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Abstract 

The paper highlights the phenomenon of bailout packages and why does Governments give bailout 

packages. Furthermore, the paper reviews and examines the literature available to find different 

aspects of bailout offered by the Government. Paper also puts forward neutrally professional 

arguments against and in favour of bailouts offered by the Government which seeks to give a new life 

to a sick company. This paper also tries to answer some vital questions as to why the Government 

gives out financial bailouts and why the current Government wants the BSNL to survive. It also 

explores different manners of bailout packages and whether the BSNL bailout package will work. 

Key words: Bailout packages, Government, BSNL, Revival, Tax payer and Money. 

 

Introduction: The Union Cabinet has approved a Rs 1.64-lakh crore revival package for the 

government-owned Bharat Sanchar Nigam Limited (BSNL), on July 27, 2022. 

The package will have three main elements: 

 

1. Improving the quality of BSNL services 

2. Destress the balance sheet 

3. Expand the company's fibre reach by merging Bharat Broadband Network Limited (BBNL) 

 

The package will include a cash support of Rs 43,964 crore and non-cash support of Rs 1.20 lakh 

crore. The revival programme is for a four-year period, but most of it will be implemented in the first 

two years, he added. 

The cash proponent will be used for spectrum allocation, capital expenditure and viability gap 

funding, the minister noted. 

Funding for the same will come from three sources: 

 

1. Issuance of Sovereign Guarantee Bonds 

2. Conversion of AGR (Adjusted Gross Revenue) dues into equity 

3. Issue of Preference Shares to the Government 

 

Objectives: 

1. To realise the motives behind the bailout packages offered by the Government 

2. To understand the pros and cons related to bailout packages 

3. To acknowledge why does Governments give out bailout packages 

4. To know why does Government want BSNL to survive 

5. To evaluate whether BSNL bailout packages work 
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Literature Review: Bailout is a general term for extending financial support to a company or a 

country facing a potential bankruptcy threat. It can take the form of loans, cash, bonds, or stock 

purchases. A bailout may or may not require reimbursement and is often accompanied by greater 

government oversight and regulations. 

The reason for the bailout is to support an industry that may be affecting millions of people 

internationally and could be on the verge of bankruptcy due to prolonged financial crises. 

Bailout policies come in various forms, the most common being direct loans or guarantees of third-

party (private) loans to the rescued entity. These direct loans are often on terms favouring the entity 

being rescued. Sometimes even direct subsidies are provided to the parties concerned. Stock 

purchases are also not uncommon. 

The government or the financing body places strict requirements such as restructuring of 

organisation, no dividend payment to shareholders, change of management and in some cases a cap on 

salaries of executives till a stipulated time period or the repayment of dues. This may also be followed 

by a temporary relaxation of rules that may impact the accounts of the rescued entity. 

 

Why does the Government consider bailout packages?: A bailout could be done for profit 

motives, such as when a new investor resurrects a floundering company by buying its shares at fire-

sale prices, or for social objectives, such as when a wealthy philanthropist reinvents an unprofitable 

fast food company into a non-profit food distribution network. However, the common use of the 

phrase occurs where government resources are used to support a failing company typically to prevent 

a greater problem or financial contagion to other parts of the economy. 

These bailouts not only save the company but also helps the economy and save jobs of thousands of 

people working for years in a company. Bailout support from the Government is cheap money (low 

cost of capital), which is easily available in abundance. 

 

Pros and cons of the bailout packages: 

Pros: 

● The short term stability. Often bailouts are used on “too big to fail” companies. Companies that, if 

they fail, would cause a huge ripple effect in the economy. The consideration is that a lot of people 

would be laid off, and so by saving the company the jobs are also saved. So it seems like it's good for 

the working class. 

● For the business owners, usually large corporations, it’s a huge benefit. They can continue “business 

as usual” knowing full well that if they screw up badly, then the government will come and save 

them. 

Cons: 

● You are taking tax payer money and spending it on failing businesses. This money was supposed to 

go to other things. Or rather, the money is borrowed from future taxes, meaning you would have to 

keep taxes higher than needed. 

● You are keeping failing businesses alive artificially. This creates a problem within a free-market, as 

better suited businesses cannot take the place of the “too big to fail” companies, and thus the market 

is no longer free. 

● You aren’t fixing the core issue. Failing is a great way to avoid something happening again later. 

Bailing out companies will only reinforce their bad behavior without removing the people who made 

it happen in the first place from their positions. The problem here is every bailout, every safety net, 

just makes the next problem and need for bailout that much bigger. Bailouts create the “too big to 

fail” scenarios. 

● It helps the “big guys'' and hurts the little guys. Very rarely are small businesses given bailouts. They 

aren’t “too big to fail”. 

 

Why does the Government want BSNL to survive?: The fresh infusion of funds this month is 

specifically aimed at conversion of the company’s dues into equity, providing financial support and 

allocation of spectrum to provide 4G services. The intent clearly is to get the telco, which has been 
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losing market share over the years, back on its feet at a time when private players, such as Jio and 

Bharti Airtel, are already working on rolling out 5G services. 

For one, the view is that India needs an efficient state-run telco in a world where digital boundaries 

have blurred and cyber security has taken precedence. The government needs a secured state-run 

network for high security communication. Also, private telecom operators tend to focus on high 

revenue markets, and fail to meet communication needs in remote areas. 

Further, the telecom space is evolving in a manner that could leave only two big players standing. A 

third entity is needed to ensure healthy competition and for the benefit of consumers at large. 

However, BSNL will need a complete overhaul to stand a chance to emerge as the third big player. 

The public sector enterprise will need to imbibe a competitive spirit, upskill its employees and come 

up to speed in a fast-evolving and investment-heavy industry. Still bound by socialist era principles 

of doing business, BSNL’s hiring policies are unlike that of the private players: salaries are thought 

to be inflated and employee morale has been down for a while. 

 

Findings: 

● Providing financial support to the company 

● Allocation of 4G spectrum 

● Having an efficient state-run telco for the integrity of our country 

● Government need a secured state-run network for high security and cyber security communication 

● Want to break the duopoly of private run telco in free and fair market 

 

Conclusion: It’s pertinent to note that BSNL’s first Rs 70,000 crore bailout package in 2019 didn’t 

deliver. Though it addressed the excess workforce issue, reducing losses by half and total expenditure 

by 24%, it’s the other and most crucial part of the package that didn’t yield. In 2019, the government 

had provided Rs 24,000 crore for 4G services, but BSNL wasn’t technology-ready, which led to 

declining revenues. Even today, it lacks 4G connectivity on a pan-India basis—a decade after 4G 

services first began and just when competitors are moving towards 5G. Worse, BSNL even 

surrendered unutilised 2G spectrum last year, where most operators have subscribers. 

BSNL has a distinctive presence in far-flung areas, improving rural teledensity considered un-viable 

by private operators. But profits from a social objective are always slim. 

Meaning BSNL needs autonomy and separation from bureaucracy to make commercial decisions for 

the wireless and broadband segment, where its market share is a pitiful 9.7% and 2.9%, 

respectively. Both BSNL’s topline and subscriber base aren’t improving, and the government may 

have to keep bailing it out unless revenues increase. 
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ABSTRACT         A compact broadband BALUN transformer is designed using the 

Klopfenstein taper line transformer approach to transform a 50 Ω impedance into 100 Ω. To 

reduce the length of the conventional BALUN, a straight microstrip (MS) line is modified as a 

curved MS line. The proposed compact BALUN is 56.7%–73% smaller w.r.t the straight 

conventional BALUN but at the cost of a 4.5%–13% reduction in the overall band. The 

conventional BALUN has a measured % bandwidth of 165, while the compact BALUN has a 

result of 159. The measured results agree with the simulated results. 

 

Keywords: Unbalanced line, BALUN, balanced line, coplanar stripline, % bandwidth and 

tapered microstrip line. 
 

 

1. INTRODUCTION 

 

 R. W. Klopfenstein proposed an 

improved design of tapered transmission 

lines in 1956, and since then, this technique 

has been used to improve the performance 

of high-frequency devices. It is an 

impedance matching transmission line to 

keep the reflection coefficient at the 

minimum over a particular passband 

(Klopfenstein, 1956). This tapered line is an 

important part of a BALUN transformer 

when it comes to the transformation of 

impedance and conversion from an 

unbalanced line into a balanced one. The 

BALUN transformer is one of the most 

important elements when it is required to 

feed a balanced antenna using an 

unbalanced feed. Unfortunately, the high-

frequency line available to feed balanced 

antennas is unbalanced in nature. Therefore, 

when an unbalanced feed is directly 

connected to a balanced antenna, the 

current entering the antenna and the current 

returning from the antenna differ. This 

action changes the antenna impedance seen 

by the feed line and is different from the 

designed impedance of the antenna. The 

problem can be resolved using a BALUN 

transformer between the antenna feed point 

and the single-ended transmission line. 

  

 There are many printed BALUNs 

proposed in the literature. A broadband 

coplanar waveguide (CPW) to coplanar 

strip (CPS) transmission line transition 

exhibited very good performance up to  

55 GHz (Anagnostou et al., 2008). A wide 

band from 1.1 GHz to 10.5 GHz was 

achieved using a transition from a 

multisection microstrip (MS) line to a CPS 

line terminated with a quarter wavelength 

radial stub (Tu & Chang, 2006). A tapered 

Klopfenstein line was used to match 
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impedances between a Ka-band pillbox 

window and a Helix-TWT. The designed 

transformer gives excellent performance 

across 30 GHz to 34 GHz (Resley & Song, 

2012). The performance of the 

Klopfenstein taper line for various loads 

and lengths was investigated to reduce the 

maximum group delay with an acceptable 

variation of the impedance bandwidth 

(Ruvio & Ammann, 2008). BALUNs have 

also been designed to feed slot antennas, 

and one such BALUN was a fourth-order 

modified Marchand BALUN covering a 

band from 0.5 GHz to 5.5 GHz. This 

wideband performance was achieved using 

a slot line to MS line transition with radial 

stubs (Maksimovitch et al., 2007). A dipole 

antenna with both arms on opposite sides of 

a substrate was excited using an 

asymmetric MS line BALUN transformer. 

This BALUN comprised a taper ground 

plane connected to one arm of the dipole 

and the MS line of the BALUN connected 

to the other arm of the dipole present on the 

other side of the substrate (Bah, 2016). 

Impedance transformation using a taper 

transmission line technique is not restricted 

to printed technology but also extends to 

the coaxial transmission line (Vega et al., 

2011). A larger band of 30:1 can be 

achieved using multiple transitions from 

MS to coplanar waveguide and back to the 

MS line (Meng et al., 2016).  

 

 All the previously designed 

BALUNs or taper transformer structures 

are geometrically straight, and thus, occupy 

relatively large onboard space. Here, we 

propose a technique that can reduce the size 

of straight BALUNs or taper line 

transformer structures. The proposed 

broadband BALUN is much smaller 

compared with conventional BALUNs. The 

conventional straight structure is modified 

with an equivalent curved structure, and 

onboard space is saved. The complete 

design of the conventional BALUN is 

discussed along with the design technique 

of the proposed BALUN. The conventional 

and proposed BALUNs are compared in 

terms of bandwidth and size. The BALUN 

is designed to transform an impedance of 

50 Ω to 100 Ω, but the solution can also be 

applied to other impedances. 

 

 The remainder of the paper 

proceeds as follows: Section 2 introduces a 

conventional way of designing a wideband 

BALUN using the Klopfenstein taper line 

technique. Section 3 is dedicated to 

modification in the conventional taper 

BALUN to reduce its size. Finally, Section 

4 provides the results and discussion for the 

implemented BALUN transformers. 

 

 

2. DESIGN OF A TAPERED 

BALUN 

 

 To design a tapered BALUN, the 

FR-4 substrate is used with a thickness of 

0.8 mm. Figure 1 is a representation of a 

taper transmission line loaded with a load 

ZL; in the figure, Z(z) is the characteristic 

impedance variation of the taper line, and 

Z0 is the characteristic impedance or 

reference impedance. The design of the 

BALUN is based on the Klopfenstein taper 

transformer, which is derived from a 

stepped Chebyshev transformer. 

 

 

 

 ZL 

   Z(z) 

 Zo  

 

 0  L 

Figure 1. Taper transmission line loaded with load LZ and driven by reference impedance 0Z  
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 The taper line transformer of length 

L is divided into n sections of different 

impedances to transform ZL into Zo. The 

following Klopfenstein taper relation is 

used to determine the characteristic 

impedance variation of the taper section 

(Pozar, 1998): 

 

 
𝑍(𝑧) =

1

2
𝑙𝑛𝑍0𝑍𝐿 +

Γ0

𝑐𝑜𝑠ℎ𝐴
𝐴2𝜙 (

2𝑧

𝐿
− 1, 𝐴), 

(1) 

 

where 0 ≤ z ≤ L (length of the taper line), Z(z) is the characteristic impedance variation along 

the line and 𝑍0= 50 Ω and 𝑍𝐿= 100 Ω.  

The function 𝜙(𝑥, 𝐴) is defined as 

 

𝜙(𝑥, 𝐴) = −𝜙(−𝑥, 𝐴) = ∫
𝐼1(𝐴√1 − 𝑦2

𝐴√1 − 𝑦2

𝑥

0

𝑑𝑦, (2) 

where I1(x) is the modified Bessel function, and  

 
𝐴 = 𝑐𝑜𝑠ℎ−1 {

Γ0

Γ𝑚
}, 

(3) 

 
Γ0 =

𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
, 

(4) 

 
Γ𝑚 =

Γ0

cosh 𝐴
, 

(5) 

 

where Γ𝑚 is the maximum ripple in the passband of the transformer and is assumed by the 

designer. Moreover, Γ0 is the reflection coefficient at zero frequency, and it is given by (4). 

The passband of the transformer is defined for 𝛽𝐿 ≥ 𝐴.   

The following equation is used to produce the relation between Γ and 𝛽𝐿, as shown in Figure 

2: 

 

|Γ| =
1

2
𝑙𝑛 [

𝑍𝐿

𝑍0
] [

𝑠𝑖𝑛 (
𝛽𝐿

2
)

𝛽𝐿

2

]

2

. 

(6) 

Here, |Γ|
 
is the magnitude of the reflection coefficient along the taper line and   is the phase 

constant. 

 
Figure 2.  Reflection coefficient as a function of L  for an n section Tchebycheff transformer 
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 In Figure 2, 𝛽0 is the phase constant 

for the largest wavelength o  or the 

smallest frequency 
of for which the 

reflection coefficient is Γ𝑚 . It can be 

observed that Γ𝑚 is the maximum reflection 

coefficient in the passband. The largest 

wavelength is found using the relation for a 

known L:

 

 𝛽𝐿 = 𝐴 = 𝛽0𝐿. (7) 

 

𝛽0 is expressed as  
𝛽0 =

2𝜋

𝜆0
. 

(8) 

 

 Equation (7) also shows that the 

maximum operating wavelength of the 

taper line depends on the taper length L. A 

larger L ensures a lower operating 

frequency in the passband for which the 

maximum reflection coefficient is Γ𝑚. 

Therefore, to have a lower operating 

frequency, the length of the taper line 

should be larger. Further discussion and 

simulations elaborate on the relations 

among Γ𝑚 , L and β. Figure 3 shows the 

behaviour of the reflection coefficient 

along the taper line for the assumed values 

of Γ𝑚 ranging from 0.01 to 0.03. The taper 

line lengths were chosen as 3 cm and 5 cm. 

From the figure, it can be observed that the 

variation in Γ𝑚  affects the least frequency 

in the passband.  

 

 

 

 

   

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Behaviour of the reflection coefficient of taper line through calculation 

 

 The complete analysis of Figure 3 is 

tabulated in Table 1(a), and a summary of 

similar analysis for the taper line of length 

5 cm is tabulated in Table 1(b). The 

conclusions drawn from Figure 3 and Table 

1 are as follows:  

 

1) A larger value of Γ𝑚 reduces the minimum frequency in the passband. The minimum 

frequency in the passband can be calculated using  
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𝑓0 =

3 ∗ 108

𝜆0√𝜀𝑟

, 

 

(9) 

Where √𝜀𝑟 is relative dielectric constant of the dielectric material FR-4. Therefore, the 

minimum frequency of in the passband is inversely proportional to the length of L. This 

frequency can be calculated by selecting L and using relations (3), (7), (8) and (9). 

2) The operating frequency f is much smaller than of  for the reflection coefficient Γ of 

about −10 dB, as shown in the last column of Table 1. Furthermore, f can be calculated 

from (6) and (9). 

 

Table 1 (a). Summary of relations among Γ𝑚, L and 𝛽 

𝑍𝐿 = 100,   𝑍0 = 50,   L= 3 cm,  Γ0 = 0.333 

Sr. No Γ𝑚 A foGHz Γ𝑚 (dB) f@ –10 dB 

1 0.01 4.23 3.7 –40 800 MHz 

2 0.02 3.54 3.0 –34 690 MHz 

3 0.04 2.85 2.5 –28 550 MHz 

 

Table 1 (b). Summary of relations among Γ𝑚, L and 𝛽 
𝑍𝐿 = 100,   𝑍0 = 50,   L= 5 cm,  Γ0 = 0.333 

Sr. No Γ𝑚 A foGHz Γ𝑚 (dB) f@ –10 dB 

1 0.01 4.23 2.2 –40 430 MHz 

2 0.02 3.54 1.85 –34 410 MHz 

3 0.04 2.85 1.49 –28 340 MHz 

 

 In this section, a taper line 

transformer is designed using data from 

Table 1a; this is summarised in Table 2. The 

same transformer is modified to have a 

compact size in the next section. 

 The taper line transformer under 

consideration has a –40 dB (Γ𝑚) reflection 

coefficient from 3.7 GHz onwards, whereas 

the –10 dB frequency is at 800 MHz.  

 

Table 2. Assumed design data and simulated results of taper line. 

𝑍𝐿 𝑍0 Γ𝑚 
of  @ 10dBf 

 L 

100 Ω 50 Ω 0.01 / –40 dB 3.7 GHz 800 MHz 3 cm 

Simulated results –21.7 dB 3.7 GHz 624 MHz 3 cm 

 The complete BALUN structure 

comprising the taper line transformer and a 

CPS line is shown in Figure 4. The taper 

line is the MS line, and it is unbalanced in 

nature, whereas the CPS line is balanced. In 

this section, a taper line is simulated to 

transform 50 Ω to 100 Ω impedance. The 

same taper line transformer is added with a 

CPS line of 100 Ω to complete the BALUN 

transformer. 

 The length of the taper line is  

30 mm, and it is divided into 20 sections, 

each of which is 1.5 mm long. The width of 

each section is different as these small lines 

represent different impedances along the 

taper line. The impedance of the first 

section is 51 Ω, marked as ‘1’ in  Figure 4. 

The impedance of the last section is 98.9 Ω, 

marked as ‘20’. The width of the first 

section is 1.44 mm and that of the last 

section is 0.32 mm. Section ‘0’ in Figure 4 
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is a 50 Ω MS line of 5 mm in length; and it 

is used to accommodate SMA connectors. 

The electrical behaviour of the taper line is 

shown in Figure 5, and the results are 

summarised in Table 2. The passband is 

available from 3.7 GHz with a reflection  

coefficient of −21.7 dB. The −10 dB 

frequency is available at 624 MHz. The 

simulated response of the taper line for the 

reflection coefficient in Figure 5 is similar 

to the calculated response in  Figure 3, with 

a difference in Γ𝑚.

           

 

 
Figure 4. Structure of BALUN 

transformer using a taper line 

Figure 5. Frequency V/S reflection coefficient 

of taper line, and BALUN transformer 

 To change the taper geometry into a 

BALUN, a CPS line of 100 Ω is added. The 

gap between the CPS lines is 0.25 mm, and 

the width of the CPS is 1.44 mm. The CPS 

line is added with a broadband radial stub 

which also plays an important role in 

changing the orientation of the electric field 

(Tu & Chang, 2006). The band considered 

for the analysis is 1 GHz to 9 GHz. 

Therefore, the calculated radius of the 

curved stub is approximately 8.5 mm, 

which is 1/4th of the wavelength at the 

centre frequency of the assumed band. The 

radius of the radial stub is changed to  

7.5 mm only after multiple simulations to 

obtain optimum performance from the 

BALUN for the assumed band. Figure 5 

shows that the electrical band spans from 

800 MHz to 8.7 GHz with an insertion loss 

of −3.2 dB at 6.1 GHz. The inclusion of 

taper ground improves S21 and is less than 

−3 dB for the band. The shape of the taper 

ground plane is shown in  Figure 4. The 

CPS length is found to influence the 

performance of the BALUN significantly, 

and the % bandwidth of 166 is obtained 

only for the CSP line of length 11 mm. The 

total length of the BALUN is 

 

MS line + taper line + CPS line = 5 + 30 + 11 = 46 mm 

 

 

3. DESIGN OF PROPOSED 

COMPACT BALUN 

 

 To reduce the size of the BALUN,  

the tapered section comprising 20 small MS 

lines is changed into a curved structure. The 

proposed structure of the tapered 

transmission line is shown in Figure 6 and  
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is compared with the straight taper line. The 

complete proposed reduced size BALUN is 

shown in Figure 7. It comprises an MS line, 

taper-curved MS line and CPS line. The 

input is applied to the MS line and is 

expressed as input port-1, while the output 

is taken at the balanced port (i.e. at the CPS 

line), which is expressed as output port-2. 

The dimensions of the proposed structure 

and the shape of the ground plane are 

shown in Figure 7. The first and the last two 

sections of the tapered line are kept as they 

are to avoid any abrupt change in the entire 

structure between the MS and CPS lines. 

The total length of the remaining 17 

sections is 27 mm. This length is changed 

into a curved structure whose outer radius 

is equal to 27 / π (i.e. 8.2 mm) as it is half 

of a complete circle. Since one end of the 

taper line is wider than the other end, the 

structure of the curved line is also kept 

tapered and width W1 is larger than the 

width W2, Figure 6. The width W2 is taken 

as 0.34 mm, which is equal to the width of 

the 19th section of the taper line.  The width 

W1 is kept equal to the width of the second 

section and is 1.4 mm. The first section is 

kept as it is and is aligned with the MS line 

shown in Figure 7. The radius of the stub is 

kept at 7.5 mm. The proposed compact 

BALUN with a curved MS line of radius 

8.2 is simulated for an 8.5 mm radius for 

analysis purposes. It is observed in Fig. 8 

that the reflection coefficient is very poor 

from 5.5 GHz to 6.2 GHz. It is observed 

that not only the reflection coefficient but 

also the insertion loss is larger than -3 dB 

from 5.7 GHz to 6.3 GHz.  

 

  

                                      
 

 

Figure 6. Proposed taper curved MS line 

and conventional taper line 

 

Figure 7. The proposed BALUN 

transformer with a tapered ground plane 

 

 It can be observed in Figure 4 that 

all the taper sections are connected along a 

straight line and there is a smooth transition 

in the cross-sectional dimension of the taper 

line. To have a smooth transition from 

section ‘1’ to ‘2’ in the proposed BALUN, 

section ‘1’ is slightly tapered; its impact on 

the BALUN performance is shown in 

Figure 8. There is no change in the insertion 

loss with this taper section, but a small 

improvement is observed in the reflection 

coefficient from 5.5 GHz to 6.2 GHz. To 

have a smooth transition of the electric field 

from the MS line to CPS line, the upper part 

of the ground plane is also tapered, as 

shown in Figure 7. This also ensures the 

similarity between structures of the 

conventional BALUN shown in Figure 4 

and the proposed BALUN shown in Figure 

7. 

Curved microstrip line 

W1 
W2 

Conventional microstrip line 

i/p port-1      

MS line 

 

o/p port-2 

CPS line 

5 mm       13 mm 

6 mm Curved MS line 
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Figure 8. Result of frequency V/S reflection coefficient/insertion loss for a radius  

of MS line of 8.5 mm 

 

 It can be observed in Figure 8 that 

the taper ground structure influences the 

overall performance significantly. The 

reflection coefficient is well below −10 dB 

from 0.844 GHz to 8.66 GHz. The taper 

ground plane also improves the insertion 

loss, and the maximum insertion loss 

observed is −3.18 dB at 6.1 GHz. The 

proposed structure with a tapered section ‘1’ 

and ground plane works well as a BALUN 

transformer. It is observed only after 

multiple simulations that the CPS length 

can be reduced to 10 mm while maintaining 

the optimum performance of the proposed 

BALUN. 

 

 To analyse the impact of the outer 

radius of the curved MS line on the 

performance of the proposed structure, 

different outer radii of the curved MS line 

are taken for simulation, keeping widths W1 

and W2, the stub radius and the CPS length 

constant. The reflection coefficient and 

insertion loss of the proposed BALUN for 

the different outer radii of the curved MS 

line are shown in Figure 9. It can be 

observed that, when the radius of the MS 

line is 3 mm, there are two bands available, 

one from 1.21 GHz to 5.41 GHz, and the 

other from 6 GHz to 9.2 GHz. The insertion 

loss for this band is less than −3 dB. The 

reflection coefficient from 5.41 GHz to  

6 GHz is −9.7 dB, and if it is considered 

approximately equal to −10 dB, then there 

is a complete −10 dB band available from 

1.21 GHz to 9.2 GHz with a % bandwidth 

of around 154. The % bandwidth improves 

to 157 when the radius increases to 4 mm. 

There is an increase in the insertion loss 

from 9.1 GHz to 9.6 GHz. Therefore a  

−10 dB bandwidth with insertion loss less 

than −3 dB is available from 1.06 GHz to 

9.1 GHz. The further increase in the outer 

radius of the curved MS line to 5 mm 

improves the % bandwidth to 161.5 with 

insertion loss less than −2.2 dB. The curved 

MS line with a radius of 5 mm gives the 

widest bandwidth for minimum insertion 

loss.  

 

 Reduction in the radius of the 

curved MS line below 3 mm reduces the 

bandwidth of the BALUN and increases the 

insertion loss. A summary of the electrical 

performance under different radii of the 

curved MS line of the compact BALUN is 

tabulated in Table 3. The length of the CPS 

line is taken as 10 mm for all the cases 

covered, and this provides the optimum 

result. The total length of the proposed 

BALUN is curved MS line + length of two 

end sections of tapered line + CPS length, 

that is, 10 + 3 + 10 = 23 mm. In contrast, 

the conventional BALUN has length 
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(tapered line 20*1.5) 30 + 11 (CPS line) = 

41 mm. A 5 mm length of MS line 

accommodating the SMA connector was 

discarded in both cases. 

 

  
Figure 9. Result of frequency V/S reflection coefficient/insertion loss for  

different radius of MS 

 

Table 3. Comparative analysis of the proposed BALUN for different radius of curved MS line 

Radius (MS Line)  

mm 

fu–fl GHz        

 (–10 dB) 
BW GHz % BW S21 dB 

8 8.66–0.84 7.82 165 –3.18 

5 9.3–0.99 8.31 161.5 –2.2 

4 9.6–1.06 7.66 157 –4.7 

3 
5.41–1.21 4.2 127 

–2.7 
9.2–6 3.2 42 

 

 To design the proposed BALUN 

transformer, the following steps apply once 

the length of taper line is fixed: 

 

1. Using the Klopfenstein taper relation 

to determine the impedance of the 

first two and last two sections of a 

taper line and calculate the width of 

these sections. 

   

2. The radius of the outer curved MS 

line = (Length of taper line – length of 

three sections of taper line) /π. 

Choosing W1 as the width of the N2 

section and W2 as the width of the  

(N-1) section. N2 is the second section 

of tapered line and N is total sections. 

 

3. Choosing CPS line length can be 

chosen for maximum bandwidth and 

minimum insertion loss. 

4. Further reducing the radius of the 

curved MS line to have the smallest 

possible size of the overall BALUN. 

 

 

4. RESULTS AND 

DISCUSSION 

 

 The conventional and proposed 

compact BALUNs were simulated using 

CST STUDIO and developed on FR-4. 

Both the BALUNs were measured using a 

vector network analyser. There were four 

different cases of proposed BALUNs, but 

the BALUN with a curved MS line with a 5 

mm radius was manufactured. The BALUN 

with this radius gives the largest bandwidth 

and the smallest insertion loss. Figure 10 

shows a photograph of the BALUNs. Both 

were loaded with a 100 Ω SMD resistor at 

17



 

Malaysian Journal Of Science 40(1): 55-66 (February 2021) 

 

64 

 

the output port. The measured results of 

both the BALUNs, along with the 

simulated results, are shown in Figure 11. 

The conventional BALUN shows complete 

band coverage from 0.87 GHz to 9 GHz. S21 

is not included because BALUNs are 

designed as a single port device. The % 

bandwidth for the conventional BALUN is 

165. The measurement of the proposed 

BALUN shows that the % bandwidth was 

159% for the frequency range from  

1.1 GHz to 9.65 GHz. 

 

 

 
Figure 10. Photograph of (a) conventional 

BALUN and (b) proposed compact 

BALUN 

Figure 11. Measured and simulated results 

of conventional and compact BALUNs 

 

 Table 4 compares the simulated 

results of all the proposed BALUNs with 

the conventional BALUN in terms of % 

bandwidth and length. The comparison was 

done only for the taper lines from 

conventional and proposed BALUNs. It can 

be observed that, when the length of the 

taper MS line of the proposed BALUN 

(curved L = 19 mm) is equal to the taper 

length of the conventional BALUN 

(straight L = 30 mm), the length of the 

proposed BALUN reduces to only 36% 

w.r.t. the conventional BALUN. The % 

bandwidth of the proposed BALUN is 165 

and the % bandwidth of the conventional 

BALUN is 166. The maximum reduction in 

taper line length is 73% but at the cost of 

a % bandwidth reduction of 13. 

 

Table 4. Comparison of taper line length from conventional and proposed BALUNs 

BALUN parameters 
Conventional 

BALUN 

Proposed length of curved taper line (mm) 

Length (L) 30 9 11 13 19 

Bandwidth (GHz) 7.9 7.99 7.66 9.31 7.82 

% Bandwidth  166 153 157 161.5 165 

% Size Reduction -------- 73 63 56.7 36 

 

 The comparison between the 

proposed BALUN and other existing 

BALUNs is included in Table 5. In the table, 

the length of the proposed BALUN 

represents the length of the taper line only. 

When a CPS line of length 10 mm is added 

to the curved taper line, the total length of 

the BALUN is extended by 10 mm. It can 

be observed that the proposed structure of 

the BALUN outperforms all the BALUNs 
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in terms of size and % bandwidth, 

excluding the BALUNs given by Bah 

(2016), Lin et al. (2015) and Lee et al. 

(2018). These three BALUNs are smaller 

than the proposed curved BALUN. The 

proposed curved BALUN outperforms the 

BALUN proposed by Lee et al. (2018) in 

terms of % bandwidth. Another advantage 

of the proposed BALUN over these three 

BALUNs is that it does not require vias and 

is simple to manufacture.  

 

Table 5. Performance comparison of proposed BALUN with existing BALUNs 
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GHz 

1.1

–

9.6

5 

0.84

–

8.66 

2.7–

10.4 
0.7–15 

0.72

–

2.05 

0.5–

5 
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10.7 
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6–40 

%B
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15
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165 
118 175 96 164 86 99.3 110 

148 

L 

mm 

13 19 
23.3 25.5 71 34.1 25.8 10.5 

20 13 

Year 
----

--- 

-----

-- 

2006 2016 2013 2013 2010 2015 2012 2018 

fl, lower cut-off frequency; fh, upper cut-off frequency; BW, bandwidth, P, proposed 

 

 

5. CONCLUSION 

 

 The Klopfenstein taper line is 

already a compact line used to transform 

impedance, but the proposed technique can 

be used to reduce this line further. It is 

found that the proposed method reduces the 

size of the BALUN by 56.7% at the cost of 

4.5% reduction in the bandwidth of the 

proposed BALUN as compared to the 

conventional BALUN. The size of the 

BALUN can be reduced to 73% w.r.t. the 

conventional BALUN at the cost of % 

bandwidth. The % bandwidth drops by 13% 

for the maximum reduction of 73% in the 

size of the BALUN. This technique can be 

applied to other existing straight BALUNs, 

and a further reduction in size can be 

achieved. This product can be helpful for 

feeding any balanced antenna without 

occupying much area on the PCB.  
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 Online signature verification is a prominent behavioral biometric trait.  

It offers many dynamic features along with static two dimensional signature 

image. In this paper, the Hybrid Wavelet Transform (HWT) was generated 

using Kronecker product of two orthogonal transform such as DCT, DHT, 

Haar, Hadamard and Kekre. HWT has the ability to analyze the signal at 

global as well as local level like wavelet transform. HWT-1 and -2 was 

applied on the first 128 samples of the pressure parameter and first 16 

samples of the output were used as feature vector for signature verification. 

This feature vector is given to Left to Right HMM classifier to identify  

the genuine and forged signature. For HWT-1, DCT HAAR offers best  

FAR and FRR. For HWT-2, KEKRE 128 offers best FAR and FRR. HWT-1 

offers better performance than HWT-2 in terms of FAR and FRR.  

As the number of states increase, the performance of the system 

improves. For HWT-1, KEKRE 128 offers best performance at 275 symbols 

whereas for HWT-2, best performance is at 475 symbols by KEKRE 128. 

Keywords: 

HMM  

HWT  

Left Right Model  

Online Signature Verification 

Copyright © 2020 Institute of Advanced Engineering and Science.  

All rights reserved. 

Corresponding Author: 

Manoj Chavan,  

Department of Electronics and Telecommunication Engineering, 

Thakur College of Engineering and Technology, 

Thakur Village, Kandivali East Mumbai–400101 Maharashtra, India. 

Email: prof.manoj@gmail.com 

 

 

1. INTRODUCTION  

Handwritten Signatures have been used for centuries for identification and authentication of  

a person as well as documents [1, 2]. In biometrics classification, it is part of behavioral characteristics like 

voice, gait etc. whereas physical characteristics include fingerprint, palm print, face, iris, retina etc. [3]. 

Biometric characteristics are universal, unique and measurable and are better than personal ID cards, PIN or 

passwords [4-6]. Biometric system for signatures can operate in two ways. First Verification, in which  

the individual’s signature will be compared with his stored signature in a database to verify that  

the individual is the same who he says to be. Second Identification, in which the signature will be compared 

with the many signatures in the database to identify an individual out of many unknowns.  

Automating the process of Handwritten Signature Verification will be useful for document 

verification in various sectors such as banking, legal documentation etc. There are two types of Signature 

Verification; offline (static) or online (dynamic). Offline signatures offer two dimensional image of  

the signatures whereas online signatures have added advantage that it also measures pressure applied by  

the user, speed of writing, inclination of pen along with the two dimensional signature image [7]. Dr. Kekre 

proposed Hybrid Wavelet Transform (HWT) which is formed by combining the two orthogonal transforms 

using Kronecker product. It has the ability to analyze the signal at global as well as local level like wavelet 

transform [8]. HWT is of two types and are explained below. Consider matrices X and Y as shown below.  
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X = [

𝑥11 𝑥12
𝑥21 𝑥22

… 𝑥1𝑎
… 𝑥2𝑎… …

𝑥𝑎1 𝑥𝑎2

… …
… 𝑥𝑎𝑎

]        Y = [

𝑦11 𝑦12
𝑦21 𝑦22

… 𝑦1𝑏
… 𝑦2𝑏… …

𝑦𝑏1 𝑦𝑏2

… …
… 𝑦𝑏𝑏

] 

 

HWT-1 matrix ‘TXY’ of size (NxN), as shown in Table 1, can be formed by the Kronecker product 

of two orthogonal transform matrices X and Y respectively, with sizes (a x a) and (b x b), such that N=a x b. 

For HWT–1, first ‘b’ number of rows of the HWT matrix are calculated as the product of each element of 

first row of the orthogonal transform X with each of the columns of the orthogonal transform Y. For next ‘b’ 

number of rows of HWT matrix the second row of the orthogonal transform matrix X is shift rotated after 

being appended with zeros. Similarly the other rows of HWT matrix are generated as set of b rows each time 

for each of the ‘a-1’ rows of orthogonal transform matrix X starting from second row up to last row.  

 

 

Table 1. HWT-1 Matrix 
y11x11 y11x12 … y11x1a y12x11 y12x12 … y12x1a … … y1bx11 y1bx12 … y1bx1a 

y21x11 y21x12 … y21x1a y21x12 y22x12 … y22x1a … … y2bx11 y2bx12 … y2bx1a 

… … … … … … … … … … … … … … 

yb1x11 yb1x12 … yb1x11 yb2x11 yb2x12 ... yb2x1a ... ... yb1x11 yb1x12 ... yb1x12 

x21 x22 … x2a 0 0 … 0 … … 0 0 … 0 

0 0 … 0 x21 x22 … x2a … … 0 0 … 0 

… … … … … … … … … … … … … … 

0 0 … 0 0 0 … 0 … … x21 x22 … x2a 

x31 x32 … x3a 0 0 … 0 … … 0 0 … 0 

0 0 … 0 x31 x32 … x3a … … 0 0 … 0 

… … … … … … … … … … … … … … 

0 0 … 0 0 0 … 0 … … x31 x32 … x3a 

… … … … … … … … … … … … … … 

… … … … … … … … … … … … … … 

xa1 xa2 … xaa 0 0 … 0 … … 0 0 … 0 

0 0 … 0 xa1 xa2 … xaa … … 0 0 … 0 

… … … … … … … … … … … … … … 

0 0 … 0 0 0 … 0 … … xa1 xa2 … xaa 

 

 

HWT-2 matrix of size (NxN) is also formed by the Kronecker product of two orthogonal transform 

matrices X and Y. First N/2 rows of the matrix are formed by product of each element of first a/2 rows of  

the matrix X with each of the columns of the matrix Y. For next ‘b’ number of rows of matrix, the ‘a/2+1’th 

row of the orthogonal transform matrix X is shift rotated after being appended with zeros. Next N/2 rows are 

generated as set of b rows each time for each of the ‘a/2’ rows of orthogonal transform matrix X starting from 

‘a/2+1’th row up to last row.  

HWT offers better performance in image compression than the orthogonal transforms used to 

generate them [9, 10]. HWT is also used for water marking [11] and to convert color image to gray 

image [12]. Various classifiers based on KNN, SVM and NN [13, 14] have been used for verification of 

signatures. In [15], KNN classifier was used with, HWTs of the pressure map of online signatures as feature 

vector. It offered an EER of 30%. In [16], SVM classifer was used with, a kernel function of online signature 

time series, based on LCSSs detection, as a feature vector. It offered an EER of 6.84%. Using SVM in 

conjunction with HMM offered FAR of 1.96% and FRR of 60.43%. In [17], neural network classifier was 

used with, the approximation and detail component of DWT of the pen postion and pen movement angle as 

feature vector. Using all coefficints of DWT, success rate was 100% with trained signature, 90% with 

untrained signatures and FRR of 24%. Using selected 25 coefficients of DWT, success rate was 100% with 

trained signature, 95% with untrained signatures and FAR of 8%. 

In this paper, we propose a method for online signature verification using Hybrid Wavelet Transform and 

Hidden Markov Model classifier. The proposed method is shown in Figure 1. We have used SVC2004 

database which is a large database containing signatures from 40 individuals. It has total of 1,600 signatures, 

obtained using a Wacom Intuos tablet. It consists of 20 genuine and 20 forgery signatures collected for each 

person. Genuine signatures are collected in two different sessions. Forgeries for each person are provided by 

at least four other individuals from the database. The performance results of various signature verification 

systems that participated in the SVC2004 competition is available. The best performance for 40 available 

users is average EER 6.90% with standard deviation of 9.45%, minimum value of 0.00 and maximum value 

of 50.00%. The best performance for 60 other users is average EER 2.89% with standard deviation of 5.69%, 

minimum value of 0.00 and maximum value of 30.00% [18]. Every signature sample consist of 

X-coordinate-scaled cursor position along the x-axis, Y-coordinate-scaled cursor position along the y-axis, 
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Time stamp-system time at the time of signing, Button status-current button status (0 for pen-up and 1 for 

pen-down), Azimuth-clockwise rotation of cursor about the z-axis, Altitude-angle upward toward the +ve 

z-axis, Pressure-normal pressure applied by hand. Pressure applied by the tip of the pen on the pressure 

sensitive pad is used for generating the feature vector. We have used Discrete Cosine transform (DCT), 

Discrete Hartley transform (DHT), Discrete Walsh transform (DWT) and Discrete Kekre transform (DKT) to 

form the HWT-1 and HWT-2 matrix. The output of HWT is given to HMM for classification.  

 

 

 
 

Figure 1. Proposed System 

 

 

2. RESEARCH METHOD 

Signature database of 1600 signatures, provided by The First International Signature Verification 

Competition (SVC 2004) is used. It has signatures of 40 users. Every user has 40 signatures, out of which, 

20 are genuine and 20 are skilled forgeries. The first 128 samples of every signature is used to find HWT.  

The signatures, having samples less than 128, will be padded with zeroes. The first 16 samples of the HWT 

output are used as feature vector. Discrete Cosine transform (DCT), Discrete Hartley transform (DHT), 

Discrete Walsh transform (DWT) and Discrete Kekre transform (DKT) are used to form the HWT [19, 20]. 

There are many topologies of HMM such as Left to Right, Ergodic and Ring. Left to Right topology as 

shown in Figure 2, is found to be best suited for the Signature modelling [21, 22]. 

 

 

 
 

Figure 2. Left to Right HMM model 

 

 

HMM is represented by the transition probability matrix (A), Observation matrix (B) and initial 

probability distribution matrix (π). [23, 24] Consider a system which is in a distinct state (S1, S2, ..., SN) at 

any point of time. In this experiment the number of states (N) of the model are varied from 2 to 5. 

As the number of states increase, the time needed for training increases. The number of observations (M) 

corresponding to each state are varied from 200 to 750 in the increments of 25. The output of HWT is 

a matrix of dimension [1×128]. The matrix elements from 1 to 16 are chosen as a feature vector. Feature 

vectors are scaled into M number of observations. 

Initial Probability Distribution (π): πi = P (q1= Si); 1 ≤ i ≤ N. We assume the initial probability of  

the first state is 1 and the others are 0 which implies that in the beginning HMM is always in state 1. State 

transition probability (aij): aij = P (St=j / St-1= i). For the left-to-right HMM, aij=0 when i>j. we are using  

the HMM of first order so that aij=0 when j>i+1. Initially, the state transition matrix is generated using  

the random numbers such that ∑ aij𝑁
𝑗=1  = 1; 1 ≤ i ≤ N. Observation probability (bj): bj(k) = P (Vk at t / qt = Sj);  

1 ≤ j ≤ N; 1 ≤ k ≤ M; the probability of generating a symbol Vk in state j.  

Statistics and machine learning toolbox of the MATLAB 13 was used for implementation of HMM. 

Initially a randomly generated transition probability Matrix (A) is generated using MATLAB. We assume 

observation probability matrix (B) to have equal probability for every symbols and HMM to be in state 1. 

HMM is trained using the function ‘hmmtrain’ for 3 to 20 genuine training signature samples, number of 

states from 2 to 5 and symbols from 200 to 750. After HMM is trained, it is used to test 20 genuine and 20 

forged signatures of 40 users. 
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3. RESULTS AND DISCUSSION  

Performance of the system will be measured on the basis of False Rejection Ratio (FRR) and False 

Acceptance Ratio (FAR). FRR refers to false rejection of genuine signature and FAR refers to false 

acceptance of forged signature [25]. FRR is computed as ratio of the number of signatures detected as forged 

to the total number of genuine signatures tested. FAR is computed as ratio of the number of signatures 

detected as genuine to the total forged signatures tested. Testing has been carried out for 40 users and then 

the average FRR and FAR are calculated. In FRR-FAR plot shown in Figure 3, the point where two graphs 

cross each other is referred as Equal Error Rate (EER). At this point the value of FRR and FAR is minimum. 

The results obtained by the first 1–16 samples of HWT-1 and 2 for DCT, DHT, HAAR, HADAMARD and 

KEKRE combinations is shown in the Tables 2-4.  

 

 

 
 

Figure 3. FRR – FAR plot 

 

 

The comparison of HWT-1 and 2 for 1–16 bit for DCT combinations is shown in the Tables 2-4. 

- Best FRR–FAR: FRR–FAR should be as low as possible. For HWT-1, DCT HAAR offers best 

performance with FRR & FAR of 0 %. For HWT-2, DCT KEKRE offers best performance with FRR & 

FAR of 9%. The performance offered by DCT HAAR HWT for HWT-1 is better than HWT-2. 

The performance offered by DCT combinations for HWT-1 is better than HWT-2. For HWT-1, 

the performance offered by DCT combinations except DCT DHT is better than Orthogonal DCT 

transform. For HWT–2, only DCT KEKRE offers better performance than DCT combinations than 

Orthogonal DCT transform. 

- Best Number of Training Samples: The number of training samples should be as low as possible. 

For HWT–1, DCT DHT offers best performance of 12 compared to 15 training samples for Orthogonal 

DCT transform. For HWT–2, Orthogonal DCT transform offers best performance of 4 training samples 

compared to all combinations of DCT HWT. The performance offered by DCT combinations for HWT-2 

is better than HWT-1.  

- Best state wise FRR–FAR: FRR–FAR should be as low as possible for the given state from 2 to 5. 

For HWT-1, DCT HAAR offers best performance for 2, 4 and 5 states, DCT KEKRE for state 3 and DCT 

HAAR for state 5 compared to orthogonal DCT transform. For HWT-2, DCT KEKRE offers best 

performance for 2 to 5 states compared to orthogonal DCT transform. The performance offered by DCT 

combinations for HWT-1 is better than HWT-2. 

- Best Number of Symbol: It should be as low as possible. Testing was carried out for number of symbols 

from 200 to 750. It evident that the best performance in terms of FRR–FAR, AAR–ARR, EER is offered 

by 275-325 symbols for HWT-1 and 450–500 symbol for HWT-2. The performance offered by DCT 

combinations for HWT-1 is better than HWT-2. 

The comparison of HWT-1 and 2 for 1–16 bit for DHT combinations is shown in the Table 2-4. 

- Best Number of Training Samples: For HWT-1, DHT KEKRE offers best performance with FRR & FAR 

of 5 %. For HWT-2, DHT KEKRE offers best performance with FRR 13% & FAR of 19%.  

The performance offered by DHT KEKRE HWT for HWT-1 is better than HWT-2. The performance 

offered by DHT combinations for HWT-1 is better than HWT-2. For HWT–1, the performance offered by 

DHT DCT, DHT KEKRE is better than Orthogonal DHT transform. For HWT–2, only DHT KEKRE 

offers better performance than Orthogonal DHT transform. 
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- Best Number of Training Samples: For HWT–1, DHT HADAMARD offers best performance of 10 

training samples compared to 13 training samples for Orthogonal DHT transform. For HWT–2, DHT 

HADAMARD offers best performance of 5 training samples compared to 7 training samples for 

Orthogonal DHT transform. DHT combinations offer better performance for HWT-2 than HWT - 1.  

- Best state wise FRR–FAR: For HWT-1, DHT KEKRE offers best performance for 2, 3 and 4 states and 

DHT DCT for state 5 compared to orthogonal DHT transform. For HWT-2, DHT KEKRE offers best 

performance for 2 to 5 states compared to orthogonal DHT transform. DHT combinations offer better 

performance for HWT-1 than HWT-2.  

- Best Number of Symbol: Testing was carried out for number of symbols from 200 to 750.  

It evident that the best performance in terms of FRR–FAR, AAR–ARR, EER is offered by 275 symbols 

for HWT-1 and 450–500 symbols for HWT-2. DHT combinations offers better performance for HWT-1 

than HWT-2. 

The comparison of HWT-1 and 2 for 1–16 bit for HAAR combinations is shown in the Tables 2-4. 

- Best FRR–FAR:For HWT-1, HAAR DCT and HAAR KEKRE offers best performance with FRR & FAR 

of 0 %. For HWT-2, HAAR KEKRE offers best performance with FRR 11% & FAR of 12%.  

The performance offered by HAAR DCT and HAAR KEKRE HWT for HWT-1 is better than HWT-2.  

The performance offered by HAAR combinations for HWT-1 is better than HWT-2. For HWT–1,  

the performance offered by all combinations of HAAR is better than Orthogonal HAAR transform.  

For HWT–2, HAAR DHT and HAAR KEKRE offers better performance than Orthogonal HAAR 

transform. 

- Best Number of Training Samples: For HWT–1, HAAR DHT offers best performance of 12 training 

samples with FRR, FAR of 15%, 15% respectively compared to 13 training samples with FRR, FAR of 

10%, 30% respectively for Orthogonal DHT transform. For HWT–2, HAAR HADAMARD offers best 

performance of 5 training samples compared to 6 training samples for Orthogonal HAAR transform. 

HAAR combinations offer better performance for HWT-2 than HWT-1.  

- Best state wise FRR–FAR: For HWT-1, HAAR KEKRE offers best performance for 2 to 5 states. HAAR 

DCT offers best performance for state 5 compared to orthogonal HAAR transform. For HWT-2, HAAR 

KEKRE offers best performance for 2 to 5 states compared to orthogonal HAAR transform. HAAR 

combinations offer better performance for HWT-1 than HWT-2.  

- Best Number of Symbol: Testing was carried out for number of symbols from 200 to 750.  

It evident that the best performance in terms of FRR–FAR, AAR–ARR, EER is offered by 275 symbols for 

HWT-1 and 450–500 symbols for HWT-2. HAAR combinations offer better performance for HWT-1 

than HWT-2.  

The comparison of HWT-1 and 2 for 1–16 bit for HADAMARD combinations is shown in 

the Table 2-4. 

- Best FRR–FAR: For HWT-1, HADAMARD KEKRE offers best performance with FRR & FAR of 0%. 

For HWT-2, HADAMARD KEKRE offers best performance with FRR 25% & FAR of 22%. 

The performance offered by HADAMARD KEKRE HWT for HWT-1 is better than HWT-2.  

The performance offered by HADAMARD combinations for HWT-1 is better than HWT-2. For HWT–1,  

the performance offered by all combinations of HADAMARD except HADAMARD DCT is better than 

Orthogonal HADAMARD transform. For HWT–2, the performance offered by all combinations of 

HADAMARD is better than Orthogonal HADAMARD transform 

- Best Number of Training Samples: For HWT–1, Orthogonal HADAMARD transform offers best 

performance of 8 training samples compared to all combinations of HADAMARD HWT. For HWT–2, 

Orthogonal HADAMARD transform offers best performance of 5 training samples compared to all 

combinations of HADAMARD HWT. HADAMARD combinations offer better performance for HWT-2 

than HWT-1.  

- Best state wise FRR–FAR: For HWT-1, HADAMARD KEKRE offers best performance for 2 and 

5 states. HADAMARD DHT offers best performance for state 4 and 5 compared to orthogonal 

HADAMARD transform. For HWT-2, HADAMARD KEKRE offers best performance for 2 to 5 states 

compared to orthogonal HADAMARD transform. HADAMARD combinations offer better performance 

for HWT-1 than HWT-2.  

- Best Number of Symbol :Testing was carried out for number of symbols from 200 to 750. It evident that 

the best performance in terms of FRR–FAR, AAR–ARR, EER is offered by 275-300 symbols for HWT-1 

and 500 symbols for HWT-2. HADAMARD combinations offer better performance for HWT-1 than 

HWT-2.  
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The comparison of HWT-1 and 2 for 1–16 bit for KEKRE combinations is shown in the Tables 2-4. 

- Best FRR–FAR: For HWT-1, KEKRE DCT, KEKRE HAAR and KEKRE128 offers best performance 

with FRR & FAR of 0 %. For HWT-2, KEKRE 128 offers best performance with FRR 5% & FAR of 

2%. The performance offered by KEKRE DCT, KEKRE HAAR and KEKRE128 HWT for HWT-1 is 

better than HWT-2. The performance offered by KEKRE combinations for HWT-1 is better than HWT-2. 

For HWT–1, the performance offered by KEKRE 128 is better than all combinations of KEKRE HWT. 

For HWT–2, the performance offered by KEKRE 128 is better than all combinations of KEKRE HWT. 

- Best Number of Training Samples: For HWT–1, KEKRE DHT offers best performance of 11 training 

samples compared to 20 training samples for Orthogonal KEKRE transform. For HWT–2, KEKRE 

HADAMARD offers best performance of 6 training samples compared to 16 training samples for 

Orthogonal KEKRE transform. KEKRE combinations offer better performance for HWT-2 is better than 

HWT-1. 

- Best state wise FRR–FAR: For HWT-1, KEKRE 128 offers best performance for 2 TO 5 states compared 

to combinations of KEKRE HWT. For HWT-2, KEKRE 128 offers best performance for 2 TO 5 states 

compared to combinations of KEKRE HWT. KEKRE combinations offer better performance for HWT-1 

is better than HWT-2. 

- Best Number of Symbol: Testing was carried out for number of symbols from 200 to 750. It evident that 

the best performance in terms of FRR–FAR, AAR–ARR, EER is offered by 275 symbols for HWT-1 and 

450-500 symbols for HWT-2. KEKRE combinations offer better performance for HWT-1 is better than 

HWT-2. 

 

 

Table 2. Best FRR FAR for HWT-1 and 2 
HWT–1 HWT-2 

Combinations States Symbols 
Training 

sanples 
FRR FAR Combinations States Symbols 

Training 

sanples 
FRR FAR 

DCT 128 2 300 16 5 10 DCT 128 5 475 11 27 32 

DCT DHT 3 300 13 10 10 DCT DHT 5 400 10 31 34 

DCT Haar 5 325 18 0 0 DCT Haar 4 425 9 30 33 

DCT 

Hadamard 
5 300 17 0 5 

DCT 

Hadamard 
5 400 10 30 42 

DCT Kekre 3 300 17 5 5 DCT Kekre 5 500 18 9 9 

DHT 128 4 350 15 5 10 DHT 128 5 500 12 24 30 

DHT DCT 5 275 18 5 5 DHT DCT 4 500 9 31 37 

DHT Haar 5 275 17 5 10 DHT Haar 5 500 10 29 37 

DHT 

Hadamard 
4 300 14 10 15 

DHT 

Hadamard 
5 500 11 31 28 

DHT Kekre 4 275 20 0 5 DHT Kekre 5 475 16 13 19 

Haar 128 2 275 13 10 30 Haar 128 5 475 13 24 28 

Haar DCT 5 275 20 0 0 Haar DCT 5 500 11 31 24 

Haar DHT 5 300 15 5 15 Haar DHT 5 450 11 26 21 

Haar 

Hadamard 
2 300 14 5 10 

Haar 

Hadamard 
5 425 10 30 33 

Haar Kekre 3 275 19 0 0 Haar Kekre 5 500 17 11 12 

Hadamard 

128 
5 350 14 5 15 

Hadamard 

128 
5 475 9 32 32 

Hadamard 

DCT 
5 300 17 10 10 

Hadamard 

DCT 
5 500 12 27 26 

Hadamard 

DHT 
4 300 14 5 5 

Hadamard 

DHT 
5 500 10 29 29 

Hadamard 

Haar 
4 275 16 5 5 

Hadamard 

Haar 
4 500 10 31 30 

Hadamard 

Kekre 
5 275 20 0 0 

Hadamard 

Kekre 
5 500 14 25 22 

Kekre 128 2 275 20 0 0 Kekre 128 4 475 19 5 2 

Kekre DCT 5 275 20 0 0 Kekre DCT 5 500 13 27 27 

Kekre DHT 5 275 18 5 5 Kekre DHT 4 350 8 30 36 

Kekre Haar 2 525 20 0 0 Kekre Haar 5 500 14 21 21 

Kekre 

Hadamard 
2 550 19 100 0 

Kekre 

Hadamard 
5 500 13 23 21 
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Table 3. Best No. of training samples for HWT-1 and 2 
HWT-1 HWT-2 

Combinations States Symbols 
Training 

sanples 
FRR FAR Combinations States Symbols 

Training 

sanples 
FRR FAR 

DCT 128 3 300 15 15 15 DCT 128 2 275 4 35 63 

DCT DHT 2 300 12 15 25 DCT DHT 3 325 7 33 50 

DCT Haar 3 300 13 5 20 DCT Haar 3 375 6 33 47 

DCT 

Hadamard 
2 275 12 30 30 

DCT 

Hadamard 
4 325 6 30 51 

DCT Kekre 3 300 17 5 5 DCT Kekre 2 450 11 22 30 

DHT 128 2 350 13 10 20 DHT 128 2 375 7 32 40 

DHT DCT 4 275 15 5 10 DHT DCT 2 500 8 33 43 

DHT Haar 2 275 13 20 20 DHT Haar 2 350 6 34 46 

DHT 

Hadamard 
2 300 10 20 25 Dht Hadamard 4 275 5 29 52 

DHT Kekre 2 275 19 5 5 DHT Kekre 2 475 12 23 27 

Haar 128 2 275 13 10 30 Haar 128 2 325 6 32 57 

Haar DCT 2 275 13 15 0 Haar DCT 4 350 7 32 52 

Haar DHT 3 275 12 15 15 Haar DHT 2 375 6 37 49 

Haar 

Hadamard 
3 275 13 10 20 

Haar 

Hadamard 
3 275 5 32 57 

Haar Kekre 3 275 19 0 0 Haar Kekre 3 400 12 20 33 

Hadamard 128 2 275 8 35 30 Hadamard 128 2 475 5 38 52 

Hadamard 

DCT 
2 275 11 20 15 

Hadamard 

DCT 
2 375 6 30 45 

Hadamard 

DHT 
2 275 11 15 20 

Hadamard 

DHT 
3 300 6 31 49 

Hadamard 

Haar 
2 275 14 5 15 

Hadamard 

Haar 
2 425 8 34 37 

Hadamard 

Kekre 
2 275 18 10 10 

Hadamard 

Kekre 
2 500 11 34 31 

Kekre 128 2 275 20 0 0 Kekre 128 2 450 16 11 16 

Kekre DCT 2 275 13 10 15 Kekre DCT 2 425 9 31 37 

Kekre DHT 2 275 11 15 25 Kekre DHT 4 350 8 30 36 

Kekre Haar 2 525 20 0 0 Kekre Haar 2 500 10 33 38 

Kekre 

Hadamard 
2 550 19 100 0 

Kekre 

Hadamard 
2 375 6 34 49 

 

 

Table 4. Best Statewise FRR FAR for HWT-1 and 2 
HWT-1 HWT-2 

Combinations States Symbols 
Training 

sanples 
FRR FAR Combinations States Symbols 

Training 

sanples 
FRR FAR 

DCT Haar 2 300 14 5 10 DCT Kekre 2 450 11 22 30 

DCT Kekre 3 300 17 5 5 DCT Kekre 3 450 13 19 20 

DCT Haar 4 275 15 10 10 DCT Kekre 4 450 15 17 18 

DCT Haar 5 325 18 0 0 DCT Kekre 5 500 18 9 9 

DHT Kekre 2 275 19 5 5 DHT Kekre 2 475 12 23 27 

DHT Kekre 3 275 19 5 5 DHT Kekre 3 500 13 22 20 

DHT Kekre 4 275 20 0 5 DHT Kekre 4 450 15 15 14 

DHT DCT 5 275 18 5 5 DHT Kekre 5 475 16 13 19 

Haar Kekre 2 275 19 5 5 Haar Kekre 2 450 12 21 35 

Haar Kekre 3 275 19 0 0 Haar Kekre 3 400 12 20 33 

Haar Kekre 4 275 20 0 5 Haar Kekre 4 475 16 14 22 

Haar Kekre 5 275 20 0 0 Haar Kekre 5 500 17 11 12 

Hadamard 

Kekre 
2 275 18 10 10 

Hadamard 

Kekre 
2 500 11 34 31 

Hadamard 

DHT 
3 275 12 10 10 

Hadamard 

Kekre 
3 500 15 16 44 

Hadamard 

DHT 
4 300 14 5 5 

Hadamard 

Kekre 
4 500 13 25 27 

Hadamard 

Kekre 
5 275 20 0 0 

Hadamard 

Kekre 
5 500 14 25 22 

Kekre 128 2 275 20 0 0 Kekre 128 2 450 16 11 16 

Kekre 128 3 275 20 0 0 Kekre 128 3 500 17 10 11 

Kekre 128 4 275 20 0 0 Kekre 128 4 475 19 5 2 

Kekre 128 5 275 20 0 0 Kekre 128 5 475 19 5 2 
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From Tables 2-4, we get following important results. 

- FRR–FAR: For HWT-1, DCT HAAR offers best performance with FRR and FAR of 0 %. For HWT-2, 

KEKRE 128 offers best performance of FRR 5 % and FAR 2 %. HWT-1 offers better performance than 

HWT-2. 

- Number of training samples: For HWT–1, Orthogonal HADAMARD transform offers best performance 

of 8 training. For HWT–2, Orthogonal DCT transform offers best performance of 4 training samples. 

HWT-2 offers better performance than HWT-1. 

- State wise FRR–FAR: For HWT-1, KEKRE 128 offers best performance for 2 to 5 states. For HWT-2, 

KEKRE 128 offers best performance for 2 to 5 states. HWT-1 offers better performance than HWT-2. 

As the number of states increase, the performance of the system improves. HWT-1 found to offer better 

performance for 3 to 5 states and HWT-2 for 5 states. 

- Number of Symbol: For HWT-1, KEKRE 128 offers best performance at 275 symbols whereas for 

HWT-2, best performance is at 475 symbols by KEKRE 128. 

The proposed system is compared with existing systems in Table 5. The proposed system offers better 

performance than the existing sytems. 

 

 

Table 5. Comparision of proposed system with existing systems 
Paper FAR (%) FRR (%) 

[13] 30 30 

[14] 1.96 60.93 

[15] 0 8 

Proposed system 0 0 

 

 

4. CONCLUSION  

In the proposed system for online signature verification with pressure as feature vector, HWT-1 

offers better performance than HWT-2 for various combinations of DCT, DHT, Haar and Hadamard 

orthogonal transform. But Kekre transform offers better performance than its various combination of HWT-1 

and HWT-2. Comparing KNN, SVM and NN classifier with various dynamic parameters as feature vector, 

HMM offers better performance. This findings show that the HWT with HMM has been a feasible method 

for feature vector extracton of online signature vector based biometric systems. 
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Abstract—In this paper, a loop antenna loaded with coplanar 

strip (CPS) line is proposed as a multiband antenna. The CPS 

line is added with two switches to vary the antenna perimeter to 

cover seven different bands. The CPS line introduced into the 

loop is not only useful in reconfiguring antenna dimensions but 

also provides stationary radiation patterns for the all the covered 

bands. The proposed antenna works in single and dual-band 

modes. When the proposed antenna works as a single band 

antenna, it produces a band from 4.2GHz to 5.7GHz. Under dual-

band operation, it produces bands from 3.75GHz to 4.7GHz and 

from 6.4GHz to 7.8GHz. The other dual-band mode ranges from 

3.5GHz to 3.8GHz and from 5.58GHz to 7.4 GHz. The simulated 

and measured results are in good agreement and the proposed 

antenna can be used satisfactorily for W-LAN and WiMax 

applications. The proposed technique can also be used for size 

reduction of loop antennas. 

Keywords-coplanar stripline; loop antenna; multiband; 

wideband; wavelength 

I. INTRODUCTION 

UWB band allocation ranges from 3.1GHz to 10.6GHz. 
There are 12 different bands, each 528MHz wide [1]. The 
center frequency of each band from [1] is used as reference 
below. The electrical behavior of the wire loop antenna is 
examined in [2]. For a fixed radius of the loop, the impedance 
of the antenna depends on the wire thickness. The relation 
between the wire thickness and loop radius is referred to as 
thickness factor (Ω). The thickness factor is defined in (1): 

Ω = 2ln	(2�	 
⁄ )    (1) 

where Ω is the thickness factor, 	 is the radius of the loop in 
meters and 
 is the wire radius in meters, used to construct the 
loop antenna. The impedance variation of the loop as a function 
of the thickness factor and the loop circumference can also be 
seen in [2]. As the thickness factor decreases, antenna 
impedance also decreases. Therefore by varying thickness of 
the loop antenna, the impedance of the antenna can be varied 
easily. The loop antenna is categorized as thin or thick loop. 
The thin antenna has Ω>9 and resonates at more than one 
frequencies [2]. The thick antenna is capacitive in nature with 
the advantage of almost uniform resistance. The loop antenna is 
also categorized as small or large loop antenna. When the 
circumference of the loop is equal to or larger than the 

operating wavelength, the loop is called a large loop and small 
otherwise. In general, the small loop antenna has a 
circumference less than λ/10, where λ is the wavelength at 
which the antenna is designed. The small loop is a poor radiator 
while the large loop antenna is a good radiator as shown in [2]. 
The loop antenna resonates at a wavelength equal to the 
circumference of the loop. The circumference of the loop is 
calculated using (2) and (3): 

 = 2�	 = �     (2) 

� = � �⁄      (3) 

where C is the circumference of the loop antenna (m), r is the 
radius of the loop (m), �  is the speed of light in free space 
(m/s), � is the design frequency of the loop (Hz).  

A multiband antenna should operate at different frequencies 
with stable radiation patterns. Since a thin and large loop 
antenna resonates at different frequencies [2], it can be used to 
operate at different frequencies. It is observed that the pattern at 
a smaller wavelength is different from the pattern at a larger 
wavelength for the specified band of operation. This happens 
due to the variation in the current distribution along the loop 
due to variation in the operating wavelength. A thin loop with 
Ω=12 resonates at C/λ=1.1 i.e. C=1.1λ or C=2.2λ. The second 
resonant wavelength is twice the first. Therefore we can design 
a loop to have the two desired bands using (2). But this 
technique suffers from poor stability in radiation patterns. 
Figure 1 explains this very well. A simple wire loop whose 
circumference is C=λ radiates normal to its plane as shown in 
Figure 1(a). When the same loop is excited at a wavelength 
double to that of the previous case, then the pattern does not 
remain the same (Figure 1(b)). The radiation pattern at 2λ is too 
random. Such an antenna cannot be claimed as a multiband 
antenna. A simple solution to this problem is that the 
circumference of the loop should vary in accordance with the 
desired wavelength. This arrangement will keep the 
circumference C=λ or near to λ.  

II. RESEARCH METHOD 

Since mechanical changes in the entire structure of the 
antenna are not possible to hold C=λ true for different 
wavelengths, the loop structure in Figure 2 is proposed. The 
proposed loop is square in shape and a coplanar strip (CPS) 
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line is added to it. The CPS line is added with multiple 
electronic switches that can be turned ON and OFF to change 
CPS line length. The change in the CPS line length finally 
changes the overall circumference of the loop. 

 

 
(a) 

 
(b) 

Fig. 1.  The loop antenna showing radiation patterns at (a) λ, (b) 2λ. 

 
Fig. 2.  Proposed loop antenna with CPS line along with the arrangement 

of switches. 

The total length of the loop is 4×L, L representing the arm 
length of the loop. When switch 1 is closed and the others are 
open, the length of the loop is 4×L+2d, where d is the length of 
the CPS line. Therefore, the loop length can be varied from 
4×L to 4×L+2d. The loop length can be varied in small steps if 
the switches are placed close to each other. It is known that the 
transmission line only carries electrical energy from one point 
to another but does not radiate significantly. Therefore the four 
sides of the loop are the only radiating components of the 
proposed structure. The role of the CPS line is to only vary the 
overall length of the structure and eventually the generation of 
multiple bands. This structure ensures that the current 
distribution along the radiating portion will remain the same, 
therefore uniform radiation pattern is expected. A square loop 
of 16mm outer length and 0.7mm and 1mm width is simulated 
using CST Studio software in order to know the availability of 
possible bands with the corresponding antenna impedance as 
shown in Figure 3. It can be observed in Figure 4 that the 
antenna behaves differently for the two widths. There can be 
two bands available only after proper impedance matching. The 
larger width ensures larger bands since the antenna impedance 
is uniform. It can be observed in Figure 5 that the width of the 
loop antenna affects its impedance. When antenna width is 

0.7mm, the loop resonates at 4.55GHz. The resistance at this 
frequency is about 125Ω. The resistance drops to about 96Ω 
for 1mm width. The loop with 1mm width shows minimum 
reactance at 5.1GHz and the resistance at this frequency is 
about 176Ω. The loop resistance is more than 270Ω for the 
same frequency when the width is 0.7mm. The antenna 
impedance for these frequencies is larger than the reference 
impedance of 50Ω, therefore there is poor reflection coefficient 
at these frequencies (Figure 4). Since the magnitude of the 
reflection coefficient is more than -8dB at the lower frequency, 
the band availability cannot be ignored. Another possible 
location for the availability of the band is at 7.6GHz and 
7.9GHz for a loop with width 0.7mm and 1mm respectively. 
The reactance is larger at these frequencies. The loop with 
1mm width has less variation in reactance than the loop with 
0.7mm width.  

 

 
Fig. 3.  Proposed loop antenna with CPS line along with the arrangement 

of switches. 

 
Fig. 4.  Frequency v/s reflection coefficient of the loop antenna for 

different widths. 

 

Fig. 5.  Loop impedance as a function of width and frequency. 

In order to solve the impedance mismatch problem, a 
printed BALUN transformer can be used to feed the antenna. 
The inclusion of the BALUN increases antenna size and if 
possible should be avoided. Here, we are providing a simple 
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solution to bring antenna impedance down to the reference 
impedance of 50Ω. Above, it was demonstrated that the loop 
impedance can be varied by varying the loop width. Therefore, 
instead of having a uniform width the loop can be made to have 
non uniform width. The proposed loop antenna contains non 
uniform width which changes gradually from 1mm to 1.5mm 
and then to 2mm towards feed end. Since there is no standard 
technique to introduce nonlinearity in the loop antenna, the 
dimension for the different arms of the loop is chosen only 
after multiple simulations. The different dimensions are given 
to the loop for reducing antenna impedance so that the loop can 
be directly fed with a 50Ω source. The dimensional information 
of the loop is shown in Figure 6. The feed is connected to the 
broader width of the antenna since it offers low impedance 
while the narrow width offers high impedance. Here the 
broader width helps converting loop antenna to a thick antenna 
which has low resistance with high capacitive reactance. The 
narrow dimension of the loop is present at the opposite of the 
feed and is 1mm wide. The narrow dimension of the loop 
converts the loop to a thin antenna which has high resistance 
and inductive and capacitive reactance. Therefore this 
combination brings overall antenna impedance to a uniform 
level. Finally, a folded coplanar strip line (CSP) feed is added 
to the loop. The folded CPS feed not only helps in lowering 
antenna impedance to 50Ω but also it saves the onboard space 
as most of the part of the folded CPS is within the loop area as 
shown in [1]. The proposed feed can be useful in feeding the 
antenna directly with a coaxial feed. The dimensional details of 
the folded CPS line are shown in Figure 7.  

 

 

Fig. 6.  The proposed loop with dimensional details. 

 
Fig. 7.  The dimensional details of the feed. 

The CPS line not only plays important role in the 
transformation of impedance but also converts an unbalanced 
coaxial cable to balanced feed [3]. The proposed loop is added 
with additional CPS line of 10mm length exactly opposite to 
the feed as shown in Figure 6. Therefore the inclusion of the 
CPS line can increase the length of the loop by 20mm. The 
CPS length can be increased or decreased by turning ON and 

OFF the switches and the overall length of the loop can be 
varied to obtain different frequencies. 

III. LOOP RESPONSE ANALYSIS 

In this section, the proposed reconfigurable loop is analyzed 
for different switching conditions of the switches along CSP 
line. The ON state of the switch is realized by the short circuit 
and the OFF state by the open circuit. The switch is operated 
from the left of the CPS line towards the thin arm of the loop 
and the response of the loop is tabulated in Table I. It can be 
observed from Table I that there are two distinct modes of 
antenna operation: single and dual band modes. The antenna 
works as dual band antenna when the switch at locations 0mm 
and 3mm is ON from the left end of the CPS line. The bands 
covered are Band-6, Band-7, and Band-2, Band-8 respectively. 
Only one switch is ON at a time while the others are OFF.  

TABLE I.  BANDS GENERATED UNDER SWITCH ON STATE 

Mode 
Switch 

Location 

f1-f2 10dB BW 

(GHz) 

Available 

band [1] 

Center frequency 

(GHz) 

% Band-

width 

A 0mm 
3.5-3.8 No Band 3.65 8.2 

5.6-6.85 Band-6, 7 6.23 20 

B 3mm 
3.7-4.5 Band-2 4.1 19.5 

6.8-7.43 Band-8 7.12 9 

C 8mm 4.17-5.9 Band-3, 4, 5 5 34.4 

D All Off 4.2-5.75 Band-3, 4, 5 4.975 31.2 

A, B = dual band and C, D = single band, f1 and f2 are the lower and upper cut –off frequency 
respectively. The switch location is measured from the left of the CPS line shown in Figure 6. 

 

It can be observed in Table I that when the switch at 8mm 
(near to the thin arm of the loop), is ON, the loop generates a 
wider band from 4.17GHz to 5.9GHz. The loop produces 
Band-3, Band-4 and Band-5 for this particular position of the 
switch. The loop generates the same bandwidth when all the 
switches present along the CPS line are OFF. Therefore to get 
the maximum number of bands at the minimum expense of 
switches, switch at location 8mm can be discarded. If we 
operate the switch at 0mm, and 3mm, we can easily get 7 
different bands. It is also observed that the loop antenna 
generates larger bandwidth when it is operated under single 
mode (mode C and mode D). The maximum % bandwidth 
under C mode is 34.4%. It is also important to note that under 
C mode, CPS line is almost completely removed from the loop 
as the switch is closed. The lowest frequency observed under 
this mode of operation is 4.17GHz. When the switch at 0mm is 
ON, complete CPS line is added in series with the loop. The 
lowest frequency under this mode, i.e. mode A, is 3.5GHz. 
Since the area occupied by the proposed antenna is the same 
for the two frequencies, this technique can also be used to 
reduce antenna size. The different bands under the influence of 
the operating switches are shown in Figure 8, which gives a 
good idea of how well the proposed technique covers a wider 
band from 3.5GHz to 7.43GHz. In order to check the stability 
of the radiation pattern for claiming multiband operation, the 
radiation pattern at the center frequency of each band listed in 
Table I is analyzed. The radiation patterns are orthogonal to the 
plane of the loop and are shown in Figures 9(a) and 9(b). The 
patterns are plotted at the center frequencies of each obtained 
band listed in Table I. The plane of the proposed loop is 
aligned with X-Y plane for all radiation patterns. An antenna 
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having such a stable radiation pattern for different frequencies 
must have a uniform current distribution. 

 

 

Fig. 8.  The reflection coefficient v/s frequency for different switches. 

 
(a) 

 
(b) 

Fig. 9.  The simulated radiation patterns at the center frequency of the 

bands listed in Table I. 

In order to verify this relation, current distribution for all 
the plotted radiation patterns is reproduced and analyzed in 
Figure 10. The current distribution in the proposed antenna can 
be divided into two parts: a) Current in vertical arms, parallel to 
Y-axis and b) Current in horizontal arms, parallel to X-axis. 
The variation in the magnitude of current along the antenna is 
shown with a dashed line and the direction of current is shown 
with a continuous line (Figure 12(a)-(b)). It can be observed 
that the current distribution along Y-arms is in phase, while out 
of phase along X-arms. X-arms radiations are mutually 
canceled. On the other hand, the current from Y-arms 
contributes to radiation. The inclusion of the CPS line is 
completely justified here.as it only helps in reconfiguring the 

antenna dimension and keeps the current distribution uniform 
along the loop for all the frequencies. A comparison of the 
proposed loop is done with other recent existing reconfigurable 
antennas. The summary of the comparison is shown in Table II. 

 

 
 

(a) (b) 

Fig. 10.  The current distribution along the loop for different center 

frequencies. (a) f=3.9GHz, (b) f=7.1GHz 

TABLE II.  PROPOSED ANTENNA COMPARATIVE ANALYSIS 

Reference Bands Frequency (GHz) 
Number of 

switches 

Number of 

antennas 

[4] 2 1.8, 2.4 8 1 

[5] 2 8.2, 10.4 
1, MEM 

capacitor 
1 

[6] 2 15.95, 17.1 
1, MEM 
capacitor 

1 

[7] 2 2.4, 5.8 Motor 2 

[8] 
3 1.58, 2.38 2 1 

5 1.51, 2.28 4 1 

[9] 5 2.16-9 4 1 

[10] 3 2.4, 3.5, 5.2 6 1 

[11] 4 2.45, 3.49, 5.13, 5.81 2 1 

Proposed 7 3.9-7.4 2 1 
 

The antenna given in [4] generates two distinct bands 
centered at 1.8GHz and 2.4GHz. These two bands are 
generated using eight different switches. The antennas 
proposed in [5, 6] are multiband antennas generating two bands 
at 8.2GHz, 10.4GHz and 15.95GHz, 17.1GHz respectively. 
Both antennas use MEM switch for reconfiguration. There are 
four antennas proposed in [7]. The two antennas are used to 
generate two different bands and the others are used to change 
pattern and polarization. The two antennas used to generate 
different bands are selected using a rotating mechanism so the 
reconfiguration is controlled mechanically. The antenna 
proposed in [8] is operated with two switches and depending 
on the ON and OFF states of diodes, the antenna generates 
three different bands from 1.58GHz to 2.38GHz. When the 
same antenna is added with four diodes and is made ON or 
OFF in a particular sequence then it generates five different 
bands from 1.51GHz to 2.28GHz. The antenna proposed in [9] 
uses 4 switches and depending on the ON and OFF state of 
switches, it is operated as single, double and triple band 
antenna generating a total of 5 different bands. The antenna 
proposed in [10] uses 3 pairs of the diode and generates six 
different bands under single, dual and triple band modes. A 
single monopole antenna with two optical switches generates 
four different bands in [11]. The proposed antenna uses only 
two switches and can be operated as single and dual band 
antenna. When both switches are OFF, the loop works as a 
wideband antenna. The total bands generated by the proposed 
antenna are seven and is higher than all the antennas compared 
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in Table II. The proposed antenna uses a lesser number of 
switches. Other than this the antenna profile is very compact. 

IV. RESULTS AND ANALYSIS 

The proposed reconfigurable antenna is manufactured and 
tested using Vector Network Analyzer N9926A. A photograph 
of the entire four proposed antennas is shown in Figure 11. A 
comparison between the simulated and measured reflection 
coefficient is shown in Figure 12.  

 

 
Fig. 11.  Photograph of the reconfigurable square loops for (a) no switch, 

(b) switch at 0mm, and (c) switch at 3mm and (d) switch at 8mm. 

 
(a) 

 
(b) 

Fig. 12.  Comparison between simulated and measured reflection 
coefficient. 

TABLE III.  SIMULATED AND MEASURED RESULT COMPARISON 

Switch 

Location 

Simulated 

f1-f2 (GHz) 

Measured 

f1-f2 (GHz) 

Bands 

Available 

Center frequency 

(GHz) 

0 mm 
3.5-3.8 3.5-3.8 No Band 3.65 

5.6-6.85 5.58-7.4 Band-6,-7 6.23 

3 mm 
3.7-4.5 3.75-4.7 Band-2 4.1 

6.8-7.43 6.4-7.8 Band-8 7.12 

All Off 4.2-5.75 
4.2-5.7 Band -3, -4, 

-5 

4.975 

6.8-8.3 7.55 

f1, f2 lower and upper cut off frequencies respectively 

 

The simulated and measured results are in good agreement 
and are summarized in Table III. Measured results justify the 
importance of folded CPS feed and the role of the non-uniform 
loop arms with inner CPS line for frequency reconfigurablility. 
It also shows that the inclusion of two switches is sufficient to 
cover seven different bands. 

V. CONCLUSION 

The proposed structure shows that a loop antenna can be 
designed to have multiple bands. The included CPS line within 
the antenna ensures the reconfigurability in antenna structure to 
get multiple bands with uniform radiation pattern. Since the 
CPS line does not contribute to radiation, the patterns generated 
for different lengths of CSP line have the same orientation. The 
proposed loop can be operated as single and dual band antenna 
and generates a total of seven bands using minimum number of 
switches. Since the proposed antenna covers Band-2, Band-3, 
Band-4, Band-5 Band-6, Band-7 and Band-8 ranging from 
3.5GHz to 7.8GHz, it can be useful in WLAN 802.11 a/n and 
WiMAX applications. The proposed structure has the smallest 
dimensional profile. The proposed technique can be used for 
size reduction of the loop antenna. 
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Abstract—Antenna design becomes very difficult at very small 
wavelengths and a special lab is required to manufacture a small 
antenna which costs a lot. A new approach is proposed to 
enhance the bandwidth of the loop antenna which can be 
designed at very high frequency using conventional PCB design 
technique. The proposed antenna is a nonuniform loop and 
covers UWB frequency range. The nonuniform structure of the 
loop is designed using the concept of both thin and thick loop 
antenna together which leads to an improvement in the antenna 
bandwidth. The proposed nonuniform loop antenna covers a 
band of 91.4% which is higher than any existing printed loop 
antenna. The frequency ranges from 3.54GHz to 9.5GHz and the 
measured result is in agreement with the simulated result. This 
technique can be very helpful in designing UWB antennas in the 
range of Ku band or higher than this. 

Keywords-coplanar stripline; thin loop antenna; thick loop 

antenna; wire antenna; ultra wide band; nonuniform loop antenna 

I. INTRODUCTION  

UWB is a need of present and future communication 
systems as demand for more data is increasing. High-speed 
data transfer requires the availability of a larger band. In order 
to fulfill the need of larger bandwidth, broadband antennas are 
used as transmitting and/or receiving elements. Other UWB 
applications include location tracking and ground penetrating 
radars. So far monopole antennas appeared as strong candidates 
to fulfill the requirements of UWB applications. In order to 
improve gain and other electrical and radiation characteristics, 
metamaterials or EBG structures were added to monopole 
antennas. Dipole printed antennas fed with coplanar stripline 
(CPS) cover bandwidth from 3.1GHz to 11.4GHz. This 
structure has too many dimensional parameters in the antenna 
design [1]. A closed loop structure provides larger scope for the 
researchers to contribute. A square printed loop with L shape 
portion to its arm offers excellent performance at the lower-
band of UWB system, ranging from 3.1GHz to 5.1GHz [2]. 
The antenna exhibits a -10dB return loss bandwidth over the 
entire frequency band. It is found that the lower band depends 
on the L portion of the loop antenna however the upper 
frequency limit is decided by the taper transmission line. The 
percentage of the bandwidth of the antenna is 48.78%. A 
printed loop antenna fed with coplanar waveguide can produce 
bandwidth of 1GHz and 1.14GHz. This antenna is suitable for 

applications in PCS and IMT 2000 systems. The antenna has 
high gain with omnidirectional radiation pattern [3]. A small 
size loop antenna fed with CPW line produces a 70% 
bandwidth. The small size of the antenna makes it useful for 
array applications [4]. A single loop antenna has a narrow 
circular polarized bandwidth. When this antenna is added with 
another loop antenna as a passive element, then a second band 
is created and the combination of the antennas produces a 
larger bandwidth with circular polarization [5]. The band 
enhancement technique [2] was extended to a circular loop and 
bandwidth of 88.6% was achieved. The proposed work failed 
to give any justification on the enhancement of bandwidth and 
the impact of proposed shape on the antenna radiation pattern 
was not considered.  

II. PROPOSED NONUNIFORM LOOP ANTENNA 

A circular loop antenna with a thickness factor larger than 9, is 

called a thin loop antenna, otherwise it is called a thick loop 

antenna. The thin loop has multiple resonating frequencies and 

larger resistance with fluctuating characteristic. On the 

contrary, a thick loop antenna is capacitive in nature with low 

and uniform resistance [6]. The thickness factor is defined in 

(1), where Ω is the thickness factor, � is the radius of the loop 
in m and � is the wire radius in m: 

Ω = 2	ln	(2
� �� )    (1)  

A loop antenna is basically a narrow band antenna. The 
bandwidth of the antenna can be improved when both thin and 
thick loop antennas are added together to have a uniform 
standing wave ratio (SWR) [7]. Its loop is comprised of a thick 
loop with 8.8 thickness factor and a thin loop with 11.7 
thickness factor and covers 88.6% bandwidth. A wire loop 
antenna can be modified into a printed loop antenna using (2) 
as given in [8]. The thickness factor can be calculated using (1) 
and (2), where w is the width of the printed loop and b is the 
wire radius: 

� = 	 4⁄      (2) 

In order to further improve the loop antenna bandwidth, a 
new geometry is proposed and is shown in Figure 1. The 
proposed geometry has a gradual increase in the width of the 
loop to have thin and thick loop properties together, unlike the 
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geometry in [7], which also has a step change in the width of 
the loop.  

 

 
(a)      (b) 

Fig. 1.  Nonuniform loop with (a) feed at narrow width W1 (b) feed at 
wide width W2. 

A loop antenna falls under two categories: 1) A large loop 
whose circumference is equal to or larger than a wavelength at 
a chosen frequency, 2) a small loop with circumference smaller 
than λ/10. A large loop is a good radiator while a small loop is 
a good receiver [9]. In order to cover the least frequency of 
2GHz, the approximate radius of the loop using (3) and (4) is 
24mm and the width of the loop is 1mm. Ω of the loop is 12.76 
so it is thin in nature. The same antenna for 12mm width has Ω 
of 7.26 and is, a thick loop. 

� � 2
� � �     (3) 

� � � �⁄      (4) 

where � is the circumference of the loop, r is the radius of the 
loop in m, � is the wavelength in m, � is the frequency in Hz 
and �is the speed of light in m/s in free space. The antenna is 
simulated using CST STUDIO. The substrate used is FR-4 with 
a height of 0.8mm. 

III. FEED LOCATION AND WIDTH IMPACT ON THE 

PERFORMANCE OF THE PROPOSED ANTENNA 

The proposed geometry has minimum width W1 and 
maximum width W2 to give a nonuniform dimension. The 
outer radius of the loop is taken as 24mm. In order to analyze 
the characteristics of the nonuniform loop and the effect of this 
geometry on feed location, a feed is applied at one width and 
the same or other width of the loop varies.  

A. Feed Impact at Narrow Width W1 with Varying Width W2 

The possible advantage of the proposed structure is that 
there can be infinite locations for antenna excitation. This is 
because at different locations the feed will experience different 
loop width. Therefore the loop electrical properties will be 
different for different locations of the excitation due to its 
nonuniform structure. Nonuniform loop with thin width W1 of 
1mm and thick width W2 of different values ranging from 
6mm to 12mm is simulated. The feed to the loop is placed at 
the thin end W1. The result of the proposed nonuniform loop is 
compared with 1) a thin loop of 23.5mm radius with 1mm 
width having Ω=12.76 and 2) a thick loop of 18mm radius with 
12mm width having a thickness factor of 7.26. In order to have 
the same loop size, i.e. thin loop, thick loop and nonuniform 
loop, the outer radius is kept 24mm. Since the proposed 
nonuniform loop has W1=1mm and width W2 varying from 
6mm to 12mm, it is a combination of thin and thick loop. A 
thin loop of thickness factor of 12.76 shows a huge variation in 
resistance value. It ranges from 80Ω to more than 400Ω as is 

observed in Figure 2(a). The thin loop resonates at about 
1.9GHz as shown in Figure 2(b). The thick loop of 7.26 
thickness factor, as observed in Figure 2(b), has stable 
resistance and resonates at 6GHz.  

 

(a) 

 
 

(b) 

 

Fig. 2.  Comparison of impedances of uniform and nonuniform loop when 

feed is applied at narrow width W1 and varying width W2. 

It can be observed in Figure 2(a) that the resistance 
variation of the proposed loop antenna is reduced to a greater 
extent but it is larger than the resistance of the thick loop for all 
simulated cases. Similarly, the reactance of the nonuniform 
loop shows less variation when compared to the reactance of 
the thin antenna but it is larger than the reactance of the thick 
loop antenna as shown in Figure 2(b). 

B. Feed Impact at Wide width W2 with Varying Width W2 

In order to analyze the effect of feed locations on the 
characteristic of the nonuniform loop antenna, the feed is 
placed at wide end W2 as shown in Figure 1(b). The width W2 
varies from 6mm to 12mm, while W1 is kept constant to 1mm. 
The behavior of the impedance of the nonuniform loop is 
shown in Figures 3(a) and 3(b). It is observed that the 
resistance of the nonuniform loop approaches the resistance of 
the thick loop antenna of uniform width of 12mm with Ω=7.26. 
The resistance varies between 24Ω to 75Ω from 3GHz 
onwards. In Figure 3(b), it can be observed that as W2 
increases from 6mm to 12mm, the reactance of the nonuniform 
loop decreases and approaches the reactance of the thick loop 
(Ω=7.26) of 12mm width. The reactance of the nonuniform 
loop ranges from -75Ω to +50Ω for frequencies from 3.4GHz 
and onwards. The impedance of the proposed nonuniform loop 
under this case is smaller than in the previous case. The overall 
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impedance of the proposed loop for all cases is much smaller 
than the impedance of the thin loop with thickness factor of 
12.76. Any increase in W2 of the nonuniform loop reduces 
thickness factor of the antenna and antenna impedance 
approaches the impedance of thick loop with thickness factor 
7.26. 

 

(a) 

 
 

(b) 

 

Fig. 3.  Comparison of the reactance of uniform and nonuniform loop 

when feed is applied at wide width W2. 

C. Feed Impact at Narrow Width W1 with Varying Width W1 

Now the feed is placed at W1 and width W2 is kept at 
6mm. W1 varies from 1mm to 2mm. The result of this 
nonuniform loop is compared with the uniform loop of 24mm 
outer radius with 6mm width. The outer radius of the 
nonuniform loop is kept at 24mm in order to keep the same 
maximum dimension of uniform and nonuniform loop. The 
uniform antenna of 6mm width with an outer radius of 24mm 
has uniform resistance less than 50Ω from 3.3GHz and 
onwards as shown in Figure 4(a). The nonuniform loop with 
W2 of 6mm and varying width W1 from 1mm to 2mm shows 
that antenna resistance decreases with increase in W1. Any 
increase in W1 leads to uniformity in the structure of the loop 
and also causes a drop in the thickness factor of the proposed 
antenna. Therefore the resistance of the nonuniform loop 
antenna decreases as shown in Figure 4(a). The antenna with 
uniform width of 6mm resonates at 11GHz. It is capacitive 
from 1GHz to 11GHz and then switches to inductive reactance. 
On the other hand, the reactance of the nonuniform loop is 
larger and capacitive from 1GHz to 12GHz and above. As W1 
increases from 1mm to 2mm, the antenna reactance reduces for 
obvious reasons as shown in Figure 4(b). 

(a) 

 
 

(b) 

 

Fig. 4.  (a) Resistance and (b) Reactance comparison of uniform and 

nonuniform loop when feed is applied at varying narrow width W1. 

D. Feed Impact at Wide Width W2 with Varying Width W1 

Now the feed is located at wide width W2 and the width 
W1 varies from 1mm to 2mm. W2 is kept constant to 6mm. 
When the feed is shifted to W2 end, there is a huge difference 
observed in the reactance of the nonuniform loop antenna. In 
the uniform antenna, the shift in feed location does not 
influence the characteristics of the antenna as the dimension 
seen by the two terminal sources triggering the antenna is 
uniform. This is not the case with the nonuniform loop for the 
same two terminal sources. The nonuniform loop with thin 
dimension W1 of 1mm shows larger resistance. There is a 
continuous decrease in the resistance with increase in W1 as 
this leads to uniformity of the proposed structure. The variation 
in resistance is shown in Figure 5(a). Larger resistance is 
observed from 2GHz to 2.6GHz for W1 variation from 1mm to 
1.5mm. The variation in resistance for W1 of 2mm is very 
small and is well aligned with the resistance variation of the 
uniform loop of width 6mm from 2.7GHz onwards. It can be 
observed in Figure 5(b) that the reactances of uniform and 
nonuniform loop are well aligned from 3GHz and above. The 
two antennas, uniform and nonuniform, differ in their reactance 
from 2.45GHz to 3GHz. Table I summarizes the impedance 
behavior of the loop with different W2 of 8mm and 10mm 
along with the earlier case of width W2 of 6mm. Width W1 
ranges from 1mm to 2mm for all three cases. It can be 
concluded that for a feed at W1 antenna impedance decreases 
significantly as W2 increases. A huge fall in antenna 
impedance is observed when the loop is fed at W2. Therefore 
antenna impedance is a strong function of the feed location. 
Furthermore, the antenna impedance can be varied by changing 
W1 and W2. This property of the proposed loop is not 
available in any other loop antenna available in the literature.  
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(a) 

 
 

(b) 

 

Fig. 5.  (a) Resistance and (b) reactance comparison of uniform and 

nonuniform loop when feed is applied at wide width W2. 

TABLE I.  BEHAVIOUR OF PROPOSED NONUNIFORM LOOP ANTENNA 

W2 
(mm) 

W1 
(mm) 

R/X (Ω) 
(4GHZ to 5GHz) 

R/X (Ω) 
(8GHZ to 9GHz) 

R/X (Ω) 
(11GHZ to 12GHz) 

Feed at 
W1 

Feed at 
W2 

Feed at 
W1 

Feed at 
W2 

Feed at 
W1 

Feed at 
W2 

6 

1 219/-134 49/-77 102/-87 23/-18 87/-77 21.3/4 

1.5 170/-124 52/-75 77/-80 24/-19 64/-66 21.6/3 

2 140/-113 52/-72 62/-69 23/-19 52/-54 21.7/3.4 

8 

1 183/-148 41/-51 97/-93 19/-105 87/-79 19/25 

1.5 146/-134 41/-49 76/-82 19/-1.7 66/-65 18/25 

2 122/-122 40.5/-47 63/-72 19/-1.5 53/-52 18/25 

10 

1 178/-144 31/-34 102/-100 17/13 88/-76 19/48 

1.5 140/-132 31/-33 80/-88 17/13 63/-64 19/47 

2 117/-120 30/-32 65/-74 16/13.8 51/-52 19/46 

R-Resistance, X-Reactance 

IV. LOCATING FEED FOR OPTIMUM BANDWIDTH 

From the analysis above, it is concluded that antenna 
impedance is a function of the feed location. This section is 
dedicated to finding a suitable location of the feed to have the 
maximum bandwidth. The feed is applied from W1 end at 0

0
 

and is shifted to W2 end at 180
0
 as shown in Figure 6(a). The 

reflection coefficient for all cases is compared in order to find 
the optimum feed location. Since the loop is a balanced 
antenna, it cannot be excited directly with SMA connector or 
coaxial cable. In order to excite the proposed loop with the help 
of SMA connector or any other unbalanced line, a coplanar 
strip line (CPS) is added to the loop as shown in Figure 6(b). 
For the simulations the outer radius of the nonuniform loop is 
kept at 24mm, the inner radius is 17.75mm with W1 of 2mm 
and W2 of 12mm. The inclusion of the CPS line converts the 
unbalanced field distribution from the SMA feed connector to a 
balanced field distribution at the loop [10]. The CPS feed line 

is placed at different locations and the results are compared in 
Figure 7. The detailed dimension of the CPS line is included in 
Figure 6(b). 

 

(a) 

 
 

(b) 

 

Fig. 6.  The proposed nonuniform (a) showing various feed locations from 

W1 to W2 (b) loop with CPS feed line. 

 

 
Fig. 7.  Comparison of the reflection coefficient of the  nonuniform loop 

for different feed locations. 

It can be observed that the shift in the location of the feed 
influences the bandwidth of the antenna since the antenna 
impedance changes due to the change in the location of the 
feed as observed above. Table II summarizes the performance 
of the proposed loop in terms of % bandwidth of the loop with 
respect to different feed locations. It can be observed that the 
antenna gives the highest bandwidth when the feed is applied at 
135

0
. The available bandwidth is 91.4%. The band has lower 

cut off frequency of 3.54GHz and higher cut-off frequency of 
9.5GHz. Table III compares the proposed nonuniform loop 
antenna with other existing loop antennas. It can be observed 
that the proposed loop has the highest electrical and radiation 
bandwidth. Figure 8 shows the radiation patterns in the range 
of 3.54GHz to 9.5GHz. The loop antenna is placed in X-Y 
plane as shown in Figure 6(b). The radiation pattern is of end 
fire type and is available along -Y axis, opposite to the feed of 
the loop antenna. It was observed that the pattern is always 
available opposite to the feed of the loop for all cases listed in 
Table II. It is important to note here that when the proposed 
loop is compared with the loop proposed in [7], there is very 
little improvement in the antenna bandwidth. The advantages 
of the proposed loop over the earlier are summarized in Table 
IV. The earlier loop requires BALUN transformer but the loop 
presented in this paper does not require it, so it occupies a 
smaller area on PCB. In addition, the size of the presented loop 
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is almost half the size of the earlier loop whose outer 
dimension was 45mm. There are only three distinct locations 
for feed in the earlier loop: a) on the wide arm of the loop, b) 
on the thin arm of the loop, and c) between the interface of 
wide and thin arm of the loop. The loop in this paper has 
theoretically infinite locations to feed the antenna. 

TABLE II.  LOOP PERFORMANCE COMPARISON FOR DIFFERENT FEED 

LOCATIONS USING CPS. 

Sr. No. Feed Locations f1-f2 % Bandwidth 
1 00 4.9-6.7 31 

2 22.50 5.4-7.6 34 

3 450 6.5-9.2 34 

4 67.50 4.8-8 50 

5 900 3.58-6.7 60.7 

6 112.50 3.7- 8.8 81.6 

7 1350 3.54-9.5 91.4 

f1, f2- lower and upper cut off frequency 

TABLE III.  PROPOSED AND OTHER LOOP ANTENNAS COMPARISON 

Sr. No. %Bandwidth Reference Year 
1 88.6 [7] 2016 

2 67 [11] 2015 

3 40.7 [12] 2012 

4 70 [4] 2010 

5 48.8 [2] 2005 

6 91.4 Proposed ------- 

TABLE IV.  PROPOSED LOOP AND EARLIER LOOP COMPARISON 

 
Property 

Size % Bandwidth 
Feed 

Locations 
Radiation 
Pattern 

Proposed 
Loop 

Smaller 91.4 Infinite Stationary 

Earlier 
Loop 

Larger 88.6 Three Not available 

V. MEASUREMENTS AND DISCUSSION 

Figure 9 shows a photograph of the proposed antenna. The 
proposed nonuniform loop is excited with a SMA connector 
directly. Figure 10 shows the measured and simulated 
reflection coefficient for the loop with CPS line feed at 135

0
. 

The measured result is in good agreement with the simulated 
one and ensures 91.4% bandwidth. The outer dimension of the 
loop is 24mm i.e. the antenna diameter is 48mm. The 
significant observation is that the loop antenna with outer 
dimension of 24mm and thickness factor of 12.76 resonates at 
around 1.9GHz. It resonates at about 6GHz when thickness 
factor changes to 7.26 as discussed earlier. The proposed loop 
is a combination of thin and thick loop with resonant frequency 
falling between 1.9GHz and 6GHz. The lowest cutoff 
frequency of the proposed loop is nearly 3.54GHz for which 
the antenna dimension should be smaller than 48mm. Therefore 
this technique can be useful for designing very high frequency 
antennas such as Ka band and higher where the dimension of 
the antenna becomes too small and a special lab is required for 
the manufacturing of the antenna. 

VI. CONCLUSIONS 

The proposed nonuniform loop antenna has the unique 
property of having infinite possibilities to feed the antenna. The 

antenna offers different electrical properties for different feed 
locations. This property is not available in the conventional 
structure of loop antenna.  

 

(a) 

 
 

(b) 

 
 

(c) 

 
 

(d) 

 
 

(e) 

 
 

Fig. 8.  Radiation pattern of the nonuniform loop at different frequencies. 
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The proposed structure with the CPS feed line can be 
excited with a coaxial SMA connector. The combination of 
thin and thick loop offers a wide bandwidth of 91.4%. The 
proposed dimension of the loop is expected to cover the lowest 
frequency of 2GHz but the lowest frequency obtained is 
3.54GHz. This leads to an increase in the antenna dimension. 

 

 

Fig. 9.  Photograph of the proposed nonuniform loop antenna. 

 

 

Fig. 10.  The measured and the simulated reflection coefficient of the 

nonuniform loop antenna. 

This approach can be used to design an antenna for Ka band 
applications or higher than Ka band where the antenna size 
becomes so small that a special lab is required to manufacture 
it. If this technique is used to design antennas at such a high 
frequency, the dimension of the loop will be sufficiently larger 
and simple pcb design technique can be used to manufacture 
the antenna at low cost. The proposed antenna shows wider % 
bandwidth than any other printed wideband loop antenna. The 
simulated and measured bandwidth of the loop is 91.4% with 
unidirectional radiation pattern oriented opposite to the feed. 
Since the pattern is available in the opposite side of the feed, 
the proposed antenna can have multiple feed points and pattern 
reconfigurability can be achieved.  
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Abstract 
 A printed loop antenna is designed to produce three 
distinct bands to cover six different frequency bands 
from UWB groups. Loop is fed using a printed 
BALUN transformer. The first band is available from 
3.09 GHz to 4.44 GHz, the second band is available 
from 6.11 GHz to 7 GHz and the third band is 
available from 8.85 GHz to 10.5 GHz. The measured 
results are in good agreement with the simulated 
results. Frequency band from 3.0 GHz to 4.44 GHz 
covers UWB BAND-1 and BAND-2, the frequency 
band from 6.11 GHz to 7 GHz covers UWB BAND-
7 and the last band from 8.85 GHz to 10.5 GHz 
covers UWB BAND-12, BAND-13, and BAND-14. 
Antenna rejects IEEE 802.11 Wi-Fi / WLAN band at 
5.8 GHz. 
 
Keywords:  BALUN Transformer, Coplanar Stripline, 
Loop Antenna, Ultra Wideband, Wavelength. 

1. Introduction 
There is a continuous increase in the demand for more 
and more band with high data rate; therefore, UWB 
antennas have dragged attention of antenna 
researchers. Ultrawideband technology occupies a 
very large bandwidth and thus ensures the 
transmission of the larger data rate in the range of 
Gbps. In order to cover larger bands researchers have 
proposed different antennas to cover UWB frequency 
range from 3.1 GHz to 10.6 GHz. An UWB antenna 
senses all the frequency falling in its band but in order 
to reject busy channel and receive only free channels, 
multiband UWB antennas are preferred.  Multiband 
antennas are antennas which generates multiple bands 
of interest. There can be different approaches to 
generate multiple bands: a) it is well known that the 
resonant frequency depends on impedance which in 
turn depends on the distribution of current in the 
antenna. Therefore multiband antennas can be 
designed using current reconfiguration techniques. 
Antenna current can be reconfigured by using 
electronic or electromechanical switches. b) Every 
antenna resonates at the designed fundamental 
frequency and its multiple frequencies.  
 
This approach can be used to design a multiband 
antenna and is simpler than the approach (a). There are 
several approaches available in the literature to 
generate multiple bands in the loop antenna. A 3-D  
 

loop antenna with three tuning strips produces five 
different bands for the application in smartphones. 
These bands are considered for -6 dB reflections 
coefficient [1]. A similar loop antenna is proposed to 
cover GSM 850/900, DCS 1800, PCS 1900, UMTS 
2100 and LTE 2300/2500 bands by introducing 
reconfigurability technique. These bands are 
generated with the help of RF switch which is 
connected to reactive elements to influence the bands 
[2]. Dual asymmetric Loop antennas are integrated to 
work on WLAN/WiMAX. To have a larger impedance 
bandwidth a nonuniform loop width is used along with 
ground traces [3]. Loop antenna with outer SRR and 
inner strip can be operated as multi-mode and 
wideband antenna. Outer SRR loop radiates for odd 
modes and inner Loop radiates for even modes thus 
the multimode operation is achieved [4]. A loop 
antenna added with capacitive gaps and a passive strip 
along with a passive loop of smaller dimension than 
the main loop improves the gain and bandwidth of 
conventional loop antenna. By optimizing the gap 
between the main loop and passive strip and passive 
loop the upper cut-off frequency can be improved [5]. 
A small non-planar dual-meander folded loop antenna 
along with a disc loaded monopole produces 
omnidirectional radiation pattern with radiation 
efficiency of 65% and bandwidth of 10.8%. 
Bandwidth is enhanced due to proximity coupling 
between meander loop and monopole [6].   
All the antennas proposed in these literatures either 
have complicated 3-D shape of loop or array of the 
loop and other passive structures are used to generate 
multiple bands. 
In this paper, we are proposing a simple and planar 
structure of loop antenna which covers six different 
bands from UWB frequency range listed in figure 1. 
All the bands are generated without using any array or 
switch.   
Entire work is divided into four sections, section 2 
covers the design of loop for a reference impedance of 
125 Ω and development of folded CPS (coplanar strip 
line) line to feed balanced loop antenna.  Section 3 
covers interfacing of proposed antenna with BALUN 
transformer and finally section 4 covers the 
measurement of proposed antenna. 
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2. Antenna Configuration and Design 
Consideration 
Figure 1 shows the distribution of frequency spectrum 
of UWB. Each band is of 528 MHz wide, the centre 
frequency of each band is shown in the figure.  

 
Figure 1: Band Group Allocation for UWB. 
 
In order to cover UWB, printed circular loop is 
chosen. UWB ranges from 3.1 GHz to 10.6 GHz, 
therefore, the dimension of the loop is chosen to cover 
this band. Theory suggests that a large loop antenna 
when operated at a wavelength near to the 
circumference of the loop, first resonance occurs at 
the chosen wavelength and other resonance occurs at 
multiple of this wavelength. Loop antenna with 
different wire radii offers different impedances [7]. 
Loop with circumference much lesser than 
wavelength typically λ/10 is treated as the small loop 
and is not a good radiator [8]. 
Simulation is performed using IE3D simulation 
software. The final antenna is also simulated using 
CST STUDIO SUITE for comparison sake. Theory 
suggests that the electrical characteristic i.e. 
impedance of wire loop antenna is the function of the 
thickness of the wire. This relation between the 
thickness of wire 2b and radius of the loop is referred 
as thickness factor (Ω).  

   22 ln r
b

         (1) 

Where Ω is thickness factor, r is the radius of the loop. 

 
Figure 2: Loop Antenna showing the Relation 
between Wire Radius and Loop Radius. 
 
Figure 2 shows the graphical significance of thickness 
factor. Loop antenna is also categorized as a thin and 
a thick loop. The thin antenna has Ω larger than 9 and 
resonates at more than one frequency. The thick 
antenna is capacitive in nature with the advantage of 
having almost uniform resistance. Since antenna 
impedance depends on the thickness factor of the loop 
by varying thickness of loop, antenna bandwidth can 
be varied easily. 
The proposed antenna is a large loop as it is a good 
radiator.  Least frequency of interest is 3 GHz in order 
to cover UWB range of 3.1 GHz to 10.6 GHz. The 

circumference of the loop is calculated using the 
following relation: 

                   2 cC r f             (2) 

Where C is the circumference of the loop antenna in 
m, r is the radius of the loop in m, c is the speed of 
light in free space in m/s, f is the least frequency of 
loop in Hz.  
Considering the fact that multiband antenna resonates 
at multiple frequencies, the thin loop antenna is chosen 
for the proposed design. For conversion from wire to 
the printed antenna, wire thickness is changed into the 
width of the printed antenna using relation given in 
[9]: 

  
4

w
b     (3) 

Where w is the width of printed loop and b is the radius 
of the wire, Figure 2. 
 
In order to design printed loop, free space wavelength 
at 3 GHz is calculated and is 100 mm so the radius of 
the loop is approximately 15.9 mm, using relation (2).  
For the design of antenna Duroid 5880 with the 
dielectric constant of 2.2 and thickness of 0.787 mm is 
chosen. To find out the optimum radius of the printed 
loop on Duroid 5880 to cover the least frequency of 3 
GHz, the loop is simulated for different widths ranging 
from 0.4 mm to 0.8 mm. Loop radius is chosen as 13.2 
mm only after multiple simulations. Ω ranges from 
12.05 to 13.44 for the specified widths and radius of 
13.2 mm. Thus the loop remains a thin loop antenna 
for all the widths considered and resonates at more 
than one frequency [7].  Variation in resistance and 
reactance w.r.t. to loop width is shown in Figure 3. 
Simulated results for printed loop are well in 
accordance with the theoretical results of wire 
antenna. Loop with the radius of 13.2 mm and width 
of 4 mm is also simulated to show the characteristics 
of the thick loop antenna. Ω calculated is 8.8 and so 
the loop falls into the category of the thick loop. It can 
be observed in figure 3 that the resistance of the loop 
is uniform and is near to 60 Ω. Similarly, antenna 
reactance is capacitive and is nearly -100Ω for a larger 
band. 
 

 
Figure 3: The Simulated Result of Frequency V/S 
Resistance for the Printed Loop Antenna. 
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 So far it is observed that for a loop antenna under the 
category of the large loop as the width increases 
resistance and reactance of the loop decreases, figure 
3.  This characteristic of the loop can be used to control 
the bandwidth of the antenna. To verify this property, 
the loop is also simulated for reflection coefficient for 
different widths ranging from 0.4 mm to 0.8 mm. The 
simulated result is shown in Figure 4 and the result is  
 

 
Figure 4: S11 V/S Frequency of Printed Loop Antenna 
for Various Widths. 
 
Table 1: Loop Antenna Showing Start and End 
Frequency. 

 

 
 

tabulated in table 1. It confirms that there is an increase 
in the -10 dB bandwidth of the loop antenna for an 
increase in antenna width.  
Reference impedance of 125 Ω is used to find -10dB 
bandwidth. Figure1 shows that each application band 
in UWB is of 528 MHz wide. Our aim is to choose a 
loop satisfying this requirement of the wide band.   
Table 2 (a) and 2 (b) tabulates the impact of the width 
of loop antenna on resonant frequency and resistance 
at the resonant frequency. The loop of width 0.6 mm 
produces a band of 550 MHz and 600 MHz and 
impedance ranges from 132 Ω to 182.56 Ω, Table 1 
and Table 2(a) respectively. Ω calculated using (1) for 
w = 0.6 mm is 12.63. Other widths of 0.7 mm and 0.8 
mm also fulfil the requirement of the bandwidth of 528 
MHz but the impedance is larger at the higher 
frequency, Table 1 and Table 2 (b) respectively. 
Larger impedance introduces difficulty in impedance 
matching. Therefore lower reference impedance is 
chosen which satisfies both the requirement of 528 
MHz bandwidth and impedance matching.  Therefore 
result in figure 4 is produced w.r.t. reference 
impedance of 125 Ω. Further reduction in reference 
impedance of 125 Ω does not fulfil the requirement of 
the minimum bandwidth of 528 MHz. Other widths of 
0.4 mm and 0.5 mm give smaller band than 528 MHz, 
Table1, except 560 MHz bandwidth for 0.5 mm width. 
Therefore only single band is available and cannot 
fulfil the requirement of multiband antenna.  
These comparisons show that loop with the width of 
0.6 mm can be a good candidate for the UWB 
multiband applications. Band-7 ranges from 6.336 
GHz to 6.864GHz and is not covered by the loop of 
width 0.6 mm as the start frequency at second 
resonance is 6.41 GHz, table1. The upper band for this 
width is from 9.46 GHz to 10.1 GHz and covers Band-
13. There is a third band available from 3.26 GHz to 
3.71 GHz with a bandwidth of 450 MHz. But this band 
is not suitable for the application. Increase in the loop  

 
 
 

Width of 
loop(mm)  

f1-f2 GHz / 
 BW 

((MHz) 

f1-f2 GHz 
/ BW( 
MHz) 

f1-f2 GHz /  
BW(MHz) 

0.4 3.23-3.60 
 (370) 

6.31-6.79 
 (480) 

9.4-9.9 
 (500) 

0.5 3.22-3.63 
 (410) 

6.33-6.85 
 (520) 

9.42-9.98 
 (560) 

0.6 3.26-3.71  
(450) 

6.41-6.96 
 (550) 

9.46-10.1 
 (600) 

0.7 3.3-3.77  
(450) 

6.4-6.9 
 (550) 

9.5-10.148 
 (638) 

0.8 3.27-3.74 
 (470) 

6.44-7.03 
 (590) 

9.56-10.2 
 (650) 

f1-lower cut off, f2-upper cut off in GHz 

 
Table 2(a): Resonant Frequency and Resistance of Loop for Various Widths. 
Width 0.4 mm 0.5 mm 0.6 mm 

SR. 
No. 

Resonant 
Frequency(GHz) 

Resistance 
(Ω) 

Resonant 
Frequency(GHz) 

Resistance 
(Ω) 

Resonant 
Frequency(GHz) 

Resistance 
(Ω) 

1 3.39 125.36 3.5 128.5 3.47 132 
2 6.57 155 6.62 159.2 6.69 164 
3 9.7 167.7 9.78 176.7 9.87 182.56 
 

Table 2(b): Resonant Frequency and Resistance of Loop for Various Widths. 
Width 0.7mm 0.8 mm 

SR. 
No. 

Resonant 
Frequency(GHz) 

Resistance (Ω) 
Resonant 

Frequency(GHz) 
Resistance (Ω) 

1 3.477 132.8 3.49 133.5 
2 6.76 170 6.83 176.11 
3 10.04 209.4 ----- ------ 
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radius reduces the resonant frequency therefore by 
increasing the radius of the loop; lower cut off 
frequency of the second band can be reduced to cover 
band-7. But this leads to shifting of other bands and 
also causes an increase in the size of the loop. In order 
to improve the antenna performance to cover the two 
bands with the same radius a new feed is proposed and 
is shown in Figure 5 (a). 
 

 
Figure 5: Loop Antenna with (a) Proposed Feed and 
(b) Conventional Feed. 
 
New feed is the conventional CPS (coplanar stripline) 
only but with little modification in shape. Total  length 
of  the feed can be divided into i) folded length which 
is referred as folded feed and  ii) main CPS feed 
referred as main feed, Figure 5(a).  Table 3 
summarizes the effect of main feed for three different 
lengths of folded feed. It can be seen that for all feed 
lengths, lower frequency band remains almost same 

and is less than 500 MHz. Therefore this band is not 
useful. It is also observed from Table 3 that the middle 
band increases with increase in main feed line for all 
the cases. Third band increases with increase 
in the main feed line until feed length of 5.125 mm and 
then decreases as the feed length increases. The middle 
band for all the cases is more than 528 MHz and the 
third band is more than 1.056 GHz for most of the 
cases; therefore a total of three bands can be covered. 
In order to keep the antenna size as compact as 
possible, the total length of the modified feed can be 
chosen from one of the three cases. 
Table 3 shows that the middle band covers BAND-7 
for all lengths from 4.125 mm to 6.125mm. BAND-13 
has lower cut off frequency of 9.504 GHz and upper 
cut off frequency at 10.032 GHz whereas BAND-14 
has the lower cut off frequency at 10.032 GHz and 
upper cut off frequency at 10.56 GHz. These ranges of 
frequencies are well covered by loop when main feed 
line is 5.125 mm. There is always a possibility that the 
measured result of implemented antenna deviates little 
from the simulated results. Therefore the feed lengths 
are chosen in such a way that the simulated bands are 
larger than the expected bands. As far as the size of the 
proposed loop is concerned, both the feed lengths 
(total length) with the main feed of  5.125 mm and 
5.625 mm occupy the same area for the folded feed of 
2.6 mm (case-1) and 3.1 mm (case-2) respectively. 
Since the folded feed for case-2 is larger by 0.5 mm 
w.r.t. 2.6 mm folded feed of case-1, it penetrates more 
into the loop by 0.5 mm, Figure 5. Therefore the feed 

Table 3 Analysis of Effect of Feed Line on Bandwidth 
Folded 
feed→ 

Case-1 (2.6mm) Case-2 (3.1 mm) Case-3 (3.6 mm) 

Length 
of 

main 
feed 

(mm)↓ 

f1-f2 

GHz / 
BW       

( MHz) 

f1-f2 

GHz / 
BW 

( MHz) 

f1-f2 GHz / 
BW 

( MHz) 

f1-f2 

GHz / 
BW 

( MHz) 

f1-f2 

GHz / 
BW 

( MHz) 

f1-f2 

GHz / 
BW 

( MHz) 

f1-f2 

GHz / 
BW 

( MHz) 

f1-f2 GHz 
/ BW           

( MHz) 

f1-f2 

GHz / 
BW            

( MHz) 

3.625 3.21-
3.64 
(430) 

6.34-
6.95 
(610) 

9.35-
10.135 
(785) 

------- ------- -------- ------- ------- -------- 

4.125 3.23-
3.66 
(430) 

6.32-
6.95 
(630) 

9.33-
10.37 
(1040) 

3.21-
3.65 
(440) 

6.29-
6.91 
(620) 

9.25-
10.29 
(1040) 

3.21-
3.64 
(430) 

6.26-6.89 
(630) 

9.19-
10.21 
(1020) 

4.625 3.22-
3.65 
(430) 

6.3-6.95 
(650) 

9.35-
10.52 
(1172) 

3.21-
3.64 
(430) 

6.27-
6.92 
(650) 

9.27-
10.44 
(1169) 

3.21-
3.63 
(420) 

6.26-6.9 
(650) 

9.19-
10.33 
(1140) 

5.125 3.21-
3.64 
(430) 

6.29-
6.98 
(690) 

9.4-10.67) 
(1270) 

3.20-
3.63 
(430) 

6.26-
6.95 
(688) 

9.31-
10.56 
(1250) 

3.2-3.62 
(420) 

6.24-6.97 
(670) 

9.27-
10.48 
(1230) 

5.625 3.2-3.64 
(440) 

6.28-7 
 (720) 

9.46-10.7 
(1240) 

3.19-
3.63 
(440) 

6.26-
6.97 
(720) 

9.38-
10.6 

(1220) 

3.2-3.62 
(420) 

6.24-6.95 
(710) 

9.31-
10.52 
(1210) 

6.125 --------- --------- --------- 3.19-
3.62 
(430) 

6.26-
7.02 
(760) 

9.46-
10.58 
(1124) 

3.18-
3.61 
(430) 

6.24-
6.99(750

) 

9.37-
10.5 

6(1190) 
h= 0.25 mm, s = 0.36mm, , f1-lower cut off, f2-upper cut off in GHz 
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location of main feed from the loop is at the same 
distance (2.525 mm) for both the cases when main feed 
is 5.125 mm and 5.625mm. The proposed feed length 
is chosen from case-1 of Table 3 and is of 5.125 mm. 
For this particular case, the third band is wider than 
the third band of main feed of 5.625mm. 
Other than this total physical length of the feed for 
case-1 is smaller than the total physical length of feed 
(main feed + folded feed + h) of case-2 and is (5.125 
+ 0.25 + 2.6) 7.975 mm. Thickness factor Ω of this 
loop is 12.63. The first band is of 430 MHz and is not 
useful since it is less than 528 MHz, Table. 3.  
In order to compare folded feeding technique with the 
conventional straight feed line, a printed loop of 
radius 13.2 mm with different lengths of straight feed 
line with a feed gap 'S' of 0.36 mm is simulated, 
Figure 5.  It can be observed that the entire feed 
remains outside the loop and thus the overall antenna 
occupies larger space than the proposed feed since the 
proposed feed has half of the length inside the loop and 
half outside it. Various bands generated by the loop 
with straight feed for reference impedance of 125 Ω 
are tabulated in Table 4. It can be observed that when 
the feed length is 7.975 mm which is kept equal to the 
total feed length from proposed folded feed technique 
for optimum result, there are three -10 dB bands 
available. The first band is of 420 MHz wider and is 
not useful for the application. The second band is less 
than 1 GHz so covers a single band BAND-8. The 
third band covers BAND-14. Hence a total of two 
bands are covered which is less than the number of 
bands covered by the folded feed technique with loop 
of same radius of 13.2 mm. Larger length of the feed 
causes antenna to occupy larger area therefore to 
reduce the antenna area feed length is further reduced 
to 5.125 mm which is equal to the length of main feed 
from proposed feeding technique under the optimum 
result. For reduced feed length, first band remains 
almost similar to the earlier case, but the second band 
drops to 690 MHz and covers BAND-7. The upper 
band is increased and covers BAND-13 and BAND-
14. Since antenna with feed 5.125 mm still occupies a 
larger area than the antenna with proposed feed, 
straight feed length is further reduced to 4.625 mm. 
For this feed length, antenna covers BAND-7, BAND-
13, and BAND-14. But the antenna area is still larger 
and it can also be observed in Table 4 that the lower 
and upper cut off frequencies are very much close to 
the recommended cut off frequencies. Hence any 
manufacturing limitation may shift the measured cut 
off frequencies lesser than the expected one. Further 
reduction in feed length leads to the reduction in the 
number of bands covered and only band BAND-7 and 
BAND-13 are covered. The last case of the length of 
2.525 mm is included here purposely since for this 
case area occupied by the loop with straight feed and 
folded feed are same. But loop with the straight feed 
of 2.525 fails to cover any of the bands. It can also be 
observed from Table 4 that the pattern of variation of 

all the three bands is similar to the pattern of variation 
of all the bands of Table 3 for the increasing feeding 

length. 
 
The first band remains almost constant w.r.t. any 
increase in the feed line, second bandwidth increases 
with length and the third one first increases then 
decreases with increase in length. 

3. Interfacing Loop with BALUN 
Loop antenna is a balanced antenna and must be fed 
with a balanced feed. Since connectors available to 
feed any antenna are unbalanced in nature, a BALUN 
(balanced to unbalanced) transformer is required. 
There are different BALUNs available to feed 
balanced antenna such as taper BALUN [10] and 
compact BALUN [11]. Since the length of tapered 
BALUN is dependent on the mismatch between the 
reference impedance and the load impedance i.e. 
antenna impedance, BALUN is very large in size. In 
order to have a compact size of the antenna, instead of 
taper BALUN compact BALUN is used here. The 
structure of the BALUN is shown in Figure 6 along 
with the proposed loop. It can be observed in Figure 6 
that the BALUN comprises of three sections: 
microstrip line MS which is unbalanced in nature, 
coupled microstrip line, then coplanar stripline which 
is balanced in nature. The width of the microstrip line 
is 2.42 mm for 50 Ω. Length of the microstrip line is 
chosen to accommodate SMA connector and is 5 mm. 
Length of the middle section is about one-fourth of the 
wavelength of the central frequency of  3.1 GHz - 10.7 
GHz. Length of the coupled microstrip line after 
multiple simulations is taken as 8 mm with a gap of 
3.3 mm between them. Coplanar stripline is designed 
to have a characteristic impedance of 125 Ω. Length 
of the coplanar line is chosen to have smallest possible 
length while keeping loop antenna away from the 
ground plane. Length of the coplanar line is 10 mm. 
The gap between the coplanar lines is 0.2 mm. The 
smaller length of CPS brings antenna closer to the 
ground plane and the antenna loses its desired 
characteristics. Loop antenna is connected at the port 

Table 4 Loop Antenna Showing Different Bands for the 
Straight Feed Line. 
Length of 
main feed 

(mm) 

f1-f2 GHz / 
BW( MHz) 

f1-f2 GHz / 
BW( MHz) 

f1-f2 GHz / 
BW( MHz) 

7.975 3.18-3.6   
(420) 

6.49-7.44 
(950) 

9.81-10.6 
(790) 

5.125 3.21-3.64 
(430) 

6.3-6.99 
(690) 

9.48-10.8  
(1320) 

4.625 3.23-3.65 
(420) 

6.32-6.96 
(640) 

9.42-10.58 
(1160) 

4.125 3.23-
3.66(430) 

6.33-6.96 
(630) 

9.4-10.44 
(1040) 

2.525 3.26-3.7 
(440) 

6.4-6.96 
(560) 

9.48-10.23 
(750) 

f1-lower cut off, f2-upper cut off in GHz. 
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(2) of the printed BALUN transformer. Figure 7 shows 
the bandwidth of the BALUN when the impedance is 
50 Ω at the port (1) and 125 Ω at the port (2). It can be 
observed in Figure 7 that the BALUN covers a band 
from 2.66 GHz to 10.2 GHz.  
 

 
 

Figure 6: Compact BALUN Transformer Interfaced 
With the Loop at Port 2. 
 
It also includes the simulated result of the reflection 
coefficient of the loop connected with BALUN 
transformer and loop without BALUN transformer. It 
can be observed that the loop antenna without BALUN 
produces three bands as discussed earlier but when it 
is connected with BALUN it produces 4 different -10 
dB bands and covers seven different bands.  The first 
band extends from 1.7 GHz to 1.85 GHz to cover 
GSM, the second is from 3.03 GHz to 4.34 GHz and 
covers BAND-1 and BAND-2. The third band ranges 
from 6.17 GHz to 7.02 GHz and covers BAND-7, the 
fourth ranges from 8.89 GHz to 11 GHz and it covers 
BAND-12, BAND-13, and BAND-14. When the loop 
is interfaced with BALUN three additional bands are 
generated. These bands are centred at 1.8 GHz, 3.9 
GHz and 9.2 GHz. These bands are not present when 
the loop is not interconnected with BALUN. Possible 
reasons for the presence of these bands are discussed 
in next section. 
  

 
 

Figure7: S11 v/s Frequency Response of Loop, Loop 
Interfaced with BALUN along with BALUN response. 
 
4. Measurement of Loop with BALUN 

To check the validity of the proposed method loop is 
manufactured on Duroid 5880 and is tested using 

Agilent Technologies: N9916A VNA. The measured 
result is reproduced along with the simulated one in 
figure 9. Figure 8 shows the photograph of the 
manufactured antenna. 
It can be observed in Figure 9 that four distinct -10 dB 
bands are available. the first one is available from 1.7 
GHz to 1.85 GHz, the second from 3.094 GHz to 4.44 
GHz, the third is available from 6.11 GHz to7 GHz 
and the final is available from 8.85 GHz to 10.5 GHz.  
 

 
Figure 8: Photograph of the Manufactured Proposed 
Loop Antenna.   
 
The measured and the simulated results are in close 
agreement. Loop antenna, when added to the BALUN, 
gives additional bands. In order to find out the possible 
reasons for the presence of these additional bands, 
current distribution along the loop with BALUN and 
wherever required loop without BALUN is analyzed 
and compared. The simulated result of current 
distribution along the loop is reproduced. 

 
Figure 9: Measured and Simulated Result of the 
Proposed Loop Antenna. 
 
Current distribution is presented in two different ways: 
a) distribution of current along circular loop with feed 
points 1, 2. b) same current distribution is reproduced 
along a straight line whose length equals to the length 
of the loop when it is open and made straight. 
First band available is at 1.8 GHz when the loop is 
interconnected with BALUN. Figure 10 (a) shows the 
current distribution in the loop when it is not interfaced 
with BALUN. A varying dotted line represents a 
varying magnitude of current and solid line with the 
arrow represents the direction of the current. 
Segment "a" and "b" contain current distribution in the 
same direction. Segment "a" acts as simple dipole of 
very small length w.r.t. free space wavelength of 
166.67 mm at 1.8 GHz. Segment "a" is excited with 
source and segment "b" acts like a passive reflector as 
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it is not directly connected with the source. Length of 
this reflector is almost of length λ/2 due to half-length 
current distribution as shown in Figure 10(a). This 
arrangement leads to radiation towards feed only i.e. 
in –x direction. Distribution of current shows that the 
current is very small at feed point 1, 2. This small 
current leads to the poor match with the source and 
there is no band available when the loop in not 
connected with BALUN transformer. 
 

 
(a) 

 
(b) 

Figure10.  (a)  Simulated Current Distribution along 
Loop. (b) Radiation Pattern at 1.8 GHz without 
BALUN. 
 
Free space wavelength at 1.8 GHz is 166.67 mm. 
When the loop is interfaced with BALUN, overall 
length of the loop increases by BALUN length.  
BALUN length is 18.5 mm and since it is balanced in 
nature, current travels from MS line into one arm of 
the BALUN then into loop and from the loop it goes  
 

 
Figure11. Radiation Pattern and Current Distribution 
Along Loop at 1.8 GHz with BALUN. 
 
into the second arm of the BALUN. Therefore current 
can see twice of 18.5 mm length. Thus overall length 
of this entire structure becomes 37 mm + 95.95 mm 

(loop length with folded feed) = 132.95 mm, figure 11. 
This length is almost equal to one wavelength at 1.8 
GHz if effective dielectric constant of Duroid is taken 
into consideration. It is well known that loop with a 
circumference equal to one wavelength resonates at 
this wavelength and produces a band.  
Alternately it can also be explained w.r.t. current 
distribution. It can be observed that the current at point 
2 is larger than the earlier case of the loop without 
BALUN, Figure 10. BALUN length is 18.5 mm and is 
nearly λ/8 at 1.8 GHz. BALUN arm connected to point 
2 shifts the phase of the current by 450. Therefore the 
magnitude of the current at point 2 and at MS feed is 
equal and large enough to establish matched condition. 
Other than this shift in current distribution shifts the 
orientation of the radiation pattern by 900. Current 
distribution confined to loop is similar to simple dipole 
but of curved shape, therefore, the radiation is 
omnidirectional and is aligned along the y-axis, figure 
11. 
 
In the earlier case, the loop circumference was nearly 
half of the wavelength at 1.8 GHz. Free space 
wavelength at 3.4 GHz is almost equal to the 
circumference of the loop of 83 mm. Distribution of 
current along the loop is equal to one wavelength, 
Figure 12 (a). Current at point 1, 2 is weak and the 
inclusion of the BALUN at feed point 1, 2 improves 
the current distribution at MS feed.  Current 
distribution around the reference line can be viewed  
 

 
(a) 

 

 
(b) 

Figure12.  (a)  Simulated Current Distribution along 
the Loop. (b) Radiation Pattern at 3.4 GHz with 
BALUN. 
as if a folded dipole is formed. This leads to an 
omnidirectional pattern with improved gain, Figure 12 
(b). The loop without BALUN does not produce any 
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band at 3.96 GHz. Free space wavelength at 3.96 GHz 
is 76 mm and loop circumference is 83  mm, therefore, 
the loop is larger than the wavelength and current 
distribution is more than two half wavelengths as 
shown in Figure 13 (a). Length λ/4 is 19 mm and this 
length is close to the length of the BALUN. This 
quarter length shifts the phase of the low current 
available at point 2 by 900 to match the antenna with 
MS line. Current distribution along the loop can be 
divided in two parts "a-b" and part "c". Current 
distribution in part "a-b" is in the same direction but 
asymmetric w.r.t. feed at point 1, 2. When entire 
current distribution is viewed w.r.t. reference line it 
appears similar to the current distribution in a folded 
dipole. Radiation should be along ± z axis. But 
unequal current distribution in "a - b” segments of loop 
deviates the radiation away from ± z-axis, Figure 13 
(b). It is also observed in Figure 13 (b) that there is 
radiation in (x, -y) direction. This is due to the 
asymmetric distribution of current in part "a - b". Part 
"b" is larger than "a” and contains larger current so the 
radiation is tilted more towards part "b". This gives 
radiation along ± z-axis and also in (x, -y) direction. 

 
(a) 

 
(b) 

Figure13. (a) Simulated Current Distribution along 
the Loop. (b) Radiation Pattern at 3.96 GHz with 
BALUN. 
 
Free space wavelength at 6.6 GHz is 45.45 mm. The 
circumference of the loop without the folded feed is 83 
mm. Therefore it can be observed that there are more 
than three half cycles of current distribution along the 
loop. Radiation pattern can be explained w.r.t. the 
reference line passing through the centre of the loop. 
Part "a" and "b" can be viewed as folded dipole and 
similarly "d" and "c". These dipoles are formed along 
the reference line, Figure 14 (a). This current 
distribution is similar to the earlier case of 3.96 GHz 
except for one more current component along the loop. 
The reference line is shifted in clockwise direction 

w.r.t. to the earlier current distribution. This shift in 
current 

 
(a) 

 
(b) 

Figure14.  (a) Simulated Current Distribution along 
the Loop. (b) Radiation Pattern at 6.6 GHz with 
BALUN. 
 
distribution shifts the pattern in the clockwise 
direction. It is well known that the radiation along the 
axis of the dipole is zero and this can be observed in 
the radiation pattern of the loop. Similarly, radiation 
between part "b" and "c" and between "a" and "d" is 

 
(a) 

 
(b) 

Figure15.  a)  Simulated Current Distribution along the 
Loop. (b) Radiation Pattern at 9.2 GHz with BALUN. 
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absent as there is no current between part "b" and "c" 
and between "a" and "d", Figure 14 (b). 
 
The band at 9.2 GHz is available only if the loop is 
connected to the BALUN. Free space wavelength at 
this frequency is 32.6 mm. Loop circumference is 83 
mm so able to accommodate more than two full 
wavelength current distributions and is clearly evident 
in the current distribution, Figure 15 (a). 
 
Current distribution along the loop is viewed around 
the reference line as shown in Figure 15 (a). Currents 
in part "a"-"b” and "c"-"e" can be viewed as array of 
folded dipole and in phase. This arrangement of 
currents should give radiation along the ±z axis but the 
involvement of "d" component alters the pattern and 
the radiation is available in (-x, y) and (x, y) directions 
as shown in radiation pattern, Figure 15 (b). Nulls exist 
along the reference axis and between "a" -"b", "c"-"d" 
and "d"-"e". 
 
It can be observed that the current at point 2 on the 
loop is very small. Folded feed whose length is 7.975 
mm is approximately λ/4 in length and it transforms 
the current to maximum value at point j in Figure 15 
(a). Length of the BALUN is 18.5 mm and is close to 
λ/2 in length at 9.2 GHz. It is well known that a load 
seen through a line of length λ/2 remains unchanged. 
Therefore a current maximum available at point j is 
also available to MS line feeding the BALUN and 
hence matching is achieved and an additional band is 
available at 9.2 GHz. 
 
When the frequency is further increased to 9.7 GHz 
free space wavelength drops to 30.9 mm. The loop of 
circumference 83 mm can accommodate more than 2.5 
wavelength current distributions and is shown in 
Figure 16 (a). Current distribution is similar to that of 
the earlier case of 9.2 GHz except for one more 
component of current due to increase in the frequency. 
Now there are total three pairs of half wavelength 
current distribution available. Current pairs "a"-"f" 
and "c"-"d" radiates along ±z axis as they are in phase 
but the additional pair "b"-"e" is opposite in phase and 
alters the pattern. The presence of current pair "b"-"e" 
improves the radiation in (x, y) direction compared to 
the earlier case of 9.2 GHz.  The nulls are available 
along reference axis and between the two consecutive 
current components.  
Current distribution at 10.3 GHz is similar to that of 
current distribution at 9.7 GHz, Figure 17 (a). The only 
difference is that the current distribution is shifted in 
clock-wise direction w.r.t. the earlier current 
distribution. The impact of this rotation in current 
distribution is clearly visible in the radiation pattern, 
Figure 17 (b). Current component "a" and "d" is in 
opposite direction as compared to the remaining 
current components. This pair is responsible for 
deviating the radiation from ±z. Maximum radiation is 
available in (x, y) direction due to rotation of current 

components. Nulls are present along the reference axis 
and between all the consecutive current components.  
 

 
(a) 

 
(b) 

Figure16.  a)  Simulated Current Distribution along the 
Loop. (b) Radiation Pattern at 9.7 GHz with BALUN. 
 

 

 
(a) 

 
(b) 

Figure17: (a) Radiation Pattern at 10.3 GHz (b) 
Simulated Current Distribution along Loop with 
BALUN. 
 

Conclusion 
It is shown that multiple bands can be achieved using 
simple printed loop antenna without using the 
reconfigurable technique. A new folded feed is 
proposed to feed the balanced loop. This feed can be 
applied to any balanced antenna. The advantage of the 
feed is that it reduces onboard space. The proposed 
multi-band loop is capable to generate four distinct 
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bands which cover six different bands from UWB 
group and one GSM band when interfaced with 
broadband printed BALUN transformer. The first 
band is available from 1.7 GHz to 1.85 GHz and 
covers upper GSM. The second band is from 3.09 GHz 
to 4.44 GHz and covers BAND-1 and BAND-2. The 
third band ranges from 6.11 GHz to 7 GHz and covers 
BAND-7, the fourth band ranges from 8.85 GHz to 
10.5 GHz and it covers BAND-12, BAND-13, and 
BAND-14.  
It is also found that the antenna rejects IEEE 802.11 
Wi-Fi / WLAN at 5.8 GHz. Complete analyses of the 
current distribution along the loop reveal that at higher 
frequencies antenna current does not remain uniform 
and the radiation pattern fluctuates. Therefore the 
proposed antenna cannot be used for all the six bands 
at a time but can be used only for three different bands 
at a time i.e. from 3 GHz to 7 GHz together and from 
8.85 GHz to 10.5 GHz together as the second group. 
To improve the antenna performance to have constant 
radiation pattern, RIS (reactive impedance surface) or 
other metamaterials can be introduced along with the 
proposed loop antenna. 
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Abstract 
In this paper, a printed loop antenna with current reconfiguration technique is proposed to improve the usability 
of the loop as a multiband antenna for UWB applications ranging from 3.1 GHz to 10.6 GHz. The current 
reconfiguration is achieved using a capacitive gap along the circumference of the loop antenna. The shift in the 
location of the capacitive gap changes the current distribution in the antenna and new bands are generated. It is 
found that using a single capacitive gap along the loop, the antenna can be operated as a wide band antenna whose 
frequency ranges from 6 GHz to 10.8 GHz with % bandwidth of 57. The proposed loop can also be used as dual 
and triple band antenna in the frequency range from 6 GHz to 10.8 GHz by simply switching ON and OFF the 
switches. The proposed antenna generates the highest numbers of bands at the minimum expense of switches. The 
proposed loop without capacitive gap is capable of covering only 24% out of the 3.1 GHz-10.6 GHz range. The 
range of band can be varied from 24% to 57% using the switches. The proposed antenna very well rejects the 
WLAN and WiMAX bands. 
 
Keywords 
Capacitive Gap, Current Reconfiguration, Loop Antenna, Multiband, Wide Band 
 
Introduction 
Reconfigurable antennas are required for the better selectivity of the desired band of operation. These are also 
used to have desired radiation pattern at different frequencies of operation. The reconfigurability in any antenna 
is achieved by introducing physical changes in the antenna structure. These changes in antenna structure bring 
change in antenna current distribution which changes antenna impedance. The performance of antenna changes 
as the antenna impedance changes. There are several techniques to achieve reconfigurability features in antenna. 
These techniques use electronic switches, optical, mechanical and electromechanical switches (Mohamed Nasrun 
Osman et.al, 2015). The change in current is introduced either in the antenna itself or in the ground plane (DGS: 
defected ground structure) as shown in (Mohammed Al-Husseini et. al., 2010) and (Xuelin Liu et. al., 2015). The 
structural modification in the antenna is used to control the orientation of the current in the antenna to generate 
different bands (Sonia Sharma and Chandra C. Tripathi, 2015).  
 
Limitations and Solution to the Existing Multiband Loop Antenna 
It is shown (S. P. Shastri, R. R. Singh, K.V. Ajetrao, 2018) that a printed loop antenna can be used to generate 
multiple bands to cover various bands under UWB applications ranging from 3.1 GHz to 10.6 GHz. Figure 1 is 
reproduced from (S. P. Shastri, R. R. Singh, K.V. Ajetrao, 2018) to show the multiband printed loop antenna. The 
loop is fed with a compact BALUN which is a compact size BALUN. This leads to the reduction in the overall 
dimension of the loop antenna. The loop antenna is interfaced with a printed BALUN and is simulated using CST 
STUDIO. The material used is DUROID 5880 with a thickness of 0.787mm.  

 

              
 

Figure 1: The Printed Loop Antenna Interfaced 
with a BALUN Transformer 

Figure 2: Dimensional Details of the Compact 
Printed BALUN Transformer 
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The loop radius is 13.2 mm with a width of 0.6 mm. This dimension of the loop is taken to cover the least frequency 
of UWB band which is 3.1GHz. The dimensional information of the BALUN is shown in Figure 2.  
The electrical characteristics of the loop are shown in Figure 3. The antenna generates three distinct bands from 
3.1 GHz to 11 GHz. 

 
Figure 3: Reflection Coefficient v/s Frequency of Loop Antenna without Capacitive Gap 

 
In order to claim the multiband property of the antenna, it is important to analyze the radiation patterns of the loop 
antenna at the claimed bands. The first band is available from 3.1 GHz to 4.2 GHz. The second band is available 
at 6.6 GHz with a bandwidth of 528 MHz. The last two bands are available at 9.77 GHz and 10.3 GHz with same 
bandwidth. It can be observed in Fig. 4 (a) and (b) that out of the three bands, the radiation patterns of the first 
band are uniform in θ-plane and are orthogonal to the plane of the loop, Figure 4(a).  
 

                                  
 

 (a)       (b) 
Figure 4: Radiation Pattern of Loop at 3.43 GHz, 3.96 GHz, 6.6GHz, 9.77 GHz, and 10.3 GHz. 

 
But, the radiation patterns available for the last two bands are uniform in φ plane, Figure 4(b). Therefore the 
antenna can be claimed to have only dual band property. In order to increase the number of the bands and to claim 
the multiband feature of the antenna, a capacitive gap is introduced along the circumference of the loop as shown 
in Figure 1. The capacitive gap changes the current distribution along the loop. This change in the current along 
the antenna changes the input impedance of the antenna. A loop antenna of circumference equals to one 
wavelength is shown with input point marked as 1 and 2 in Figure 5(a). Figure 5(b) shows the current distribution 
in the same antenna at wavelength λ. It can be observed that a current maximum occurs at the feed points 1 and 
2. Figure 5(c) shows the same antenna with a capacitive gap opposite to the feed point i.e. at the mid of the 
antenna. The current distribution throughout the antenna changes when excited at the wavelength λ. A current 
minima exists at the capacitive gap and the current is distributed in such a way that the current minima exists at 
the feed points. This leads to poor antenna impedance. This shows that the introduction of a capacitive gap at 
different locations, along the circumference of the loop, will lead change in the antenna impedance and this 
technique can be used to generate different bands from the loop antenna. 
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Figure 5: (a) Loop Antenna with Feed Point, (b) Current Standing Wave Along Loop with No Capacitive 

Gap, and (c) Current Standing Wave Along Loop with Capacitive Gap 
 
Research Method 
In order to generate more bands with a stable radiation pattern, a capacitive gap is added to the loop antenna and 
its impact on reflection coefficient and the radiation pattern is analyzed. The capacitive gap can be created by 
switching a diode ON or OFF at desired locations. In this paper the capacitive gap is realized using short and open 
circuit along the circumference of the loop.  The capacitive gap is added to the loop from feed end and the location 
of the feed is augmented by 100 as shown in Figure 1. There is no useful band available till 400, therefore, the 
electrical characteristic and the radiation patterns are not taken into consideration. Figure 6 shows that when the 
gap is created at 450, the antenna generates a very wide range of frequency. This band ranges from 6.23 GHz to 
10.2 GHz with a % bandwidth of 48.  

                        
     

Figure 6: Reflection Coefficient v/s Frequency of the Loop 
Antenna Without and With Capacitive Gaps at Different 

Locations 

(a) 

 
The radiation patterns for this band are analyzed in order to verify the availability of the wide range of the 
frequency. It can be observed in Figure 7 that the radiation pattern is uniform for θ=900 and Φ = 00 which is the 
plane of the loop as shown in the Figure 1. So a wideband operation can be claimed when the capacitive gap is 
introduced at 450. 

 

   
(b)    (c)    (d)  

Figure 7: Radiation Pattern of Loop at (a) 6.6 GHz and 7.1 GHz, (b) 7.66 GHz and 8.2 GHz, (c) 8.7 
GHz and 9.2 GHz, (d) 9.77 GHz, and 10.3 GHz for Capacitive Gap at 450. 
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The loop responds in a similar way when it is added with a capacitive gap at 500 with a little drop in the reflection 
coefficient from 8.6 GHz to 8.9 GHz. The loop produces a new band from 4 GHz to 5 GHz. But a better response 
is observed for a capacitive gap at 600 as shown in Figure 6. The new bands available are from 2.36 GHz to 2.83 
GHz, 3.8 GHz to 4.95 GHz and 7.34 GHz to 8 GHz. In order to verify the multiband operation of the loop with a 
capacitive gap at 600, the radiation patterns are analyzed. It can be observed from Figure 8 that the radiation pattern 
at 2.4 GHz is orthogonal to the plane of the loop and is little inclined at 4.48 GHz since the two electric fields are 
comparable with each other. The radiation at 7.66 GHz is oriented in the horizontal direction. Therefore it can be 
claimed that when there is no gap and when gap is at 600, there are total 3 bands with radiation patterns orthogonal 
to the plane of the loop. The first band is available at 2.4 GHz, the second is at 3.6 GHz and the third is at 4.2 
GHz. The same antenna can be used to cover other 3 bands with the first band at 6.5 GHz, the second at 7.66 GHz 
and the third band at 10 GHz. The radiation for these bands are in the plane of the loop and is oriented at Φ = 00. 
Therefore even though there are six distinct bands available for when the loop is operated with a capacitive gap 
(C-gap) at 600 and the loop with no C-gap. Therefore, only three bands can be claimed, i.e, three bands below 6 
GHz or three bands above 6 GHz. 
 

  
      (a)                (b) 

Figure 8: Radiation Pattern of Loop at (a) 2.4 GHz, 4.48 GHz and (b) 7.66 GHz for Capacitive Gap at 600. 
 

There is no fruitful result when the capacitive gap is at 700, 800 and 900.  When a capacitive gap is created at 1000 
and shifted at 1100, the response of the antenna is almost the same for both the cases but is better when the C-gap 
is at 1100. The new bands generated under this case are from 7.27 GHz-8.5 GHz, and from 8.97 GHz to 10 GHz. 
So it can be concluded that the loop for this particular case works as dual band antenna. Therefore, when the loop 
loaded with a capacitive gap at 1100 and the loop with no gap are considered, a total of four bands are generated 
to cover six different bands at 7.66 GHz, 8.2 GHz, 9.2 GHz and 6.6 GHz, 9.7 GHz and 10.3 GHz respectively. 
But the second band from the loop with C-gap at 1100 and the first half of the second band from the loop with no 
C-gap are overlapped therefore the antenna can be claimed to cover only three bands. The details of the electrical 
and radiation pattern characteristics are shown in Figure 9 and Figure 10. 
 

                                  
Figure 9: Reflection Coefficient v/s Frequency of 
the Loop Antenna without and with Capacitive 

Gaps at Different Locations. 
 

Figure 10: Radiation Pattern of Loop at 7.66 
GHz, 8.2 GHz and 9.2 GHz for Capacitive Gap at 

1100. 
 

The capacitive gap is further shifted till 3100 with a step shift of 100 and the reflection coefficient for all the cases 
are compared in Figure 11. It can be observed that there is no new band available for any of the cases. Nevertheless, 
the two cases of the capacitive gap at 1300 and 2500 are worth to consider as these cases generate a wide band, 
ranging from 6.4 GHz to 8.4 GHz.  Out of these two cases, the reflection coefficient is better for when the gap is 
at 1300. Once again the antenna with C-gap at 1300 and with no gap can be used as triple-band loop antenna 
covering a band from 6.2 GHz to 8.3 GHz and from 9 GHz to 10.6 GHz as observed in Figure 12.  
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             (a)       (b) 

                           
         (c)               (d) 
 

                 
(e)       

Figure 11: Reflection Coefficient v/s Frequency of 
the Loop Antenna without and with Capacitive 

Gaps at Different Locations 

Figure 12:  Radiation Patterns at 7.1 GHz for 
Capacitive Gaps at 1300 and 2500. 

 
It can be concluded that the capacitive gap introduced in the loop antenna by using a switch, reconfigures the 
antenna bands. The orientation of the radiation pattern of the loop can be categorized as orthogonal and parallel 
to the plane of the loop antenna. It is observed that the antenna radiates in the orthogonal direction when the 
frequency is less than 6 GHz and it is parallel to the plane of the loop and uniform along Φ=0 direction above 
6GHz. Table 1 summarizes the significant characteristic of multiband operations using a capacitive gap. The loop 
antenna with no capacitive gap generates three bands. The introduction of capacitive gap along the circumference 
of the loop generates new bands listed in Table 1. fc is the center frequency of the listed band. 
 

Gap Location No gap 450 600 1100 1300/2500 

fc GHz 3.6 6.5, 10 6.2-10 2.4, 4.48 7.66 8, 9.5 7.6 

Number of 
bands 

1 2 Single wide 
band 

2 1 2 Single wide 
band 

Orientation of 
Radiation 

Orthogonal 
to loop plane 

Along the 
loop plane 

Along the 
loop plane 

Orthogonal to 
loop plane 

Along the 
loop plane 

Along the 
loop plane 

Along the 
loop plane 

Table 1: Summary of Different Bands Generated Using Capacitive Gap at Different Locations 
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The maximum number of bands is available when the switch is placed at 1100. The loop with no C-gap and gap 
at 1100 together generates three distinct bands and covers BAND -7, BAND-9-10 and BAND-12-13-14 as shown 
in Figure 13. Thus the loop can cover 6 different bands using a single switch.  

 
Figure 13: Various Bands Covered by C-Gap Loaded Loop Antenna 

 
It can be observed in Figure 13 that the loop added with the capacitive gap covers all the bands from 3.1 GHz to 
10.6 GHz. The band below 3 GHz is not taken into consideration. Figure 13 also shows that the antenna rejects 
WLAN and WiMAX bands. Figure 14 shows the band distribution for UWB band ranging from 3.1 GHz- 10.6 
GHz as given in (S. P. Shastri, R. R. Singh, K.V. Ajetrao, 2018) and is used here for reference purpose.The loop 
antenna added with C-gap at 450 produces a very wide band of frequency when compared with the other cases of 
the loop antenna added with C-gap. This technique can be used to enhance the bandwidth of the loop antenna. In 
order to verify this band enhancement technique, other loops with different dimensions are simulated and the 
bandwidth of each antenna is compared. A summary of the comparison is given in Table 2. 
      
        
 
 
 
 
 

 

The bandwidth is larger for when the loop radius is of 13.2 mm and is minimum when the radius if 9.5 mm. The 
proposed technique is a simple technique to improve the antenna bandwidth. In order to find out the usefulness of 
the proposed technique, the result of the loop with capacitive gap is also compared with the loop with no capacitive 
gap and the comparison is shown in Figure 15. It can be observed that the center frequency of the obtained wide 
band using a capacitive gap is almost twice of the center frequency of the lowest band obtained when there is no 
capacitive gap for all the three cases compared in Table 2. 

                 
 (a)                 (b) 

Figure 15. Reflection Coefficient of the Loop with C-Gap at (a) 510 and at (b) 650  for Loop with Radius 19 
mm and 9.5 mm respectively. 

 
 
 
 

 
Figure 14.  Band Allocation from 3.1 GHz - 10.6 GHz. 

Location 
of C-gap 

Radius of 
Loop (mm) 

f1-f2 
(GHz) 

% 
Bandwidth 

450 13.2 6.27 -10 45.9 
510 19 3.5-5 35 

650 9.5 8.7-10.5 20 
f1-f2 - lower and upper cut off frequencies 

Table 2.  Bandwidth Enhancement Using 
C-Gap 
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Results and Discussion 
In order to verify the proposed technique of generating different bands from a printed loop antenna, the antenna 
is manufactured and tested using VNA of series N9926A from Keysight Technologies. Figure 16 shows the 
photograph of the manufactured antenna.  
 

 
 

Figure 16. The Loop Antenna with C-Gap at: (a) 450 (b) 1100, (c) 1200, (d) 1300. 
 

The measured result is compared with the simulated one and is shown in Figure 17. It can be observed that the 
measured results are in good agreement with the simulated result. The switch is realized using open and short 
circuit along the loop. The open gap is of 0.5 mm width and can be seen in Figure 16. 
It can be observed here that the capacitive gap along the circumference of the loop indeed improves the usefulness 
of the loop as a multiband antenna. It can be observed in Figure 17 (a) that the loop, when added with the C-gap 
at 450, produces a wide band from 6 GHz to 10.8 GHz. When there is no gap, the antenna covers an additional 
band from 3 GHz to 4.2 GHz. Therefore a total of two bands are available using a single switch. When the switch 
is at 1100, the antenna produces two distinct bands from 7 GHz to 8.4 GHz and from 10 GHz to 10.8 GHz. The 
loop with no C-gap already covers two different bands as shown in Figure 17 (b). When a single switch is used at 
1100, the antenna produces total four distinct bands depending on the ON and OFF state of the switch. When the 
switch is at 1200, the antenna can produce three distinct bands as shown in Figure 17 (c). The performance of the 
loop loaded with C-gap at 1300 is similar to the performance of the loop loaded with C-gap at 1200 and is shown 
in Figure 17 (d). Since the radiation pattern of the loop is orthogonal to the plane of the loop below 6 GHz and 
along the loop plane above 6 GHz, the multiband can be claimed either for frequency below 6 GHz or above 6 
GHz. The actual bands of operation using C-gap are listed in Table 3. 
 

              
(a)                         (b) 
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       (c)       (d) 

Figure 17. Proposed Loop Antenna with C-Gap at (a) 450 (b) 1100, (c) 1200, (d) 1300. 
 

A comparison of the proposed loop is done with the other recent existing reconfigurable antennas. The summary 
of the comparison is shown in Table 4. 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Table 3. Different Modes of Operation of C-Gap 
Loaded Loop Antenna 

Table 4: Comparative Analysis of the Proposed 
Antenna with the Other Existing Antennas 

 
The antenna given by authors in (P.Tilanth, P. C. Sharma, 2014) generates two distinct bands centered at 1.8 GHz 
and 2.4 GHz. These two bands are generated using eight different switches. The antenna proposed by the authors 
in (K. Topalli et.al., 2007, 2009)  are multiband antenna generating two bands at 8.2 GHz, 10.4 GHz and 15.95 
GHz and 17.1 GHz respectively. Both the antennas use MEM switch for the reconfiguration. There are four 
antennas proposed by authors in (F. Alsharif et.al., 2016). The two antennas are used to generate the two different 
bands and others are used to change pattern and polarization. The two antennas used to generated different bands 
are selected using a rotating mechanism so the reconfiguration is controlled mechanically. The antenna proposed 
by authors in (S. Sharma, C. C. Tripathi, 2015) is operated with two switches and depending on the ON and OFF 
state of diodes, the antenna generates three different bands from 1.58 GHz to 2.38 GHz. When the same antenna 
is added with four diodes and is made ON or OFF in a particular sequence then it generates five different bands 
from 1.51 GHz to 2.28 GHz. The antenna proposed by the authors in (X. Liu, X. Yang, F. Kong, 2015) uses 4 
switches and depending on the ON and OFF state of switches, it is operated as single, double and triple band 
antenna and generates a total 5 different bands. The antenna proposed by authors in (H. I. Idris et.al., 2014)  uses 
3 pairs of the diode and generates three different bands under single, dual and triple band modes. A single 
monopole antenna with two optical switches generates four different bands as shown in (S.A.A. Shah et.al., 2017). 

 

Switch 
location 

Switch 
State 

Bands 
(GHz) 

Application 
Band  

Mode 

450 
ON 

6.27-7, 
9.45-
10.5 

BAND-7, 
BAND-12-

13 

Dual or 
single 
wide 
band 

 
OFF 6 -10.8 BAND-7-14 

1100 

ON 
6.27-7, 
9.45-
10.5 

BAND-7, 
BAND-12-

13 
Triple 

OFF 
7.2-8.8, 

9.4-
10.7 

BAND-9-11, 
BAND-13-

14 

1200 
ON 

6.27-7, 
9.45-
10.5 

BAND-7, 
BAND-12-

13 Dual 

OFF 6.2-8.8 BAND-8-10 

 

R B Frequency (GHz) 
Number 

of 
switches 

Number 
of 

Antenna 
[6] 2 1.8, 2.4  8 1 

[7] 2 8.2, 10.4 
1, MEM 
capacitor 

1 

[8] 2 
15.95, 
17.1 

1, MEM 
capacitor 

1 

[9] 2 2.4 , 5.8     Motor 2 

[10] 
3 1.58 , 2.38  2 1 
5 1.51 , 2.28 4 1 

[11] 5 2.16 - 9  4 1 
[12] 3 2.4, 3.5,.2  6 1 

[13] 4 
2.45,3.49,5.13 

5.81 
2 1 

P 

1 6 -10.8 1 1 
2 6.27-7, 9.45-10.5 0 1 

2 
6.27-7, 6.27-8.8, 

9.45-10.5 
1 1 

3 
6.27-7,7.2-8.8, 10-

10.5,  9.45-10.5 
1 1 

R-Reference, B-number of bands, P-Proposed work 
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The proposed antenna uses a single switch and can produce up to three different bands. The number of bands 
listed in Table 4 also includes the bands generated by the proposed loop when there is no C-gap added to the 
antenna. It can be observed that the maximum number of bands obtained from a single antenna is five given in (S. 
Sharma, C. C. Tripathi, 2015) and (X. Liu, X. Yang, F. Kong, 2015)but there are four switches to generate these 
bands. The proposed antenna can generate three different bands using only a single switch. Though the bands 
generated are only three but are wide enough to cover every band given in Figure14 from 6 GHz onwards. 
Therefore the proposed technique improves the usefulness of the loop antenna as a multiband loop. 
 
Conclusion 
A single loop antenna is not capable of generating multiple bands which restricts the wide application of loop 
antenna. The proposed method of current reconfiguration in the loop antenna using switches improves the number 
of bands. The proposed technique successfully demonstrates the enhancement of loop bandwidth using a single 
switch and can be extended to any dimension of the loop. It is also found that the antenna can be used as a dual 
or triple band antenna using a single switch at different locations. Therefore it can also be concluded that the 
location of the switch not only generates different bands but also influences the bandwidth of the produced bands. 
The proposed loop without a switch is capable of covering only 24% of the entire band of UWB ranging from 3.1 
GHz to 10.6 GHz due to the unstable radiation pattern. The range of band can be varied from 24% to 57% using 
the switches. 
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