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CHAPTER 4

Numerical and Experimental Results

4.1 INTRODUCTORY REMARKS

The spectral-domain moment-method (SDMM) formulation of Chapter 3 was imptethemthe
C programming language and, as such, this implementation can now be usedyse amy an-
tenna configuration consisting of microstrip patches with capacitive fesukpr In this chapter,
it is shown how this implementation can be applied to a variety of applicationsu@howt most
most of this chapter, the results of the SDMM are compared to those of two athemercial
codes, as well as some measured results. The two commercial code8redmE Zeland Soft-
ware [186] and FEKO from EM Software and Systems [187], while thaitienalysis module of
Sonnet, from Sonnet Software [188], was also used. The measusewene all performed at the
Centre for Electromagnetism at the University of Pretoria. This facility BeasScientific Atlanta
compact antenna test range, integrated with a dedicated Hewlett-Pa&d#1@ 8ector network
analyser. For more gener&lparameter measurements, a Hewlett-Packard 8510B vector network
analyser is also used. Antenna gain in this facility is typically measured by tigrgpin-transfer
method.

The SDMM implementation is validated in Section 4.2 for isolated parts of the anstutdure.

In Section 4.3, the new antenna elements are characterised in order tmideténe effect of
the various geometrical parameters on the behaviour of the differentreiema Section 4.4, a
number of applications are presented. These include vertically- anebhtaily-polarised arrays,
as well as+45° slant-polarised arrays. The latter are often required for cellular ftasens

antennas. Finally, in Section 4.5, it is shown how the capacitive feed prcdoe be used with
alternatively-shaped resonant patches.
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Figure 4.1 Geometry of a probe that is
embedded within a grounded substrate.

4.2 VALIDATION OF THE SPECTRAL-DOMAIN MOMENT-METHOD
IMPLEMENTATION

In order to validate the accuracy of the SDMM implementation, it is advisabledbdiralyse
isolated parts of the antenna structure. In doing so, one can obtain awettestanding of the
capabilities of the formulation. The input impedance is usually a sensitivengéeaand can give
a good indication of how well the code performs. As such, it is used asasie for comparison
throughout most of the validation process. A single probe that is embedtieéd a grounded sub-
strate, is probably the most basic part of the structure and is there&ihedmnsidered. Thereafter,
the structure is extended by adding a capacitor patch to the probe, allyldimasonant patch.
This then would be the equivalent of a single antenna element. A detailedig@ates into the
capabilities of the various attachment modes also forms part of this validation.

4.2.1 Single Probe in a Grounded Substrate

Consider the probe of Figure 4.1, with lendtland radius:, which is embedded within a grounded
substrate of thickneds The probe can be realised by extending the inner conductor of a toaxia
cable through the ground plane into the substrate, while the outer condfithercoaxial cable is
connected to the ground plane. This problem has been addressesl dafiqoublished results for
the input impedance of such a probe are available within the open literaBgel[d0].

Figure 4.2 shows simulated and published results for the input impedarstes vearmalised length
of a probe that is totally embedded within a grounded substrate. For the Sakiilation,
between two and seven basis functions were used on the probe. k& cae that the agreement
between all the codes is very good and that it also compares exceptioedllyith the published
results.

Another interesting phenomena that can be validated here, is that fardidion towards the
horizon (i.e.f = £90°) should always go down to zero, except under special conditions tiiee
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Figure 4.2 Inputimpedance of a probe that is embedded within a grousdbstrate. Parameters:
a=1.5mm,h =0.3)\, ¢, = 3.9 and ta. = 0. (a) Input resistance. (b) Input reactance.
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Figure 4.3 Radiation pattern of a probe that is embedded within a gredisdbstrate. Parameters:
L =48 mm,a=1.5mm,h =90 mm,s, =3.78, tar. =0 andf = 1 GHz.

relation ,
iAo

2\, — 1
is satisfied [189, 191]. Figure 4.3 shows the radiation pattern for thevdasee: = 1. In this
case, four basis functions were used on the probe. From this figuran iindeed be seen that
there is far-field radiation towards the horizon and that the results of tid\ERre virtually
indistinguishable from those of the two commercial codes. Note that althoegh ithradiation
towards the horizon, all the codes give zero far fields at exdictly +90°. This is due to the
stationary-phase evaluation of the far fields.

h = i=123... (4.1)

From the results that have been presented here, it is clear that the SEBMMplemented here,
can model probes in multilayered substrates very successfully.

4.2.2 Circular Versus Rectangular Attachment Modes

In order to model the connection between a probe and a patch, a sgesisalunction, also known
as an attachment mode, is required. As discussed in Chapter 3, there amtmon approaches:
the rectangular attachment mode and the circular attachment mode. Hatlveyezrformance of
these attachment modes under a wide variety of geometrical parametersyislirdpcumented.
In order to get a better understanding of the abilities of these two apmeantth of them are used
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Figure 4.4 Geometry of a rectangular probe-fed patch. (a) Top view ef th
patch. (b) Side view of the multilayered substrate.

in this section to analyse various rectangular probe-fed patch cortfapsaThe general geometry
of such a patch is shown in Figure 4.4. The simulated results are then cahtpaneperimental
results, which have either been published or measured specifically fattiolg. The simulated
results are first compared to published results for a conventionalwizara microstrip antenna
on a thin substrate, in order to verify that both approaches yield thectoesults as claimed in
the literature. Both approaches are then tested for small and resoobetfed patches that reside
on multilayered substrates of varying thickness.

Shauberet al.[192], as well as Aberlet al.[132,133], have published input-impedance results for
a narrowband probe-fed microstrip patch antenna on a thin substratee Big shows the input
impedance of this antenna, as measured by them, together with two sets ofcalinesults that
were calculated by using the two different attachment-mode approacb#ssés of calculated
results were obtained by using nine entire-domain sinusoidal basis fusndiothe patch and
one piecewise sinusoidal (PWS) basis function (excluding the oneiassbwith the attachment
mode) on the probe. For the entire-domain sinusoidal basis functiond,,e(d,2), (2,0), (3,0),
(5,0), (7,0) and (9,0) modes were used for thdirected current, while the (2,0) and (2,1) modes
were used for the-directed current. The best results for the circular attachment mode were
achieved by extending the radius of the attachment mode to the closestfedggatch. As can
be seen from the results in Figure 4.5, both approaches are capakleeoting results that agree
very well with measurements. This is specifically for the case of a resqaact on a relatively
thin substrate.

It is not clear from the literature how the attachment modes would perforrméech smaller
patch sizes and thick substrates. To gain a better understanding of howdhbkl perform, two
sets of patches were constructed, the one set having resonantspétiHieequencies between
1.4 GHz and 2.1 GHz) of 50 mm 50 mm, and the other set having much smaller patches (below
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Figure 4.5 Input impedance (normalised to %) of a rect-
angular probe-fed patch as modelled with the circular ant re
angular attachment modes. Parametefs= 9.5 mm, W =
12.5 mm,a = 0.45 mm,d = 3.2 mm,h(l) =1.27 mm,e,) =
10.53, taraSE(l) =0.002 andl(z) =0.

resonance) at 5 mm 10 mm. Both sets contained four patches and were etched on a 1.6 mm

layer of FR-4. Three of the four patches contained air gaps, ranging fhore or less 5 mm to
15 mm, between the FR-4 layer and the ground plane. The two sets of paichlestherefore
represent a combination of different sizes and substrate thicknesses.

Figure 4.6 shows the measured and calculated input-impedance resulte fettbf resonant
patches. Both sets of calculated results were obtained by using ninedmtiign basis functions
on the patches, and one to seven PWS basis functions (excluding thessoatated with the
attachment mode) on the probe, depending on the substrate thicknessagaint, for the entire-
domain sinusoidal basis functions, the (1,0), (1,2), (2,0), (3,0), (6/@) and (9,0) modes were
used for thez-directed current, while the (2,0) and (2,1) modes were used foytheected
current. It is apparent that both attachment-mode approaches yieltsrésat compare very
well with the measured results. It would therefore appear that both agipes can handle thick
multilayered substrates with very good accuracy, provided that the patélaisesonant size. A
radius of 10 mm provided the best results for the circular attachment mode.

Figure 4.7 shows the measured and calculated input-impedance resulesdet i small patches.
In this case, both sets of calculated results were obtained by using fa@tgtfbdomain rooftop
basis functions on the patches, and one to seven piecewise sinusaiddiunations (excluding
the one associated with the attachment mode) on the probe, depending ohstrate thickness.
In this case it is clear that the circular attachment mode still yields results timgece favourably
with the measurements, but that the rectangular attachment mode has diffiauibg@iling the

small patches. For all of the substrate thicknesses, it would appear ughtkioe rectangular
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Figure 4.6 Input impedance of a square resonant probe-fed patch adlethdéth the circular and rect-
angular attachment modes. Parametérs:50 mm,W =50 mm,d = 15 mm,hy) = 1.6 mm,g,.(1) = 4.25,
tand. (1) = 0.02 and tan, (o) = 0. (@) = 0,a = 0.64 mm. (b)hz = 5.4 mm,a = 0.45 mm. (C)h(y) =
11.1 mm,a = 0.45 mm. (d)i(3 = 15.8 mm,a = 0.45 mm.
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Figure 4.7 Input impedance of a small rectangular probe-fed patch adeti®al with the circular and
rectangular attachment modes. Parameters:5 mm, W = 10 mm,d = 2.5 mm,h 1y = 1.6 mm,e, (1) =
4.25, tari.(1) = 0.02 and tad, () = 0. (@)h(2) = 0,a = 0.64 mm. (b)xz) = 5.3 mm,a = 0.45 mm. (C)(y
=10.2 mm,a = 0.45 mm. (d)r(3 = 15.3 mm,a = 0.45 mm.
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attachment mode mainly yields an offset in the reactive part of the input impedén this case,
the radius of the circular attachment mode was extended to the two closest feddhe best
results.

This investigation was an attempt to gain a better understanding of the abilitie® afitlely-
used attachment modes for a SDMM analysis of probe-fed microstrip patehras. It is clear
from the results that have been presented here, that the circular attaahiode treats all patch
sizes and substrate thicknesses with good accuracy, but that thegtdataattachment mode only
works well for resonant patches, albeit it on thin and thick substratesould appear that the
magnetic-wall cavity model with a uniform current filament source, upoithvthe rectangular
attachment mode is based, is not a good approximation when dealing withmahypatches,
thereby resulting in the inaccuracies that have been observed. Soméertledits of the circular
attachment mode over the rectangular attachment mode, is that it can beitisadyshape of
patch and that it is faster to evaluate. Furthermore, attachment modegarsio the rectangular
attachment mode, which is based on the eigenmodes of the magnetic-wall caslit}; mast be
derived from scratch for other shapes of patches. One uncertailatgd to the circular attach-
ment mode, however, is the choice of the radius over which the currezsidgpon the surface
of the patch. In all cases that were considered, the accuracy iedraashe radius of the disk
was increased. It has been stated by Taboada [108] that for triarigada Wilton and Glisson
(RWG) basis functions [104], the support of the attachment mode sheulargper than the un-
derlying subdomain basis functions. It also seems to be true in this case, igfiginit should
be possible to use a smaller radius for the attachment mode together with umglsdipdomain
basis functions, if these basis functions are also decreased in sizly, Eakang into account all
of the observations, it would appear that the circular attachment mode is tieeversatile of the
two. The circular attachment mode, as well as a higher-order circulahattat mode that was
developed in Chapter 3, will now be used to analyse both the circular atehgular probe-fed
capacitor patches.

4.2.3 Capacitor Patches

Following from the investigation into the attachment modes, it makes sense to oetgithe
circular attachment mode, as it is more versatile than the rectangular ond. nibw be used to
further validate the SDMM implementation in terms of its ability to model both the circuldr a
rectangular probe-fed capacitor patches as shown in Figures 4.8 t0 4.10

Consider the circular capacitor patch as shown in Figure 4.8. The eleatrent density on the
patch was modelled with only the circular attachment mode, having a radiug/bile the current
density on the probe, having a radiusipfvas modelled with four PWS basis functions (excluding
the one associated with the attachment mode). Figure 4.11 shows the simulatechpgdance of
the circular capacitor patch, as a function of the probe radius. Additigita#iyalso shown for two
different radii of the capacitor patch. Here, SDMM refers to the implentiemtaising the normal
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circular attachment mode, while SDMM (HO) refers to the implementation usingghetorder
circular attachment mode. It can be seen that the higher-order cir¢tdahaent mode predicts
a slightly higher input reactance than the normal circular attachment modéeFuore, as far as
the input reactance goes, the results for the higher-order circulahmuitat mode seem to follow
the IE3D results rather closely, while the results of the normal circular attaichmode seem to
be closer to the FEKO results. In general, however, all the results tairigevell.

In order to make sure that the SDMM implementation can also calculate the cobptingen two
capacitor patches accurately, two probe-fed circular capacitor gaibcHairly close proximity,
were analysed. The geometry is shown in Figure 4.9. The same numbesigffinactions on
each patch and probe was used as for the previous example. In thithealsigher-order circular
attachment mode was used (the normal one basically gives the same résglisg. 4.12 shows
the simulated coupling between the two capacitor patches. It can be sebotthttte magnitude
and the phase of the coupling, as predicted by the SDMM implementation sagngewell with
the results of both IE3D and FEKO.

Consider the rectangular capacitor patch as shown in Figure 4.10. Tdteceteirrent density on
the patch, having a size 6% w, was modelled with subdomain rooftop basis functions, while the
current density on the probe, having a radiuspfvas modelled with four piecewise sinusoidal
basis functions (excluding the one associated with the attachment modeje Ei@8 shows the
simulated input impedance of the rectangular capacitor patch, as a funttiom probe radius.
Additionally, it is also shown for two sizes of the rectangular patch. For #tehpsize of 5 mmx

5 mm, twelve subdomain rooftop basis were used on the patch, while for the gpa¢cof 5 mm

x 20 mm, forty-seven were used. In both cases, a radius of 2.5 mm wadarsthe circular
attachment mode. Once again, SDMM refers to the implementation using the rudrcoddr at-
tachment mode, while SDMM (HO) refers to the implementation using the higker-aircular
attachment mode. In this case it can be seen that, apart from a smallrdiférethe input reac-
tance for the larger patch, there is not much difference between thesresthe normal circular
attachment mode and the higher-order version. For the small patch, tiigredsagreement be-
tween the various codes, but for the larger patch, there seem to be ar@ton in the results.
Overall though, it would appear that the agreement is not far off.

The results in this section have shown that the SDMM implementation can modeithe-fed
capacitor patches quite successfully. The validation will now continue g square resonant
patch to the structure, resulting in a single patch antenna element with a cagpiest probe.
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Figure 4.8 Geometry of the circular capacitor patch. (a) Top view of plagch. (b) Side
view of the multilayered substrate with = 4.25 and tad. = 0.02 for the FR-4 layer and
with ¢, = 1 and tard. = O for the air layer.
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Figure 4.9 Geometry of two circular capacitor patches in close protin(a) Top view of
the patches. (b) Side view of the multilayered substratk syit= 4.25 and tad. = 0.02 for
the FR-4 layer and with,, = 1 and tard. = 0O for the air layer.
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Figure 4.10 Geometry of the rectangular capacitor patch. (a) Top vieth®patch. (b) Side
view of the multilayered substrate with = 4.25 and tad. = 0.02 for the FR-4 layer and
with ¢, = 1 and tard. = O for the air layer.
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Figure 4.11 Input impedance (at 1.8 GHz) of the circular capacitor pat@) Input resistance.
(b) Input reactance.
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Figure 4.12 Coupling between the two circular capacitor patches. (agmitade. (b) Phase.

University of Pretoria—Electrical, Electronic and Computer Engineering

115



University of Pretoria etd — Mayhew-Ridgers, G (2004)

Chapter 4 Numerical and Experimental Results
-—= IE3D e FEKO ----- SDMM —— SDMM (HO)
25_ T T T I T T T T I L L I T T L I T T L I T L T I T L T I L T T I T L T ]
ZOT\“Nx__\ =5 mm,w =20 mm ]

Input resistance (Ohm)

Input reactance (Ohm)

10 —
i [=5mm,w=5mm ~\\“~~-‘__‘:
5_ —
L 11 1 1 I 11 1 1 I L1 1 | I | I - I | I - I 11 1 1 I 11 1 1 I L1 1 1 I 11 1 1 ]
%.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
a (mm)
(a)
T — FEKO ----- SDMM —— SDMM (HO)
100 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
N
AN
7R
'\..">

50 N\ ~
C [=5mm,w =20 mm
25:_ .................
-251
N
_10IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
81 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a (mm)
(b)

!_\III'IIIIIIIIIIIII'I

Figure 4.13 Input impedance (at 1.8 GHz) of the rectangular capacittatpda) Input resistance.
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Figure 4.14 Geometry of the antenna element with a circular capacittmhpda) Top view of the
antenna element. (b) Side view of the multilayered sulestrdth <, = 4.25 and tard. = 0.02 for
the FR-4 layer and with,. = 1 and tard. = O for the air layer.

4.2.4 Antenna Elements with Capacitive Feed Probes

The new antenna element is excited by making use of capacitive couplingytheither a circular
probe-fed capacitor patch or a rectangular probe-fed capacitdn. pltderms of validating the
SDMM implementation, both configurations will now be considered.

First consider the antenna element with a circular capacitor patch, as shdvigure 4.14. In
order to obtain a better understanding in terms of the choice and numbesisffiiactions that
are required to model the antenna element, Figures 4.15 and 4.16 pravidesovergence tests.
The results in Figure 4.15 show how the input impedance of the antenna aari function of
the number of sinusoidal entire-domain modes on the resonant patch wapimd the number

of segments on the probe fixed. Each curve in Figures 4.15(a) andaf with the (1,0)-
directed mode on the left-hand side of thexis, after which otheg-directed modes are added
accumulatively as one moves towards the right-hand side aof #xés (i.e. for a specifie-directed
mode, all the modes towards its left are also included). Furthermore, in thgraphs, each curve
corresponds with a specific number gpfirected modes. The first curve assumes that there is
no y-directed mode, after which-directed modes are added accumulatively for the rest of the
curves. From these results it can definitely be seen that the resultsrgeragethe number of

x- andy-directed modes is increased. The results in Figure 4.16 show how thenmpedance

of the antenna varies as a function of the number of segments on the peatef(ll PWS basis
function spans two adjacent segments) when keeping the number ofidedesdire-domain basis
functions on the resonant patch fixed. Here too, it can be seen thatghksrconverge as the
number of segments is increased.

Based on the convergence tests, the electric current density on theistrwas finally modelled
with eleven entire-domain sinusoidal basis functions on the resonant, phaékingle circular
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Figure 4.15 Input impedance (at 1.8 GHz and with four segments on thegjrobthe antenna
element with a circular capacitor patch, but as a functiohefentire-domain sinusoidal basis func-
tions on the resonant patch. Parametérs:4.5 mm andi = 4 mm. (a) Input resistance. (b) Input
reactance.
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Figure 4.16 Input impedance (at 1.8 GHz) of the antenna element withcalleir capacitor patch,
but as a function of the number of segments on the probe. Eoeritire-domain sinusoidal basis
functions on the resonant patch, the (1,0), (1,2), (2,02)(23,0), (3,2), (5,0), (7,0) and (9,0) modes
were used for the-directed current, while the (2,0) and (2,1) modes were t@isethe y-directed
current. Parameterg:= 4.5 mm andi = 4 mm. (a) Input resistance. (b) Input reactance.
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Figure 4.17 Gain of the patch antenna with a circular capacitor patcharRatersb = 4.5 mm and
d=4mm.

attachment mode on the capacitor patch, and four PWS basis functions probee(excluding
the one associated with the attachment mode). For the entire-domain sinussdalunctions,
the (1,0), (1,2), (2,0), (2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) rsaslere used for the-directed
current, while the (2,0) and (2,1) modes were used fogth@ected current. The electric current
density on the resonant patch is primarily directed alongitiérection. Figure 4.17 shows the
simulated and measured gain of the antenna element, from which it can bthae#re agree-
ment between the three codes and the measurements, is very good. DBieid, r8fers to the
implementation using the normal circular attachment mode, while SDMM (HO)sr&dehe im-
plementation using the higher-order circular attachment mode. As canmdlser is practically
no difference in the results obtained with the two circular attachment modesteFdgl8 shows
the simulated and measured input impedance of the antenna element, fromitvdaickalso be
seen that the agreement between the three codes and the measurenaérysgeold. The simu-
lation with the higher-order circular attachment mode appears to providisrésat agree better
with those of the two commercial codes and the measurements than that of mhal eocular
attachment mode, especially for the reactive part of the input impedaigpaeM.19 shows the
simulated radiation patterns in tleplane and théd-plane of the antenna element. From these
it can be seen that, once again, the agreement between the three caitbsgodd, while there

is practically no difference in the results obtained with the two circular attachmedes. The
cross-polarised pattern in tlieplane of the antenna element is very low and therefore has not
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Figure 4.18 Input impedance of the antenna element with a circular ¢apgeatch. Parameters:
b=4.5 mm and! =4 mm. (a) Input resistance. (b) Input reactance.
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Figure 4.19 Radiation patterns (at 1.8 GHz) of the antenna element witicalar capacitor patch.
Parametersh = 4.5 mm andi = 4 mm. (a) Radiation pattern in titeplane ¢ = 0°). (b) Radiation
pattern in theH-plane ¢ = 90°).
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Figure 4.20 Geometry of the antenna element with a rectangular capartoh. (a) Top view of
the antenna element. (b) Side view of the multilayered sateswithe, = 4.25 and tad. = 0.02
for the FR-4 layer and with,. = 1 and tard. = O for the air layer.

been shown. On the other hand, it can be seen that the cross-polzaitech in theH-plane is
somewhat higher, especially towards the horizon (i.e# approaches90°). This behaviour is
due to the symmetry in one plane of the structure, but the asymmetry in the antiqdane.

Now, consider the patch antenna element with a rectangular capacitor patshown in Fig-
ure 4.20. The electric current density on the structure was modelled witbnetatire-domain
sinusoidal basis functions on the resonant patch, the circular attachmoelet and twenty-two
subdomain rooftop basis functions on the capacitor patch. Four PWSfbasions were used
on the probe (excluding the one associated with the attachment mode). Femtiteedomain
sinusoidal basis functions, the (1,0), (1,2), (2,0), (2,2), (3,0), (3320), (7,0) and (9,0) modes
were used for the-directed current, while the (2,0) and (2,1) modes were used fay-theected
current. A radius of 2.5 mm was used for the attachment mode. Figure 424 she simulated
and measured gain of the antenna element, from which it can be seen thgtekenent between
the three codes and the measurements, is very good. Here too, thereticafiyano difference
in the results obtained with the two circular attachment modes. Figure 4.22 shewsnulated
and measured input impedance of the antenna element, from which it caneass®mn that the
agreement between the three codes and the measurements, is fairly deothplit reactance
as simulated by the SDMM implementation, seems to be slightly lower when comparesl to th
rest. Also, as compared to the antenna element with the circular capacitby hetie is not so
much difference between the results obtained with the two circular attachmdesnieigure 4.23
shows the simulated radiation patterns in Eplane and théd-plane of the antenna element.
From these it can be seen that, once again, the agreement betweendlethes is fairly good
and that there is also practically no difference in the results obtained with theiteular attach-
ment modes. The cross-polarised pattern inHiglane shows some spread between the results
of the three codes. However, the SDMM results lie in between those of thetotb codes. Also,
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Figure 4.21 Gain of the antenna element with a rectangular capacitchp&arameterg:= 5 mm,
w =10 mm andi = 8 mm.

the cross-polarised pattern of this antenna element appears to be slighgy tiign the one for
the element with the circular capacitor patch.

Following from all of the results that have been presented in this sectioanibe concluded
that the SDMM implementation compares very well with measurements and also witlvdahe
commercial codes. In the next section, it will now be used to characteriearsa elements with
capacitive feed probes. The higher-order circular attachment modbenilsed henceforth, as it
appears to provide results that agree well with those of the two commerdies @nd the mea-
surements when considering all the configurations that were used fealttiation.
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Figure 4.22 Input impedance of the antenna element with a rectangupsrottar patch. Parame-
ters:/ =5 mm,w = 10 mm andi = 8 mm. (a) Input resistance. (b) Input reactance.
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Figure 4.23 Radiation patterns (at 1.8 GHz) of the antenna element witcngular capacitor
patch. Parameterd:= 5 mm,w = 10 mm andd = 8 mm. (a) Radiation pattern in thHe-plane

(¢ = 0°). (b) Radiation pattern in thid-plane ¢ = 90°).
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4.3 CHARACTERISATION OF ANTENNA ELEMENTS WITH CAPACITIVE
FEED PROBES

For both the antenna element with the circular capacitor patch, as showruire Big 4, and the
one with the rectangular capacitor patch, as shown in Figure 4.20, tleeserme key geometrical
parameters that can be used to control the antenna’s input impedantarashalidth. In both
cases, the size of the capacitor patch, as well as the gap-width betweesdhant patch and the
capacitor patch, mainly determines the input impedance of the antenna elerheriiaddwidth
of the antenna element is mainly determined by the thickness of the substrateffddt of these
parameters will now be addressed in more detail.

4.3.1 Input Impedance of the Antenna Element

Consider the antenna element with the circular capacitor patch, as shoviguie B.14. The
radius of the capacitor patch is denotedbbwhile the gap width between the resonant patch and
the capacitor patch is denoted dyFigure 4.24(a) shows the effect of the gap width on the antenna
input impedance, while Figure 4.24(b) shows the effect of the radiusafapacitor patch on the
antenna’s inputimpedance. The same basis functions as in Section 4.@ dssdffor the analysis.
From the results it can be seen that the gap width affects both the inpdanesisand the input
reactance, but that its effect on the input resistance is more signifi@anoththe input reactance.
Both the input resistance and input reactance decrease as the gaprisdvieterthermore, it can
be seen that the radius of the capacitor patch mainly affects the inputrreactehile it has hardly
any effect on the input resistance. The input reactance becomes rdootive as the radius (and
therefore the size) of the capacitor patch is increased.

Now, consider the antenna element with the rectangular capacitor pasigwas in Figure 4.20.
The length of the capacitor patch is denoted lbayd its width byw, while the gap width between
the resonant patch and the capacitor patch is denoted Wyigure 4.25(a) shows the effect of
the gap width on the antenna’s input impedance, Figure 4.25(b) showHdhed the length of
the capacitor patch on the antenna’s input impedance, while Figure 4stsfa) the effect of
the width of the capacitor patch on the antenna’s input impedance. Onte Bgasame basis
functions as in Section 4.2.4 were used for the analysis. From the resudts litecseen that the
gap width once again affects both the input resistance and the inputrreachut that its effect
on the input resistance is more significant than on the input reactance tHgoifput resistance
and input reactance decrease as the gap is widened. Both the lengtie andtthof the capacitor
patch mainly affects the input reactance, while they only have a very sredt @n the input
resistance. The input reactance becomes more inductive as the dimgasibtiserefore the size)
of the capacitor patch are increased.
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Figure 4.24 Effect (at 1.8 GHz) of some geometrical parameters on thetinmppedance of the
antenna element with the circular capacitor patch. (a) Gdfhweetween rectangular resonant patch
and capacitor patch (keép= 4.5 mm). (b) Radius of the capacitor patch (kdep4 mm).
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Figure 4.25 Effect (at 1.8 GHz) of some geometrical parameters on thatimppedance of the
antenna element with the rectangular capacitor patch. #a)vBdth between rectangular resonant
patch and capacitor patch (kekp 5 mm andw = 10 mm). (b) Length of the capacitor patch (keep
d =8 mm and =5 mm). (c) Width of the capacitor patch (keép 8 mm andw = 10 mm).
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4.3.2 Impedance Bandwidth of the Antenna Element

Figures 4.26 and 4.27 show the impedance bandwidth, at various sultsicateesses, for the
antenna elements with the circular and rectangular capacitor patchestredpeHere, the same
basis functions as in Section 4.2.4 were also used for the analysis. Tiwit#rs that correspond
to voltage standing-wave ratios (VSWRSs) of 1.5:1 and 2:1, are shownbdtbrsets of results,
the thickness of the air layer, denoted byn Figures 4.14 and 4.20, was varied from 12.5 mm
to 25 mm. At every thickness of the air layer, an attempt was made to maximise theaingped
bandwidth of the antenna element (i.e. to have as much as possible of thémpedance loci
inside the relevant constant VSWR circles on the Smith chart).

It can be seen that the impedance bandwidth increases with increasstopgeithickness, up to
a certain point where it more or less seems to taper off and decrease Agawssible explana-
tion for this behaviour is that the coupling mechanism between the variotsgfahe antenna
element is quite complex and also that an attempt was made to match the antenfibabesh
substrate thickness that was evaluated. For an impedance match on theghbsieates, the ca-
pacitor patch has to be relatively large and closely spaced to the regmatant As the substrate
thickness is increased, the capacitor patch has to become smaller andaaied &pther apart
from the resonant patch. Therefore, the fact that the overall sigeedstructure and the spacing
between the different parts change with substrate thickness, mosbjy@&xmlains the unusual
trend (i.e. the relation between impedance bandwidth and substrate thidkmesssot remain lin-
ear). In this context, it is worthwhile to also refer to some results in [193]ceming probe-fed
microstrip patch antennas on electrically thick substrates. In [193], thersutideed show that
the impedance bandwidth of probe-fed microstrip patch antennas insne#@hesubstrate thick-
ness up to a certain point, after which it decreases again.

As has already been pointed out, the capacitor patch has to be bigger emdizdoser to the
resonant patch for the thinner air layers, while for thicker air layersastto be smaller in size
and farther away from the resonant patch. These relationships cf#acky a limit on the range
of substrate thicknesses that can be used, and therefore also theablehlandwidths that can
be obtained. For example, if the substrate is too thin, the capacitor patcbt dsnplaced close
enough to the resonant patch and would probably have to be positioloedthe resonant patch.
It can be seen that for these particular antenna elements and spedifiirmp&equency, the op-
timum bandwidth is achieved for air layers that are between 15 mm and 20 mmFigcke 4.28
shows the behaviour of the impedance loci on a Smith chart for the antksmarg with the cir-
cular capacitor patch. It can be seen that, for a thinner substrate thi;khe loci exhibits a rather
wide loop, but that for thicker substrates, the loop becomes tighter.

From the results that have been presented in this section, it is apparethiettesare a number of
parameters that can be used to control the behaviour of these antemeatsleSuch a knowledge,
of which parameters are responsible for which behaviour, is very imuogapecially in an array
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Figure 4.26 Bandwidth (more or less around 1.8 GHz) versus substratkrbss for the antenna

element with the circular capacitor patch.
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Figure 4.27 Bandwidth (more or less around 1.8 GHz) versus substratkrtbss for the antenna

element with the rectangular capacitor patch.
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Figure 4.28 Impedance loci (hormalised to 3) of the antenna ele-
ment with the circular capacitor patch.

environment where there are even more parameters that have an iafluertice behaviour of
each element. In the next section, it will now be shown how these antermargkecan be used
in typical antenna applications.

4.4 APPLICATIONS

Microstrip patch antennas are very often used in array configuratibesathere might be specific
requirements in terms of antenna gain, beamwidth and polarisation. In thisssectiamber of
applications are addressed where patch antennas with capacitiverébed gan be very useful.
In Section 4.4.1, it is first shown how the cross-polarisation levels camdigced for a single
antenna element. This is then followed by a discussion on dual-polarisedésam8ection 4.4.2.
The building block for some of the arrays that are investigated, considtscolements that
are positioned in a back-to-back configuration. The characteristicaabf & configuration are
addressed in Section 4.4.3. In Sections 4.4.4 and 4.4.5, vertically- andiatiy-polarised
arrays are presented, while Sections 4.4.6, 4.4.7 and 4.4.8 are devotadotss+-45° slant-
polarised arrays. Finally, in Section 4.5, it is shown how the capacitive ¢ae be used with
resonant patches that are not rectangular in shape.

4.4.1 Antenna Element with Reduced Cross-Polarisation Levels

As is evident from the results in Section 4.2.4, an antenna element with a siogiefed capacitor
patch might have cross-polarisation levels in Higlane that are unacceptably high for some
applications. It is possible to reduce these levels by making the structuresyrareetric. This
can be done by adding another probe-fed capacitor patch on theiteppioe of the resonant
patch, as illustrated in Figure 4.29. However, it is important that the se@patitor patch gets
excited exactly out of phase (i.e. a £8thase difference) with the first capacitor patch. The only
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Figure 4.29 Geometry of the antenna element with two capacitor patchesefduced cross-
polarisation levels. (a) Top view of the antenna elementS{te view of the multilayered substrate
with e, = 4.25 and tard. = 0.02 for the FR-4 layer and with, = 1 and tary. = 0 for the air layer.

drawback of such an element is that it requires some sort of feed rieb@tmw the ground plane
in order to split the signal and to provide the phase shift. However, thisialysiot a problem in
an antenna array, as it requires a feed network anyway.

Due to the fact that the antenna element is driven by two ports, the input @anpedct a specific
port is a function of the self-impedance at that port as well as the mutuatimnpe between the
two ports. It is possible to express the input impedance at any of the pomsking use of the
Z-parameters associated with the two ports. Zhgarameters relate the port voltages to the port
currents through

Vi Z{y Zi, Iy

= . , 4.2)

Va 73y Z3, I
whereV; andV, are the voltages at ports 1 and 2 respectively, Anaind I> are the currents at
these ports. The voltage at port 1 can therefore be expressed as

Vi=2Z{1h+ Zfzfz- (4.3)

From (4.3), it then follows that the input impedance at ponZ‘ll‘, can be expressed as

. i
Zln _ =
1 I
P p (12
=Z11+tZ12| 7 ) (4.4)
) ) Il
Now, due to the 180phase difference betwedh and I», I, = —I;. The input impedance at
port 1 then reduces to
Z¢ = z{) - 71, (4.5)
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Figure 4.30 Z-parameters of the two ports of the antenna element with apadcitor patches for

reduced cross-polarisation levels. (a) Resistive parhe¥Ztparameters. (b) Reactive part of the

Z-parameters.
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Figure 4.31 Radiation patterns (at 1.8 GHz) of the antenna element withdapacitor patches
for reduced cross-polarisation levels. (a) Radiationgpatin theE-plane ¢ = 0°). (b) Radiation
pattern in theH-plane ¢ = 90°).
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If one now wants to set the input impedance at port 1 equbidt implies that
Re{Z{1} — Re{Z{,} = Zo (4.6)

and that
Sm{Z{1} = Sm{Z{,}. 4.7)

Of course, the expression for the input impedance at port 2 follows imiéas way. For aZy
input impedance at port 2,
Re{ 25} - Re{ 251} = o 48)

and
Sm{Z3,} =Sm{Z51} (4.9)

have to be satisfied. The antenna element can be designed through treifen@cess. As in
Section 4.3, the size of the capacitor patches, as well as the separatiowelisetween each
capacitor patch and the resonant patch, can be used to cﬁtﬁrahdzf ,. For specific values of
Z{, andZ3’;, which should be equal by the wa¥y’, andZJ, can then be changed until (4.6) to
(4.9) are satisfied.

Figure 4.30 shows the simulat&eparameters of the antenna element in Figure 4.29. This element
was designed for an input impedance of X0@t each port. As stated before, the element will
usually be implemented with a power splitter below the ground plane, which canrdresform

the overall input impedance down to 50 From the results it can be seen that the agreement
between all three codes is quite good. Figure 4.31 shows the simulated ragatierns in the
E-plane and théd-plane of the antenna element. The cross-polar levels ikltp&ane have now
effectively been reduced to levels that fall well below the range of tlglgr Once again, the
three codes show good agreement. The same basis functions as in S&xtlomete used for the
SDMM analysis.

4.4.2 Dual-Polarised Antenna Element

In many applications, it is necessary to have antenna elements with two andiguarisations.
This can be achieved with the antenna element depicted in Figure 4.32.dderport is used to
generate the one polarisation, while the other port is used to generatéhtbgamal polarisation.
The electric current density on the resonant patch will primarily be direadtedy thex direction
for port 1, while that for port 2, will primarily be directed along thelirection.

The dimensions of the dual-polarised element of Figure 4.32 are similar to difidse single-

polarised element of Section 4.2.4. The electric current density on théusgugas modelled
with eighteen entire-domain sinusoidal basis functions on the resonaht piacsingle higher-
order circular attachment mode on each capacitor patch, and four PSikSfimactions on each
probe (excluding the one associated with the attachment mode). For thedamtisen sinusoidal
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Figure 4.32 Geometry of the dual-polarised antenna element. (a) Top wfethe
antenna element. (b) Side view of the multilayered sulestndth ¢, = 4.25 and
tané. = 0.02 for the FR-4 layer and with. = 1 and tard. = O for the air layer.

basis functions, the (1,0), (1,2), (2,0), (2,1), (3,0), (3,2), (5,0D)@nd (9,0) modes were used for
the z-directed current, while the same set of modes were also used fgrdinected current.

Figure 4.33(a) shows the simulated and measured reflection coefficipattat of the antenna
element, while Figure 4.33(b) shows the simulated and measured couplingshdtvestwo ports
of the antenna element. From these it can be seen that the element remaimaiek#d over a
wide bandwidth, although a second port was introduced (note that the slomerof the capacitor
patches, as well as the distance between each capacitor patch andttentgmtch, were kept
equal to those of Section 4.2.4 for the single-polarised antenna elemeridn Hiso be seen
that the coupling between the two ports vary between approximat&b/dB and—20 dB over
the operating frequency band. In both cases, the agreement betveesredsurements and the
simulations, is quite good. In this case, the results of FEKO, as well as thtis@®DMM, seems
to compare slightly better to the measurements than the results of IE3D do.

For some applications, the coupling between the two ports of the dual-pdlarsenna element
might be too high. This can be improved by using symmetric feeds, similar to thdSecin
tion 4.4.1. 1t might, however, require a more complex feed network. In sdine dollowing sec-
tions, it will also be shown how various array configurations can be tesezhlise dual-polarised
antennas with less coupling between the two ports.

University of Pretoria—Electrical, Electronic and Computer Engineering 136



University of Pretoria etd — Mayhew-Ridgers, G (2004)

Chapter 4 Numerical and Experimental Results

----- Measured-—- IE3D -+ FEKO —— SDMM

O T T T I T T I T T T I T L T I L T I T L I L L I T T T

Ses.

T
AN BN ETETE

N

-15

- —

e,

-20

514l (dB)

-25

!\)IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

N

_4 1 - 1 I - - I 1 - 1 I 1 - 1 I | 1 I 1 | I - - I 1 - 1
(i\.4 15 1.6 1.7 1.8 1.9 2.0 21

Frequency (GHz)
(@)

----- Measured-—- IE3D - FEKO —— SDMM

O|||||llll|llll|llll|llll|llll|llll|llll

-10

-15F -~

|S1-| (dB)

TV

.-
S -

-20

_39[ 1 - 1 I - - I 1 - 1 I 1 - 1 I | 1 I 1 | I 1 1 - I 1 - 1
A4 15 1.6 1.7 1.8 1.9 20 21 2.2

Frequency (GHz)
(b)

Figure 4.33 Sparameters of the dual-polarised antenna element. (agdRefh coefficient at
port 1. (b) Coupling between the two ports.
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4.4.3 Two-Element Linearly-Polarised Array

An alternative way to reduce the cross-polarisation levels of a prabedteh antenna, is to use
two elements that are positioned in a back-to-back configuration, as shdvigure 4.34. Here,
as is the case in Section 4.4.1, the two ports have to be excited exactly owtsef file. a 180
phase difference). The resulting effect is that the co-polarisedmisron the two resonant patches
are aligned, but that the fields radiated by the cross-polarised cyrtantel out.

The two-element array has to be excited by a feed network, similar to the &seiion 4.4.1, and
therefore the input impedance at each port is a function of the self-impeas that port as well
as the mutual impedance between the two ports. In order to design suchetetwent array, it
is important to know how the separation distance between the two elements bffieit the self-
impedance at each port and the mutual impedances between the two pante. &8p(a) shows
how the self-impedance at port Zfl, varies with the separation distancg,between the two
patches, while Figure 4.35(b) shows how the mutual impeddi‘ﬁg,varies with the separation
distance. Both these have been simulated with the SDMM. It can be seepphattion distance
has a more profound effect on the mutual impedance between the two tharson the self-
impedance at each port. Once again, the antenna element can be déisigngt an iterative
process. As in Section 4.3, the size of the capacitor patches, as well sspdtion distance
between them and the resonant patches, can be used to d@ﬁ;rahdzf ,. For specific values
of Z{’, andZ;’;, which should be equak{,; andZJ, can then be changed until (4.6) to (4.9) are
satisfied.

Figure 4.36 shows the simulat@dparameters of the two-element antenna array in Figure 4.34,
which was designed for an input impedance ofbat each port (this corresponds to a separation
distance s, of 30 mm). From the results it can be seen that the agreement between theenea
ments and all three codes, is quite good. Figure 4.37 shows the simulatdtbregéterns in the
E-plane and théi-plane of the two-element antenna array. The cross-polar levels in lzotag
fall well below the range of the graph. Once again, the three codes gbodvagreement. It can
be seen that the beamwidth in tBeplane is narrowed due to the alignment of the two elements.
The electric current density on the structure was modelled with eleven dotin@in sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltigirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the(q,2), (2,0),
(2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used faritieected current, while the (2,0)
and (2,1) modes were used for tirgirected current.
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Figure 4.34 Geometry of the two-element linearly-polarised array. T@p view of the array. (b) Side
view of the multilayered substrate with = 4.25 and ta. = 0.02 for the FR-4 layers and wit}. = 1
and tany. = 0 for the air layer.
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Figure 4.35 Effect (at 1.8 GHz) of the separation distance on parameters of the two-element
linearly-polarised array. (a) Self-impedance at port )} Mitual impedance between the two ports.
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Figure 4.36 Z-parameters of the two-element linearly-polarised arsay 80 mm). (a) Resistive
part of theZ-parameters. (b) Reactive part of tBgarameters.
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Figure 4.37 Radiation patterns (at 1.8 GHz) of the two-element linepdiarised array =
30 mm). (a) Radiation pattern in tHe-plane ¢p = 0°). (b) Radiation pattern in thél-plane
(¢ = 90°).
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4.4.4 Four-Element Vertically-Polarised Array

Many applications require the use of linear vertically-polarised antermagisar An example of
such an array is shown in Figure 4.38. This particular one consists of affievo-element sub-
arrays. Note that the resonant patches are all equally separatedn As seen from Figure 4.38,
two of the probes are excited exactly out of phase with respect to thetathgrobes. This is
done to reduce cross-polarisation levels. The array was designedtabehinput impedance at
each port is equal to 5Q.

The electric current density on the structure was modelled with eleven éotin@in sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch and four PWS basis functions on each probe (excltidirane associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the(q,2), (2,0),
(2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used fontdeected current, while the
(2,0) and (2,1) modes were used for theirected current. The feed network was modelled with
Sonnet’s circuit analysis module. Table 4.1 shows how the computer-meeguirements, for
the storage of the interaction matrix, varies among the three ¢odean be seen that the memory
requirements of the SDMM are substantially lower then that of the other twescad¥so, for the
SDMM, the amount of duplicate entries in the interaction matrix equates to 6 7288%.

Table 4.1
Computer memory required for the storage of the inter-
action matrix associated with the four-element vertically
polarised antenna array.

Method Unknowns Memory (MB)
IE3D 2560 100.0
FEKO 2576 101.3
SDMM 64 0.063

Figure 4.39 shows the simulated reflection coefficient at the input porteofetbd network. It
can be seen that there is close agreement between the results of the REKDMM codes, but
that the reflection coefficient, as simulated by IE3D, is somewhat lower.elenyvas shown in
Table 4.2, the 10 dB return-loss bandwidths for all three codes seenttmiarable. Figure 4.40
shows the simulated radiation patterns in Bxplane and théd-plane of the antenna array. The

! For comparison, it is assumed that all the codes store the entire interactiom (i.e. N2 values) in the computer’s
memory. This assumption is always valid for the SDMM code, while it is alda@\for FEKO when the default
settings are used, and for IE3D when the full matrix solver is used.

2 The amount of duplicate entries within the interaction matrix makes no differi the amount of matrix entries that
are actually stored within the computer's memory (the entire matrix is alat@ysd). It only gives an indication of
the amount of matrix elements that are not calculated directly, but thatenely copied from other entries (i.e. the
speedup in filling the matrix).

University of Pretoriao—Electrical, Electronic and Computer Engineering 142



University of Pretoria etd — Mayhew-Ridgers, G (2004)

Chapter 4 Numerical and Experimental Results
Y z
0
1.6 mm
¢ FR-4
IlS mm Air
Connector
1.5mm
(b)
30 mm
[m———m
! |
! |
: b - 1/18¢°
S I
£ |
B -
| Lommmmmee e - 1/0°
52 mm |
¢ |
|
T I
|
|
I
|
I
|
|
|
Porte--

- p—
© B
() (c)

Figure 4.38 Geometry of the four-element vertically-polarised ari@y. Top
view of the array. (b) Side view of the multilayered substraith ¢, = 4.25
and tard. = 0.02 for the FR-4 layers and witt}. = 1 and tard. = O for the
air layer. (c) Schematic of the feed network.
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Figure 4.39 Reflection coefficient at the input port of the feed network tlee four-element
vertically-polarised array.

cross-polar levels in both planes fall well below the range of the grapterins of the radiation
patterns, the three codes show very good agreement. It can be seémethaamwidth in the
E-plane is narrowed due to the vertical alignment of the antenna elements.

Table 4.2
10 dB Return-loss bandwidth at the input port of the four-
element vertically-polarised antenna array.

Method Bandwidth (%)
IE3D 25.7
FEKO 21.9
SDMM 21.3
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Figure 4.40 Radiation patterns (at 1.8 GHz) of the four-element vellfigaolarised array. (a) Ra-
diation pattern in th&-plane ¢ = 90°). (b) Radiation pattern in thid-plane ¢ = 0°).
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4.4.5 Four-Element Horizontally-Polarised Array

For some applications, a linear horizontally-polarised antenna array is adesesmtageous than
vertically polarised ones. An example of such an array is shown in Figdde & his particular
one consists of four elements, each with two capacitor patches to redssepmiarisation levels.
As can be seen from Figure 4.41, four of the probes are excited exatthyf phase with respect
to the other four probes. The array was designed so that the input impeedaeach port is equal
to 501).

The electric current density on the structure was modelled with eleven éotin@in sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltigirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the(q,2), (2,0),
(2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used forrth@ected current, while the
(2,0) and (2,1) modes were used for thdirected current. The feed network was modelled with
Sonnet’s circuit analysis module. Table 4.3 shows how the computer-meeguirements, for
the storage of the interaction matrix, varies among the three codes. It caeh¢hat the memory
requirements of the SDMM are once again substantially lower then that othiee two codes.
Also, for the SDMM, the amount of duplicate entries in the interaction matrixtegua 83.11%.

Table 4.3
Computer memory required for the storage of the interac-
tion matrix associated with the four-element horizontally
polarised antenna array.

Method Unknowns Memory (MB)
IE3D 4216 271.2
FEKO 2944 132.3
SDMM 84 0.108

Figure 4.42 shows the simulated reflection coefficient at the input poredetd network. It can
be seen that there is good agreement between the results of all three Thdesimulated 10 dB
return-loss bandwidths are shown in Table 4.4, from which it can be thetithe agreement is
also quite good. Figure 4.43 shows the simulated radiation patternskaplane and théi-plane

of the antenna array. The cross-polar levels in both planes fall welMiéle range of the graph.
In terms of the radiation patterns, the three codes show very good agreerhe antenna gain,
as simulated by IE3D, however, appears to be a fraction higher thanfttieg other two codes.

It can also be seen that the beamwidth inlthelane is narrowed due to the vertical alignment of
the antenna elements.
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Figure 4.41 Geometry of the four-element horizontally-polarised wrf@a) Top view of the array.
(b) Side view of the multilayered substrate with= 4.25 and tad. = 0.02 for the FR-4 layers and
with e,, = 1 and tard. = 0 for the air layer. (c) Schematic of the feed network.
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Figure 4.42 Reflection coefficient at the input port of the feed network tlee four-element
horizontally-polarised array.

Table 4.4
10 dB Return-loss bandwidth at the input port of the four-
element horizontally-polarised antenna array.

Method Bandwidth (%)
IE3D 41.1
FEKO 38.6
SDMM 38.5
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Figure 4.43 Radiation patterns (at 1.8 GHz) of the four-element hottialtyrpolarised array.
(a) Radiation pattern in thé-plane ¢ = 0°). (b) Radiation pattern in thid-plane ¢ = 90°).
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4.4.6 Four-Element+45° Slant-Polarised Array

Linear antenna arrays with45° slant polarisation are nowadays very popular for use on cellular
base stations. Like other dual-polarised antennas, these antennaavadw ports, one for the
+45° polarisation and one for the45° polarisation. They are usually required to have a wide
beamwidth in the azimuth plane and a narrow beamwidth in the elevation planehi®vaathese
requirements, they are therefore usually also constructed as linegs.aFRigure 4.44 shows the
geometry of such an array that can be realised by means of patch aatemaants with capacitive
feed probes.

The array can be viewed as two subarrays, each consisting of twgdlaaised elements. In
each subarray, the probes that are diagonally opposite to each athédepthe one polarisation,
while the other two probes provide the orthogonal polarisation. The twaegrthat are diagonally
opposite to each other, are excited exactly out of phase (i.e.°gh@Be difference) so that the co-
polarised fields add constructively and the cross-polarised fieldelant The input impedance
at a specific probe is a function of the self-impedance at that probelleesitiee mutual impedance
between that probe and all the other probes. This array was desigiakitg into account only
the mutual impedance between two diagonally opposite probes in eachagubre size of the
capacitor patches, as well as the separation distance between them eggbttent patches, was
then altered until (4.6) to (4.9) were satisfied for the two diagonally opposifees. The array
was designed so that the input impedance at each port is equafto 50

The electric current density on the structure was modelled with eighteen-datirain sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltidirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the(q,2), (2,0),
(2,1), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used forthe’ -directed current, while the
same set of modes were also used for-ti#&°-directed current. The feed network was modelled
with Sonnet’s circuit analysis module. Table 4.5 shows how the computer-meamrirements,
for the storage of the interaction matrix, varies among the three codesn liecaeen that the
memory requirements of the SDMM are once again substantially lower thenf it other two
codes. Also, for the SDMM, the amount of duplicate entries in the interactidrixeguates to
83.41%.

Table 4.5
Computer memory required for the storage of the interac-
tion matrix associated with the four-elemerd5° slant-
polarised antenna array.

Method Unknowns Memory (MB)
IE3D 4076 253.5
FEKO 2912 129.4
SDMM 112 0.191
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Figure 4.44 Geometry of the four-element-45° slant-polarised array.
(a) Top view of the array. (b) Side view of the multilayeredstiate with
e, = 4.25and tad. = 0.02 for the FR-4 layers and with. = 1 andtard, = 0
for the air layer. (c) Schematic of the feed network.
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Figure 4.45(a) shows the simulated reflection coefficient at port 1 ofabd hetwork, while
Figure 4.45(b) shows the simulated coupling between the two ports of thenetedrk. The
simulated 10 dB return-loss bandwidths for port 1 are shown in Table 408.thE reflection
coefficient, the results of the SDMM lies between those of IE3D and FEKewll three codes
compare fairly well in terms of the coupling results. The coupling, as simulagedt®D, is

slightly higher than as simulated by the other two codes. Overall though, thed@ampe bandwidth
of the array seems to be satisfactory for most cellular applications (thg wes designed to
roughly operate within the GSM 1800 frequency band, but was not optinaisesuch), while
the decoupling of the two ports is close to the 25 dB to 30 dB that is normally asextfular

applications [194,195].

Table 4.6

10 dB Return-loss bandwidth at port 1 of the four-element
+45° slant-polarised antenna array.

Method Bandwidth (%)
IE3D 29.8
FEKO 27.8
SDMM 27.0

The gain associated with the co-polarised radiation patté€fgso, as well as the gain associated
with the cross-polarised radiation patteffi,o, can be calculated as

A ‘ Escat ¢) ’2

copol

210 B

Gcopol(97 ¢) = (4-10)

and
Ar ’ Escat 0, ) ’2

xpol

pro|(97 ¢) - 277( )P

(4.11)

where the absolute values of the co-polarised and cross-polarisededietds, £555, and E53),
are given by

E3°0, ¢) + E*2(0, ¢)
| BS540, )| = | 7 ¢ (4.12)
and ‘ ‘
Esca 9’ ¢) _ ESCa 6’ ¢)
| Egsai0, ¢)| = |— % 2 (4.13)

respectively. Figure 4.46 shows the simulated co-polarised and ontesgspd radiation patterns
in the azimuth and elevation planes of the antenna array. From these it cseebdhat the
agreement between the three codes is very good, and that the areagrbas-polar discrimination
factor of about 18 dB to 20 dB. This should suffice for most cellular appibos [195, 196].
The elevation beamwidth can be decreased by adding more elements to yheThisawill also
increase the gain of the array.
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Figure 4.45 S-parameters of the four-elemeh#l5° slant-polarised array. (a) Reflection coefficient
at port 1 of the feed network. (b) Coupling between the twdgofthe feed network.
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Figure 4.46 Radiation patterns (at 1.8 GHz) of the four-elem&d6° slant-polarised array. (a) Ra-
diation pattern in the azimuth plang & 0°). (b) Radiation pattern in the elevation plare=£ 0°).
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4.4.7 Five-Element:45° Slant-Polarised Array

An alternative form of thet45° slant-polarised antenna array is shown in Figures 4.47. It consists
of a zig-zag type of arrangement where adjacent antenna elementsdiened in a back-to-back
configuration. Of the five resonant patches, the bottom four patcbeg&iprthe one polarisation,
while the top four patches provide the orthogonal polarisation. It carfibier be seen that the
topmost and bottommost patches only provide one polarisation each, btitahihtee patches in
the middle provide both polarisations. All of the probes connected to pareBssociated with the
one polarisation, while those connected to port 2, are associated withthlog@nal polarisation.
The antenna array was designed by only taking into account the mutuglirgpbetween two
adjacent probes. By following the same approach as in Section 4.4.3, thérmgedance at each
port was designed to be equal to G0

The electric current density on the structure was modelled with eighteen-datitain sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltigirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the((,2), (2,0),
(2,1), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used for#he’ -directed current, while the
same set of modes were also used for-ti&°-directed current. The feed network was modelled
with IE3D, after which thes-parameters of the array and the feed network were cascaded by means
of Sonnet’s circuit analysis module. Table 4.7 shows how the computer-rgeeguirements, for
the storage of the interaction matrix associated with the array, varies amotigebdull-wave
codes. It can be seen that the memory requirements of the SDMM are gaicesabstantially
lower then that of the other two codes. Also, for the SDMM, the amount plichte entries in the
interaction matrix equates to 82.42%. An physical model of this antennapas $in Figure 4.48,
was also constructed in order to compare the simulations to measurements.

Table 4.7
Computer memory required for the storage of the interac-
tion matrix associated with the five-elemend5° slant-
polarised antenna array.

Method Unknowns Memory (MB)
IE3D 5682 492.6
FEKO 3472 183.9
SDMM 130 0.258

Figure 4.49 shows the simulated and measured gain (all cases includirgjitossefeed network)

of the antenna, from which it can be seen that the agreement betweerethedales is very good,
but that the measured gain is only slightly lower than the simulated gain. Thisecaschibed to

the rather small ground plane that was used for the physical antenn& mode
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Figure 4.50(a) shows the measured and simulated reflection coefficigottdt of the feed net-
work, while Figure 4.50(b) shows the measured and simulated coupling dretive two ports of

the feed network. The simulated 10 dB return-loss bandwidths for poe 4reown in Table 4.8.
In terms of the reflection coefficient, there is close agreement between #surad results and
the IE3D results, as well as close agreement between the SDMM resulteeaREKO results.

There is a small difference between the measured/IE3D results and thISEHO results. The

overall bandwidth, however, appears to be more or less the same fouadldts of results. As far
as the coupling between the two ports goes, the measured results and simadatedall agree
fairly well. From these results it can be seen that the impedance bandwithh afitenna is suffi-
ciently wide for most cellular applications and that the decoupling between thpdrts seem to
be slightly better than that of the array in Section 4.4.6.

Table 4.8
10 dB Return-loss bandwidth at port 1 of the five-element
+45° slant-polarised antenna array.

Method Bandwidth (%)
Measured 28.4
IE3D 32.4
FEKO 30.0
SDMM 28.7

Figure 4.51 shows the measured and simulated co-polarised and ctagsegabradiation patterns
in the azimuth plane of the antenna array, while Figure 4.52 shows the mgaswesimulated
co-polarised and cross-polarised radiation patterns in the elevation gighe antenna array.
From these it can be seen that the agreement between the three codés good and that the
simulations compare fairly well with the measurements, given the finite size otded plane
that was used for the physical antenna model. In this case it can be s¢¢hebbeamwidth of
the co-polarised pattern in the azimuth plane is slightly narrower than that efrithg in Sec-
tion 4.4.6. This is due to the somewhat larger horizontal dimensions of the @ira cross-polar
discrimination of this array is better than 20 dB over most of the usable beaminitiie two
planes.
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Figure 4.47 Geometry of the five-elemert45° slant-polarised array. (a) Top view of the array. (b) Side
view of the multilayered substrate with = 4.25 and tad. = 0.02 for the FR-4 layers and witt}. = 1
and tany. = 0 for the air layer. (c) Feed network for the array.
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(b)

Figure 4.48 Photographs of the five-elemetid5° slant-polarised array. (a) Antenna ele-
ments. (b) Feed network.
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Figure 4.49 Gain of the five-element45’ slant-polarised array.
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Figure 4.50 S-parameters of the five-elemeh#l5° slant-polarised array. (a) Reflection coefficient
at port 1 of the feed network. (b) Coupling between the twdsofthe feed network.
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Figure 4.51 Radiation patterns (at 1.8 GHz) in the azimuth plape{ 0°) of the five-element
+45° slant-polarised array. (a) Co-polarised pattern. (b) Smsarised pattern.
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Figure 4.52 Radiation patterns (at 1.8 GHz) in the elevation plape=(90°) of the five-element
+45° slant-polarised array. (a) Co-polarised pattern. (b) Smsarised pattern.
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4.4.8 Nine-Element:-45° Slant-Polarised Array

Many cellular base station installations require antennas with higher gaimsamaver elevation
beamwidths than those that have been presented to far. This can besddbyeadding more
elements to the antenna array, thereby extending the length of the artiaig $ection, an antenna
array is presented that is more or less comparable in size to that of a tyigicajdin cellular base
station antenna.

Consider the antenna array in Figure 4.53. It is a somewhat larger weskittne one in Sec-
tion 4.4.7. The electric current density on the structure was modelled with eightgire-domain
sinusoidal basis functions on each resonant patch, the single higlt@rearcular attachment mode
on each capacitor patch, and four PWS basis functions on each gatieding the one associ-
ated with the attachment mode). For the entire-domain sinusoidal basis fus¢tier{1,0), (1,2),
(2,0), (2,1), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were usedhfor-45°-directed current,
while the same set of modes were also used forth&°-directed current. The feed network was
modelled with Sonnet’s circuit analysis module. Table 4.9 shows how the cormpataory re-
quirements, for the storage of the interaction matrix associated with the aarégss among the
three full-wave codes. It can be seen that the memory requirements oD&1%re basically
insignificant, but that those for the other two codes are greater thandielde memory on most
personal computers. For the SDMM, the amount of duplicate entries in thagtiten matrix
equates to 90.07%.

Table 4.9
Computer memory required for the storage of the interac-
tion matrix associated with the nine-elemem5° slant-
polarised antenna array.

Method Unknowns Memory (MB)
IE3D 7747 915.8
FEKO 6176 582.0
SDMM 242 0.894

Figure 4.54(a) shows the simulated reflection coefficient at port 1 ofebd hetwork, while
Figure 4.54(b) shows the simulated coupling between the two ports of thaédedrk. The sim-
ulated 10 dB return-loss bandwidths for port 1 are shown in Table 4nli@rins of the reflection
coefficient, there is close agreement between the SDMM results and th® FEskilts, but there
is a slight frequency shift when compared to the IE3D results. The bweradwidth, however,
appears to be more or less the same for all three sets of results. As farcasitiing between the
two ports goes, the simulated results all agree fairly well. From these restdtslite seen that the
impedance bandwidth of the antenna is sufficiently wide for most cellular apiplis and that the
decoupling between the two ports is also quite good.
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Table 4.10
10 dB Return-loss bandwidth at port 1 of the nine-
elementt45° slant-polarised antenna array.

Method Bandwidth (%)
IE3D 20.8
FEKO 20.5
SDMM 194

Figure 4.55 shows the simulated co-polarised and cross-polarised ragiatierns in the azimuth
and elevation planes of the antenna array. From these it can be setretagteement between
the three codes is quite good. It can also be seen that the extra elemeantsibad the gain of
the antenna and that the beamwidth in the elevation plane has been naribwe=dross-polar
discrimination of this array is also better than 20 dB over most of the usahteviadth in the two
principal planes.
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Figure 4.53 Geometry of the nine-element45° slant-polarised array. (a) Top view of the array. (b) Side
view of the multilayered substrate with = 4.25 and tad. = 0.02 for the FR-4 layers and witt}. = 1
and tany. = 0 for the air layer. (c) Schematic of the feed network.
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Figure 4.54 S-parameters of the nine-elemed5’ slant-polarised array. (a) Reflection coefficient
at port 1 of the feed network. (b) Coupling between the twdgofthe feed network.
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Figure 4.55 Radiation patterns (at 1.8 GHz) of the nine-eleme#4§° slant-polarised array. (a) Ra-
diation pattern in the azimuth plang & 0°). (b) Radiation pattern in the elevation plare=£ 0°).
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4.4.9 Thirty Six-Element £45° Slant-Polarised Array

The concept of adaptive antenna systems, also called smart anteasdately been a topic of
extensive research. It can be used to increase the capacity of cetatenunications systems.
Essentially, it is an antenna array of which a relatively narrow beam eastdered towards the
mobile subscriber. As such, the antenna effectively suppressenetecé that comes from other
directions. A common way to realise an adaptive antenna, is to place a nufilinetao antenna
arrays next to each other, and to connect the input/output ports of tivedinal arrays by means
of a suitable beamforming network [194,197]. Usually, it is required thegetarrays should only
be able to scan in the azimuth plane [198].

In this section, four of the nine-elemeh#?5’ slant-polarised arrays, as presented in Section 4.4.8,
are positioned next to each other in order to form an array that is suitadel&ptive beamform-
ing in the azimuth plane. The geometry of the array is shown in Figure 4.56dilensions of

the antenna elements, as well as the spacings between them, are exactiydfzs shose in Fig-
ure 4.53. Each subarray also has a feed network with two ports, similar tméhie Figure 4.53.

The electric current density on the structure was modelled with eighteen-datirain sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltigirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the((,2), (2,0),
(2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used for#hs’ -directed current, while the
same set of modes were also used fortdé&°-directed current. The feed networks were modelled
with Sonnet’s circuit analysis module. Due to the size of the antenna arvegsionly modelled
with the SDMM, which makes extensive use of entire-domain basis functitatse 4.11 illus-
trates how the computer-memory requirements of the SDMM would compare twof ike8D and
FEKO. It can be seen that, for a non-iterative solution, the memory reqgeirts of the two com-
mercial codes would be greater than the available memory on most persomaliters. For the
SDMM, the amount of duplicate entries in the interaction matrix equates to 97.55%.

Table 4.11
Computer memory required for the storage of the inter-
action matrix associated with the thirty six-eleme5°
slant-polarised antenna array.

Method Unknowns Memory

IE3D 30988 14.3 GB (estimated)
FEKO 24704 9.1 GB (estimated)
SDMM 968 14.3 MB

Figure 4.57 shows the coupling between the different subarrays. Tdhiglas coupling between
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co-polar ports (e.g. twe-45° ports), as well as coupling between cross-polar ports (e
port and a—45° port). As shown in Figure 4.56, subarray 1 represents a subarthg atige of
the array, while subarray 2 represents a subarray in the middle of the &igure 4.57(a) shows
the coupling between subarray 1 and all of the other subarrays, whileeFg57(b) shows the
coupling between subarray 2 and all of the other subarrays. From tilvedigures, it can be seen
that the coupling between all ports in the array is relatively low. In mostsctse coupling is
below 30 dB.

Figure 4.58 shows the simulated co-polarised and cross-polarised ragiatterns in the azimuth
and elevation planes of the antenna array when all the co-polar podsiae with equal ampli-

tude and phase. It can be seen that the horizontal distribution of theaybaffectively narrows
the beamwidth in the azimuth plane. The cross-polar discrimination of this arirathis order of

25 dB over most of the usable beamwidth in the two principal planes.
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Figure 4.56 Geometry of the thirty six-element45° slant-polarised array. This array consists of
four linear subarrays that are positioned next to each other
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Figure 4.57 Co-polar and cross-polar coupling (at 1.8 GHz) betweenitteat subarrays of the
thirty six-elementt45° slant-polarised array. (a) Coupling to subarray 1. (b) diagpo subarray 2.
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Figure 4.58 Radiation patterns (at 1.8 GHz) of the thirty six-eleme#5° slant-polarised array
when the co-polar ports are excited with equal amplitude @rake. (a) Radiation pattern in the
azimuth plane¢ = 0°). (b) Radiation pattern in the elevation plame= 0°).
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4.4.10 Eighty-Elementt45° Slant-Polarised Array

Lindmark [194] has shown how up to twelve subarrays can be usedlieeraa adaptive antenna.
In order to illustrate the computational benefits of the SDMM for such largklpms, this section
presents an antenna array that consists of ten linear subarraysneawfingt45° slant polarised.
The geometry of the array is shown in Figure 4.59. The dimensions of therenedements, as
well as the spacings between them, are exactly the same as those in FigurBachA4subarray
also has a feed network with two ports, one for each polarisation.

The electric current density on the structure was modelled with eighteen-datitain sinusoidal
basis functions on each resonant patch, the single higher-ordelaciattachment mode on each
capacitor patch, and four PWS basis functions on each probe (exgltigirone associated with
the attachment mode). For the entire-domain sinusoidal basis functiond,,the(q,2), (2,0),
(2,2), (3,0), (3,2), (5,0), (7,0) and (9,0) modes were used for#hs’ -directed current, while the
same set of modes were also used for-td&°-directed current. The feed networks were modelled
with Sonnet’s circuit analysis module. Once again, due to the size of thenargieray, it was only
modelled with the SDMM. Table 4.12 illustrates how the computer-memory requitsroéthe
SDMM would compare to that of IE3D and FEKO. It can be seen that, faraiterative solution,
the memory requirements of the two commercial codes would far outweigh thaldeanemory
on any personal computer. For the SDMM, the amount of duplicate entrittgeimteraction
matrix equates to 98.89%.

Table 4.12
Computer memory required for the storage of the inter-
action matrix associated with the eighty-elemet5°
slant-polarised antenna array.

Method Unknowns Memory

IE3D 81520 99.0 GB (estimated)
FEKO 58240 50.5 GB (estimated)
SDMM 2240 76.6 MB

Figure 4.60 shows the coupling between some of the subarrays. Thiséaaodpling between
co-polar ports (e.g. twe-45° ports), as well as coupling between cross-polar ports (e-g4%
port and a—45° port). As shown in Figure 4.59, subarray 1 represents a subartaye &dge
of the array, while subarray 5 represents a subarray in the middle ofridne & igure 4.60(a)
shows the coupling between subarray 1 and all of the other subaniays Figure 4.60(b) shows
the coupling between subarray 5 and all of the other subarrays. Fese tivo figures, it can
be seen that the coupling between the subarrays is substantially high¢héhesupling for the
configuration in Figure 4.56.
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Figure 4.59 Geometry of the eighty-elemefi45° slant-polarised array. This array consists
of ten linear subarrays that are positioned next to each.othe

Figure 4.61 shows the simulated co-polarised and cross-polarised ragiatterns in the azimuth
and elevation planes of the antenna array when all the co-polar podsiae with equal ampli-
tude and phase. It can be seen that the ten subarrays narrows itheireain the azimuth plane
significantly. However, the cross-polar discrimination of this array is notgat all. It appears to
be only about 10 dB.

The results in this section and the previous section show that the layout ahtdbena elements
is very important when good isolation between subarrays, as well as t@s-polarisation levels,
is required. In terms of these requirements, the zig-zag configuratioigoife=4.56 is definitely
superior.
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Figure 4.60 Co-polar and cross-polar coupling (at 1.8 GHz) betweenitteat subarrays of the
eighty-elementt45° slant-polarised array. (a) Coupling to subarray 1. (b) Qiaggo subarray 5.
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Figure 4.61 Radiation patterns (at 1.8 GHz) of the eighty-eleme#§’ slant-polarised array when
the co-polar ports are excited with equal amplitude and@hgs Radiation pattern in the azimuth
plane ¢ = 0°). (b) Radiation pattern in the elevation plae=£ 0°).

University of Pretoria—Electrical, Electronic and Computer Engineering 175



University of Pretoria etd — Mayhew-Ridgers, G (2004)

Chapter 4 Numerical and Experimental Results

4.5 ALTERNATIVELY-SHAPED PATCHES

So far, only antenna elements with rectangular resonant patches leavenbestigated. However,

it is possible to use alternative shapes for the resonant patches. &messthat have been found

to be useful, are the circular patch and annular-ring patch. FiguresAd2.63 depict the geom-
etry of two antenna elements that were designed to operate at a centrenftgepf more or less

1.8 GHz. The annular ring was designed to operate in itg7livbde. The capacitive feed probe is
an ideal feeding mechanism for the annular ring as it is impossible to obtain adange match

for the annular ring in its Thh mode when using a direct feed to the ring. This happens to be the
case even when using thin substrates.

The antenna elements in Figures 4.62 and 4.63 were analysed with IE3[2, 8B&M imple-
mentation in this thesis only applies to antenna elements with rectangular repatargs. For
verification purposes, a physical model of each antenna element wsiswied on a 150 mm
150 mm ground plane. Both these antenna elements have impedance loce thettyasimilar to
that of the antenna element with the rectangular resonant patch. Tablshé&/8 the measured
and simulated 10 dB return-loss bandwidths of the two antenna elements. &karettand sim-
ulated bandwidth values compare very well, while they are also comparabla f the antenna
element with a rectangular resonant patch.

Table 4.13
Measured and simulated 10 dB return-loss bandwidths of
the antenna elements with alternatively-shaped patches.

Circular Annular ring
Measured 27.9% 26.1%
IE3D 26.8% 25.9%

Figure 4.64 shows the measured and simulated radiation patternskrplh@e and théd-plane
of the antenna element with a circular resonant patch, while Figure 4.6&ghe same for the
the antenna element with a annular-ring resonant patch. The cordésg@ain values are shown
in Table 4.14. All the measured and simulated results compare favouralilg, twé radiation
patterns and gain values of the two elements are also very similar.

Table 4.14
Measured and simulated gain values of the antenna ele-
ments with alternatively-shaped patches.

Circular Annular ring
Measured 8.6 dBi 8.5 dBi
IE3D 8.8 dBi 8.0 dBi
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Figure 4.62 Geometry of the antenna element with a circular resonachp#4) Top view
of the antenna element. (b) Side view of the multilayeredssake withe, = 4.25 and
tand. = 0.02 for the FR-4 layer and with. = 1 and tars. = O for the air layer.
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Figure 4.63 Geometry of the antenna element with an annular-ring regqech. (a) Top
view of the antenna element. (b) Side view of the multilaglesebstrate witla,. = 4.25 and
tand. = 0.02 for the FR-4 layer and with. = 1 and tard. = O for the air layer.
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Figure 4.64 Radiation patterns (at 1.8 GHz) of the antenna element wgiftalar resonant patch.

(a) Co-polar radiation pattern in teplane ¢ = 0°). (b) Co-polar and cross-polar radiation patterns
in theH-plane ¢ = 90°).
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Figure 4.65 Radiation patterns (at 1.8 GHz) of the antenna element witlneular-ring resonant
patch. (a) Co-polar radiation pattern in tBeolane ¢ = 0°). (b) Co-polar and cross-polar radiation

patterns in théd-plane ¢ = 90°).
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4.6 CONCLUDING REMARKS

This chapter presented a number of numerical and experimental reswoitdeinto verify that the
SDMM implementation is accurate, to characterise the new antenna elementssimivtbow
they can be used for different applications.

The SDMM implementation was verified by first analysing isolated parts of tteznaa elements,
such as the probes and probe-fed capacitor patches. The resul@resifgvourably to published
data. The circular and rectangular attachment-mode approaches wghedvep against each
other in terms of their abilities to model rectangular probe-fed patches wiugasizes and on
various substrate thicknesses. It turned out that the circular attachmuoelg is more versatile
than the rectangular attachment mode. The rectangular attachment modeakbés to model
the electric current density on very small probe-fed patches, suctoss that are used for the
capacitor patches. The higher-order circular attachment mode probedjtate successful for the
modelling of the electric current density on the circular capacitor patchest Mhportantly, the
SDMM implementation also proved to be accurate for the analysis of completanargements,
consisting of a resonant patch that is excited by a small probe-fedit@paatch. Throughout,
the SDMM results compared well with published results, measurements anestlits rof other
commercial codes.

The new antenna elements were characterised in order to show how itnesvdimensions of
the structure affects the input impedance and impedance bandwidth oftémmarelement. This
knowledge is very important in the design of such elements or antenna awagisting of such
elements. It was shown that the size of the capacitor and the gap width bdtweempacitor patch
and the resonant patch, are the two important parameters for controllimgpiiteimpedance of

the antenna element. The size of the capacitor patch has a more proféectdoefthe input

reactance, while the gap width largely affects the input resistance. Tiuvidth of the antenna
element increases together with the thickness of the air substrate, but entettain point, after

which it would appear that the gap width between the capacitor patch anddbieant element
becomes too large. Also, for a rather thin air substrate, the capacitorgaatobt be placed close
enough to the resonant patch, therefore also placing a lower limit on the ampedhandwidth.

On the high end, it was shown that impedance bandwidths of well over a@%eachieved for a
VSWR of 2:1.

It was also shown how the antenna element can be used in a number adrdifipplications. The
examples included linear vertically-polarised arrays, linear horizontallgrized arrays, as well
as a number of-45° slant-polarised arrays. These are often required in applications swt-a
lular communications. Some of the arrays that were analysed, are electiacgyand served as
good examples to show how efficient the SDMM implementation is in terms of corrmeterory
requirements. For a fixed amount of computer memory, the SDMM implementatiopecased
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to analyse much larger arrays than what is possible with the commercial. cbdiemughout all
the applications that were presented, the simulation results of the SDMM aigmaced well with
measurements and the results of the two commercial codes that were used.

One feature of the SDMM implementation that proved to be very successthg identification
of duplicate entries within the interaction matrix. This is done so that these edtriest need
to be evaluated more than once. Figure 4.66 shows a typical relation betiae@umber of
unknowns and the number of entries in the interaction matrix that has to badhfter all the
duplicate entries have been identified. The relation in Figure 4.66 is baste @noblems that
were solved in this chapter and is of course very dependant on thenargenmetry and types of
basis functions that are used. However, it can be seen that, in gaher@ld appear that there
is a linear relation between the number of entries to be evaluated and the nointipdmnowns.
Without this feature, the number of entries to be evaluated would be propairto the square
of the number of unknowns. As shown in Figure 4.67, it turned out thatithe required to
evaluate the relevant entries in the interaction matrix, also has a linear relattotm@/number of
unknowns. Once again, this is based on the problems that were analybeddhapter.
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Figure 4.66 Number of entries in the interaction matrix of the SDMM thasho be evaluated after all
duplicate entries have been identified.
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Figure 4.67 Time required to fill the interaction matrix of the SDMM on &Z5Hz Pentium 4 processor
at one frequency point.
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