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Abstract

WLAN and Body Area Networks(BAN) are rapidly advancing as high data rate wireless commu-

nication systems using Ulta Wide Band(UWB) spectrum. The unlicensed UWB spectrum offers

7 GHz wide bandwidth which ranges over 57 to 64 GHz. In this UWB communication systems

Antenna design plays a crucial role for signal transmission and reception. However Antenna de-

sign at UWB spectrum is more challenging than narrow band design Beam forming Antenna arrays

play an important role at these frequencies. In this work A novel embroidery type dipole antennas

and dipole arrays are proposed for Body area networks. The proposed antennas are designed and

analyzed using High Frequency Structure Simulator(HFSS).
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Chapter 1

Introduction

1.1 UWB Spectrum and Millimetre Waves

The unlicensed ultra-wide band spectrum 57-64GHz which has 7GHz bandwidth is used for short

distance communication [1, 2]. The millimetre waves in this band have high attenuation due to

oxygen and water content present in the atmosphere. Approximately the attenuation for this band

is 12-15 dB/Km and penetration through concrete walls is negligible due to huge amount of power

loss. So this high attenuation enables more secure communication and is most suitable for indoor

communication. we get low interference with other frequency channels in this spectrum and it

enables frequency reuse in adjacent wireless networks [3].

Figure 1.1: Millimetre wave band in spectrum [4]

The UWB 60GHz band can achieve gigabit per second data rates for short range wireless commu-

nications because of availability of huge bandwidth. Because of these advantages millimetre waves

created research interests and their practical applications. Figure 1.1 shows FCC frequency alloted

bands [5] where as our interested frequency range is in the V band.
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1.2 Body Centric Communications

Body centric wireless communication is one of the fast growing technologies. It is important in 4th

generation and beyond wireless communication systems. As time progress due to advanced technol-

ogy in wireless communications, minimization of wearable hardware,embedded software and digital

signal processing has enabled us human to human networking by incorporating wearable sensors

and communications [6],[7],[8]. This Body centric communication technology using in different oc-

cupations like paramedics, military, fire fighters and health-care. The wearable systems has high

importance on computational power when we coupled with sensors and interface components. But

these systems are bulky and have wired connections. The wireless communications in this systems

have highly desirable.

Body centric communications consists of Body Area Networks(BAN) and Personal Area Net-

works(PAN). The content of PAN or BAN contains a range of communication requirements. These

are classified into 3 types [6].

• Off-body communications

• On-body communications

• In-body communications

1.2.1 Off-body communications

The radio wireless communications dealing this type of off-body communications like human to

human, human to base station communications.

1.2.2 On-body communications

On-body communication system design is most important and challenging because several factors

are involved in this design. There are several devices carried by human which need to communicate

with each other. The choice of frequency of operation in wearable devices is also desirable because

at low frequencies wave length is high and penetration depth to human body is also high [9]. They

effect human body When penetrated into the body. Most of previous studies for on-body commu-

nications conducted at microwave frequencies like 2.4GHz and 4.5GHz, wearable devices operated

at microwaves are large when compared to 60GHz ultra wide band and we achieve high data rates.

Figure 1.2 depicts the soldier on-body communication in the battle field. In this figure (1,2,3,4,5)

are the sensors carried by soldier in battle field [10].

1.2.3 In-body communications

One of the applications in wireless body area networks is health-care. Millimetre wave technology

enables long term patient monitoring for health problems by using wearable devices and in-planted

body sensors with out disturbing the human daily activities. In this RF communication system

wearable antenna design is challenging. The data which is collected by all the sensors placed in/on

the human body is of high importance. Hence we need to transmit it to base station properly with

out errors. So wearable antenna design has great importance. Millimetre wave interactions with the

human body are discussed in [11, 12].
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Figure 1.2: Communication between base station and soldier [13]

Figure 1.3: Patient health monitoring [14]

1.3 Wearable Antennas at Millimeter Waves

Wearable antenna is defined as an antenna to be a part of clothing. It is clear that antennas

are worn on the body placed in the equipment which are attached to the body directly such as

soldier equipment and medical sensors as discussed in the above section. Due to high importance to

wearable antennas researchers also interest in that designs. The wavelength at ultra wide bandwidth

i.e. 60GHz is 5mm. Designing wearable antennas at millimeter wavelength is challenging.

The existing wearable antennas are prone to

• Bending

• Flexing

• Wrinkling

3



So wearable antennas need to be unchanged and operational at above circumstances. Earlier in this

area a lot of antenna designs for various operating frequency are proposed and practically designed.

Designs like planar inverted antennas [15] for GSM wearable applications, Yagi-uda [16] and micro

strip patch antennas [17] at 60GHz are designed but these antennas are not the part of clothes. In

this work the proposed antenna designs are easy to fabric and the designs overcome above mentioned

challenges. The design has advantage like easy to fabric.

1.4 Literature and Contributions

Key aspect for this proposed antenna is it should be easily embroidered on clothes. The basic half-

wave dipole antenna is designed in the paper [18] where dipole construction, Theoretical far-field

mathematical expressions and simulation results are discussed.

The proposed structure in [18] is gives us advantage to easily embroider on clothes because of

curved shapes. But the problem is length of the antenna, at this frequency of operation (60GHz)

half-wavelength(2.5mm) which is difficult to embroider on clothes, length is not long enough to stick

on clothes.

So we consider the problem of increased length of the antenna i.e. increase sufficient number

of turns to embroidery on cloth and it should be flexible. In this work we designed symmetric

full-wave dipole antenna with respect to antenna feed point. Antenna construction details and far

field expressions are discussed in chapter 3 and published in [19]. In this design we focus on current

distribution on antenna and far-field mathematical expressions. The design is simulated using High

Frequency Structure Simulator(HFSS) which is discussed in appendix. There is good matching

between theoretical and simulated far-field results.

As length of the antenna increase symmetrically, finding mathematical expressions for far-field

becomes difficult. So we observed the far-fields around the antenna by simulating in HFSS for

different lengths. These results are discussed in the chapter 3.

So far we have discussed only dipoles. They radiate in all directions, directivity and gain of

single antenna for communication is low at these operating frequency(60GHz). So we need to design

antenna arrays for getting strong and highly directive beams. We proposed a novel embroidered

antenna design in chapter 4. The main aim of this array design is to steer beams in required

direction so we analyzed different types of arrays. We proposed broadside embroidery array [20]. In

the array design disadvantage is side-lobe power, radiated power is wasted in terms of side-lobes.

So we need to reduce the side-lobe effect and strengthen the main beams. To ensure that in this

array design we observed field patterns with different antenna element combinations and different

feeding phases. After several observations we recommended N=8 antenna elements and each antenna

element length is 7λ2 with these specification we got highly directional and high gain beams. The

complete details discussed in chapter 4.
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Chapter 2

Multiturn Millimetre Full-wave

Dipole Antenna

2.1 Antenna Design

The geometry of proposed antenna consists of four semi circular arms to make sure that the length

of antenna is full wavelength i.e. 5mm. Length of each arm is λ
4 such that total length is λ.Antenna

is positioned along YZ axis symmetrically as shown in Figure 2.1. The basic construction details of

multiturn antenna discussed in [18, 21]. Feeding point for the antenna is center point as shown in

the Figure 2.1. We can select off-center feed point and make sure that current at that poin is not

equal to zero.

center feed
pont

Figure 2.1: Full-wave Dipole Antenna
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2.2 Current Distribution

For the proposed antenna we assumed the current distribution is sinusoidal [22]. the following

equation is represents current distribution. In Equation 2.1 k is wave-number, H is half length of

antenna i.e. λ
2 where λ is wavelength of dipole.

I (Z) = IO sin

(
k (H− | Z |)

)
, (2.1)

2.2.1 Antenna Parameterization

For calculating the far-field equations of proposed antenna, the antenna geometry is parameterized

by t which varies from -2π to 2π. The geometry of four arms of the dipole and their respective

tangents are defined by following vector expressions.

Arm− 1

l1 = âyv sin t+ âz (3v + v cos t) ; −2π ≤ t ≤ −π

T̂1 = ây cos t− âz sin t.

Arm− 2

l2 = âyv sin t+ âz (v − v cos t) ; −π ≤ t ≤ 0

T̂2 = ây cos t+ âz sin t.

Arm− 3

l3 = âyv sin t+ âz (−v + v cos t) ; 0 ≤ t ≤ π

T̂3 = ây cos t− âz sin t.

Arm− 4

l4 = âyv sin t+ âz (−3v − v cos t) ; π ≤ t ≤ 2π

T̂4 = ây cos t+ âz sin t.

(2.2)

For the proposed antenna current distribution is sinusoidal and it’s direction is tangential to curve

[23, 22]. The current equations for each arm is given by

I1 = IO sin (π+ | kvt |) ây cos t− âz sin t,

I2 = IO sin (π+ | kvt |) ây cos t+ âz sin t,

I3 = IO sin (π+ | kvt |) ây cos t− âz sin t,

I4 = IO sin (π+ | kvt |) ây cos t+ âz sin t,

(2.3)

Where IO is the peak value of the current, and current has no component along x-axis, and ây, âz

are unit vectors along Y and Z directions. Note that the current is zero at both the ends of the

antenna.

2.3 Far-field calculation

Field around the antenna can be divided in to three regions.
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• Reactive Near field

• Radiating Near field

• Radiating far-field

The near field and reactive field are die off with distances as 1
R2 and 1

R3 , where R is the observing

point from the antenna [22]. So we are left with Radiating far-fields, in this region radiation patters

does not change with distance. This region is one of the most important region, it determines the

antenna radiation pattern. This is the region which is operating region of antenna. So to calculate

the radiated Electric and Magnetic fields in this region we can follow two step procedure as discussed

in [22]. In this procedure first Magnetic vector potential A is calculated then Electric E and Magnetic

field H are calculated.

2.3.1 Magnetic vector potential

A can be calculated as

A (X,Y, Z) =
µ

4π

∫
c

Iarm (X ′, Y ′, Z ′)
ejkR

R
dl′ (2.4)

Where µ is permeability, point (X ′, Y ′, Z ′) is the source point and the point (X,Y, Z) is the obser-

vation point. The relation between source and observation point is

R =

√
(X ′ −X)

2
+ (Y ′ − Y )

2
+ (Z ′ − Z)

2
(2.5)

source coordinates (X’,Y’,Z’) are parameterized by parameter t and observation point is in spherical

coordinate system. so we have

X ′ = 0, Y ′ = v sin t, Z ′ = 3v + v cos t; −2π ≤ t ≤ −π

X ′ = 0, Y ′ = v sin t, Z ′ = −v − v cos t; −π ≤ t ≤ 0

X ′ = 0, Y ′ = v sin t, Z ′ = −v + v cos t; 0 ≤ t ≤ π

X ′ = 0, Y ′ = v sin t, Z ′ = −3v − v cos t; π ≤ t ≤ 2π

(2.6)

X = r sin θ cosφ,

Y = r sin θ sinφ,

Z = r cos θ.

(2.7)

Where point (r, θ, φ) is the observation point in the spherical coordinate system. From (2.3) we can

observe that the current has two components along y and z directions. So the magnetic field vector

exists only in y and z directions, Ay and Az. The corresponding expressions are

Ay = Ay1 +Ay2 +Ay3 +Ay4,

Az = Az1 +Az2 +Az3 +Az4.
(2.8)
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Each integration in (3.8) is solved by using Simpson’s 3
8

th
rule, and the expressions are given by

Ay1 =
µvIO exp(−jkr)

4πr

∫ −π
−2π

(
sin (kH− | kvt |) cos t

× exp (−jk(−v sin θ sinφ sin t− v (3 + cos t) cos θ))

)
dt,

(2.9)

by this Simpson’s rule

Ay1 ≈ K
[

exp(−j 1

4
(−
√

3 sin θ sinφ− 7 cos θ))−

√
3 exp(−j 1

4
(−
√

3 sin θ sinφ− 5 cos θ))− 4

3
exp(j cos θ)

]
,

(2.10)

In a similar manner

Ay2 =
µvIO exp(−jkr)

4πr

∫ 0

−π

(
sin (kH− | kvt |) cos t

× exp(−jk(−v cos θ sin θ sin t− v cos θ(1− cos t))

)
dt,

(2.11)

Ay2 ≈ K
[
−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ− 3 cos θ))+

exp(−j 1

4
(
√

3 sin θ sinφ− cos θ))− 4

3
exp(j cos θ)

]
,

(2.12)

and

Ay3 =
µvIO exp(−jkr)

4πr

∫ π

0

(
sin (kH− | kvt |) cos t

× exp(−jk(−v sin θ sinφ sin t+ v cos θ(1− cos t))

)
dt,

(2.13)

Ay3 ≈ K
[

exp(−j 1

4
(−
√

3 sin θ sinφ+ cos θ))−

√
3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 3 cos θ))− 4

3
exp(j cos θ)

]
,

(2.14)

Ay4 =
µvIO exp(−jkr)

4πr

∫ 2π

π

(
sin (kH− | kvt |) cos t

× exp (−jk(−v sin θ sinφ sin t+ v (3 + cos t) cos θ))

)
dt,

(2.15)

Ay4 ≈ K
[
−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ+ 5 cos θ))+

exp(−j 1

4
(
√

3 sin θ sinφ+ 7 cos θ))− 4

3
exp(j cos θ)

]
,

(2.16)
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From equation (3.10),(3.12),(3.14) and (3.16) we can write the final Ay as

Ay = −K
[
2
√

3 cos

(
1

4

(√
3 sin θ sinφ+ 5 cos θ

))
− 2 cos

(
1

4

(√
3 sin θ sinφ+ 7 cos θ

))
+2
√

3 cos

(
1

4

(√
3 sin θ sinφ− 3 cos θ

))
− 2 cos

(
1

4

(√
3 sin θ sinφ− cos θ

))
+

16

3
cos(cos θ)

]
.

(2.17)

Similarly Az can be approaximated as

Az1 ≈ K
[
−
√

3 exp(−j 1

4
(−
√

3 sin θ sinφ− 7 cos θ))

+3 exp(−j 1

4
(−
√

3 sin θ sinφ− 5 cos θ))

] (2.18)

Az2 ≈ K
[
− 3 exp(−j 1

4
(
√

3 sin θ sinφ− 3 cos θ))

−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ− cos θ))

] (2.19)

Az3 ≈ K
[
−
√

3 exp(−j 1

4
(−
√

3 sin θ sinφ+ cos θ))

−3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 3 cos θ))

] (2.20)

Az4 ≈ K
[
− 3 exp(−j 1

4
(
√

3 sin θ sinφ+ 5 cos θ))

−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ+ 7 cos θ))

] (2.21)

From equations (3.18),(3.19),(3.20) and (3.21) we can write the final Az as

Az = −K
[
6 cos

(
1

4

(√
3 sin θ sinφ+ 5 cos θ

))
+ 2
√

3 cos

(
1

4

(√
3 sin θ sinφ+ 7 cos θ

))
+6 cos

(
1

4

(√
3 sin θ sinφ− 3 cos θ

))
+ 2
√

3 cos

(
1

4

(√
3 sin θ sinφ− cos θ

))]
.

(2.22)

Converting rectangular to spherical coordinates

Ar = AY sin θ sinφ+AZ cos θ,

Aθ = AY sin θ sinφ−AZ sin θ,

Aφ = AY cosφ.

(2.23)
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Hence the expressions for Ar, Aθ and Aφ can be written as

Ar = K

[
2
√

3cos (a1)− 2cos (a2) + 2
√

3cos (a3)− 2cos (a4) +
16

3
cos (cosθ)

]
sin θ sinφ+K

[
6cos (a1) + 2

√
3cos (a2) + 6cos (a3) + 2

√
3cos (a4)

]
cos θ,

Aθ = K

[
2
√

3cos (a1)− 2cos (a2) + 2
√

3cos (a3)− 2cos (a4) +
16

3
cos (cosθ)

]
cos θ sinφ−K

[
6cos (a1) + 2

√
3cos (a2) + 6cos (a3) + 2

√
3cos (a4)

]
sin θ,

Aφ = K

[
2
√

3cos (a1)− 2cos (a2) + 2
√

3cos (a3)− 2cos (a4) +
16

3
cos (cosθ)

]
cos θ.

(2.24)

where a1, a2 ,a3 ,a4 and K are given by

a1(θ, φ) =

√
3 sin θ sinφ+ 5 cos θ

4
,

a2(θ, φ) =

√
3 sin θ sinφ+ 7 cos θ

4
,

a3(θ, φ) =

√
3 sin θ sinφ− 3 cos θ

4
,

a4(θ, φ) =

√
3 sin θ sinφ− cos θ

4
,

K =
3πµvIO exp(−jkr)

128πr
.

(2.25)

2.3.2 Magnetic and Electric field calculation

We can calculate the Magnetic field H from the following Equation

H =
1

µ
∆×A (2.26)

In the spherical coordinate system, H field has three components along r, θ and φ directions. in far

field region, since r > λ, 1
rn terms neglected where n ≥ 2. The Final calculated expressions are

Hr ≈ 0, (2.27)

Hθ =
jk

µ
Aφ, (2.28)

Hφ =
−jk
µ

Aθ, (2.29)

The E field is obtained by considering far field approximations, so that

E =
1

jωε
∆×H, (2.30)

Er ≈ 0, (2.31)

Eθ =
K2

jωµε
Aθ, (2.32)
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Eφ =
−k2

jωµε
Aφ, (2.33)

The total electric field ca be written as

ET =

√
Eφ

2 + Eθ
2. (2.34)

2.3.3 Theoretical and Simulation Results

In this section we find out the antenna parameters like Power density, Radiation intensity , Input

and radiation resistance and Directivity.

Power density

From the average Pointing vector, we have

Wavg =
1

2
Re [E ×H∗] =

âr
2η

[
| Eθ |2 + | Eφ |2

]
(2.35)

from (36),(38) we can write power density as

Wavg =
âr.ηk

2

2µ2

[
| Aθ |2 + | Aφ |2

]
. (2.36)

Radiation intensity

The radiation intensity given by

U = r2Wavg (2.37)

We can calculate the radiated power by integrating the power density over sphere radius r

Prad =

∫ 2π

0

∫ π

0

Wavg.ârr
2 sin θdθdφ

Prad =
η

2
| IO | 2

(
3kv

64

)2

(C)

(2.38)

where C=801.24.

Input and Radiation Resistance

The input impedance of an antenna is defined as the impedance offered by antenna at its input

terminals. Input impedance is a complex quantity. Real part of input impedance is the input

resistance. Radiation resistance is same as input resistance for loss-less antenna and is related to

total radiated real power. 2.3 represents the Impedance plot of the proposed antenna by using HFSS.

Prad =
| IO | 2

2
RradRrad =

2Prad
| Io | 2

(2.39)

the value of Radiation Resistance calculated approximately

Rrad = 165.9Ω (2.40)
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Directivity

Directivity of an antenna is defined as the ratio of the radiation intensity in a given direction to the

radiation intensity averaged over all directions. For proposed antenna the direction of maximum

radiation intensity is at an elevation angle of 110◦, and directivity DO ≈1.72.
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Figure 2.2: Directivity plot of Proposed Antenna

Antenna feeding and impedance matching

The center feeded antenna shown in Figure 2.1. we can select the off-centre feed point along the

antenna to make sure that current will not be equal to zero at feed point, and radiation pattern of

the antenna follow as half wave dipole antenna.
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Figure 2.3: Impedence plot of Proposed Antenna

When we observe the radiation resistance from Section III, Rrad = 165.9Ω. Rrad is approximately
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equal to real part of input impedance of the antenna shown in Figure 2.3 It is found that input

impedance has reactance component as 180ω. For the antenna resonance we need to match the

input impedance with suitable matching components between the load (antenna) and excitation.

We can use single stub matching to match the antenna[24] impedance by selecting proper coaxial

cable. In this work we selected 125Ω characteristic impedance coaxial cable. Short circuited stubs

are preferable than open circuited stubs. Using Smith chart,

length of stub (l) = 0.106λ

= 0.265mm,

location of stub from load (d) = 0.105λ

= 0.263mm.

(2.41)

Simulation Results

In this section theoretical expressions are verified with simulation results by using HFSS. To make

the antenna resonant with reduced reactive component we reduced the antenna size as in[18]. Here

we took antenna length as 0.8λ instead of full wavelength(λ), so that current not equal to zero at

the feed point.

The E field is given by (3.34), which was plotted using MATLAB is shown in Figure 2.4(a).

The Radiation pattern obtained using theoretical expressions the dipole has maximum gain at 110◦.

Figure 2.4(b) shows the radiation pattern of the simulated antenna which has maximum at 103◦

which is a close match with the theoretically obtained value.

(a) Theoretical Analysis (b) HFSS Simulation

Figure 2.4: Total Electric field comparison

The return loss of proposed antenna shown in Figure 2.6, antenna resonates at 60GHz and

and covers the entire unlicensed ultra-wide band from 57 GHz to 64 GHz. To verify directivity

found using theoretical analysis, directivity plotted using HFSS. Theoretical directivity is 1.72 at

an elevation angle 110◦ where as in simulation 2.4 dB obtained at an elevation angle 103◦. The 2D

13



Figure 2.5: 3D Radiation Pattern

plot of directivity is given in Fig.5. The impedance at resonance is shown in Fig.6.

Figure 2.6: Returnloss of Proposed Antenna

From all the plots there exists a good match between theoretically for all the antenna parameters

and simulated results. When we compare to previous S-shaped half wave dipole[18] this antenna

has more directivity and we can embroider easily on cloths.
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Chapter 3

Dipole Antenna with N Turns

3.1 Introduction

In Chapter 3 we discussed multiturn full-wave dipole antenna with theoretical analysis and HFSS

simulation results, main motivation for this work is embroidering the millimetre wave antenna on

cloths. Due to insufficient length we can not embroider the 5mm dipole antenna so we need sufficient

number of turns for embroidering. We can increase the length of the antenna by increase number of

turns N (Each turn length is λ
4 ).

As we increase the length of antenna Far-field radiation pattern is different when we compare

with full-wave dipole antenna. we are observed radiation patterns and antenna parameters for

different lengths. In the straight(linear) dipole antenna radiation pattern is same if we add λ

length to half-wave dipole antenna, but in this case for the proposed antenna no same so we were

observed radiation patterns for different length. Theoretical Far-field expressions are calculated up

to N(=8) turns considering the difficulty in far-field expression calculation. Here we simulated the

only symmetrical length and center feed-ed antennas, lengths like multiples of λ2 . In previous chapter

we saw far-field patters for full wave dipole antenna. For simulating the antenna we are using High

Frequency Structure Simulator(HFSS)

3.2 3λ
2 Dipole antenna

The antenna setup for dipole antenna shown in the below Figure 3.1. As shown in the figure antenna

contain N(=6) turns and each turn measurements follows same as we discussed in previous chapter

full wave dipole antenna.

Current distribution

For the linear dipole antenna current distribution is sinusoidal [22], for the proposed antenna we

assumed the current distribution along the antenna is sinusoidal and it is tangential because of

antenna position on coordinate axis.

I (Z) = IO sin

(
k (H− | Z |)

)
, (3.1)
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center feed

Figure 3.1: Antenna setup

above equation is basic current distribution for the dipole antenna [22]. In the above equation H is

half length of the antenna and k is wave number. After antenna parameterization as discussed in

chapter 3, we have tangential current equations for each turn as shown in below equation.

I1 = −IO cos (π+ | kvt |) ây cos t+ âz sin t,

I2 = −IO cos (π+ | kvt |) ây cos t− âz sin t,

I3 = −IO cos (π+ | kvt |) ây cos t+ âz sin t,

I4 = −IO cos (π+ | kvt |) ây cos t− âz sin t,

I5 = −IO cos (π+ | kvt |) ây cos t+ âz sin t,

I6 = −IO cos (π+ | kvt |) ây cos t− âz sin t.

(3.2)

Expressions for Far-Fields

The 2-Step procedure [22] is given in previous chapter for calculating far-fields i.e. finding magnetic

vector potential followed by magnetic and electric fields. Calculated magnetic vector potential for

each arm in two directions i.e. in Y and Z direction as mentioned in the below equations, calculation

procedure is mentioned in previous chapter.

Az1 ≈ K
[
− 3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 9 cos θ))−

√
3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 11 cos θ))

]
,

(3.3)

16



Az2 ≈ K
[
−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ+ 5 cos θ))−

3 exp(−j 1

4
(
√

3 sin θ sinφ+ 7 cos θ))

]
,

(3.4)

Az3 ≈ K
[
3 exp(−j 1

4
(−
√

3 sin θ sinφ+ cos θ))−

√
3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 3 cos θ))

]
,

(3.5)

Az4 ≈ K
[√

3 exp(−j 1

4
(
√

3 sin θ sinφ− 3 cos θ))+

3 exp(−j 1

4
(
√

3 sin θ sinφ− cos θ))

]
,

(3.6)

Az5 ≈ K
[
− 3 exp(−j 1

4
(−
√

3 sin θ sinφ− 7 cos θ))−

√
3 exp(−j 1

4
(−
√

3 sin θ sinφ− 5 cos θ))

]
,

(3.7)

Az6 ≈ K
[
−
√

3 exp(−j 1

4
(
√

3 sin θ sinφ− 11 cos θ))−

3 exp(−j 1

4
(
√

3 sin θ sinφ− 9 cos θ))

]
.

(3.8)

Ay1 ≈ K
[√

3 exp(−j 1

4
(−
√

3 sin θ sinφ+ 9 cos θ))−

exp(−j 1

4
(−
√

3 sin θ sinφ+ 11 cos θ) +
4

3
exp(−j2 cos θ)

]
.

(3.9)

Ay2 ≈ K
[
− exp(−j 1

4
(
√

3 sin θ sinφ+ 5 cos θ))+

√
3 exp(−j 1

4
(
√

3 sin θ sinφ+ 7 cos θ) +
4

3
exp(−j2 cos θ)

]
.

(3.10)

Ay3 ≈ K
[
−
√

3 exp(−j 1

4
(−
√

3 sin θ sinφ+ cos θ))+

exp(−j 1

4
(−
√

3 sin θ sinφ+ 3 cos θ)− 4

3

]
.

(3.11)

Ay4 ≈ K
[

exp(−j 1

4
(
√

3 sin θ sinφ− 3 cos θ))−

√
3 exp(−j 1

4
(
√

3 sin θ sinφ− cos θ)− 4

3

]
.

(3.12)

Ay5 ≈ K
[√

3 exp(−j 1

4
(−
√

3 sin θ sinφ− 7 cos θ))−

exp(−j 1

4
(−
√

3 sin θ sinφ− 5 cos θ) +
4

3
exp(j2 cos θ)

]
.

(3.13)

Ay6 ≈ K
[
− exp(−j 1

4
(
√

3 sin θ sinφ− 11 cos θ))+

√
3 exp(−j 1

4
(
√

3 sin θ sinφ− 9 cos θ) +
4

3
exp(j2 cos θ)

]
.

(3.14)
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By using maxwell’s equations electric and magnetic fields are calculated. Results are plotted by

using MATLAB. The following figures shows total electric field at φ = 90◦. When we observe the

Figures 3.2, 4.3 there is close match between theoretical and simulated radiation pattern, so we can

confirmed that the antenna has sinusoidal current distribution. The Figure 4.4 shows 3D far-field

radiation pattern of 3λ
2 antenna, it is different from the previous dipole pattern and we can observe

side-lobes increases as number of turns increased.
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Figure 3.2: Total Electric field (MATLAB)
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Figure 3.3: Total Electric field (HFSS)

Figure 3.4: 3D polar plot of Total Electric field (HFSS)

3.3 4λ
2 Dipole antenna

Antenna setup is shown in Figure 3.3, in that setup antenna is configured with eight semi-circles,

each semi-circle arm measurements mentioned in previous chapter. In this chapter we were observed

radiation patterns of different length of embroidery antenna for dipole radiation pattern.
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Figure 3.5: Antenna setup
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Figure 3.6: Total Electric field (HFSS)
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Figure 3.7: 3D polar plot of Total Electric field (HFSS)

3.4 5λ
2 Dipole antenna

Figure 3.8: Atenna setup
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Figure 3.9: Total Electric field (HFSS)

Figure 3.10: 3D Radiation Pattern (HFSS)
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3.5 6λ
2 Dipole antenna

Figure 3.11: Atenna setup
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Figure 3.12: Total Electric field (HFSS)
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Figure 3.13: 3D Radiation Pattern (HFSS)

3.6 7λ
2 Dipole antenna

Figure 3.14: Atenna setup
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Figure 3.15: Total Electric field (HFSS)

Figure 3.16: 3D Radiation Pattern (HFSS)

25



3.7 8λ
2 Dipole antenna

Figure 3.17: Atenna setup
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Figure 3.18: Total Electric field (HFSS)
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Figure 3.19: 3D Radiation Pattern (HFSS)

3.8 Conclusion

Up to N(=16) turns we observed the far-field radiation patters and antenna parameters of proposed

antenna structures, as N increases at the far-field power is not concentrated in single direction like

dipole, power is wasted in terms of side lobes as shown in above figures. But we have another option

like beam forming from antenna arrays. Irrespective of single antenna element radiation pattern we

can steer the antenna beam in required direction by using array factor and by changing antenna

element excitation phase. Complete details of array construction and excitation phase are discussed

in the following chapter.
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Chapter 4

Millimetre wave Embroidery

Beamforming Antenna arrays

4.1 Introduction

The wearable communication technology is rapidly growing to enhance quality and efficiency, the

devices which support this type of communication need to be small and efficient. The Unlicensed

band 57-64 GHz millimetre wave technology promises the wearable on-body and off-body commu-

nication, and this spectrum has significant advantages than lower microwave spectrum[25]. This

UWB spectrum enable several applications like Telecommunication systems, Health care, Motion

tracking, emergency services,medical. The beamforming antennas important in soldier battle field to

communicate with soldiers as off-body communication and they need to communicate with devices

which are wearable as on-body communication [26]. Patient health care monitoring is advanced with

wireless technology and the beamforming arrays enabled communication with several sensor nodes

deployed on the patient for monitoring [27],[28].

Developing antennas at millimetre waves is a technological challenge since high accuracy and

directivity required [29, 30]. For long distance communication single antenna element insufficient, to

ensure that we need to design a beamforming array, this type of arrays can become high directional.

4.2 Antenna Array setup

The proposed Antenna array is shown in Figure 4.1(a). The Propose array is designed with N=8

antenna elements, each antenna has 7λ2 length. The individual antenna element construction details,

current distribution and field equations are discussed in [19, 18]. Each Antenna element is center

feed-ed as shown in Figure 4.1(a). d is the distance between the antenna elements, in this work array

results analyzed and compared with d = λ
4 and λ

2 . The array type is broadside array [31, 22],[32].

The progressive phase shift β [22] between each element can be calculated from equation (1).

β = kd cos θ[22] (4.1)
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Where k is wave number 2π
λ . Beam angle and direction of maximum radiation depends on θ. Here

the progressive phase shift β is 0◦, because θ = 90◦. When we have embroidered the array on cloth

we need the radiation along the perpendicular to antenna axis as shown in Figure 4.4, so to ensure

that we selected the θ = 90◦. We can steer the beams in required direction depends on θ.

4.3 Antenna array with Reflector

The Proposed array has all dipole antenna elements, so we get radiation in all directions as shown in

Figure 4.4(a).when we embroidered the antenna on cloth we need to reduce the effect of electromag-

netic radiation towards the human body to ensure that here we are used a copper sheet as reflector

is shown in Figure 4.1(b). Side view of array setup with reflector is shown in Figure 4.1(c), here we

consider the minimum distance between the antenna array and reflector is λ
4 [22]. Reflectors also

reducing the signals received from back side of the antenna. By adding reflector to the array, the

gain of the array further improved and we can get more directional beams.

The radiation patterns with and without reflector are shown in Figure 4.4, the reflected field

is add with front field and gives strong beams in the direction of perpendicular to antenna axis as

shown in Figure 4.4. Due to placed the reflector behind the antenna array 20 dB (approax.) gain

reduced in the required direction.

4.4 Antenna Parameters

4.4.1 Directivity and Gain

The Directivity of an antenna is defined as the ratio of the radiation intensity in a given direction

to the radiation intensity averaged over all directions. For this array, total directivity is 11dB

along θ = 90◦ direction. The total gain for proposed antenna array shown in Figure 4.2 and gain

comparisons for radiated beams of different type of antenna elements are shown in the table when we

compared to single antenna element the proposed antenna array with reflector is getting high gain

beams. This high directive and high gain array beams are used to cover smaller areas [33] in outdoor

communication like in battle field for soldier communications [26] and indoor communication like in

the hospital for monitoring patient health condition [27].

4.4.2 Radiated Electric field

The 3D plot of the Magnitude of total electric field is shown in Figure 4.4. Strong beams are forming

in the direction of φ = 90◦and φ = 270◦ that is shown in Figure 4.4(a). By using the reflector we can

steer the radiated beams required direction with negligible sidelobe power, as shown in the Figure

4.4(b). As the distance between the elements increases the beam width decreases in the direction of

φ. This narrow beam width allows accurate targeting of the radio signals in the required direction.

S.NO Type Gain(dB)\Beam1 Beam2 Beam3

1 Single Element 3.5 5.4 4.3

2 Array 9.5 11.4 9.5

3 Array with Reflector 9.8 11 13
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Figure 4.1: Array Setup
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Figure 4.2: Total Gain Comparison

4.4.3 Return losses and Mutual coupling

Return loss is the important parameter for antenna design, it measures how much power return

to antenna port due to mismatch with the transmission line. Sij represents the return loss when

i = j else it represents mutual coupling between antenna elements. The proposed antenna array is

designed such that,

Sij < −10dB; for i = j (4.2)

Figure 4.5(a) shown the return loss of proposed array, each antenna element in the array resonates at

60GHz, and the array occupies entire bandwidth 57-63GHz for antenna element distance λ
4 . When

the distance between elements increased to λ
2 then the operating band width reduced as shown in

Figure 4.5(b), the occupied bandwidth is 57.8 - 61.2GHz.

Mutual coupling is the electromagnetic interaction between the antenna elements in the array,

due to mutual coupling current distribution, input impedance and array far field radiation pattern

gets effected. As the distance between the antenna elements in the array increases then the mutual

coupling decreases [22].

4.4.4 Antenna feeding and impedance Matching

In the proposed array all the antenna elements are center feed-ed [19, 22], we can choose off centre

feed-ed antenna elements to make sure that current will not be equal to zero at the feed point of the

antenna element.
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Antenna array input impedance for different distances between antenna elements shown in Figure

6. Due to mutual coupling between the elements, the input impedance of both extreme end antenna

elements gets effected that we can observe in Figure 6(a). As the distance between antenna elements

increases all the antenna elements have the same input impedance (approx.) as shown in Figure

6(b). For antenna array resonance we need to match the array input impedance with excitation. So

for the input impedance matching, we can follow the technique is discussed in [19].

4.5 Limitation on number of Antenna Elements and length

All the above simulation results are shown for N (= 14) antenna elements and length of each antenna

element is 7λ2 , if each antenna element length, increase at constant N (= 14) then the side lobes

increases and the radiated power wasted as side lobes. At constant element length if we can increase

N, there is no wastage of radiated power in side lobes. The total electric field is shown in Figure

4(a). So each antenna element length 7λ2 is highly recommended for antenna array to get strong

beams.

S.NO Type Measurement

1 Number of turns 14

2 Length of copper wire 17.5mm

3 Diameter of copper wire 0.2-0.5mm

4 Diameter of each turn 0.8mm

5 Distance between each antenna element 1.25-2mm

4.6 Conclusion and Future work

For millimetre wavelengths beam forming antennas play a key role in communication, the proposed

antenna arrays form strong beams in the required direction. The Structure of antenna element gives

us a big advantage, it can be easily embroidered on cloths. When we compare with planar antennas

the proposed structures can be easily positioned on clothes. By incorporating this type of antenna

array devices the size of operating system significantly reduced.

Side lobes are main reason for radiated power wastage to prevent that side lobe power we have

several techniques like amplitude tampering and adaptive beam forming algorithms, we can apply

these algorithms on proposed antenna array structure.
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Appendix A

High Frequency Structure

Simulator

A.1 Introduction

ANSYS High frequency Structure Simulator(HFSS) is a standard used for simulating high frequency

electromagnetic fields. HFSS is a simulation tool for complex 3D geometry. It is one of the com-

mercial design tool for antenna design, transmission lines and RF circuits.

A.2 Mathematical method used by HFSS

The numerical technique Finite element method one of the best method to solve complex geometry

with negligible errors. In this procedure the structure which we want to simulate is divided into small

parts. These small parts are called tetrahedrons. Technically these structure partition(entire collec-

tion of tetrahedral) is called meshing. For the fields a solution is found in each finate element and

these solutions are interrelated so that maxwell equations are satisfied across inter element bound-

aries. So that finally it yields one solution for entire structure and after that it found generalized S

parameter matrix.

Figure A.1: HFSS solution procedure

A.2.1 Adaptive solution

Adaptive solution is a mathematical iterative process used by HFSS and it gives high accuracy

solution to a give Electro magnetic field problm.

Following steps are followed by Adaptive analysis.
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• Generating initial mesh structure

• HFSS computes the electromagnetic field inside the structure when it is excited at the solution

frequency. In this work solution frequency is 60GHz and the frequency sweep is 57-64GHz.

• Based on current finite solution HFSS find the tetrahedron region where the error is high. In

this region mesh is refined for the error converge.

• It generates anther solution for refined mesh.

• Again it calculate the error. Iterative process(solution-¿ error analysis-¿ refine mesh) is running

until error converges or adaptive passes completed. (In this work all simulations completed

with 0.02 error convergence and 6 adaptive passes).

• If we consider frequency sweep same above process taken at every frequency point without

refine the mesh.

Figure A.2: Adaptive Pass procedure
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A.3 Steps followed in HFSS simulation

There are six steps we need to follow proper HFSS simulation

• Create geometry

The first task is creating HFSS model i.e. the physical model that a user wants to analyze.

THe model can be create using HFSS 3D modeler and it is fully parametric and enables user

create structure. we can import structures from the Solid works, Auto cad and PRO-E. The

imported structures are not parameterized and user can not change in HFSS 3D modeler. In

this work we are create Antenna using HFSS 3D modeler.

• Assign boundaries

The main purpose of assign boundaries are to create closed/open electromagnetic models and

to simplify complexity of the electromagnetic model. In HFSS there are twelve boundaries.

In this work we are using only radiation boundary because the created antenna model is open

model. Open model represents the electromagnetic energy within the model is radiate away.

Radiation boundary applied to the outer faces of solution space and it should be placed quarter

wavelength away from the antenna.

• Assign Excitation

IN HFSS there are different types of Excitations like fields, current and voltage. User need

to specify an excitation to simulating model. In this work all the simulations are done with

Lumped port. This port provides field information as well as S,Y,Z parameters.

• Solution setup

In the solution setup the desirable parameters are frequency and delta-s. The solution fre-

quency nothing but operating frequency at which simulating model need to be analyzed. In

this work all simulations done at 60GHz and maximum delta-s is 0.02 i.e. error percentage.

Error should be converged within adaptive passes completed.

• Solve

After done with initial four steps we ae ready with the model for analyze. Time required

for the analyzing the given model is depending on solution frequency and error convergence

percentage.

• Post processing results

In post processing we are examine the S-parameters and plotting the far-fields around the

given antenna structure. In this work we are mainly focused on return losses of antenna and

design antenna such that it creates Beam forming fields in the required direction.

S.NO Type HFSS

1 Material used for design Copper wire

2 Solution Frequency 60GHz

3 Frequency sweep 57-64GHZ

4 No of adaptive passes 6

5 Error convergence 0.02

6 Boundary Radiation

7 Excitation port Lumped Port
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A.4 Materials and Dimensions

In this work for Antenna design high conductivity copper wire is used. Dimensions like length and

diameter of the wire selected according to solution frequency. Diameter of copper wire is selected

as less than λ
10 [22]. Here λ is wavelength i.e. 5mm. In the following chapter 5 we are designed

antenna arrays, in the design for beam steering reflector was used. For reflector 0.5mm copper sheet

was used.
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