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ABSTRACT

In this thesis a method of mounting active devices to an aperture-coupled micros-

trip antenna is investigated. The goal of the research is to incorporate a thick ground plane

with a minimum thickness of 0.635 mm into the antenna operating at approximately 19.5

GHz. This thickness will insure that active devices mounted on metallic carriers can be

fastened to the ground plane with screws.

The modal expansion method for an aperture-coupled rectangular microstrip

antenna and the transmission line matrix method are briefly described, which are utilized

throughout the thesis.

The research investigates two methods of adding a thick ground plane to an aper-

ture-coupled microstrip antenna. The first method replaces the thin ground plane with a

thick ground plane. The aperture located between the antenna radiating element and the

transmission line is machined into the thick ground plane. After numerous analyses and

experimentation, this method was abandoned. The second method places a thick ground

plane with a large cavity between the thin ground plane (containing the aperture) and the

transmission line substrate. The operation of this antenna is similar to an aperture-coupled

microstrip antenna with a thin ground plane, with the exception of a lower front-to-side

radiation ratio. This antenna was tested with and without a low noise amplifier. The

approximate noise temperature and G/T ratio of the antenna was calculated.
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Chapter I Introduction

Chapter 1:

Introduction

1.0 Introductory Remarks

The use of wireless communications by society is rapidly increasing. Communica-

tion devices that are lightweight, small and conformal are preferred, and generally the

antenna is large relative to the electronic hardware. Therefore, in many personal commu-

nication applications, microstrip antennas are preferred due to their lightweight and con-

formal attributes. Unfortunately, they tend to have a lower gain in comparison to other

types of antennas such as horns. One technique for increasing the gain of an antenna sys-

tem is with the the addition of a device such as an LNA (Low Noise Amplifier) or a PA

(Power Amplifier).

As frequencies increase towards the MMW (Millimeter Wave) band, the wave-

length becomes shorter and many decibels of attenuation can occur between the antenna

element and the modulator or demodulator. If the distance causes a large enough signal

attenuation, the signal-to-noise ratio may become unacceptable. One method of compen-

sating for signal attenuation is the addition of either a PA or an LNA at strategic locations

in the antenna structure to amplify the modulated signal. Another method is to incorpo-

rate either a modulator [1] or demodulator into the antenna element to significantly

remove path loss of the modulated signal.

Another reason for adding active devices to antenna structures is in the application
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of active phased anays. Phase shifters are utilized to steer electronically the direction of

radiation transmitted or received from the antenna array.

This thesis investigates methods of integrating active devices to aperture-coupled

microstrip antennas. The goal is to fasten a carrier to a thick metallic surface located in

the antenna structure with screws; a carrier is a small metallic device which contains the

active MIC (Microwave Integrated Circuit). The best approach of adding the thick metal

to the antenna would be to combine the thin ground plane with the thick metal. The cou-

pling efficiency could not be hindered by this process.

The active devices must fastened to the thick metal with screws for the following

reasons. First of all, screws ensure good electrical and physical contact with the metallic

surface. Bonding the carrier with an epoxy instead may result in loss of contact due to dif-

fering coefficients of expansion and time. Secondly, screws allow for easy removal and

replacement for repair purposes.

The thick metal can also be utilized as a source of heat dissipation for the active

devices.

1.L Thesis Overview

The purpose of the thesis is to find a method of mounting active devices to an aper-

ture-coupled rectangular microstrip antenna at an operating frequency of approximately

I9.5 GHz. The antenna must contain a thick ground plane with a minimum thickness of

0.635 mm, because this thickness ensures that screws can be used to fasten active devices

on metallic carriers to the ground plane.

The research examines two possible methods for mounting the carrier to the
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ground plane of an aperture-coupled microstrip antenna:

METHOD 1-: The first method replaces the thin ground plane with a thick ground plane.

The aperture would be machined into the thick ground plane and would

resemble a waveguide of finite thickness.

METHOD 2: The second method involves a thick ground plane with a large cavity

centered directly between the thin ground plane containing the aperture and

the transmission-line substrate.

The research of this thesis is contained in five chapters. The present chapter intro-

duces the purpose, the goals, and an overview of the thesis. The second chapter briefly

presents the theory of two numerical techniques utilized in the research of various antenna

and transmission line structures. The numerical techniques included are modal expansion

method for an aperture-coupled rectangular microstrip antenna f2l, and the TLM (Trans-

mission Line Matrix) method [3]. The third chapter presents the method and the results of

coupling energy through an aperture in a thick ground plane (Method 1). AIso, the TLM

method results for these structures are compared with experimental results to determine

the accuracy of the method. The fourth chapter 
"*u-in", 

the possibility of implementing

Method 2. An aperture-coupled microstrip antenna containing a 0.635 mm thick ground

plane is designed and tested with and without an LNA. The final chapter presents and dis-

cusses the results, and offers possible future research directions.
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Chapter 2z

Modal Expansion and TLM Methods

This chapter presents a brief theoretical description of the modal expansion

method and TLM (Transmission Line Matrix) method. These two methods were utilized

in software tools for the design of all structures presented in the thesis.

2.0 Introductory Remarks

Software tools are required to analyze various microstrip antenna structures and

transitions. The three-dimensional TLM method is chosen to analyze transmission line

transitions and multiple-port aperture-coupled structures. The TLM analysis software is

based on the three-dimensional symmetric condensed node model [4]. The TLM method

is useful for calculating structures with arbitrary geometries. The disadvantages of the

method are the rigorous calculations and intense computational time.

The modal expansion method is a tool which is chosen to analyze aperture-coupled

microstrip antennas. This tool is based on approximations and fixed structure geometries

and therefore generally calculates results quickly.

2.L Modal Expansion Method for Aperture-Coupled Microstrip

Antenna

In this section the modal expansion analysis of an aperture-coupled rectangular

microstrip patch antenna is presented. The patch is analyzed using the cavity model, the
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feedline is analyzed with the dynamic-planar-waveguide model, and the aperture-coupling

is obtained via the magnetic current in the aperture. The derivations are primarily from

[2] and [5].

The layout and coordinate system of the antenna are illustrated in Figure2.l.

ground

plane

Figure 2.I: Layout of the aperture-coupled microstrip antenna

The patch antenna consists of a dielectric slab, surrounded on four sides by magnetic walls

and on the top and bottom by electric walls. The microstrip feedline couples to the cavity

II
t

î
aperture in around plane

>l I l-
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through a naffow slot aligned along the y-axis in

Modal Expønsion ønd TLM Methods

the common ground plane.

2.1,.L Aperture Coupling of the Cavity

The TE (transverse electric) field expansion to the y direction is used because the

slot magnetic current is directed along the y axis. The Ë (electric) and E (magnetic)

fields are determined from [6]:

E = _V xVãy

H - -iae\râ, *,#V (V'Vay)

(2.r)

(2.2)

where ã-. is aunit vector in the y direction, V is an electric scalar function, ol is the angu-
v

lar frequency, e is the permittivity, and p is permeability. The modal fields in the cavity

must satisfy:

V'V* k'\, = o (2.3)

where k = tr,l.te, r = eoee¡¡, sr=8.854x 10-l2F/m and, errr=effective dielectric

constant.

The unknown function y is found by applying boundary conditions. The bound-

ary conditions for the magnetic field components require the tangential components to be

zero on the side walls; for the electric field components, the tangential components must

be zero on the top and bottom walls. The depth of the cavity is small compared to the

wavelength [7]; therefore the field components can be considered to be independent of 2.

The expansions of (2.I) and (2.2)become:
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(2.4)

(2.s)

(2.1)

Er=0

E =Qv

H=x

H=
v

tò2j*44*

,-t-t#.ol*

aEr=-1Y Hr=0 (2.6)

The scalar function Vo it the homogeneous wave equation solution. Inhomogenous

boundary conditions are set for the slot, and solution is given by [5]:

a 2 sr f,t""(i.")) ( nn \ / mn \ìr =,F,*,"^lWñFl.j""[ 
¿. )*'lft )cos 

(k,(z - d))

where m,n*0

T"= I;m = 0

1Y =::mfO'm 2'
and k, is given by:

u* = fo"rrr, *t(71a,

-2 -2k, = kogo,"¡ -(i)' (2.8)

where fro is the free space wavenumbeÍ, ta,* is the effective permittivity of the cavity

[8], and a" and b" arc the effective length Lo and width Wo of the cavity which account

for fringing fields at the edges [9]. The coefficients cr.". are given by:

-(i)'

(2.e)

The function f (y) coresponds to the electric field distribution in the slot and is given by:
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where

Eo= vf (v) à,

Modal Expønsion and TLM Methods

(2.10)

f(v)
1

= ,rt Yo

ww
2 ' Jo 2

f(v) =

f (y) - 0; otherwise.

The wavenumber k., is given by [10]:

1 sinfr, (/, - ly - y,l)

TK* 
sin j ttn-w"¡

k -k7vls o^l )t2

, +<lr- ,"1=2

(2.rt)

(2.r2)

where to and el are the dielectric constants of the antenna element and the microstrip

transmission line, respectively. The effective width of the transmission line is given by

W r. The voltage V is maintained at a constant value.

2.1.2 Aperture Coupling of the Feedline

The modal-field expansions of the total E and H fields of the microstrip feedline

can be obtained by applying the Dynamic-Planar-Waveguide Model [11]. The upper and

lower surfaces of the feedline are electric walls of width W, and the sidewalls are mag-

netic walls of thickness t.

Coupling between the feedline and patch through the aperture is derived using the

Concept of Reaction [6] and the Reciprocity Theorem. The formulas are obtained by
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declaring two regions around the slot, as shown in Figure 2.2. The fields scatter at the slot

due to the incident field of the dominant mode from Region I. The resulting effects can be

expanded in the modal fields which are TE-to-y. The E and E fields can be determined

from (2.1) and (2.2) after,y' nur been found in Regions I and II.

Figure 2.2: Yarious regions for the aperture-coupled microstrip antenna feedline
geometry

From [5], the scalar function for the feedline in Regions I and II is found to be:

T-
d

fll
I

t
I

Y

volume

Z,*nA- *n"o^"'

f, = Aor-jou * A-,jou *

""'[(i) k+t¡l "o,[(f,X, -!.*+)],

{,, = 1.î,'-jou * A',,'jo'* *

"",[( T),,*,)] "",[( #")(,-!.*9],

x(x

xlx
o

(2.r3)

f-xo---+<-1,-+]

t' o+ 
"-s"'x.L¿mn InIl

(2.t4)



Chapter 2

where:
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(2.ts)

(2.16)

(2.r7)

ú = o?"tr,*-(ry)' ( nn\z-lu)

2O(=
m17

_2
- korf, 

"ff
(ry)'.(*t)'

The effective permittivity of the feedline is given by ,¡, rf¡. The substrate thickness is

given by t. The symbol \',*, implies that the dominant mode (m=n=0) is excluded. The

amplitude of the incident field is given by Ao. The unknown expansion coefficients Ar,

Airn, AL, A-,,, and A),, needto be determined. The coefficienß Al, and A-,, are related

through the terminating load at x = xo + Lr. By the use of the Lorentz Reciprocity Theo-

rem [6], the total E and H fields using the various sets of test fields over the volume V

around the slot (Figure 2.2) enables the expansion coefficients to be determined in terms

of the incident and induced slot fields [5].

2.I.3 Circuit Model

After the relevant field components in the regions defined in Figure 2.2 have been

determined, the Poynting Theorem applied to the slot volume is used to derive the input

admittance of the slot coupled microstrip antenna. The following is found:

)f ,rxr).nds = -zi,(iy Hdv-i[, ,0,)

The volume integrals can be neglected, since L, is small, which yields a first-order

approximation:

10
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Therefore:

where

)f ,, xH) nds
s

=Q

Modal Expønsion and TLM Methods

(2.18)

(2.1e)

(2.20)

(2.2r)

where H, is the y-component of the ã field in the cavity. By substituting for the E

.H values, and performing some algebraic manipulation, (2.18) can be reduced to:

v*t = vrfr+v,t

ll ,",*H,) . ãd^ = )¡ rn,,r+u) . ãds *)[n,onra,
sl ,s2 s,,

v, = ik,Air[ r * e-2ik'L')e-ik'"

v^ = ik t I t-\ ^''o'*'ì--¡¿'"v7 - J*rttotlr- 
\" f

(2.22)

The voltage across the feedline is represented by V, and the voltage across the matching

section at the plane of the slot is represented by V t. The voltage across the slot which is

seen by the feedline is represented by Vs. The input admittance which is seen by the

microstrip line at a plane central to the slot is given by y,r. The admittance of the match-

ing stub at the slot is given by y t. The total admittance is ¡l" (comprised of the admit-

tance of the higher order modes inside the guide ! ", 
and the admittance of slot-fed

microstrip antenna ), ), where:

(2.23)

1l

_2v = v */V v¿s ¿e Ja



Chøpter 2 Modal Expansion ønd TLM Methods

An approximation for N in equation (2.23) can be found in [12] from the expres-

sion for stripline. From (2.20), an equivalent circuit for the slot-fed microstrip element

can be derived, which is illustrated in Figure 2.3. The antenna input admittance, ! ¡r, càn

be calculated by:

(2.24)

The value ), is generally neglected since 1lo is much larger.

The back-plane radiation, described by !6, is assumed to be small [10], and is

therefore disregarded. The back-plane radiation can only be neglected as long as the slot

length is small in comparison to the resonant length.

turns ratio

Figure 2.3: Aperture-coupled microstrip antenna equivalent circuit

The slot-fed microstrip antenna admittance, 1lo, is stationary with respect

included slot fields. By applying the Laurent's series expansion to o0l (which

1_1 1

li,, 17 Ys

to the

is the

12



angular resonant frequency of the dominant mode), the admittance yo is:

,,--i-( 2-\t,.l"t'"-,"1T',1'I r ---ll . (z.zs)to = --'þl%ù', 
l-o 

""[ q J tæ;ia-m - 2r,T,l 
.

( -z ( mn\z\ I
s' V!:"'-lq ) ) ^, ^,^('n'"\ coskd 

IL*,, y* 'c,nsrn[ 
% ) nrr^i-ral
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where coo, is given by:

cn
0or = --+ e.z6)

arntto, rff

and {D'0, is given by:

(2.27)

and c o is the speed of light in free space.

The quality factor of the patch element is given by Q, which is calculated from

[13] using the admittance of the radiating wall, given by [1a]. The total admittance com-

prising the admittance of the higher order modes inside the guide, ),, is given by:

0'or = ro,(t .h)

IJ
f (l) ,lr,,,dxdy

l' (2.28)

s

where Su is the area of the slot, S is the cross-sectional area of the waveguide at x=xo, and:

\ ar --:---L-/ c zLntutJ Intt I 2

ltv,nudldz

!s'
)Lt

13
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l*n=J olrcr,tmn
(2.2e)

\r/ =I tntl (2.30)

where )' denotes that m=0, n=l is excluded.

Aperture-coupled rectangular microstrip antenna elements can now be evaluated

without a priori assumptions, using the equivalent circuit (Figure 2.3) and the definitions

given ]n (2.19) -(2.30).

2.2 TLM Method

The TLM method is a numerical technique capable of solving general problems

containing nonlinear, inhomogeneous, anisotropic, time-dependent material properties

and arbitrary geometries [15]. For simplicity, this section will describe the two-dimen-

sional TLM shunt-node [3] method. Most of the technique described in this chapter is

applicable to the three-dimensional method and is based on [16].

2.2.L Description of the TLM Algorithm

The two-dimensional model can provide an approximate solution based on the fol-

lowing equations:

(n\'r,,,,-(**,)')

"", ( ( T),,-,, ) 
*, 

[ 
(_*")(, _ r. rry\

àE
z

=òx

òH
ltãr' (2.3r)

t4
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(2.32)

(2.33)
òE-

-C- dt

(xo, Yo)

(xo + Al, yo)

(xo, yo - Al)

(xo + Â1, yo - Âl)

òE_ ðH_

òr" = -þã¡^

Y,_Y.
òx ðy

Equations (2.31)-(2.33) are derived from Maxwell's equations with I = O and 11- =0.òzz
The TLM method utilizes a discretized uniform grid of interconnected transmis-

sion lines. Each transmission line has a characteristic impedance of Zt. A voltage pulse is

initiated at a specified location on the grid, and the pulse propagates and evolves in accor-

dance with the algorithm. Each voltage pulse represents a discrete component of the field

distribution.

The operation of incident and scattered waves for the two-dimensional TLM algo-

rithm is illustrated in Figure 2.4. The figure reveals the progression of the incident and

scattered voltage pulses at t-Ltl2 through time t+Ltl2. The spatial locations for the four

nodes are given by:

node 1:

node 2:

node 3:

node 4:

The algorithm consists of scattering events and transfer events. The scattering

events for the original two-dimensional shunt-node are given by [3]:

i5
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incidence

(a) (t-LüZ)+

(d) (t+Ltt2)-

(e) (t+Lt/Z)+

Note: (t)+ and (t)- signify time just before and after time t, respectively

Figure 2.4: Incidence and scattering of the two-dimensional TLM algorithm [3]

l

SC

16
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and the transfer events are given by:

I

I

i
2

i
3

i
4

v

v

v

v

[-r 1

rlr -r2lt 
1

Lt I

rvl

r
vz

r
v.J
r

v4

1

1

-1
1
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(2.34)

(2.3s)

(2.36)

(2.37)

(2.38)

,t;t 
*' 

{i, i)

i.t+1.. ..v2 lt,l )

i.l+ 1 . ..v3 lt, l)

i.¡+1.. ..v4 \t,l)

,\'{t,ì-t)

,';' {t - r, i)

,';'{i,i + r)

- ,;' (i + 1,7)

The superscripts I and r denote incident and reflected voltage pulses, respectively. The

superscript t corresponds to the discrete time step, and the n in each v,, refers to the

branch number (as illustrated in Figure2.4). The operations (2.34)-(2.38) are executed for

every node within the mesh.

Figure 2.4(a) shows that at time (t-Lt/2)+, the voltage pulses move toward the

branches. The voltage pulses travel with a velocity vt = Al/Ât, and therefore reach the cen-

tre of the nodes at time t. Time (t)- is illustrated in Figure 2.4(b). The change between (t)-

and (t)+ is a scattering event, as given by (23Ð. The incident voltage pulses at time (t)-

scatter from the node centre and are represented by reflected voltage pulses at time (t)+.

The reflected pulses at time (t)+ are illustrated in Figure 2.a@). The reflected voltage

pulses reach the node centre at time (t+Lü2). The transformation from time (t+Lt/Z)- to

T7
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(t+LtJZ)+ is due to the transfer event given by (2.35) - (2.38). The new reflected voltage

pulses at time (t+Lt/Z)- are transferred to surrounding nodes and become the incident volt-

age pulses at time (t+Lt/2)+. The scattered pulses for (t+Ltl?)- are illustrated in Figure

2.4(d) and the incident pulses for (t+Ltl})+ are illustrated in Figure 2.4(e).

2.2.2 Material Regions

In order to represent regions with arbitrary material properties within the simula-

tion space, transmission line stubs are added to the homogeneous model [17]. Following

[16], the modified rectangular model with permittivity and conductivity stubs, is illus-

trated in Figure 2.5. The permittivity stub is an open-circuit terminated transmission line

of characteristic admittance \ and length Ll/Z.

open-circuit stub

Go '\6
\

match-terminated stub

Figure 2.5: Modified rectangular model with permittivity and conductivity stubs [16]

18
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The scattering event which includes the effect of the permittivity stubs is given by:

where Y=4+Yo and I is the unit matrix.

f.¡+1.. ..vI U,J)

j.¡+1.. .,v2 U, J)

i.r+1.. ..v3 lt, l)

,';'* t {i, i)

i.r+1.. ..
v s U,l)

Yo

Yo

Yo

Yo

Yo

The transfer event is given by:

- ,\'' (i,i - r)

,';t {i - r, i)

,';'{i,ì * r)

,';' {r + r, i)

= v?t Q, i)

r
vl

r
v2

r
v

Ĵ

r
v4

r
v5

1

Y

1i1
111
111
111
111

i
v1

i
v2

i
v3

i
vÀ

i
v5

_I (2.3e)

(2.40)

(2.4t)

(2.42)

(2.43)

(2.44)

For every step in time, a segment of energy incident on the node is transmitted into the

permittivity stub in the form of a transmitted voltage pulse. At the next time step, the

transmitted voltage pulse is returned with the same polarity (open-circuit termination).

The permittivity stub's function is to reduce the macroscopic wave propagation velocity.

The conductivity stub (also illustrated in Figure 2.5) is a match-terminated trans-

mission line with a characteristic admittance Go. The scattering event which includes the

effect of both the permittivity and the conductivity stubs is given by:

79
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(2.4s)

(2.46)

Ivl

i
v2

i
v Ĵ

i
v4

i
v5

I 1 Yo'l

l1Yol
r r vol -I
llYol
l1Yol

1

v

r
v7

r
vz

r
v.

J

r
v4

r
v5

11
11
11
11
11

where Y=4+Yo+Go. The transfer event is the same as for the permittivity stub. Similar to

the permittivity stub, a segment of the energy incident on the node is transmitted into the

conductivity stub in the form of a transmitted voltage pulse. The energy pulse is not

returned to the node (vi=0), since the conductivity stub is match-terminated. The conduc-

tivity stub has a macroscopic effect of reducing the amount of energy present in the TLM

mesh at each time step.

The material parameters with conductivity and permittivity stubs llTl are given as:

c-
r F' = 1'

G
o=ú

Y
,*í,

Using \ and Go, either lossless or lossy dielectrics can be simulated. The dielectric is

lossless when Go=0.

2.2.3 Boundary Conditions

Boundary conditions consisting of lossless electric conductors, perfect magnetic

conductors, and a type of absorbing local arbitrary boundary condition can be imple-

mented with the TLM method. A boundary condition is enforced by terminating the

transmission lines with reflection coefficients half-way between two node centres.

There are two similar techniques which can be utilized to determine the proper

20
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reflection coefficient at a given boundary. One technique is based on the intrinsic imped-

ance of the boundary. The second technique is defined by the field components tangential

to the boundary. Figure 2.6 is an illustration of the boundary conditions located half-way

between two node centres.

The operation of the boundary condition is as follows. An incident voltage pulse

vi travels in the +x direction (t-), and reflects off the boundary (t), which causes a voltage

pulse of magnitude fvi to travel in the -x direction (t+).

node centre

t=(t)-

'1__

¡=(r)+

Figure 2.62 TLld boundary condition enforcement using reflection coefficients [16]

2.2.4 Results Attainable from the TLM Algorithm

This section describes how the E and Ë/ fields can be determined from the voltage

pulses discussed in the earlier TLM sections.

The TLM method is capable of supporting transmission lines; thus, TEM waves

21
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can propagate in an x-y geometry. The electric and magnetic fields can be found in terms

of a voltage pulse u travelling in the x-y plane and in a direction d. The E andll fields are

as follows:

E (tv
z

(2.47)

(2.48)

where the k component of the magnetic field is given by d x z. ExaminingFigure 2.4,

the directions that the energy can propagate arc in *x and *y. The pulses which travel in

the + and - x directions have the following field components, respectively:

Ez, -Hy and Er, +H, (2.4e)

The pulses which travel in the + and - y directions have the following f,eld components,

respectively:

Er, +H, and Ez, -H, (2.s0)

Now that the electric and magnetic field components have been determined, the

voltage pulse components can be combined with the electromagnetic fields. In order to

determine field quantities, more than a single pulse is required; generally an arbitrary field

distribution cannot be represented by a single TEM entity.

Unlike the previous calculations, which were performed at half time steps, the fol-

lowing calculations are performed for even time steps (nAt), where the voltage pulses are

at the node centres. The electromagnetic fields at the centres of the nodes at even time

steps (ust before a scattering event (nÂÐ-) are given by:

HooI
ol

22



Chapter 2 Modal Expansion ønd TLM Methods

(2.sr)

(2.s2)

(2.ss)

E"L'(, LI-n LI\ - l( ¡

-z \--r--,.-y--, = t[ut

É,ot {n,l,I, nra,I) = l,(rt, - r'r)

I{^' {n,l,t, nrl,l) = r,(rto- r'r)

i i ;\+v)+v^+vo),./

(2.s3)

The v', pulses centre on the node at (n*AJ, nr\,t).

The fields half-way between the node centres at half time steps (ust before a trans-

fer event ((n+1/2)Åt)-) are given by:

o,) = ,'r*,'o (2.s4)

belongs to (nrA,I, n,

( n A,I. n A,I\ and ,ì"3

4' 
. t)^' ((,. * ))nt,, y^r) =,,(,', -,'o)

where the voltage pulse ui belongs to the node centered at ((n*+I)Lt,nr\J) and vf

^/). 
Finally, the voltage pulse v', belongs to the node centered at

belongs to (n*A,1, (nr+ l) AI):

1,, - 1l n,

E\"'1)^'(r*LI,(nr. å)o,) = ,'r*r', (2.s6)

r( ¡ ¡l
7,1"-', ) (2.s7)

Given only equations (2.51)-(2.53), the electric and magnetic fields are overcon-

strained in terms of voltage pulses. However, with equations (2.54)-(2.55) and (2.56)-

u?.L)o,ç(n,* ))u,,,

,Á" 
. t)o' 

ç,.o,, (,, *å )o,) =
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(2.57), the electric and magnetic fields can be enforced at half time steps.

2.3 Summary

In this chapter a brief description of the modal expansion method and the TLM

method is provided. These two tools are utilized in the thesis research for the design of

antenna and transmission line structures. In the following chapters, the results obtained

from these simulation tools are compared to experimental results.
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Chapter 3:

Coupling Energy through a SIot in a
Thick Ground Plane

The purpose of this chapter is to investigate how effectively energy can couple

through a slot in a thick ground plane. The results demonstrate the change in performance

of aperture-coupled devices for various ground plane thicknesses. A minimum practical

ground plane thickness would be approximately 0.635 mm, which is thick enough to

mount an active device to the ground plane surface with a screw.

3.0 Introductory Remarks

A simple approach for establishing the level of coupling is achieved by examining

the operation of a two-port aperture-coupled resonant coupler. By fixing a control fre-

quency and stub length, and optimizing the slot dimensions for a number of different

ground plane thicknesses, a maximum coupling level can be determined. From this infor-

mation, optimized slot dimensions can be realized for different ground plane thicknesses.

The time-domain TLM method [see Chapter 2.2] is selected to simulate aperture-

coupling through thick ground plane structures. Experiments are conducted on four port

couplers with various slot dimensions and substrates to determine the flexibility and reli-

ability of the TLM method. Results from [18] are compared to both TLM and experimen-

tal results. Based on the TLM simulation results, a two-port coupler experiment is

conducted. Finally, the results from papers [19] and [20] are evaluated, and a conclusion is
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made regarding the feasibility of aperture-coupling through a thick ground plane.

3.1 Verification of the TLM Method's Results

The validity of the numerical method is established in two ways. The first utilizes

the results from [18] for a 50 O line-to-line coupling through a common thick ground

plane (at approximately 5 GHz). This includes experimental and computational results for

an infinitely thin ground plane, and computational results for a ground plane of finite

thickness. These results are compared to TLM method and experimental results. In the

second, an experiment is conducted on a modified structure operating at approxim ately 20

GHz. The TLM computations are validated through comparison with the experimental

results.

The four-port 50 Ç) line-to-line coupling structure is shown in Figure 3.1. In the

numerical simulations, a magnetic wall is placed along the centre of the transmission line

to reduce simulation time by a factor of two (i.e., the y-plane was reduced by a factor of

two). Results with and without a magnetic wall are found to be identical. The structure

shown in Figure 3.1 cannot be used in experimental testing, due to the problem of mount-

ing the connectors. Therefore, the transmission lines are fabricated in such a way that four

connectors may be added to the structure, following [21], which also states that the curved

transmission lines are found to produce some mismatches. Figure 3.2 illustrates the layout

of the experimentally measured line-to-line coupler.

The experimental measurements are initially done using a TRL calibration. A

TRL calibration should be executed with only two connectors in order to de-embed their

mismatches. However, in the actual calibration, nine connectors are used. The coupler
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under test contains four connectors, the THRU and LINE calibration set each contains two

connectors, and the REFLECT calibration piece contains one connector. Because of the

large number of connectors, many errors are introduced into the calibration and the results

are poor.

t
Dt

T

I
t

T

t
Db

T

o.
l*wt*l

(ù ,-' ,-'

F_

(b)

wb +l
(a)

(c)

Figure 3.1,: Line-to-line coupling through a thick ground plane (four-port 50 Ç)

structure) (a) 3-D Vieq (b) End View, (c) Side View

Thus, a coaxial calibration is performed instead. First, the insertion loss of a 50 Q

21
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microstrip transmission

Coupling Energy throagh ø Slot in a Thick Ground Plane

line of a length equal to the coupler length (i.e., transmission line

These losses are thenlength between port 1 and port 2, as seen in Figure 3.2) is measured.

subtracted from the coupler measurements (in decibels), which gives extremely accurate

results. Losses due to the slot are not accounted for.

Ø Ground Plane Slot 
= 

Boftom Surface Metal E fop Surface Metal

Figure 3.2: Layout of the measured four-port 50 Q line-to-line coupler

3.1.L Line-to-Line Coupling using Substrates with a Permittivity of 2.2

The S-parameters of a 50 O line-to-line coupler with a thick ground plane are

given by [18], and are compared both experimentally and with the TLM method. The

simulation space is of size Nx=90, Ny=80, Nz=40; the spatial increment is 0.127 mm;

number of iterations is 1500; 'Wb=Wt=2.54 mm; Db=Dt=0.762 mm; W=1.1 mm; L=15

mm and Er6=Er¡2.2. The ground plane thicknesses evaluated experimentally and with the

TLM method are t=0.0 mm, t=0.t27 mm, t=0.254 mm, t=0.381 mm and t=0.508 mm for a

frequency range from 1.0 GHz to 20.0 GHz. Computational and experimental results for

t=0.0 mm and t=0.508 mm are provided in Figure 3.3. Comparing the measured and com-

puted results, the S-parameters are found to agree well. The differences in results for Fig-

ure 3.3(a) and Figure 3.3(b) are almost negligible. The electrical thickness difference

between the two ground planes is found to be small. Close inspection of the S-parameters

indicate that for increasing ground plane thickness, ensrgy coupled through the slot is
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increased and the energy flowing into port two decreases. However, the results presented

in Section 3.I.2 (for an electrically thick ground plane) indicate that for increasing ground

plane thickness, energy coupled through the slot is decreased and the energy flowing into

port two increases. For Figure 3.3, the rationalization for the increase in energy coupled

through the slot for the thicker ground plane is due to a slightly superior impedance match.
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Figure 3.3: Measured and computed
wither=2.2.
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results for a four-port 50 O line-to-line coupler
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3.1,.2 Line-to-Line Coupling using Substrates with a Permittivity of L0,2

In the previous section, the TLM method was validated for couplers with low-per-

mittivity substrates and electrically thin ground planes. In this section, various ground

plane thicknesses and more typical dielectric constants for the substrates are considered.

A practical ground plane thickness is anything greater than 0.635 mm thick (as stated

above), and a typical transmission line dielectric constant is approximately I0.2.

The dimensions of an aperture, 50 O transmission line, and substrate are given for

a typical aperture-coupled microstrip antenna designed for operation at 20 GHz are

V/b=Wt=0.264 mm; Db=Dt=0.254 mm; W=0.3 mm; L(t=0.000 mm)=2.700 mm;

L(t=0.891 mm)={.356 mm and Er6=Er¡10.2. The simulation space size is Nx=80, Ny=90,

Nz=70; the spatial increment is 0.033 mm and the number of iterations is 2000;

The coupler is simulated for ground plane thicknesses from t=0.0 mm to t=0.891

mm, in 0.127 mm thick increments. As the ground plane thickness increases, the maxi-

mum coupling decreases and the frequency of optimum coupling increases. The slot

length is increased for the t=0.891 mm case in order to determine the effect on coupling.

Coupling similar to the t=0.0 mm case is observed when the slot length is increased by a

factor of 1.6. In Figure 3.4,the TLM and experimental results agree within2 dB for S21

and within 4 dB for S11 and S31 (the measured S-parameter results are smoothed slightly

in the figure). The reflections may be due to the bends in the transmission line and to con-

struction tolerances.

Based on the accurate measurements made for two structures with different sub-

strate permittivities, the time domain TLM method is found to be an accurate modelling

tool for line-toline coupling through a thick ground plane.
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open-circuit stubs is illustrated in Figure 3.5

--N Ls k-

-l Ls H-
Figure 3.5: Side view of a two-port 50 O line-to-line slot coupler with a thick

common ground plane

The coupler is optimized for the various ground plane thicknesses by adjusting the

slot length and width. The goal of the optimization is to achieve a -20 dB impedance

bandwidth centered at approximately 24 GHz. A double resonance is present due to the

two open-circuit stubs at the slot. The S11 level between the two resonances is maintained

between -25 dB to -30 dB. The S-parameters for the coupler with ground plane thick-

nesses of 0.0 mm,0.254 mm,0.508 mm,0.J62 mm, 1.020 mm,1.270 mm and I.524mm

are computed, and the graph for the ground plane thickness versus the optimized slot

dimensions is presented in Figure 3.6. The ground plane thicknesses of 0.254 mm and

0.762 mm are tested experimentally (as seen further on).

The impedance bandwidth (at -20 dB), centre frequency, S21, and worst S11 level

between the double resonances are given in Table 3.1. The tabulated results do not

include dielectric or copper losses. The results demonstrate that as the ground plane thick-

ness and slot length increase, the slot begins to radiate (i.e., S21 decreases). For the cou-

pler simulations, the spatial increment is 0.033 mm, the feed substrate is 0.231 mm thick,

the dielectric constant is 10.2, the feedline width is 0.264 mm, and the stub length is 0.650

t
t

T

tr

tr
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mm. The simulation space size for the 0 mm case is Nx=80, Ny=70 and Nz=40 with 2500

iterations, and for the 1.524 mm case is Nx=80, Ny=80 and Nz=90 with 4000 iterations.
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Table 3.L: Ground plane thickness versus optimized slot dimension results for a 50 O
two-port line-to-line coupler

Ground Plane
Thickness

Centre
Frequency

(GHz)

Bandwidth
at -20 dB
(GHz)

Szr

(dB)
S11 Level

(dB)

0.000 mm 23.80 ro.2 -0.44 -26.96

0.254 mm 23.60 9.4 -0.44 -27.40

0.508 mm 23.40 9.4 -0.64 -26.t2

0.762 mm 24.05 9.9 -0.85 -25.22

1.020 mm 23.45 9.1 -0.94 -24.69

1.270 mm 22.80 8.0 -0.99 -28.18

I.524 mm 24.40 8.8 -1.01 -28.63

One interesting point to note is the rapid decrease of the slot width between ground

plane thicknesses of 0 and 0.3 mm. Table 3.1 shows that for ground plane thickness 0 and

0.254 mm there is no change in S21. For thicknesses greater than 0.254 mm, S21 starts to

Two-Port Slot Coupler with a Thick Common Ground Plane
o.7

o.65

o.6

a
E o.ss
Ë
=õ o.s

=õ o.¿s
U)

o.4

o.35

o.3
o o.2

Figure 3.6: Ground

o.4 0.6 0.8 1 1.2 1.4 '1.6

Ground Plane Thickness (mm)

plane thickness yersus the optimized slot dimensions
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decrease. Therefore, the energy radiated by the slot may have an effect on loading which

can be matched by the width of the slot.

The S-parameters are experimentally measured for ground plane thicknesses of

0.254 mm and 0.762 mm. A special jig is constructed to test the structure with minimal

adverse interference. Fiberglass clamps are fabricated which fix the transmission line

pieces firmly to the ground plane. The clamps also minimize the flexing of the structure

during testing. Flexing of the structure may result in a loss of contact between the connec-

tor and transmission line.

The S-parameter measurements are performed for ground plane thicknesses of

0.254 mm and 0.162 mm. For a stub length of 0.650 niln, experimental and simulated

results do not match well. Therefore, for the 0.254 mm thick case, a stub length of 0.850

mm is used to match the computed results to the experimental results, as seen in Figure

3.7. For the 0.162 mm thick case, a stub length of 0.950 mm is used to match the results.

The measured and computed results for the two-port coupler with a 0.762 mm

thick ground plane are illustrated in Figure 3.8. The S21 computed and measured results

agree quite well. However, the S11 computed and experimental results do not agree. A

possible explanation for the error may be the relatively coarse mesh used in the TLM anal-

ysis in the vicinity of the slot.

The purpose of using a 50 O line-to-line coupler is to determine the level of cou-

pling corresponding to the thickness of the ground plane. Using a high-permittivity sub-

strate on both sides of the ground plane may reduce the dimensions of the slot, and thus

reduce the energy radiated into free space (resulting in maximum coupling from one line

to another). If a high-permittivity substrate is used on one side and a low-permittivity sub-
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strate on the other side, the slot is larger and radiates more energy.

15 20
Frequency (GHz)

(b)

Figure 3.7: Measured and computed results of a 50 C2 two-port line-toJine
coupler with a t=0.254 mm thick ground plane
(a) Ls=0.65 mm, (b) Ls=0.85 mm
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15 20
Frequency (GHz)

(a)

o5101520253035
Frequency (GHz)

(b)

Figure 3.8: Measured and computed results of a 50 Ç) two-port line-toline
coupler with a t=0.762 mm thick ground plane
(a) LS=0.65 mm, (b) LS=0.95 mm

During the optimization, various S-parameter trends are observed for various slot

lengths and widths, at various ground plane thicknesses. Increasing the length of the slot

is found to lower the resonance resistance, increase the coupling, and negligibly change

the resonant frequency. Increasing the width of the slot is found to decrease the resonant

frequency. As the ground plane thickness increases, the bandwidth is found to decrease.
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3.3 Comparison of Results with Current Literature

Results for a microstrip patch antenna utilizing aperture-coupling through a thick

ground plane are documented in [19] and [20]. These papers present optimized stub and

slot dimensions for a thick ground plane. Their goal is to attain a similar level of coupling

to an infinitely thin ground plane case.

In [19] and [20], measurements are made to determine the effect of increasing the

thickness of the ground plane while maintaining the dimensions of the antenna. The reso-

nant resistance (i.e., when Re(Zr) is at a maximum) decreases and the resonant frequency

increases with increasing thickness. Coupling to the patch is found to drop rapidly (with a

decrease of 68Vo) when lì"o = 0.01. These results coincide with the four-port coupler

measurements in Section 3.1.

A disadvantage of the thick ground plane is the decreased level of coupling

through the slot. The thick slot acts like a waveguide below cutoff, and in order to mini-

mize the coupling loss, the slot length must be increased to operate above the cutoff fre-

quency.

'When the slot length is altered, the resonant frequency, front-to-back lobe radia-

tion, gain, and VSWR are affected [19]. When the ground plane thickness is increased,

the front-to-back lobe radiation and gain tend to decrease. The optimization of the

antenna, results in an increase in slot length and a decrease in the resonant frequency; as

the slot becomes larger, the length approaches resonant frequency and begins to radiate.

Therefore, the length of the slot should be maintained below 7,"o I 21221.

In [19], aperture-coupled microstrip antenna results show that the ground plane

thickness can be increased up to 0.1 î"o while maintaining a front-to-back lobe ratio greater
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than 20 dB, with a gain drop of 0.4 dB. The bandwidth is found to drop from l.4%o to

l.lVo. The two port coupler measurements (section 3.2) reveal similar results. As the

ground plane thickness increases, the coupling through the slot decreases and the imped-

ance bandwidth decreases.

3.4 Summary

In this chapter, aperture-coupling through a thick ground plane is investigated.

The TLM method is found to be reasonably accurate by comparing measured and com-

puted results. Four-port and two-port 50 O line-toline couplers are utilized to determine

the effect on coupling when the thickness of the ground plane is increased.

Maintaining a high coupling level when a thick ground plane is present is a chal-

lenging problem. First of all, a computationally intensive full-wave analysis tool is

required to design an aperture-coupled antenna with the thick ground plane. A single

patch simulation on a SPARC 10 requires approximately L20 megabytes of RAM and a

simulation time of approximately 5 days. Simulating a more complex structure, such as

multiJayer patch antenna, requires much more memory and time. Furthermore, at high

frequencies between 20 and 30 GHz, the slot becomes difficult to fabricate due to the

small width; an EDM (Electro Drilling Machine) required an hour to drill one particular

slot through a 0.889 mm thick ground plane. This method does work reasonably well

when the slot dimensions are large relative to the ground plane thickness; when the ground

plane thickness is 0.254 mm, fairly simple setup and drilling with the EDM can be

achieved.

Therefore, since a ground plane thickness of at least 0.635 mm is required, a new

method of coupling is chosen (as presented in Chapter 4).
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Chapter 4z

Aperture-Coupled Microstrip Antenna
Containing a Thick Ground Plane

This chapter examines a novel method of adding a thick ground plane to an aper-

ture-coupled microstrip antenna. In this antenna, a thick sheet of metal containing a

dielectric filled cavity is placed between the thin ground plane and the feed substrate. The

placement of the cavity is centered directly around the slot in the thin ground plane. The

thick sheet of metal acts as a thick ground plane due to the electrical contact with the thin

ground plane. The thick ground plane behaves as a heat sink and as a surface on which a

LNA (Low Noise Amplifier) can be mounted with screws.

The antenna structure with the thick ground plane and dielectric filled cavity is

illustrated in Figure 4.1. The dielectric filled cavity is centered on the slot and a microstrip

transition exists where the transmission line crosses over the edge of the cavity. The per-

mittivity of the dielectric filled cavity is chosen to be the same as the transmission line.

4.0 Introductory Remarks

This chapter consists of four sections. The first section examines a microstrip

transmission line transition experimentally and with the TLM method. The second sec-

tion investigates an aperture-coupled microstrip antenna with a thick feed substrate. The

third explores the thick ground plane antenna with and without an LNA. The final section

investigates system noise temperature and presents GÆ ratio results of the active antenna.
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bstrate Dielectric Plug Slot in Thin Ground Plane

*- Radiating Element
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Thick Metal Sheet
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Figure 4.1: Aperture-coupled antenna with a thick ground plane and dielectric filled
cavity (a) Side view, (b) Top view

4.1 Microstrip Thansmission Line TFansition

The purpose of this section is to determine how well a microstrip transmission line

transition, illustrated in Figure 4.2, functions. The microstrip structure is an element of

the antenna presented in Figure 4.1. The transition is analyzed using the three-dimen-

sional time domain TLM mothod, which returns the impedance mismatch and insertion
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Figure 4.2: Microstrip thin-to-thick-substrate transmission line transition

The ground plane thicknesses analyzed with the TLM method are chosen to be

t=0.635 mm and t=0.891 mm. These thicknesses are chosen due to availability of the

materials and because a screw could be properly tapped and secured without stripping the

threads. The t=0.891 mm thickness is the prefered thickness due to the extra number of

threads to hold a screw; on the other hand, the thinner material is more feasible due to a

smaller transition.

The thickness of the substrate at W1 is maintained at0.254 mm. The transmission

line width W1 is found to be 0.238 mm (using TouchstonerM), for a 50 Q system. The

width of the W2 is found to be 1.045 mm when t is equal to 0.635 mm, for a 50 O system.
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The width of \tr2 is found tobe I.475 mm when t is equal to 0.891 mm. Both of the tran-

sitions are analyzed to determine their mismatches and insertion loss.

The size of the simulation space for both cases is Nx=110, Ny=Jg and Nz=60; the

spatial increment is 0.066 mm; the number of iterations is 1600; the feed substrate at port

one is 0.264 mm thick; the dielectric constant is 10.2; and the feedline width at port two is

1.056 mm (over the 0.891 mm thick substrate) and 1.452 mm (over the 1.145 mm thick

substrate). The measured and computed results for the transition are illustrated in Figure

4.3.

The experimental S11 results match reasonably well with the computed values.

However, the S21 results are not as accurate between 20 GHz and 30 GHz.

The S-parameter results for the 0.254 mm to 0.891 mm transition, Figure 4.3(a),

are found to be much better than those found for the 0.254 mm to 1.145 mm transition,

Figure 4.3(b). Also, the thinner substrate transition does not require a matching circuit for

frequencies operating below 20 GHz, while the thicker transition requires a matching cir-

cuit for frequencies operating above 15 GHz.

A comparable microstrip transition is found inl23l, and is referred to as an "abrupt

transition". The abrupt transition in [23] is similar to the one illustrated in Figure 4.2,

except that the transition in the paper involves multiple substrate layers with varying

dielectric constants. The transition in [23] uses a combination of low and high permittiv-

ity substrates, which would not be feasible for the microstrip antenna presented in this

chapter; a feed substrate with a high dielectric constant is preferred because the cavity

containing the substrate can be kept physically small.

The paper also presents a wideband microstrip transition which has a much better
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impedance match than the abrupt transition. The wideband transition is physically large

and could not be used in microstrip antenna arrays due to size constraints; it requires a

much larger cavity in the ground plane than the abrupt transition.

o
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Figure 4.3: Measured and computed results of a microstrip thin-to-thick-substrate

transmission line transition (for a 50 C) system)
(a)0.254 mm to 0.891, mm transition (b) 0.254 mm to 1.L45 mm transition
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4.2 Aperture-Coupled Microstrip Antenna with Thick Feed Substrate

In this section, an aperture-coupled microstrip antenna is designed and tested in

order to determine what the patch, slot and transmission line dimensions need to be for an

antenna constructed according to Figure 4.1. The aperture-coupled microstrip antenna is

designed using the modal expansion method [2]. The cavity walls surrounding the slot

and the microstrip transition are assumed to be located an infinite distance away.

The selected substrate for the patch is chosen tobe 0.254 mm thick with a permit-

tivity of 2.2. The feed substrates are chosen to be 0.891 mm and 1.145 mm thick with a

permittivity of 10.2. The layout of the aperture-coupled microstrip antenna is illustrated

in Figure 4.4.

I
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t^/' _t
d
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Figure 4.4: Physical layout of the aperture-coupled microstrip antenna
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The dimensions of the microstrip antenna for t equal to 0.891 mm and 1.145 mm

are given in Table 4.1.

Täble 4.1: Physical dimensions of aperture-coupled microstrip antennas

La

(mm)
wb

(mm)
d

(mm)
ta

lx

(mm)
ly

(mm)
%

(mm)
LS

(mm)
t

(mm)
t¡

4.30 4.61 0.254 2.2 0.44 2.35 r.045 0.92 0.891 ro.2

4.18 4.70 0.254 2.2 0.25 3.00 r.495 0.82 1.r45 t0.2

Each antenna is optimized for a centre frequency of 19.70 GHz with the largest

possible impedance bandwidth. For the t=0.891 mm case, the computed 511 is equal to -

28.5 dB at 19.70 GHz and the -10 dB fractional bandwidth is equal to I.57Vo (approxi-

mately 280 MHz). For the t=I.145 mm case, the computed S11 is equal to -27.0 dB at

19.10 GHz and the -10 dB fractional bandwidth is equal to l.42Vo.

The aperture-coupled microstrip antenna is a multi-layer antenna. When the

antenna is fabricated, the patch and feed substrate must be fastened together; the chosen

methods are either nylon screws or bonding film. The only available feed substrates have

thicknesses of 0.254 mm and 0.635 mm, and therefore the feed substrates are laminated

using the bonding film, which has a thickness of 0.0254 mm and a permittivity of 2.2. For

the t=0.891 mm feed substrate, 0.254 mm and 0.635 mm thick substrates are laminated.

For the t=I.145 mm feed substrate, two 0.254 mm pieces and a 0.635 mm piece are lami-

nated. The extra thickness and change in permittivity could be possible sources of error

when comparing computed and experimental results.

The S-parameters are measured for both the antenna structures assembled with

bonding f,lm and those assembled with screws. For the t=0.891 mm case, the antenna fas-

45



Chapter 4 Aperture-Coupled Microstrip Antenna Containing a Thick Ground Plnne

tened with screws is found to have a centre frequency of 18.91 GHz and a -10 dB imped-

ance bandwidth of 2.03Vo, and the antenna fastened with bonding film is found to have a

centre frequency of i9.13 GHz and a -10 dB impedance bandwidth of 2.OIVo. The layer of

film is found to add a L.4Vo upwards shift in frequency compared to the antenna fastened

with screws. A second resonance occurred, at a frequency 4.89Vo higher than the operat-

ing frequency. The measured S-parameters are illustrated in Figure 4.5. The radiation

pattern for the microstrip antenna fastened with screws is illustrated in Figure 4.6.

The 1.145 mm thick feed substrate antennas had measured centre frequencies of

approximately 18.6 GHz for both laminated and screwed assembly. Multiple resonances,

resulting from higher order modes, occurred periodically after 18.6 GHz. The antennas

have a poor impedance match at 18.6 GHz, which is slightly improved with stub tuning.

Unfortunately, these antennas are found to be poor radiators (low gain radiation pattern

measurement) and are therefore abandoned.

The front and back plane radiation patterns for the antenna are plotted in Figure

4.6. The back plane radiation is 15.2 dB down from the main beam (H-Plane) and 10.8 dB

down from the main beam (E-Plane). The back plane radiation is expected to be high due

to the wide microstrip transmission line. As the width increases, the stub begins to act as

a radiator. For an aperture-coupled microstrip antenna with a electrically thin feed sub-

strate, the front to back plane radiation is approximately 22 dB UOl. The cross-polariza-

tion levels are acceptable for both the E- and H-Planes.

The aperture-coupled microstrip antenna with a thick feed substrate is found to

function acceptably. The only disadvantage is the high back lobe radiation which reduces

the efficiency of the antenna.
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Figure 4.5: Measured S11for an aperture-coupled microstrip antenna with a thick
feed substrate(t=0.891 mm)
(a) structure bonded with screws, (b) structure bonded with film
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Figure 4.6: Radiation pattern of an aperture-coupled microstrip antenna with a
thick feed substrate (t=0.891 mm)
(a) E-Plane, (b) H-Plane
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4.3 Aperture-Coupled Microstrip Antenna Containing a Thick Ground

PIane

Since the microstrip transition and microstrip antenna are found to function rea-

sonably well, the two structures can be combined to determine the overall functionality.

The thickness of the ground plane is chosen to be 0.635 mm based on the results obtained

in sections 4.1 and 4.2.

4.3.L Square and Circular Dielectric Filled Cavities with a 5 l,e Diameter

Two brass ground planes are fabricated and are illustrated in Figure 4.7. One

ground plane contains a square cavity and the other a circular cavity. The square cavity

combined with a transmission line closely resembles the microstrip transmission line tran-

sition (see section 4.1). However, a circular cavity is simpler to fabricate than a square

cavity; a square cavity requires a milling machine, whereas the circular cavity can be

drilled. Also, circular substrate pieces are much simpler to fabricate than square pieces.

The results of the antenna with a circular and with a square cavity are compared to deter-

mine whether a significant difference in the results occur. In both cases, the diameter of

the aperture is selected to be 5 l,r, which is large enough that the aperture wall does not

interact with the slot.

In section 4.2,tttilizing bonding film to laminate layers together is found to cause a

shift in the operating frequency. Another problem with bonding fitm is that once the struc-

ture is laminated, alterations can no longer be made. An alternative method is to fabricate

fiberglass clamps, which hold the patch substrate and transmission line substrate firmly

against the ground plane. The fiberglass clamps are illustrated in Figure 4.8. The patch
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substrate contains a patch on the top side, while the bottom side contains a ground plane

and slot. The transmission line substrate contains the transmission line.

130

+180mm+

Figure 4.7: Layout of the thick brass ground plane

Figure 4.8: Fiberglass substrate clamps
(a) Patch clamp, (b) T[ansmission line clamp

(b)

Square or
Circular
Aperture

2o mm i zorn*
ffi

+
I+i

i
T i,-.-.''-i'=..-.-ì
I i,: I '.:

26.5mm--ï- - t - -ì
¡t.1,1t,
Y :.t. t ..",

I--@- r

I

I+
I

î
40 mm

I + 38.65 mm

+

É-

50



Chøpter 4 Apertare-Coupled Microstrip Antennø Containing ø Thick Groand Plane

The patch and transmission line dimensions are as given in Table 4.1 for the

t=0.891 mm thick case. The S11 results do not agree with Figure 4.5 (a), and therefore a

longer stub is required to obtain a good match. For the circular cavity, a double resonance

at 18.8 GHz and 19.8 GHz occurs, in which each resonance has a2.IVo (approximately

400 MHz) impedance bandwidth at -10 dB. For the square cavity, a -10 dB impedance

bandwidth is maintained from 18.8 GHz to 19.8 GHz. The S-parameters are illustrated in

Figure 4.9. Pattern measurements are obtained and an odd 3 dB ripple occurs at broad-

side, as illustrated in Figure 4.10. The ripple occurs when the thick ground plane contains

either a square cavity or a circular cavity.

s11 FnRLJftt?t) l?trtrLñCTr*tl
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Figure 4.9: Measured S11 for the circular and square dielectric filled cavity (where
the patch is clamped to the thick brass ground plane)

The results in Figure 4.9 and Figure 4.10 are unacceptable, which are due to poor

ground contact between the patch susbtate ground plane and the thick brass ground plane.

The 3 dB ripple in the radiation pattern is caused by energy radiating from between the

i

i squÁRE
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two conducting surfaces. The radiation pattern is therefore remeasured with the patch

substrate and thick brass ground plane bonded with a silver conducting epoxy. In order for

the epoxy to cure, the material must bake for 20 minutes at 1500 C. All subsequent mea-

surements are made with the patch substrate epoxied to the thick ground plane. The trans-

mission line substrate continues to be fastened with the fiberglass clamp.

(d
rl

+2oo 
(Elevarion)

Figure 4.L0: Broadside radiation pattern when poor electrical contact exists
between the substrate ground plane and thick brass ground plane

The radiation pattern of the microstrip antenna at 19.2 GHz containing a square

dielectric filled cavity with a diameter of 5 î", is illustrated in Figure 4.11. The radiation

pattem of the microstrip antenna containing a circular dielectric filled cavity is almost

identical to Figure 4.11. The stub lengths for the two antennas are kept constant. The stub

length found to give the best impedance match is Ls = 1.701 mm.

As shown in Figure 4.ll,the peak sideJobe radiation is 15.1 dB down from the
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main beam (H-Plane) and 10.5 dB down from the main beam (E-Plane). The microstrip

antenna with the large dielectric filled cavity is thus found to give reasonable results.
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Figure 4.11: Radiation pattern of a microstrip antenna with a 5.0 î,* square dielectric
cavity
(a) E-Plane, (b) H-PIane

E-Plane (19.2 GHz)

H-Plane (19.2 GHz)
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4.3.2 Circular Dielectric Filled Cavities with Various Diameters

A cavity diameter of 5.0 1,, would be impractical in an antenna array due to spac-

ing and grating lobe problems. Therefore, the minimum cavity dimension must be deter-

mined in order for this feeding technique to be practically utilized in anay applications.

The cavity diameters investigated have the dimensions of 5.0 l"s (26.50 mm), 3.0 1",

(16.00 mm), 2.5 ?\s(13.25 mm),2.0 )\s(10.62 mm) and 1.5 î"s (1.97 mm). All cavities are

machined as circles and the dielectric pieces which fill the cavities are fabricated using a

hole punch. The thick ground plane is also machined to be 180 mm by 180 mm with the

cavity located in the centre. The expected gain should theoretically be 0.7 dB lower than

the results illustrated in Figure 4.11, due to copper and line losses.

Table 4.2: Stub lengths and centre frequencies for various circular cavities

Cavity
Diameter

Stub
Length
(mm)

Centre
Frequency

(GHz)

S-

parameters
Radiation

Pattern

E-Plane
Front-to-Side
Lobe Ratio

(dB)

H-Plane
Front-to-Side
Lobe Ratio

(dB)

s.0 À-
E

1.701 r8.968 Figure 4.i2 Figure 4.19 10.0 13.0

3.0 Às 0.211 18;080 Figure 4.13 Figure 4.20 -1.5 4.0

2.5 7,." 0.608 18.512 Figure 4,14 Figure 4.21 6.5 5.0

2.0 ïvs t.154 19.256 Figure 4.15 Figure 4.22 10.5 18.2

1.5 ¡,s 1.903 19.640 Figure 4.16 Figtre 4.23 5.0 11.0

3.0 l"s

remeasured

t.541 t9.232 Figure 4.17 Figure 4.24 11.5 12.0

2.5 ïrE

remeasured

t.6t7 19.736 Figure 4. 18 Figure 4.25 4.5 9.5

The antennas with the various cavity diameters are measured and tuned by trim-

ming the transmission line stub. Table 4.2 illustrates the stub lengths and centre frequen-

cies of the various diameters of cavities, along with the figure numbers for the S-
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parameters, the radiation patterns, and the front-to-side lobe radiation ratios.

Two cavities with diameters of 3.0 î,, and 2.5 ?'"sare found to have high side-lobe

radiation, which is attributed to their short stub lengths. When the stub length is too short,

minimal energy couples from the transmission line to the patch, and higher side-lobe radi-

ation results, as seen in Figures 4.20 and 4.2I. Therefore, new measurements are per-

formed on those cavities with longer tuning stubs. The longer stubs raise the centre

frequency by approximately 1.2 GHz. The stubs are trimmed until the best match occurs.

Both the diameter of the cavity and the corresponding stub length seem to be a

determining factor of the side-lobe radiation. The various results for different cavity

diameters demonstrate that the side-lobe radiation either increases or decreases with no

obvious pattern. A more theoretical study should therefore be conducted on the effect of

the cavity diameter.
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55



Chøpter 4 Aperture-Coupled Microstrip Antennø Contøining ø Thfuk Ground Plane

Sl-1 FCRLIF|RD

LÜG HÈ€.

i¡Þ: ";' .

ËsËí ËcrIoll

)RËË; J.tgçde 5.O*O¿ú"/|Jî¿

cî3* Ë11
FiIF, pl-lìHf

U.dUr-)() Dn

)llñtîKER 1,

1'].ó*eÇ ÊHa
-35,93.3 .,tg

nmlx{,ER T(t ntlx
IIËRKER T'J HTP{

P :L}.'JI-Ð.IJ GHZ¡ -!_ì . g{ü .lB

3 tè.?7-¿O tr¡t"lz¡ *s.a:4. dg

.q 1t.çi"et G:t?r -4'r.14F .lËt

r*t-i a) -- ô ¡ <

R6f; - FLsrl'.|;
L: . Çiur.ru f.lít

)HliRr(HR I
1-Ê,51-¿O G1-{z

-û}.,34C1 CS

l'Xl:F:K-R Tû :lÊ!'i
i'ifìât<Ift Tt] :tIN

â r-s.?$tô stJzå *9.5SS 
"J3

3 13,69r1d¡ Hz¡ "Ë.¡l-g dt

"i 1g,û16ô GH3¡ -'!:t-.È44 -tB

caYity (Ls = 0.608 mm)

'|'"
I

..

I

i

r_7,öôct eL.$O{,0

FDÉUI3R! RË.ËLËTT.TÜIì

lfnf;. )RãF:¿.útû.lB 5. Õôt"tÉ"'üru

Gi"lz âil . L\'3tO

Figure 4.14: S11 for microstrip antenna with a circular 2.5 ì,"s

SlJz

Figure 4.13: S11for microstrip antenna \ilith a circular 3.0l,s cavity (Ls - 0.211mm)

Li.lr:

56



Chøpter 4

:;::;
t7.öo00 ü[-:z

911- [.:ùfìLliìR3 RñFL;CTãrÞr

Lû13 r-13Lì. >i?Éif:9.í,ûtdtl

Aperture-Coupled Microstrip Antennø Containing a Thick Ground Plane

CH 3 - S-r1
RËf . PLåFItr

Ð.*ti'û n¡r

ÞI1ffRKER 1
a9 

"ê$riç 
Grllz*ea"ãô2 ds

r1ÉRt(Eft r û f"tflx
r.fÊR¡{ER TO ilrN

3 1Ë,1'!Ê') ËH?I -Ë.Êgü 
"JB

3 ÍS.{OO0 tiHE
| -ç "fr7.- àB

4:tû.É,]úrf, ßHz¡ -s "eaa ¿B

g. ôO3dÊ.,ÊIrJ

Figure 4.15: S11 for microstrip antenna \ilith a circular 2.0 ?,,scavity (Ls = 1.154 mm)

e,J " 9ûOû

5 . rlllö¿ß,'l-rïlJ

tH ? - tì:r:t
RE- . P:. flr.ìE(:.')itù* r.¡rr

>I'ìñRKÍR ;X.

l-Q .64ùù ifHz*ä$-âst d3

ÌIll¡¿KrR ','û :ìlfiX
l1nlt{r-R ?t} ftTN

e J.s.4û0s GHì:t -3,(l , C¡AF cB

3 i-9.,Ë153ú rSHzI .* ll.Çì..ii{ e d3

4 ãù.ô7ãC¡ Giì?i -4O.3ÊG ,iE

1:.o' 0c Gilà: ;f .oo{r,f,

Figure 4.16: S11 for microstrip antenna with a circular 1.5},s cayity (Ls = 1.903 mm)

57



Chapter 4 Aperture-Coapled Microstrip Antennø Contøiníng a Thick Ground Plane

q44

L'JG

F0lillÊ,Ëiill fi:lll:L[C;T :ilt1

llÍì6 ' >RãFìC'' C¡':f JÉ1 5 .,DùD.,tB/ Þi,J

Cþl í* * Þ:f.:1
RRF. PI-ÊI-4F

r-J.rJQ{Jq T\rt

Þ l'¿ÉlftKËft 3
l9 -â:?â(¡ üt"lz
-es.9ãP dB

IiñÊKËR ?C fiåX
f,ÉìRHIR Tl: â1IN

: lÐ"sÇÒÇ DilzI -1.:1 .V95 à#

? :lSi .¡-164C, t3ilzI -aû.537 dË

{ :t9,S76t' GHr| -lù.187 ¿ß

5 :LG .71.ä0 É.¡Jzr -11.5Ð7 dF

*,H A - sv'
REË, P¿_Èf1tr

0 ' ûtfÔr] ¡rrr"q

)ri3R\Eiì 1*
rË"f'3íiÒ G:l?*â3-435 JB

rífTiettfiR ;ù ?1R¡í
MF{RKH.R TD fIIf.I

'1" "! v. Jr-,¡tLr ()f rz
. -::-a . -t "t(: €tj

3 19.5e4i¡ âH=I -l-C, "2â4 ¿A

"î rg.tlâ3ú Gli=; ^9,361- ¡È

5 ËÕ.äG{+ r}Hz¡ -.9 "eì7o =tË

t:i;
i:
i5r . ... .: .,

¡\,,
1. ...ì.

Figure 4.172 Sy for microstrip antenna \,vith a circular 3.0Is cavity (Ls - 1.541mm)

'!7 
" 3O,fû

s5.l- FoñiJflRt

LO'3 t1'ñÉ.

úlr,¿

F,ÌEfr':fiîr iüi!
IRËtr=*"ûÕú*lB

':'::
,ri; l:..,,.,.-'-...:-.'. |.''-,..--|.--

;11 "O${)t

5 , f;.üü.ilróÏ (-l

i
It:

'i 
"... "'"

i1," , . 
ì

':I:
¿.: u|

>1 ! I

*J/ ¡

.:l\ :l-
1¡.t.. .

' 4--
. .1 l. ,'.

:¡
', :1
¡..t.,.
1r
li
ìfìttt
ft;'t

f 7, ÈCì,.}{t üj".o0ùû

Figure 4.18: S1 for microstrip antenna with a circular 2.5 ì"ecavity (Ls - 1.617 mm)

58



â
mE

'õ
(t

Chapter 4 Aperture-Coupled Microstrip Antenna Containing a Thick Ground Plane

E-Plane (18.97 GHz)
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Figure 4.L9: Radiation pattern of a microstrip antenna with a 5.0 ì,* circular cavity
and Ls=1.701 mm
(a) E-Plane, (b) H-Plane
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E-Plane (18.08 GHz)
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Figure 4.20: Radiation pattern of a microstrip antenna with a 3.0 l,* circular cavity
and Ls=0.211 mm
(a) E-PIane, (b) H-Plane
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Figure 4.21: Radiation pattern of a microstrip antenna with a2.5 ?vrcircular cavity
and Ls=0.608 mm
(a) E-Plane, (b) H-Plane
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Figure 4.222 Radiation pattern of a microstrip antenna with
and Ls=1.154 mm
(a) E-Plane, (b) H-Plane
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Figure 4.23: Radiation pattern of a microstrip antenna with a 1.5 î,* circular cavity
and Ls=1.903 mm
(a) E.Plane, (b) H.Plane

150125100

â
ca

c'õ
(5

15012510075

E-Plane (19.64 GHz)

H-Plane (19.64 GHz)

63



Chapter 4

10

5

o

-5

-10

-15

-20

-25

-30

10

5

o

--5coE
ã-ro'õ
o -rs

-20

-25

-30

Aperture-Coupled Microstrip Antennø Containing a Thick Ground Plane

r=
aoE
c'õ
CI

-150 -125 -100 -75

150 -125 -100 -75

-50 -25 0 25 50
Elevation (degrees)

(a)

100 125 150

1so125100-50 -25 0 25 50
Elevation (degrees)

(b)

Figure 4.24: Radiation pattern of a microstrip antenna with a 3.0 î,* circular cavity
and Ls=1.541 mm
(a) E-Plane, (b) H-Plane
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Figure 4.25: Radiation pattern of a microstrip antenna with a 2.5 )urcircular cavity
and Ls=1.617 mm
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4.3.3 Antenna Noise Temperature

The approximate noise temperature of the antenna can be calculated by multiply-

ing the averaged radiated E- and H-plane power and the associated sky noise temperature.

This temperature is dependent on the operating frequency of the antenna. The microstrip

antenna containing the2.0 À* circular cavity (Table 4.2)has the lowest side-lobe radiation

and is therefore chosen for the noise temperature calculation. The fractional areas corre-

sponding to the averaged E- and H-plane radiation power and the associated sky noise

temperature l24l are listed in Table 4.3.

Table 4.3: E- and H-plane gains with corresponding sky noise for the
microstrip antenna with a 2.0 ?,,gcircular cavity (Figure 4.22), at
a frequency of 20 GHz.

Elevation Angle (degrees)
Averaged E and H
Radiated Power

(fractional)

Associated
Sky Noise

Temperature
(K)

-180 to -90 and 90 ro 180 0.0525 300

-90 to -85 and 85 to 90 0.0031 150

-85 to -80 and 80 to 85 0.0043 100

-80 to -70 and 70 ro 80 0.0154 50

-70 to -60 and 60 ro 70 0.0664 30

-60 to -40 and 40 ro 60 0.1 885 20

-40 to 40 0.6697 T4

The approximate antenna noise temperature is found to be 32.81oK, when the

antenna is aimed at the zenith. The precise method of calculating antenna noise tempera-

ture requires integrating the front radiation and back radiation with the associated sky

noise temperature. However, the integration method gives only a marginally more accu-
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rate antenna noise temperature.

4.3.4 Integration of an LNA into the Antenna Structure

This section examines the operation of the antenna with an LNA. The antenna

selected for testing with the LNA has the 5.0 î", width square cavity. The chosen LNA is

designed at the CRC (Communications Research Centre) in Ottawa. The LNA operates at

approximately 20 GHz with approximately 2O dB of gain.

The LNA s S-parameters are measured to determine the mismatch, gain and isola-

tion. The measured S-parameters are illustrated in Figure 4.26 and Figure 4.27. The pas-

sive antenna structure has the best match at 19.2 GHz. The input match of the LNA at

19.2 GHz is approximately -2.1 dB. At this frequency the gain is found to be 2L 9 dB,

the isolation -24.7 dB, and the output match -2L6 dB. The amplifier is designed to oper-

ateaf.l'7.75 GHzwith al.5GHz l0dBimpedancebandwidth. Becausetheinputmatchat

19.2 GHz is poor, the performance of the antenna may be affected due to the non-50-ohm

system. However, this LNA is the only one available at the required frequency, and thus it

has to be used. In order for the amplifier to operate with the lowest noise figure, the drain

voltage has to be fixed at 2.0 V and the drain current at 5 mA. The measured LNA noise

figure is 2.15 dB (185.77oK¡ at 19.2 GHz.

The LNA carrier material consists of kovar, which has the same coefficient of ther-

mal expansion as alumina. The amplifier circuitry is fabricated on 0.254 mm thick alu-

mina and the microstrip antenna transmission line on 0.254 mm thick duroid. In order to

minimize mismatches, the ground plane of the LNA and the ground plane of the transmis-

sion line need to be aligned with each other. The base of the kovar carrier is designed to fit
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Chapter 4 Aperture-Coupled Microstrip Antenna Containing a Thick Ground plane

into a machined cavity in the brass ground plane of the antenna. The kovar carrier/LNA

unit is illustrated in Figure 4.28, and the carrier/LNA unit which fits into the milled ground

plane cavity is shown inFigure 4.29.
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2.540 mm

5.331 mm

2.540 mm

T
5.584j

6.3s0 mm 

->lFigure 4.28: Dimensions of kovar carrier containing the LNA
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Figure 4.29zPlacement of kovar carrier/LNA

0.254 mm

unit into the brass ground plane
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A rectangular piece of material is removed from the transmission line substrate,

which is located directly over the milled cavity. This hole is carefully shaped to minimize

the space between the LNA and antenna transmission lines. The LNA is placed into the

cavity and fastened to the brass ground plane with screws. An ultrasonic ribbon bonder is

used to form an electrical connection between the LNA and the transmission line.

A metal structure is added to the back of the antenna, which contains four filter-

cons. Filter-cons allow DC current to pass, but filter out AC current. The LNA contains

two amplifier stages, each containing a drain, a gate, and ground ports; two of the f,lter-

cons are connected to the drain voltage ports, and the other two are connected to the gate

voltage ports. The electrical ground connections are made through the kovar carriers to

the antenna ground plane. The two stages are powered separately in order to verify that

each stage is functioning correctly.

The antenna radiation pattern at I9.2 GHz of the active antenna is illustrated in

Figure 4.30, which, when compared with Figure 4.11, demonstrates a gain increase of

approximately 22 dB. The gain of the LNA at this frequency is 21.9 dB. The side-lobe

radiation level increases with the integration of the LNA. This is possibly due to the mis-

match between the antenna element and the LNA. The LNA raises both the co-polarized

and the cross-polarized gain by 21.9 dB.

The increase in cross-polarization levels is unfortunate. However, the active aper-

ture-coupled microstrip antenna has the advantage of being small, flat and light-weight.

70



r=
coE
c'õ
(5

Chøpter 4 Aperture-Coupled Microstrip Antennø Contøining a Thick Ground plane

E-Plane (19.2 GHz)
30

25

20

15

10

5

o

-5

-10
-150 -125 -100 -75 -50 -25 0 25 50

Elevation (degrees)

(a)

H-Plane (19.2 GHz)
30

25

20

15

10

5

o

-5

-10
-150 -125 -100 -75 -50 -25 0 25 50

Elevation (degrees)

(b)

Figure 4.30: Radiation pattern of an active microstrip antenna
(a) E-PIane, (b) H-Plane

â
co-tf,

L'õ
(5

75 100 125 150

100 125 150

11



Chapter 4

4.4 System Noise

Aperture-Coupled Microstrip Antenna Contøining ø Thick Groand Plane

Adding an LNA to a receive antenna application is advantageous because of the

increased signal-to-noise-ratio performance. Amplifiers are especially important in situa-

tions where transmission lines are electrically long (i.e., losses are high). In antenna

arrays, lengthy transmission lines generally exist due to the linking of many antenna ele-

ments to a common transmission line. For long transmission lines, the receive signal

power could diminish considerably, resulting in an increased system noise temperature.

An amplifier located electrically close to the antenna element can significantly reduce the

effect of noise caused by the lengthy transmission lines.

This section presents the basics of system noise, a system noise example, and an

approximate GÆ ratio for the active antenna.

4.4.L Noise Overview

Noise in a system is usually caused by the random motions of charge carriers in

devices and materials. Some typical types of noise [24], l25l are:

Thermal Noise: Random motions of charges or charge caruiers. This includes

ohmic losses which are dependent on temperature.

Sky Noise: Caused by the attenuation of a wave as it passes through the

atmosphere. Causes of this attenuation include atmospheric gases

and hydrometeors (rain, snow, etc.)

Other Noise: Shot noise, flicker noise, plasma noise and quantum noise.

A typical system usually consists of cascaded components (i.e., antenna, amplifier,
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transmission line, etc.). Each component can degrade the signal to noise ratio. The noise

figure (or noise temperature) can be determined if the noise figure is known for the indi-

vidual components. Depending on how the various components are placed, the system

noise figure can vary.

Noise theory can be utilized to determine the optimum component setup for the

lowest system noise temperature. Figure 4.31 illustrates how two cascaded networks can

be presented as an equivalent network [25]:

(b)

Figure 4.31: Noise figure and equivalent noise temperature of a cascaded system
(a) TWo cascaded networks, (b) Equivalent network

Noise temperature is given by:

(4.1)

Where T" is the equivalent temperature in degrees kelvin (K), P, is the noise power, k is

the Boltzman constant (1.380 * 19-23¡7o6) and B is the bandwidth of the system inHz.
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Using the noise temperatures (Figure 4.31(a)), the noise power at the output of the

first stage is:

Nl = GúT,B+G&T.P

The noise power at the output of the second stage is given by:

No = GrN,+GzkTc2B = GrGrkB(to* r",*är,)

The equivalent system can be found to be:

No = GtczkB (Tror+To)

where

(4.2)

(4.3)

(4.4)

(4.s)

(4.6)

(4.7)

Tro, = 
'"r* ä"

The noise figure is given by:

F = t *|rt
-0

Therefore, equation (4.5) can be rewritten as:

F,o,= t,*å @z-r)

Both equations (4.5) and (4.1) show that the first stage has the most dominant con-

sequences. Therefore, in order to obtain the best possible system noise performance, the

first stage should have a low noise figure and reasonable gain. The later stages have a

diminishing impact on the overall noise perfoÍnance, as shown in the following general-

ized equations:
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T -T.*Trr*7"3 *.-cas - -rt' Gt' GrGr' "'

F^-t F"-r
Fro, = Ft* G, * GrGr* "'

(4.8)

(4.e)

Therefore, the LNA should be located as close as possible to the antenna element

to reduce the overall noise figure or noise temperature.

4.4.2 System Noise Example and G/T Ratio of the Active Antenna

This section examines the system noise as a function of component location (i.e.,

transmission lines, amplifiers, etc.) with the use of an example. Also, the GÆ (Gain to

noise Temperature) ratio of the active antenna is calculated.

Placing the LNA close to the antenna element, as opposed to a significant distance

away, should theoretically result in the lower system noise temperature. An example of

the noise temperature for two different component configurations is illustrated in Figure

4.32. The first case shows a configuration consisting of the antenna element, the transmis-

sion line, and the amplifier. In the second case, the configuration consists of the antenna

element, the amplifier, and a transmission line. The LNA and antenna element parameters

from section 4.3 are utilized in this example, and the length of the transmission line is cho-

sen to be 38.65 mm. At frequencies of 20 G}Jz on a substrate 0.254 mm thick, with a

dielectric constant of 10.2 and a transmission line 0.238 mm wide, losses equal approxi-

mately 0.164 dB per wavelength. The guide wavelength at}O GHz for the given transmis-

sion line is 5.64 mm.

The theoretical system temperature of the two active antenna systems is presented
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in Figure 4.32. CASE t has a significantly higher system temperature than CASE

Therefore, the LNA should be located as closely to the antenna element as possible,

order to reduce system noise temperature.

CASE 1..

Antenna

2.

in

LNA
I
I
I
I
¡ Reference

¡ Line

I
I

Tant=32.81oK

CASE 2.

Antenna LNA

Ttin"=65.9oK
Llin"=l .I2 dB
Length=38.65 mm

TLNa=185.77oK
GI-Na=2I.9 dB

\"f=TuntGl;n"G¡¡4+Tli neGlineGLNa+T¡¡4G¡¡a
=[Tant * Ttin" + TlNeìGrineGLNA

(-

=411340 K 
sline

Tr-Ne
GLNe

Transmission Line

TIin"
Glin.

I
T

I
t
, Reference

, Lrne

I
t

""j-,*j:Xililr,i'ËT']in"*r'Iin"G'Iin"
GLNA

,267080 K

where L - loss
G - gain
T - noise temperature
G=I[,
and the system is referenced to 2900 K

Figure 4.322 Effects of amplifier location on the noise temperature

Transmission Line
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The GÆ ratio is used as afigure of merit for receive antennas [26]. The ratio com-

bines the gain of the antenna with the various contributing noise components (sky noise,

line loss, amplifier noise, etc.). As mentioned above, the placement of components can

significantly alter the noise figure of a system. The placement of components can also

greatly affect the G/T ratio.

An approximate GÆ ratio for the active antenna presented in this thesis can be

found as follows. The dimensions, gains, losses and noise temperatures for the active

antenna are illustrated in Figure 4.33.

Antenna Transmission
Line

LNA

Tant=32'81 K
Ganr=4'9 dBi

Tlinet=40'31o K
Lllnet=0'65 dB

Length¡Z2.4 mm

TlNa=185.11o K
GI-Ne=2i'9 dB

Ttinez=29'75o K
Ltinez=j'4] dB

Length2=l$.05 mm

Tcircuit

T"i..uit=(Tlin. 
1 
*T¡¡4/G1¡n. 

1 
*T1ine2/(Grne 

1 
GLNn))Grin"t GLNAGlinez

=30656.87 K

where L - loss
G - gain
T - noise temperature
G=lI-
and the system is referenced to 2900 K

Figure 4,332 Gfl parameters for the active antenna
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The equation for G/T ratio is:

G Go*,
T T¡¡Vr+ Tcircuit

and the approximate GÆ ratio for the active antenna is calculated to be:

(4.10)

(4.tr)9r=-+O.o dBlK

4.5 Summary

In this chapter, a novel method for combining a thick sheet of metal with an aper-

ture-coupled microstrip antenna structure is investigated. A thick ground plane containing

a dielectric filled cavity is placed between the thin ground plane and feed substrate.

This chapter consists of four sections. The first section presents results of two

microstrip transmission line transitions. The experimental and computed results match

quite well for the transition with the smaller step, but are found not to agree very well for

the larger step (for frequencies higher than 20 GHz). The second section presents the

design and test results for aperture-coupled microstrip antennas with 0.891 and 1.145mm

thick feed substrates. The experimental results for both antennas do not match well with

the modal expansion analysis results. This is because the dynamic transmission line

model only functions correctly for thin substrates. The antenna with the 0.891 mm thick

feed substrate is found to radiate with stub tuning but the radiation pattern results in a high

side-lobe level.

The third section combines the microstrip transmission line transition and the

antenna with the 0.891 mm thick feed substrate. The antenna is tested and found to be
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equivalent in function to an aperture-coupled microstrip line with a thin feed substrate,

except that the front-to-side radiation ratio is lower. The diameter of the cavity sutround-

ing the aperture in the ground plane is found to affect the front-to-side radiation ratio. An

LNA is integrated into the passive antenna structure, and the co- and cross-polarized,E-

and H-plane levels increase in accordance with the LNA gain. The side-lobe level also

increases, which is possibly due to the poor match of the LNA. The final section investi-

gates the system noise temperature of the active antenna with the use of an example, and a

theoretical GÆ ratio calculation is made.
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Chapter 5:

Conclusions and Future Directions

5.0 Conclusions

In this thesis, a method is developed to integrate active devices with aperture-cou-

pled microstrip antenna structures. The goal of the research is to find a technique which

makes designs uncomplicated, gives good antenna performance, and results in low fabri-

cation costs. In accordance with this goal, the following information and results are pre-

sented in this thesis:

O A basic review of two numerical techniques utilized in the research of various

antenna and transmission line structures are presented. The numerical techniques

included are the modal expansion method for an aperture-coupled microstrip antenna [2]

and the full-wave TLM (Transmission Line Matrix) merhod [3].

O Two- and four-port aperture-coupled microstrip couplers are designed and tested.

The TLM method is found to agree reasonably well with the measured results. The cou-

pler dimensions are optimized for maximum coupling for a number of different ground

plane thicknesses. The couplers are found to radiate as the ground plane thickness

increases.

O The modal expansion method is utilized in the design of aperture-coupled micros-

trip antennas with thick feed substrates. The algorithm presented by [2] is found to
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become less accurate as the feed substrate thickness increases, which is due to the

dynamic transmission line model. The transmission line substrate thickness is found to

affect the front-to-side radiation ratio. The H-plane differs by 15.2 dB and the E-plane dif-

fers by 10.8 dB. For a thin feed substrate, the front-to-back radiation ratio is found to dif-

fer by 22 dB 1241.

O The microstrip antenna containing a thick ground plane is fabricated

with and without active circuitry. The diameter of the cavity surounding the

the ground plane is found to affect the front-to-back radiation ratio and the

match.

and tested

aperture in

impedance

O An approximate noise temperature of the antenna containing a thick ground plane

is calculated to be 32.8loK.

O An LNA, when integrated into the passive antenna structure, is found to cause the

co- and cross-polarizedE- and H-plane levels to increase accordingly with the LNA gain.

The LNA also causes the back lobe level to increase, which is possibly due to the poor

impedance match.

O An approximate GÆ ratio of the active antenna is found to be -40.0 dBÆ(
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5.L Future Directions

Conclusions and Futare Directions

The following topics are proposed for future investigation:

O The modification of the aperture-coupled microstrip antenna algorithm given by

[2]. The transmission line model should be altered to allow for thick feed substrates.

O The investigation of how the cavity diameter surrounding the aperture affects the

impedance match and radiation pattern of the aperture-coupled microstrip antenna with a

thick ground plane. Also, the determination of what the smallest cavity diameter can be.

O To minimize the back-plane radiation for aperture-coupled antenna structures con-

taining a thick ground plane.
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