattern of proposed BFAA

Figure 9. Current density distribution of BFAA
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wideband spectrum. Wideband antennas with high efficiency
are needed for both cellular access and backhaul networks
19 to cover a wide angular area with a single antenna. We
have used HFSS full-wave solver to design the antenna. The
dimensions of proposed antenna are mentioned in Table 2 (all
dimensions in the Table 2 are in mm).

Table 2. Dimensions of proposed MPWBA

L Y L1 L2 W1 w2
8 4 1 1 0.5 0.2

The configuration of our designed MPWBA is shown
in Figure 10. The antenna is comprised of square shape,
three C shaped structures are connected to four sides of
square as shown in Figure 10, distance between two C
shaped structures are maintained close to /8. Left and
right C shape structures are assumed as input ports. GaN

(@

was used as substrate while simulating antenna array.
The substrate details which we used while simulating are,
thickness of substrate is Imm, loss tangent value is 0 and
relative permittivity is 9.7. The top layer has MPWBA
which is embedded in the GaN substrate, which has a
distance of 0.1mm to the top surface of the substrate. The
bottom layer is assumed as ground. The pink color in Fig-
ure 10 is gold material, green color is GaN material and
light green color is GaN substrate. Our proposed MPWBA
antenna can work with multiple ports, from port 1 to port
12. Our proposed antenna will give best performance with
port 7.

The Figure 11 depicts the S11 response of the proposed
MPWBA. The proposed MPWBA has return loss of -32
dB with input ports 1 & 2, -46 dB with port 7, and -15dB
with remaining ports. The bandwidth of the antenna is

[
[ 15 30 (mm)

(b)

Figure 10. (a) Geometry of the proposed MPWBA (b)3D top view of MPWBA
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Figure 11. Return loss (S11) response of MPWBA
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nearly 3 GHz (3.5 GHz to 6.5 GHz).

The Figure 12 shows VSWR (voltage standing wave
ratio) of MPWBA, which is nearly 0.75 which is enough
for rejecting unwanted signals and to satisfy the band-
width requirement for specified frequency range. The pro-
posed MPWBA 3D radiation pattern is shown in Figure
13. Our proposed antenna has maximum gain of 7.3 dB.
It indicates that very good polarization proposed antenna.
The Figure 14a, b are radiation patterns in YZ and XZ di-
rections respectively.

The simulated results of proposed BFAA and MPWBA
are mentioned in the below Table 3.
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Figure 12. VSWR response of MPWBA
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Table 3. Performance comparison table of BFAA and MP-

WBA
Content units
Antenna type BFAA MPWBA
Single antenna size (L*W) mm*mm  6.3*11.5 8*12
Antenna array size (L*W) mm*mm 63*67
Return loss S11 dB 34 46
Antenna gain dB 8.7 73
Peak Directivity dB 8.9 5.6
Antenna bandwidth GHz 5.67-5.93 3.5-6.5
Radiated power dBm 23 20.7
Accepted power dBm 25 22
Radiation Efficiency % 93 87
VSWR GHz 1.2 0.75
dB(GainTotal)
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Figure 13. The 3D radiation pattern of proposed MPWBA
from HFSS

Figure 14. (a) Radiation pattern of proposed antenna in YZ plane (b) Radiation pattern of proposed antenna in XZ plane
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5. Impedance Matching Network

In this paper, the power conversion process is proposed
at 5.8 GHz frequency. At such frequency, the reflected
power occurs when the load impedance is not matched to
the characteristic impedance of source impedance. Tradi-
tionally spiral inductors are preferred instead of resistors
and transmission lines to enhance the thermal noise per-
formance; however, they cannot be used at high frequency
because of the self-resonance and stray impedances. In
addition, they also occupy a large onchip space. In order
to overcome such problems, we adopted a new design
strategy in this paper. The proposed approach is based on
closed-form and recursive relationships **. We calculated
stub values using ADS object function to optimize the
whole matching networks. During 5.7 GHz to 5.9 GHz,
the maximum transducer gain limit to 64dB and the min-
imum transducer gain is 63dB. As a result, we can get a
good transducer curve, whose flatness is less than 0.2 dB
at desired frequency of 5. 8 GHz. Traditionally Network
Response is calculated to check the loss value of circuit.
So we plotted S11 to find the loss of the network sche-
matic, the S11 value at 5.8 GHz is lower than -10 dB. To
investigate circuit stability and perfect match we plotted
impedance (Figure 15) on Smith chart as shown in Figure
15.
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6. Design and Optimization of Multifunction
Filter

As shown in Figure 19, we need two filters for the
design of the rectifier circuit. One is at input side and
one is at output side. In this paper, we are using our mul-
tifunction filter circuit 21. The core LPF circuit with mi-
nor changes is converted into BPF and HPF. For BPF a
matching network is added at the output of LPF, addition
of matching network does not contribute significant loss
as evident from the value of S11.

6.1 Low Pass Filter (LPF)

In our proposed filter concept, the number of poles de-
cides range of cut-off frequency of a filter. For example,
we designed LPF circuit with cut-off frequency of 5.8
GHz, therefore, we placed 5 poles. To enhance attenuation
in the stopband, length and width of the poles of proposed
filter are adjusted. P1 and P5 are identical as well as P2
& P4 are identical in length and width. Length of P1 or
PS5 length of P2 or P4 length of P3. Whereas the Width of
poles should be such that width of P3 width of P2 or P4
width of P1 or P5. For microstrip filters optimum distance
between poles is also very crucial as this length will act
as capacitive or inductive (depending upon the frequency
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Figure 15. (a) Radiation pattern of proposed antenna in YZ plane (b) Radiation pattern of proposed antenna in XZ plane
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of operation and distance between poles). The passband
frequency could be adjusted via the structure parameters
of the poles. The designed multifunction filter is simple in
structure and compact in size.

Lap

-r"--':
-1

! Y= ".I-: 4= . 4

-2 oY WA ) N5 - T
< oo '
3 GRT
GHD GND MDD GHO

Figure 16. Multimode filter

3.8 GHZ LPF
-
_\2':_
== 40—
o= J
I
-5-':—
-100 IIII|IIII|I|||||III|II||||III|IIII
1 z 3 4 ] g 7 z
freq, GHz

Figure 17. S11 and S21 response of LPF
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Figure 18. S11 and S21 response of BPF

Figure 17 depicts response of proposed LPF. In case of
LPF, simulated -3 dB passband range is obtained from DC
to 5.85 GHz. B. Band Pass Filter (BPF). As mentioned
above, the LPF circuit with minor changes behaves like
BPF. For BPF a matching network is added at the output
of LPF. The addition of matching network does not con-
tribute significant loss as evident from the value of S11
(lower than-20 dB). The BPF passband at the desired fre-

Distributed under creative commons license 4.0

quency is realized by adjusting the structure parameters
of the matching network. Figure 18, presents simulated of
proposed BPF.

7. Rectifier Design

We have used a PNP transistor as a diode while design-
ing the rectifier circuit. Agilent ADS is used for rectifier
design with the concept is, 1) To measure the S-parameter
values of PNP diode. 2) Design the rectifier circuit ac-
cording to the Figure 19 by de-embedding the S-parameter
values. 3) We have to make sure that the input RF signal
should be supplied to rectifier circuit without any signif-
icant loss. To achieve this, we have activated LPF from
the multifunction filter block using switchl as shown in
Figure 16. 4) Design input matching network between
LPF and rectifier. 5) Harmonics are generated during the
RF to DC conversion process, which should be removed
before collecting the DC power. BPF (is activated from
the multifunction filter) is added at rectifier output side to
remove unwanted harmonics. Figure 22b shows that even
harmonics of rectifiers are attenuated (j-50dB) at 5.8 GHz
frequency with BPF. 6)Optimize the impedance match-
ing network of BPF circuit so that rectifier should give
high efficiency with low load resistance values without
compromising attenuation of harmonics. 7)Design output
matching network between BPF and load.

To investigate the loss of proposed WPT architecture,
we have simulated S11 of WPT module chain with BFAA
and MPWBA in ADS. The results are shown in Figure 20.

Traditionally S11 is calculated to check the return loss
value of circuit. So we plotted S11 to find the loss of the
whole architecture (antenna, filter, input matching net-
work, rectifier, output matching network and load) the S11
value at 5.8 GHz is lower than -10dB. Figure 20 indicates
that input and matching networks, input and output filter
networks are worked well along with the design concepts.
Our proposed design has achieved the return loss of about
-31.9 dB, -27.8 dB, at 5.8 GHz for BFAA and MPWBA
respectively.

To check the performance of rectifier power conversion
efficiency (PCE) is an important factor, which denotes
how efficiently the rectifier converts the input RF power
to DC power. Harmonic balance (HB) simulation is used
in ADS to calculate PCE. PCE can be calculated by using

P
PCE =—tan_x100 )
REpower
2
_ VDC (2)
out R
L0OAD

Figure 21 shows the PCE performance graphs of pro-
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Table 4. Design specification comparison of proposed work with previously published works

[26] [27] [28] [29] [30] [31] [32] My work
Year 2005 2010 2011 2013 2015 2016 2017 2021 2021
Frequency GHz 5.8 2.45 2.45 5.8 5.8 16.5 245 5.8 5.8
Output Voltage \% 3.41 3.64 2.82 0.18 1.41 1.2 5 3 3
Output Current mA 12 3.46 0.18 0.4 14 - 10 1 1
Conversion Efficiecny % 68.5 52 63 37 64.8 63 5.5 67 74
Load Q 270 1050 50 1000 100 10000 500 80 40

posed rectifiers. The PCE for rectifier with BFA antenna
and MPM antenna is 72% and 67%, with an optimal load
resistance 40 ohm and 80 ohms respectively. Our rectifier
circuit is designed to charge a 5G/6G radio module re-
chargeable battery of 3 V, 1 mA.

The simulated output DC voltage and current against
the input power are shown in Figure 22a. A comparison of
performances of proposed work with previously published
works from 2005 to 2017 is highlighted in Table 4. Power
conversion efficiency is better than previously published
papers.

8. Conclusions

The design of a novel WPT module using monolithic
components on the GaN substrate is presented in this paper.
The WPT module consists of BFAA, PPC, LPF, input match-
ing network, rectifier, and output matching network. logic
circuit can be designed and built on substrate or keep it off-
chip. We investigated innovative designs for the WPT com-
ponents with potential for integration on a GaN substrate.

Distributed under creative commons license 4.0

Monolithic WPT module shows loss of less than -10 dB at 5.8
GHz which can be further improved with design refinement.
To validate our designs, we selected 5.8 GHz ISM band
but module design can be easily scaled to millimeter-wave
frequencies such as 28 GHz being considered for 5G/6G
system. To our knowledge, this first reported design of WPT
module on GaN chip. Our proposed module will offer sig-
nificant SWAP-C advantages. Our proposed rectifier has RF-
DC conversion efficiency of 74% and 67% with beam-form-
ing antenna and multiple port antenna respectively. Our WPT
module is designed to charge a rechargeable battery (3 V and
1 mA) of a radio module which will be used between two
antennas in future 5G/6G networks. In the future, we will
extend our proposed technologies to millimeter (mm) wave
frequency, as there are several motivations to use mm-wave
frequencies in radio links such as availability of wider band-
width, relatively narrow beam widths, better spatial resolu-
tion and small wavelength allowing modest size antennas to

have a small beam width.
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1. Introduction

THz communications are one of the possibilities to
meet the demand for ever-increasing data rates. In recent
years, several publications have reported a 100 -300 GHz
antenna design with a target for enhanced biomedical ap-
plications ). Microwave imaging from 100 to 300 GHz
is an auspicious design for biomedical applications such
as detecting the skin cancer. Reason is that it has good
resolution and generation characteristics . The process
for skin cancer detection with the high-frequency module
on chip containing antenna is initially a pulse that is trans-
mitted from the antenna, which will penetrate through
the various tissues of the body. At a particular time, the
transmitted signal will be reflected from the small size.

Particles which represent that skin cancer.

*Corresponding Author:
Rajinikanth Yella,

Our goal is to develop THz module on chip to visualize bone grinding at
the early stage so that arthritis can be visualized and treated early. A critical
component of such module is antenna. A compact 4 by 4 beamforming
antenna array for biomedical application is presented in this paper. We
are proposing a novel antenna which is in the form of a circular ribbon
shape with a gold patch. Gold material for the patch is used to enhance its
conductivity and to cut down backward radiation. Differential port pin used
to increase the bandwidth. Au-posts are finally used for output connection.
The proposed antenna operates over the frequency band from 201 GHz to
more than 228 GHz. Directivity and gain of the proposed antenna are 13
dB and 7 dB respectively. This makes it applicable for imaging systems
because of the frequency band for biomedical imaging. Index Terms—
Beamforming antenna, antenna array, Advanced design system (ADS),
Biomedical imaging.

The same antenna can be used to collect the reflected
signal for further measurements. For accurate results, the an-
tenna should have high gain, directivity, resolution, dynamic
range with compact size . Also such technology is benefi-
cial for the detection of Arthritic. Many antenna designs have
been proposed for biomedical imaging applications ®, each
has its advantages and drawbacks. Some published antennas
have a structure of rectangular ribbon type, whereas others
have a square structure. All the proposed structures are using
only a single antenna for detecting the signal. As a result,
weaker signals go undetected. In this paper, we are proposing
a compact size 2.8*0.43 mm’ circular ribbon-shaped beam-
forming identify applicable funding agency here. If none,
delete this antenna array with high gain and directivity. In
addition, we are also studying application of meta material
elements for this application.

Electrical Engineering Computer Science (EECS), NCTU, Taiwan, China;
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2. Design Methodology

Traditionally, antennas are off-chip due to their size
and because typical substrates are conductive "*'. The pro-
posed circularly ribbon-shaped antenna is shown in Figure
1. To enhance its conductivity and to cut down backward
radiation gold material was used for the patch. Differential
port pin used to increase the bandwidth. Dimensions of
the antenna are angle radius of the circle is 100 um with a
thickness of 10 um and patch length 100 um with a thick-
ness of 10 um.

Generally, antenna arrays are used to generate a high
gain. One of the important parameters of array design is
the setout of the distance between the adjacent elements
of an array because this will lead to interference and dis-
tortion, not allowing further assessment of received sig-
nals ). Many mutual coupling contraction techniques """
have been proposed to enhance the isolation performance
between the antenna elements.

In this paper I am proposing a two-layer beamforming
a 4x4 array antenna with high isolation between elements.
I have used ADS to design the antenna. The top layer is a
circular shape structure. For beamforming array, the dis-
tance between antenna elements is kept close to /4. Line
length is adjusted to create a delay between adjacent ele-
ments for beamforming radiation patterns. GaN was used
as a substrate while simulating antenna array. The config-
uration of our designed antenna array is shown in Figure 2.

3. Results

The Figure 3 depicts the S11 response of the proposed
antenna. The simulated S11 graph has -10 dB return loss
from 201.6GHz to 228.1 GHz, which means the band-
width of the antenna is nearly 26.5 GHz. Peak S11 is no-
ticed at 217.2 GHz with a value of -41.9 dB.

The Figure 4 shows gain and directivity plot of the pro-
posed antenna has 7 dB gain and 13 dB directivity at 217
GHz frequency. The proposed antenna has maximum gain
and directivity at 250 GHz frequency.

The Figure 5 and Figure 6 depict 3D radiation patterns
in YZ and XZ directions respectively. The simulated re-
sults of the proposed antenna are mentioned in the Table 1.

Table 1. proposed antenna results

content units
Single antenna size (L*W) um*um 500*%615
Antenna array size (L*W) um*um 2.8%0.43
Return Loss (S11) dB -41.8
Antenna Gain dB 7
Directivity dB 13
Antenna Bandwidth GHz 28.5
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Figure 2. Proposed circular ribbon-shaped antenna array
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Figure 5. 3D radiation pattern in XY direction

Figure 6. 3D radiation pattern in YZ direction
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4. Conclusions

In this paper a compact 4 by 4 beamforming antenna
array for biomedical application is presented. To enhance
the conductivity gold material is used. The proposed an-
tenna operates over the frequency band from 201 GHz to
more than 228 GHz. Directivity and gain of the proposed
antenna are 13 dB and 7 dB respectively. This makes it
applicable for imaging systems because of the frequency
band for biomedical imaging.
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