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Abstract

The orientation of a sounding rocket with respect to ground stations or GPS 

satellites is often highly variable and sometimes unpredictable due to its trajectory and 

spin. Therefore, a sounding rocket antenna should have a radiation pattern that is nearly 

omnidirectional to ensure sufficient signal strength in any direction, and the antennas 

should be circularly polarized to minimize polarization loss. Microstrip antennas are well 

suited to meet these requirements because they are low profile, lightweight, durable, and 

can be conformed to nonplanar geometries. Additionally, circularly polarization can be 

achieved using simple geometries and small size. This dissertation presents the theory 

and equations required to design common microstrip antennas. Circularly polarized 

telemetry and GPS antennas are designed for sounding rocket payloads with 6, 8, and 14- 

inch diameters, and their performance is compared with linearly polarized antennas. A 

circularly polarized antenna for a 14-inch diameter rocket payload is fabricated and its 

measured performance compared with theoretical predictions.
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1 Introduction

The Alaska Student Rocket Project (ASRP) at the University of Alaska Fairbanks 

participates in the design and launching of sounding rockets from Poker Flat Research 

Range. A necessary subsystem for a sounding rocket is the telemetry downlink, which 

provides communications from the rocket to the ground station. Another subsystem, 

which is not necessary but provides valuable positioning information, is the Global 

Positioning System (GPS) receiver. A vital component to both these subsystems is their 

antennas. One possible antenna that can be used on a sounding rocket is an antenna 

constructed using microstrip.

In previous ASRP missions, the rocket used a linearly polarized antenna, while 

the ground station antenna was circularly polarized. The use o f a circularly polarized 

ground station antenna ensured that the telemetry signal was received despite the 

orientation of the linearly polarized sounding rocket antenna. However, the polarization 

mismatch between the linearly and circularly polarized antennas resulted in a 3 dB loss in 

received signal strength. It is the intent of this paper to determine whether the 

performance of a circularly polarized microstrip antenna, on a sounding rocket, justifies 

its more complicated design.

The size of the rocket, its maximum altitude, and flight path are determined by 

various factors, which range from the planned science requirements to the mechanical 

specifications. Previous rockets launched by ASRP have had diameters of 4 to 8 inches 

and reached altitudes as high as 80 km. The diameters of future ASRP payloads are



expected to be 6, 8, or 14-inches.

This paper will investigate the design and performance of microstrip antennas for 

both the telemetry and GPS subsystems for 6, 8, and 14-inch rocket diameters. Since 

circularly polarized antennas provide less polarization loss but are much more difficult to 

design than linearly polarized antennas, the design of circularly polarized microstrip 

antennas will be the focus of this paper. However, for the purpose o f comparison, the 

design and performance of a linearly polarized antenna will also be presented. The 

designs will be based on simplified models and fullwave CAD programs. The accuracy 

of the designs will be verified by designing, fabricating, and testing a telemetry antenna 

for the 14-inch diameter cylinder.

1.1 Antenna Requirements

1.1.1 Telemetry Antenna

The onboard transmitter is restricted to operate at one of the twelve telemetry 

channels within the frequency range of 2 to 3 GHz. The center frequency of each 

channel is specified by NASA’s Sounding Rocket Program Handbook [1]. As seen in 

table 1.1, four of these channels have bandwidths o f 16 MHz and eight have bandwidths 

of 3 MHz.

The rocket-borne transmitter for the Student Rocket Project 4 (SRP-4) was 

initially planned to operate at a center frequency of 2.21551 GHz and an output power of 

21 dBm [2]. However, after this report was completed, the operating frequency was 

changed to 2.218 GHz. The link budget for SRP-4’s telemetry system requires the



transmitting antenna to have a minimum gain of -8  dB, assuming that the loss between 

the transmitter and antenna is 0.5 dB. A summary of the relevant link budget parameters 

used in this report is listed in table 1.2.

Table 1.1. Telemetry frequency channels used at Poker Flat Research Range.
Center Channel Center Channel

Frequency Bandwidth Frequency Bandwidth
(MHz) (MHz) (MHz) (MHz)

2215.5 16 2259.5 3
2235.5 16 2265.5 3
2241.5 3 2269.5 3
2246.5 3 2276.5 3
2251.5 3 2279.5 16
2255.5 3 2295.5 16

Table 1.2. Telemetry link budget parameters.
Center Frequency 2.21551 MHz
Transmitting Power 21 dBm
Minimum Transmitting Antenna Gain -8 dB
Cable Loss 0.5 dB

1.1.2 GPS Antenna

The Global Positioning System is a constellation of 24 satellites at an altitude of 

20,200 km. The standard positioning signal, consisting o f the 50 kHz navigation signal 

modulated by a Coarse/Acquisition (C/A) code, is transmitted on the GPS’s LI carrier. 

The LI signal is centered at 1575.42 MHz, has a bandwidth of 2.046 MHz, and is 

transmitted right-hand circularly polarized. The transmitted signal power ensures a 

minimum signal power of -160 dBW at the earth’s surface. A summary of these 

specifications is shown in table 1.3 [3].

Table 1,3. GPS LI-band frequency characteristics.
Coding C/A
Center Frequency 1575.42 MHz
RF Bandwidth 2.046 MHz
Signal Polarization RHC
Received Signal Strength at Earth's Surface -160 dBW



The receiving antenna for the LI signal is generally low gain and right-hand 

circularly polarized [4]. In order to receive the required number o f GPS satellite signals, 

the pattern must be omnidirectional and have a broad beamwidth. A microstrip patch 

antenna is well suited for these requirements because it has broad beamwidth and can 

receive circularly polarized signals.

1.2 Sounding Rocket Antenna using Microstrip

Microstrip antennas meet the requirements for both the telemetry and GPS 

antennas discussed previously. There are many advantages that encourage the use 

microstrip antennas for sounding rockets, including low profile, lightweight, conformal 

shapes, and relatively low fabrication cost. Additionally, circularly polarized waves can 

be fabricated using simple geometries and more easily than compared to other types of 

antennas. And lastly, they can be fabricated easily using the existing equipment in 

UAF’s electrical engineering department. The main limitation o f microstrip antennas is 

their narrow bandwidth, which is typically 1 to 5%. Table 1.4 summarizes the 

advantages and disadvantages of microstrip antennas.

Table 1.4. Advantages and disadvantages of microstrip antennas.
Advantages Disadvantages

Thin profile 
Lightweight
Inexpensive and simple to manufacture 
Unidirectional radiation pattern 
Conformal
Linear or circular polarization 
Amenable to feed networks 
Accurate numerical analysis

Narrow Bandwidth
Moderate efficiency
Dielectric losses
Surface wave losses
Spurious radiation from feed network
Variability of substrate permittivity
Temperature dependence of permittivity
Effects of superstrates
Mutual couplings



2 Microstrip Antenna Theory

This chapter will review the basic theory of microstrip antennas, providing the 

understanding necessary to design practical microstrip antennas. After introducing basic 

microstrip characteristics, several types of microstrip antennas that can achieve 

omnidirectional radiation patterns will be presented. The ideal sounding rocket antenna 

would be a broadband, dual frequency circularly polarized omnidirectional microstrip 

antenna having a dielectric overlay for protection. Therefore, this chapter concludes by 

discussing techniques for designing broadband antennas, overlays for antennas, and dual

frequency elements.

2.1 General Microstrip Properties

To understand the basic properties of any microstrip antenna, it is important to 

understand the properties of microstrip lines. A microstrip line consists of a thin metallic 

strip, a dielectric material (substrate), and a ground plane; both the substrate and the 

ground plane are much wider than the narrow microstrip line. The fundamental mode of 

propagation is a quasi-TEM mode. While the majority of the fields are confined to the 

volume between the microstrip line and the ground plane, a small portion extends beyond 

the width of the microstrip line. The effects of these fringing fields are accounted for by 

replacing the permittivity of the dielectric with an effective permittivity that has a 

numerical value between the permittivity of air and the substrate.

Microstrip antennas are similar to microstrip transmission lines. They consist of a 

metallic ground plane, a dielectric substrate, and a metallic patch. Essentially, they are



truncated microstrip lines designed to radiate. Radiation efficiency is greater when the 

dielectric substrate is thick and has a low permittivity. However, as the substrate 

thickness is increased, the losses due to surface waves also increase. Since both 

microstrip transmission lines and antennas are sometimes fabricated on the same 

substrate, the proper trade-off between guided waves (A) and space waves (B) must be 

determined, as shown in figure 2.1. As with microstrip lines, there are losses due to the 

copper and dielectric. Additional losses include energy lost in leaky waves (C), and 

surface waves (D).

ĝw l̂im
Figure 2.1. Waves present in microstrip structures [5].

2.2 Linearly Polarized Microstrip Antenna

To understand microstrip antenna operation, a description of the simple 

rectangular microstrip patch serves as the best starting point since its characteristics can 

be described using simple models. Moreover, understanding its characteristics and 

properties is beneficial when considering more complicated patch geometries that often 

are very difficult to analyze and where no simple models or design equations exist.

The rectangular patch and its corresponding radiation pattern are shown in figure

2.2. The substrate is generally very thin compared to the operating wavelength, resulting 

in the electric fields being perpendicular to both the patch and the ground plane, except



for the fringing fields beyond the patch. The fringing fields result from capacitance 

effects due to the discontinuities of the open ends, or slots. The effect of these fringing 

fields is an increase in the electric length of the patch. Due to slot discontinuities, modes 

are developed underneath the patch. A microstrip patch efficiently radiates when it is at 

resonance. This is achieved when the length, dimension b, is slightly less than one half 

of the guided wavelength. Because two ends of the patch have fields that are 180 degrees 

out of phase, they radiate and produce the radiated fields shown in figure 2.2b. The fields 

from the other two sides cancel each other, but not entirely. As a result, some level of 

cross polarization radiation exists.

7

. SLOT I V  MTCH SLOT 2 /  SUBSTRATE

; < 7 It + t Ii vs'&
GROUND PLANE

a. rectangular patch [6 ]. b. radiation pattern [7 ],

Figure 2.2. Typical rectangular microstrip antenna and its radiation pattern.

The radiated electric field is a result of the fringing fields present at the radiating 

edges of the patch and is directed along the length of the patch. Due to the ground plane 

underneath the patch’s substrate, the radiation pattern o f a microstrip antenna is 

unidirectional, radiating broadside to the patch and has a 3 dB beamwidth of 

approximately 80 to 90 degrees. The total losses of the patch antenna consist of a 

combination of its surface wave, copper, dielectric, and radiation losses, where the 

radiation losses are the most significant. For thin substrates, the losses due to surface



waves are considered negligible. Rectangular patches have typical gains of 

approximately 4-8 dB.

The RF signal’s energy can be fed to the microstrip element by several 

techniques. These include coax fed, edge fed, inset-edge fed, proximity coupled, and 

aperture coupled, as shown in figure 2.3. A comparison of the main feed types is listed in 

table 2.1. Probe and edge feeds are both simple to fabricate. The advantage of the edge 

fed method is that it can be fabricated at the same time as the patch. Another advantage 

is that it is amenable to array feed networks. Its two main disadvantages are that its 

spurious radiation can affect the radiation of the patch, or array of patches, and that there 

can be significant transmission loss if the feed network is very large. The aperture 

coupled technique, although difficult to fabricate due to the alignment of its several 

layers, provides an increase in bandwidth. Additionally, due to the ground plane that 

separates the patch and the feed, the aperture coupling method exhibits very low levels of 

spurious radiation from the feed.

8

(a) Coax Food (b) Edge feed (c) Inset feed

(d) Proximity coupled (e) Aperture coupled

Figure 2.3. Various feeding techniques [8].



Table 2.1. Comparison of feeding techniques.
Coax Fed Edge Fed Aperture Coupled

Fabrication 
Matching 
Bandwidth 
Spurious Radiation

Relatively simple ™ 
Probe's position 
2-5 %
Low

Simple
Using inset feed 
2-5 %
High due to feed

Difficult
Aperture dimensions 
Up to 13%
Minimal

2.3 Circularly Polarized Microstrip Antennas

Circular polarization (CP) is achieved when two orthogonal modes are excited 

with equal amplitude and quadrature phase, resulting in a rotating radiated field. The 

sign of the relative phase determines the polarization sense. These conditions are 

satisfied by

e ~  <p =  0  ( 2 . 1 )

and

N  = N ‘ (^.2)

Circular polarization can be achieved quite easily using microstrip antennas [9- 

16]. Moreover, there are many different techniques and geometries that exist. While 

they each have their own advantages, the particular type used depends on the application 

and requires tradeoffs between bandwidth, gain, efficiency, and size. The design and 

tuning of a circularly polarized patch is generally much more difficult than the linearly 

polarized, rectangular patch. Its performance is generally comparable to that of the 

linearly polarized patch. Its main limitation, especially with single fed circularly 

polarized elements, is the narrow axial ratio (AR) bandwidth (frequency range where the 

circularly polarized antenna can be considered circularly polarized).



Circular polarization can be achieved using only a single microstrip element. 

There are many different types of single element geometries. They vary from the simple 

single edge fed patch to very complex aperture fed, multiplayer patches. The main 

advantage of a single circularly polarized element is its small size. The most common, 

geometries are shown in figure 2.4.
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2.3.1 Single Element

Coaxial connector

Coaxial connector

Center of 
disk grounded to 

ground plane

Figure 2.4. Circularly polarized patch antenna geometries [17],

When using edge feeding, either single or dual feeds can be used. The dual feed 

requires a feeding network for the necessary phase quadrature. This is not required for 

the single fed elements, because the phase quadrature is accomplished by the element 

geometry. While this has the advantage of requiring less space, it has the disadvantage of 

a very narrow axial ratio bandwidth (less than 1%). Because this is less than its 

impedance bandwidth, the axial ratio bandwidth usually is the most critical performance 

parameter to consider in the design process.

The more common elements discussed in literature are the nearly square and 

truncated comer elements. The single fed patch is excited by two separate modes, the
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TMoi and TMio modes. The asymmetry of the patch excites the orthogonal modes. The 

result is two degenerate modes, having a resonant frequency in between the TM0i and 

TMio mode resonant frequencies, as shown in figure 2.5. Circular polarization is 

achieved when the electric fields of the orthogonal modes have equal magnitudes and are 

in phase quadrature. The asymmetry is accomplished by modifying the patch dimensions 

until the conditions specified by equations 2.1 and 2.2 are met.

• ' X I

F requency

Figure 2.5. The resonant modes of orthogonal TM0i and TMi0 modes [18].

The two most common single fed circularly polarized patches are shown in figure 

2.6. In figure 2.6a, the required perturbation is produced by trimming off opposite comers 

on one diagonal of a square patch. The patch is fed on either side, resulting in either right 

hand or left hand circular polarization. In figure 2.6b, the perturbation is produced by 

making one side of the patch slightly longer than the other.



a. truncated b. nearly square

Figure 2.6. Truncated and nearly square patch elements [19].

There are several techniques for achieving circular polarization by using a 

combination of patch elements. The simplest combination is to use two linearly polarized 

elements spatially separated, having different polarizations, and fed in quadrature. The 

problem with this two-element configuration is that the phase centers of each patch are 

displaced, resulting in a degradation of the axial ratio [20]. Improved performance is 

accomplished when four elements are used, as shown in figure 2.7. The possible 

combinations of patches are not limited to 2 or 4 patches. A more general case is the 

sequential array shown in figure 2.8. Circular polarization is achieved using M patches 

having rotations of <j>M.

2.3.2 Multiple Elements

\f/-90°

• •
0° -̂0°

•̂90°

Figure 2.7. Circular polarization using 4 elements [21].



Figure 2.8. Sequential patch array [22]

Circular polarization can be achieved by using microstrip lines called line arrays 

[23, 24], as shown in figure 2.9. The beam direction and axial ratio of these traveling 

wave antennas are frequency dependent, resulting in narrow bandwidths. They consist of 

a microstrip meander line having a series of comer bends with a matched load at the 

opened end of the line. Radiation occurs from the discontinuities at the comer bends.

2.3.3 Microstrip Line Arrays

in p u t matched loac

input matched load

(cj

matched loac

input ^  ^  ^  ^
X  X X X

window

Figure 2.9. Line arrays [25].



2.4 Antennas having an Omnidirectional Pattern

There are two common methods to create an omnidirectional pattern, each taking 

advantage of a microstrip’s unidirectional, broadside radiation pattern. The simplest 

method is to wrap a single patch around a cylindrical structure. A more complicated but 

improved method is to replace the single wraparound patch with an array of single 

elements. In both these cases, a complicated feed network is required.

2.4.1 Corporate Feed Networks

The feed network must provide impedance matching for efficient transfer of 

signal energy to the elements. Moreover, to obtain an omnidirectional pattern, the signals 

arriving at each element must be in phase. A common feeding technique that 

accomplishes these requirements is the corporate feed shown in figure 2.10. It is 

relatively easy to design and fabricate because the patch and the feed network are 

fabricated on the same substrate. The antenna elements are fed in parallel, using a 

microstrip transmission line. The feed line is branched using power dividers until it 

reaches each of the patch elements. One limitation of the corporate feed is ohmic losses. 

This can be significant for large arrays. There are also losses due to mismatch, which can 

be minimized by matching networks. The most common matching networks are 

quarterwave transformers, for matching to purely real impedances, and L-section 

matching networks. There are also losses due to the discontinuities of comer bends and 

power dividers. Bend discontinuity effects can be compensated as shown in figure 2.11. 

Power divider discontinuities are generally more complicated to compensate for than 

comer bends. Two compensation designs for T-junctions are shown in figure 2.12.
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Figure 2.10. Corporate feeding arrangements for microstrip arrays [26, 27].
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Figure 2.11. Bends and their Sn characteristics [28].
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Figure 2.12. T-Junction power dividers [29].
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2.4.2 Wraparound Element with Multiple Feed Points

In many applications, including missiles, satellites, and aircraft, conformal 

microstrip antennas are used. One of the first types of microstrip antennas used for 

achieving omnidirectional patterns was the single wraparound patch (see figure 2.13). 

The width of the patch is the circumference of the cylinder (W -  ;rD). The longitudinal 

length of the band is approximately a quarter wavelength. This microstrip patch is fed at 

multiple points along the band’s circumference and is linearly polarized, with the electric 

fields are parallel to the longitudinal axis of the cylinder.

Figure 2.13. Wraparound patch antenna [30].

2.4.3 Wraparound Array of Single Elements

To achieve an omnidirectional, circularly polarized pattern, an N x 1 array of 

circularly polarized elements can be wrapped around the circumference of the rocket 

[31]. The amount of ripple in the pattern is largely dependent on the element spacing. 

When designing an array, the sidelobe, cross polarization, and mutual coupling effects 

must be kept to a minimum by using well designed feeding networks, substrates with 

appropriate permittivity and thicknesses, and sufficient element spacing.



2.5 Mutual Coupling

Mutual coupling results when surface or space waves from one antenna element 

or transmission line affect the characteristics of another spatially separated component. 

The effects of mutual coupling [32-34] cause the input impedance and the radiation 

pattern to be a function of the complicated excitation of the coupled lines or elements. 

Mutual coupling can be a serious problem, particularly in scanning and phased arrays. 

The effects are not significant for fixed, broadside beams. However, this is not the case 

when arrays have high permittivity substrates or a thick covering layer and for arrays 

having high gain or operating at high frequencies. Coupling due to space waves can be 

minimized by proper spacing between elements and minimizing the size of the feeding 

networks.

The mutual coupling of the E- and H-planes of two patches is shown in Figure

2.14, where the operating frequency is 1.417 GHz and the dielectric constant is 2.5. In
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a. E-plane coupling b. H-plane coupling

Figure 2.14. Mutual coupling effects for a cylindrical array [35].



this figure, the mutual coupling of planar cases are compared with cylinder cases with 

different radii. In general, the mutual coupling present in the cylindrical cases is similar 

to the planar cases. However, for small cylinders, the mutual coupling of the H-plane 

fields can be significant. In the specific case shown in figure 2.14, the H-plane coupling 

performance is greatly affected by curvature when a is equal to 5 cm and the guided 

wavelength is 13.39 cm.

2.6 Curvature Effects versus Radius

The effects of curvature [36-41] become significant when the radius of the rocket 

is less than one guided wavelength. The diameter where the curvature effects become 

significant for the telemetry and GPS antennas that use RT-Duroid 5870 substrate are 

listed in table 2.2. The main effects of curvature are a broadening of the radiation 

pattern, and changes in the resonant frequency and input impedance.

Table 2.2. Guided wavelengths for telemetry and GPS frequencies.
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Telemetry and GPS Guided Curvature Becomes
Frequencies Wavelength Significant when:

Radius < Diameters <
(GHz) (cm) (in) (in) (in)

2.21550 8.87 3.49 3.49 6.99
2.23550 8.79 3.46 3.46 6.92
2.24150 8.77 3.45 3.45 6.90
2.24650 8.75 3.44 3.44 6.89
2.25150 8.73 3.44 3.44 6.87
2.25500 8.72 3.43 3.43 6.86
2.25950 8.70 3.42 3.42 6.85
2.26550 8.68 3.42 3.42 6.83
2.26950 8.66 3.41 3.41 6.82
2.27650 8.63 3.40 3.40 6.80
2.27950 8.62 3.39 3.39 6.79
2.29550 8.56 3.37 3.37 6.74
1.57542 12.48 4.91 4.91 9.82

A nearly square, circularly polarized patch antenna was designed for an 8 inch



diameter cylinder and matched to a 50 ohm line using an L-section matching network. It 

was then analyzed on cylinders having various radii, using the CAD software program 

Clementine1. The effect of changing the cylinder’s radius is shown in figures 2.15 and 

2.16. The minimum axial ratio for each radius is shown in the figures. As seen in figure

2.15, the axial ratio remains relatively constant until the radius approaches 4 inches. This 

corresponds to the data listed in table 2.2 (radius length approaches the guided 

wavelength). In figure 2.16, the frequency where the minimum axial ratio occurs begins 

to change slightly when the radius is twice the guided wavelength and changes 

significantly when the radius is equal to the guided wavelength.
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Curvature Effects on Axial Ratio Magnitude

Radii (inches)

Figure 2.15. Magnitude of minimum axial ratio versus cylinder radii (freq. = 2.2155 GHz).

Curvature Effects on Axial Ratio Frequency
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Figure 2.16. Frequency of minimum axial ratio versus cylinder radii (freq. = 2.2155 GHz).

1 Clementine is available from the Ansoft Corporation, Four Station Square, Suite 660, Pittsburg, PA 
15219. Their corporate URL is http://www.ansoft.com.

http://www.ansoft.com


When the effects of curvature are discussed in the literature, the topic of 

discussion is typically how to design a microstrip antenna array on a curved surface such 

that its characteristics are the same as an array on a planar surface. In such cases, the two 

main design issues to consider are the inter-element spacing of the patches on the 

cylinder and the length of the transmission lines feeding the patches. The element 

spacing is usually optimized to minimize the mutual coupling while also achieving the 

desired radiation pattern. The transmission line lengths are corrected to compensate for 

any phase changes due to placing the planar array on a curved surface.

However, these considerations are not important when an omnidirectional pattern 

is desired. It is the mounting structure’s curvature that allow for the omnidirectional 

pattern. An omnidirectional array consists of individual patches spaced at equal and 

sufficient distances around the circumference of a cylinder to minimize the ripple in the 

radiation pattern. While, mutual coupling is a concern, an omnidirectional array design is 

limited to the few choices in element spacing that are permitted by the element size, the 

circumference of the cylinder, and the desired ripple in the radiation pattern.

2.7 Broadband Techniques

The main limitation with any microstrip antenna is its narrow bandwidth. The 

two types of bandwidths commonly discussed in microstrip antenna literature are 

impedance bandwidth and axial ratio bandwidth. Impedance bandwidth describes the 

frequency range where the antenna’s return loss is considered acceptable. Axial ratio 

bandwidth describes the frequency range where the antenna is considered circularly 

polarized. The axial ratio bandwidth of a circularly polarized microstrip antenna is
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usually less than its impedance bandwidth.

The most intuitive way to improve the impedance bandwidth is to use a thick 

substrate, having a low dielectric constant. The most common broadband design 

techniques include broadband feed designs, the use of adjacent parasitic patches, and 

stacked patches, as shown in figure 2.17.

The simplest way to improve the axial ratio bandwidth of a microstrip antenna is 

to use a sequential patch array, which was described earlier. However, the cost of 

achieving this bandwidth improvement is its larger size and more complicated feeding 

network.

2.8 Superstrate Layer

A microstrip antenna can be protected from the environment by placing a 

dielectric layer over the antenna. This superstrate loading [43-45] can affect resonant 

frequency, bandwidth, impedance, directivity, efficiency, and the gain of a microstrip 

antenna. The effects are largely dependant on the permittivity and thickness of the 

overlay. The resonant frequency tends to decrease as the superstrate permittivity 

increases.

Matching Patch
Network Element

Matching -  
Network

Figure 2.17. Stacked and parasitic patches to increase bandwidth [42].



For an overlay on a circularly polarized patch, the center frequency decreases as 

superstrate thickness is increased. For higher superstrate permittivity, a large decrease of 

the center frequency is also observed. The axial ratio bandwidth is almost independent of 

superstrate permittivity.

2.9 Dual-Frequency Operation

Dual frequency operation is possible with microstrip antennas. If a dual 

frequency antenna is used on a sounding rocket, then it may be possible that both the 

telemetry and GPS subsystems could use the same antenna. In general microstrip 

literature, the antenna geometries considered for dual operation usually apply only to 

elements that generate linearly polarized waves. The design of a dual frequency 

circularly polarized patch could be designed based on the design principles o f the dual 

frequency linearly polarized patch. However, achieving dual frequency using the single 

fed circularly polarized element would be more challenging since the resonant mode is a 

degenerate mode based on the size of the perturbation segment used. It seems unlikely 

that this segment would create the necessary degenerate modes at two separate 

frequencies.

Several dual frequency techniques are stacking patches, using shorting pins, and 

embedding a smaller patch within a larger patch. Stacked patches resonate at multiple 

frequencies corresponding to the dimensions of the patches (see figure 2.17). By using 

shorting pins, different or multiple modes can be excited. An example of using shorting 

pins is shown in figure 2.18 (the stub shown is for impedance matching and not for dual 

polarization). Another technique is to etch a microstrip line around a patch

22



23

19.4 -  
— 10.7 -

Pin

! * -

- p -! FEED

I
I
I
!<s>

Matching stub = E F "  
—| ["—0.6

Number of 
Pins

Pin
Positions

fot f<)3 fo A l
(MHz) (MHz)

0 613 1861 3.04
1 1 664 1874 2.82
2 1.2 706 1865 2.64
3 1,2,3 792 1865 2.36
4 1,2,3,6 813 1865 2.29
5 1,2,3,5,6 846 1865 2.2
6 1,2,3,4,5,6 891 1865 2.09

Figure 2.18. Dual frequency antenna using shorting pins [46]. 

and connect it to the input port, as shown in figure 2.19. Many of the dual frequency

techniques are similar to the broadband techniques mentioned in the last section 2.7.

GROUNO PLANE

Figure 2.19. Dual frequency antenna using wrapped parasitic line [47].

PATCH
"C" SHAPED SLOT 

SUBSTRATE



24

3 Analysis Methods and CAD Programs

The design of even a simple rectangular microstrip antenna can be challenging. For 

more complex antennas, the design process becomes very complicated and time 

consuming. Only a few design equations exist for microstrip antennas, and they are 

limited in their accuracy and generally apply only to simple, single layered rectangular 

and circular patch geometries. Moreover, once fabricated, the antennas must be tuned by 

the cut and try method. There are complicated models and full wave solutions to some of 

the complex patch geometries, but they are often very difficult to apply in a practical 

design. A more realistic approach for designing complicated geometries is to begin using 

the simple equations to estimate the patch dimensions and then use CAD programs to 

optimize the design. The antenna is then fabricated and tuned by cut and try methods.

3.1 Microstrip Antenna Analysis Techniques

There are several common methods to analyze microstrip antennas. The simplest 

is to treat the microstrip antenna as a transmission line. This technique is generally 

limited to basic geometries and has only limited accuracy. Another technique is to treat 

the patch as a resonant cavity. This model is limited to geometries having substrate 

thicknesses much less than a wavelength. The final method is to apply fullwave 

techniques to the analysis of the antenna. While this method is usually very accurate and 

can be applied to complex geometries, it is much more difficult to use than the simpler 

models.



3.1.1 Transmission Line Model

The transmission line model [48-53] is the simplest method used to analyze 

microstrip antennas. Antenna design parameters can be estimated quickly. This model is 

generally applicable to simple antennas; however, recently it has been modified for more 

complicated geometries. The model represents a microstrip antenna as a very wide 

microstrip transmission line of limited length. The two open ends at the radiating sides of 

the patch, between the patch and the ground plane, can be thought o f radiating apertures 

or slots. These slots are treated as two high impedance loads separated by a low 

impedance transmission line, as shown in figure 3.1. Using this model, relatively simple 

equations have been derived for the patch dimensions, input impedance, quality factor, 

and radiation fields for rectangular patches.
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Figure 3.1. Equivalent transmission line model [54]

3.1.2 Cavity Model

The cavity model [55-59] provides an intuitive understanding to the patch 

operation and usually provides more accurate solutions than the transmission line model. 

The main assumption for this model is that the substrate thickness is much less than the 

wavelength ( h< 0.05A.). Therefore, the electric fields are assumed to exist only 

perpendicular to the ground plane and the patch element, resulting in only TM modes. 

Under these conditions, the patch is modeled as a resonant cavity. The patch and ground



plane are represented as electric walls, while the sides of the cavity represented as 

magnetic walls, as shown in figure 3.2.

T
h
i
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Figure 3.2. Resonant cavity having magnetic walls [60],

3.1.3 Fullwave Solutions

Fullwave solutions [61-85] use Maxwell’s equations and enforce the boundary 

conditions to account for all relevant wave mechanisms in the microstrip antenna. Their 

accuracy depends on the accuracy of the numerical methods used to derive the solution. 

Their formulation and final field solutions are too lengthy to include here. References 

[86-88] cover these in sufficient detail. By far, the most common numerical analysis 

technique used in the analysis of microstrip antennas is the Method of Moments (MoM). 

However, during the past decade, the Finite Difference Time Domain (FDTD) analysis 

has been successfully applied to the analysis of microstrip antennas and appears more 

frequently in the literature. These methods are complicated to develop and require 

intense computational resources. Fullwave solutions lack generality, requiring that the 

integral equations be derived and numerical methods reapplied for each different antenna 

geometry investigated.

The general fullwave procedure is to derive electric field equations for both the 

feed and the patch. Often, these are very complicated electric field integral equations.



They are constructed using Green’s functions, having the basic form,

K n = Einc+ J g ( r ,r ') 7 ( r ) r f S  = 0, (3.1)

where g  is the Green’s function, J  is the current on the metallic surfaces, Elm is the

tangential field on the metallic surface, and Einc is the impressed incident field (generally

from the source signal). The only unknown in the equation is the surface current on the 

patch. Often, these equations can only be solved numerically. The most common 

numerical method applied to microstrip antennas is the method of moments. Applying 

numerical methods are complicated and require the use of high-speed computers having 

significant resources of RAM. Once the surface currents are determined, then the far 

field radiation pattern and other antenna parameters can be determined.

While many journal articles present fullwave solutions to a variety of patch 

geometries and parameters, applying these results requires an understanding of advanced 

electromagnetics and applied mathematics. Moreover, the theory presented is usually 

very specific and cannot easily be applied to other general cases. In most cases it is more 

practical to design an antenna using the simplified models and existing CAD programs.

3.2 Patch Dimensions, Input Impedance, and Quality Factor

3.2.1 Dimensions for Rectangular Patch

The width (dimension b in figure 2.2a) of the rectangular patch is arbitrary. 

Narrow widths become less efficient and wide widths can create high order modes. As
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the width is increased, the input impedance decreases. A recommended practical width, 

having good efficiency, is given by [89]

where f .  is the resonant frequency of the patch and sr is the relative permittivity of the 

substrate. For a circularly polarized patch, the width is designed using the same design 

technique used in determining the resonating length (dimension a in figure 2.2a).

Because of the fringing fields, the effective electrical length o f the patch is 

slightly longer than the physical length. To account for this fringing effect, an effective 

dielectric constant is used for frequencies less than 10 GHz.

where h is the thickness of the substrate. Taking into account of the fringing fields, the 

resonant length of the patch is determined by

(3.2)

L = ^ - - 2 L 'fringing  ’ (3.4)2

where

(3.5)

and

(3.6)
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The resonant frequency of a given patch is determined by

f r = (3-7)
(L + 2 Lfringing)

3.2.2 Dimensions for Single Circularly Polarized Patch

The two most common single fed circularly polarized patches are shown in figure

3.3. For the truncated comer patch shown in figure 3.3a, the required perturbation is 

produced by trimming of the opposite comers on one diagonal of a square patch. The 

patch is fed on either side, resulting in either right hand or left hand circular polarization. 

For the nearly square patch shown figure 3.3b, the perturbation is produced by making 

one side of the patch longer than the other. The dimensions are derived using the 

variational method [90, 91].

 W  ^ ___  K i l l  I  ^ ___

7

L I U  V
feed

a. truncated b.  nearly square

Figure 3.3. Truncated and nearly square patch elements [92],

The size of the perturbation in both cases is related to the size and quality factor 

of the patch. For the truncated comer patch,

As _ 1

~ S ~ 2 Q (3.8)

and for the nearly square patch,
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(3-9)

where As is the area of the perturbation segment and S is the area of the patch. From 

equations 3.8 and 3.9, the perturbation length ‘c ’ for the truncated patch is given by 

c = VAs (3.10)

and for the nearly square patch it is given by 

As
c  = (3.11)

The resonant frequencies of the new modes are functions of the perturbation segments. 

For the truncated patch,

f \  ~ fo 1 -
2As

and

f i~

(3.12)

(3.13)

For the nearly square patch,

f - f o 1 - ^
5

and

f i~

(3.14)

(3.15)

Because f 0 is the resonant frequency of the patch without perturbation, the length of the 

single fed square patch should be slightly smaller than for the linearly polarized case.
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3.2.3 Input Impedance for Rectangular Patch

The input impedance of a rectangular patch can be determined using the 

transmission line model where each radiating edge is represented by an equivalent 

parallel admittance Yi = Gi + jBi and Y2 = G2 -  JB2 at resonance. For a rectangular patch 

at resonance, Gi = G2 and Bi = B2. Neglecting the mutual effects of each slot, the 

resonant input resistance is given by 

1 1
R:„

where

G, + G2 2 G, ’

/ „ , \ 21
—  for W <0.354,

v'-o /  
f „ , \ 2

G\ = G2
1

90

1

—  for 0.354,

120
W_

J

for 2 \ < W

(3.16)

(3.17)

3.2.4 Input Impedance for Wraparound Patch

The total input resistance, for the entire band, is calculated using the transmission 

line model is

R,„ = ■ 1
2 WG.

(3.18)

where the conductance Gs is

f  /. • \2 \
G. =

71
A70 24

V

(3.19)



The input impedance of the wraparound patch at each feed point is

RF = N F -Rm, (3.20)

where N f  is the number of feeds used in the wraparound patch design.

3.2.5 Quality Factor for Rectangular Element

The quality factor ( Q ) is a figure of merit that is a measure of antenna losses. For 

single fed circularly polarized elements, the perturbation sections are proportional to this 

factor. A microstrip antenna, often modeled as a parallel resonant circuit or a resonant 

cavity, has a large quality factor. The losses are results of radiation, resistance of the 

copper, the dielectric losses in the substrate, and surface wave losses. For thin substrates, 

surface wave losses are assumed negligible, and the total quality factor is written as
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1 = —  + —  + 1 (3.21)
a  Qc a  q J

where the quality factor due to the dielectric, the conductor, and radiation are

(3-22>

(3.23)

and

_ 2ckmnWF
Qrad = > (3.24)

4 £ r P rad

where



Using the transmission line model, the quality factor can be approximated easier by [93],

Q =
n

« „ [ G , + < ?„]’

where Zm is the characteristic impedance found by

Z„ =
60 W 1

—  + 0.441 + -1 .4 5 1  + In
2 h n

(w)+ 0.94
, 2 h )

and the mutual conductance is

'k J V

12 1 20tt

sin —  cos 6 
v  2

cos 6
./0(&0Z,sin#)sin3 6 d 6 ,

(3.27)

(3.28)

(3.29)

3.3 Microstrip Patch Radiation

3.3.1 Electric Field Equations

The far field radiation pattern of an antenna is described by the antenna’s electric 

field in spherical coordinates, as shown in figure 3.4. Using the cavity model, the far- 

field radiating fields for a planar rectangular patch, determined from equivalent magnetic 

current densities on the cavities’ magnetic walls, are [94],



and

* = 0°

9 = 180°

Figure 3.4. Radiated field coordinate system geometry [95].
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(3.31)

where V0 is the voltage across each radiating slot, Ee is limited to 0 < d  < n H  because

of the ground plane, and h is the substrate thickness. The electric field equations get 

much more complicated for the cylindrical case [96-101].

3.3.2 Losses Due to Polarization Mismatch

The polarization of a radiated field is defined as the orientation of the electric 

field vector. The general case is when the field is elliptically polarized, as shown in



figure 3.5. If the polarizations of a transmitting and receiving antenna are equal, there 

will be no losses due to polarization mismatch. However, for linear polarized antennas, 

the loss is infinite when the transmitting and receiving antennas are orientated 

orthogonally. For circular polarized antennas, the loss is infinite when their electric 

fields are rotating in opposite directions, or different by 180 degrees. Therefore, to 

minimize or eliminate any losses that result from polarization mismatch, it is important to 

match the polarizations of the transmitting and receiving antennas. In special cases, it 

may be impossible to guarantee the orientation of an antenna. This is the case for an 

antenna on a sounding rocket. A sounding rocket’s orientation and position is not static, 

but continuously changing. This movement results in changes in the polarization of the 

signal received by the ground station. Therefore, to ensure signal reception, it is 

necessary that the ground station’s antenna be circularly polarized.
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With the assumption that the ground station’s antenna is circularly polarized, this 

section will investigate the losses due to polarization mismatch between the transmit and 

receive antennas. The two extreme cases are when the polarization of the sounding 

rocket’s transmit antenna is either linearly or circularly polarized.



The first case is when the sounding rocket uses a linearly polarized antenna and 

the ground station uses a circularly polarized antenna. Since the rocket moves over time, 

the orientation of linearly polarized antenna with respect to the ground station will vary 

between vertical and horizontal. Because the receiving antenna is circularly polarized, 

the resulting mismatch losses are constant over time, irrespective of the orientation of the 

linearly polarized transmit antenna. The magnitude of this constant mismatch loss is 3 

dB, assuming zero tilt angle. In contrast, if a linearly polarized antenna replaced the 

ground station’s circularly polarized antenna, the losses would not be constant, but would 

vary between 0 dB and infinity over time. Therefore, when the rocket has a linearly 

polarized antenna, to guarantee that the ground station receives the signal, the 3 dB 

mismatch loss resulting from the linearly to circularly polarized antennas is acceptable.

The second case is when the sounding rocket uses a circularly polarized 

microstrip antenna and the ground station uses a circularly polarized antenna, both having 

the same polarization sense. As the rocket is in motion, the orientation of the rocket will 

change with respect to the ground station. Because the rocket’s circularly polarized 

antenna is only circularly polarized broadside to the patch, and only over a narrow 

frequency range, there will still be polarization losses between the rocket and the ground 

station. Off from broadside, the polarization becomes elliptical, ultimately becoming 

linear along the longitudinal axis of the rocket. The mismatch in this second case results 

in a 0 to 3 dB loss in signal strength over time received at the ground station.

Generally, a circularly polarized antenna is only circularly polarized for limited 

bandwidth and beamwidth. For the case of a microstrip antenna on a sounding rocket, it
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is only circularly polarized broadside to the cylinder. The degree of circular polarization 

is described by the axial ratio, which is determined by,

/  Major Axis Electric FieldNAR = 20 log
Minor Axis Electric Field

(3.32)

When an antenna is circularly polarized, the axial ratio magnitude is 0 dB. As the 

antenna polarization becomes elliptical, the axial ratio increases in magnitude. If the 

axial ratio continues to increase in magnitude, the antenna’s polarization will eventually 

become linear.

In the first case of a linearly polarized antenna on the rocket ( = °°) and a

circularly polarized antenna at the ground station ( = 0 dB), the mismatch loss is a

constant 3 dB. In the second case of a circularly polarized microstrip antenna on the 

rocket (0 dB > ARep > °0) and a circularly polarized antenna on the ground ( = 0

dB), the mismatch loss varies from 0 to 3 dB.

To quantify the loss resulting from polarization mismatch as a circularly polarized 

antenna becomes elliptical, the polarization loss factor can be calculated using the 

following equation,

p  — I o  # p
pol | rocket ground

x + -
AR, -y

linear x + j y

1 +
V2

AR2linear

1 +
AR,"linear J

(3.33)
/ 1 \  *

1 -f 2
v AR linear J

The unit vectors erockel and eground represent the sounding rocket and ground station



electric fields having the general form,

E  = (E0xx + E0yy)e~Jk°z. (3.34)

A plot of the polarization loss factor is shown in figure 3.6. The plot relates the 

axial ratio to the mismatch loss assuming one of the two antennas is perfectly circularly 

polarized. In our case, the ground station’s antenna is assumed ideally circularly

polarized. If the sounding rocket has an antenna that is also perfectly circularly

polarized, then its axial ratio will be 0 dB. This corresponds to a polarization mismatch 

loss of 0 dB. If the sounding rocket has an elliptically polarized antenna, having an axial 

ratio of 10 dB, then the polarization loss will be approximately 1 dB. Finally, as seen in 

the plot, an axial ratio of greater than 40 dB results in a loss of approximately 3 dB. 

Therefore, a rough guideline is that an axial ratio of 30 dB equates to the performance of 

a linearly polarized antenna.
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Figure 3.6. Loss versus AR for sounding rocket antenna.



3.4 Hertzian Electric Dipole (HED) Formulas

The following analysis formulas for the rectangular microstrip antenna are 

derived from analytical approximations of exact formulas, not empirical formulas [103]. 

They become more accurate as the substrate thickness decreases.

3.4.1 Radiation Quality Factor

Assuming no conductor loss and no dielectric loss, the radiation efficiency that 

accounts only for the power loss due to surface waves is

The space and surface wave quality factors can be approximated using the radiation 

efficiency of a horizontal electric dipole, ehred, on the top of a lossless substrate. The 

analysis formula for the space wave quality factor is

(3.35)

where the radiation quality factor is defined as

Qr Qsp
(3.36)

(3.37)

where

Le =L + 2L' fringing ’ (3.38)

(3.39)
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and

». = ^ J (3-41)

The array factor p, which relates the efficiency of the HED to the efficiency of a 

rectangular patch, is defined as

a2 = -0.16605, 

a4 = 0.00761, 

c2 =-0.0914153.

3.4.2 Radiation Efficiency

The radiation efficiency of the horizontal electric dipole is,

10 560 5 70

where

(3.43)

and

e.hed
jhed
SP (3.44)

where the power of the HED space wave is

P™ = - T(k»h)\W7C2r f c x), 
4o

(3.45)

and the power of the HED surface wave is

ph ed  _  7o ^O _________________ £ r (-^0  1 ) ^
sw o

8 £r( i+*i)+(MX1+£l x \ ) \ R  ~ 1
(3.46)
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with

* o - l
er - x ]  ’

_  , , - e 2r +  «Q«| +  gr A  ~  2 «0«1 +  gp
*0 = 1  +

a 0 = stan (,

a, = —
sknh

tan (sknh) + — ^ ----------
cos (s^A)

and

= V v I I .

The rectangular patch radiation efficiency is

hed

e, = •

l + e:hed tanS + ——— A  If A . _ £ t _ A A  
xrioMo h A 16 i w e h  j

where the surface resistivity is

X s = J ^ .  s V 2o-

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

3.4.3 Input Resistance, Bandwidth, and Directivity

Using methods based on the cavity model, the input resistance of a rectangular 

patch is

n  • tan<5£# We A0

f  ^ 
KXr,

(3.54)

where



42

(3.55)

The bandwidth formula of the patch is

(3.56)

The gain and directivity of the patch is

40;r p  ■ C[
(3.57)

and

G = e D . (3.58)

3.5 Description of Relevant CAD Programs

There are several CAD programs available for microstrip antennas. They range 

from simple and inexpensive DOS programs to complicated and expensive fullwave 

analysis programs. The ones that will be used in the subsequent chapters are described in 

this section. The DOS based CAD programs are available with Sainati’s microstrip 

antenna text [104], An accurate, fullwave CAD program from Ansoft is Clementine, 

which analyzes microstrip patches on a cylinder. While these patches can be of any 

dimension, they are restricted to only a single substrate layer. In other words, Clementine 

is unable to analyze patches with aperture coupled feeds or superstrate overlays.

3.5.1 DOS Based CAD Programs

Several DOS programs are available with Saintia’s text, which quickly determine 

basic parameters and radiation patterns for microstrip patch elements and arrays. The



more relevant ones include PATCHD and PATCH9 for analyzing rectangular patches, 

WRAPRND for analyzing a wraparound patch, and CPPATCH for analyzing either a 

nearly square or a truncated comer circularly polarized patch element.

3.5 .1 .1  PATCHD

PATCHD calculates the basic parameters for both rectangular and circular patch 

elements. These parameters include the resonant dimensions, input resistance, efficiency, 

and quality factor. The calculations are based on closed form expressions derived from 

full wave solutions, which include the surface wave effects of the patch but not the feed. 

The accuracy of the results is expected to be within a few percent and is valid for a 

limited range of permittivity, substrate height, and patch width.

3.5.1.2 PATCH9

PATCH9 calculates basic parameters for rectangular patch elements. It has two 

modes, one used for design and the other for analysis. In the design mode, the length and 

input impedance is determined as a function of frequency. In the analysis mode, the 

input impedance is determined based on the patch dimensions and parameters entered. 

Based on the transmission line model, PATCH9 is expected to have an accuracy of 2 to 3 

percent over a limited range of permittivity, substrate height, and patch width. In contrast 

to PATCHD, PATCH9 includes the feed in its calculations, including edge, probe, and 

inset feeds.
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WRAPRND calculates the length, resonant frequency, number o f feeds for a wrap 

around patch. The input impedance is not calculated. The accuracy of the results is 

expected to be better than five percent.

3.5.1.4 CPPATCH

CPPATCH calculates the resonant frequency and input impedance of nearly 

square and truncated comer circularly polarized patch elements. CPPATCH is based on 

both PATCHD and PATCH9. It uses the curve fit equations based on fullwave analysis 

from PATCHD and uses the feed models from PATCH9. The accuracy is expected to be 

about three percent, which is significant since the axial ratio bandwidth of a single feed, 

circularly polarized element is typically less than one percent.

3.5.2 Clementine

Ansoft’s Clementine is a fullwave analysis CAD program that analyzes single 

layered microstrip geometries on a cylinder. Once the geometry is entered, which may be 

of any dimension, it can be analyzed. The analysis results include S-parameters, input 

impedance, surface currents, and far-field radiation patterns. In all these cases, the results 

can be viewed in text or graphic form.

Although Clementine can accurately analyze microstrip antennas, it cannot 

directly design an antenna. A microstrip patch or array of patches must be designed 

through an iterative process. In order to determine the initial patch dimensions to begin 

this iterative design process, Clementine provides an estimation tool, which quickly
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3.5.1.3. WRAPRND



provides estimated dimensions for microstrip feeds, rectangular patch elements, and 

circularly polarized elements. These estimated patch dimensions are determined using 

the cavity model for planar surfaces. The number of iterations required to have an 

accurately designed antenna depends on the complexity of the patch and its feed network.

Clementine is uses mixed-potential integral equations and the method of 

moments. Its results are accurate and take into account all mutual coupling effects. The 

microstrip geometry is subdivided into meshed sections automatically before the 

simulation can occur. The sizes of the mesh can either be entered or automatically 

determined. If the meshed sections consist of many triangular sections that are very 

narrow, there is a chance that the results may be inaccurate.

Fullwave solutions that are based on the method of moments can be 

computationally intensive, especially when the patch dimensions are large. The size of 

the structure that can be simulated depends on the memory capacity of the computer 

(RAM). Ansoft recommends a computer with 64 MB of RAM to simulate arrays having 

12 elements (3000 unknowns). For example, a 500 MHz Pentium III with 256 MB of 

RAM took between 10 to 20 hours to analyze a wraparound patch designed for an 

operating frequency of 2.2155 GHz. In contrast, a 366 MHz Pentium III with only 64 

MB of RAM was unable perform the same simulation.

While the design of the antenna cannot be based solely on a CAD tool, they are 

extremely helpful to the designer. They can enable the designer to complete an antenna 

design much faster, while the old “cut and try” method may take several months and be 

significantly more expensive.
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4 Design and Analysis of Microstrip Elements and Arrays

This chapter will investigate the design and performance of telemetry and GPS 

circularly polarized microstrip antenna elements and arrays for use on cylinders having 6, 

8, and 14-inch diameters. These three diameters are chosen because they represent 

diameters typical of sounding rockets launched by ASRP.

Although there may be benefits to using a circularly polarized antenna on a 

sounding rocket, the benefits may not outweigh the design challenges or possible 

performance limitations. As mentioned in chapter 3, the use of a circularly polarized 

antenna on a sounding rocket has less polarization mismatch loss than a linearly polarized 

antenna. While clearly a benefit, there are other design, performance, and cost factors 

that must be considered. Therefore, to be able to determine whether a circularly or 

linearly polarized antenna is the better antenna to use on a sounding rocket, this chapter 

will also investigate the design and performance of linearly polarized antenna elements 

and arrays. However, the design of the linearly polarized antennas will be limited to only 

telemetry antennas on a 14-inch cylinder.

This chapter begins with a consideration of linearly polarized antennas because the 

linearly polarized elements are simpler to design and serve as a basis for the circularly 

polarized designs. For both the linearly and circularly polarized antenna sections, planar 

antenna elements are designed first. Then, the designs of the cylindrical elements and 

arrays are presented. The chapter concludes by comparing the performance of the 

linearly and circularly polarized elements and arrays.
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The material used in all the antenna designs described in this report is 60 mil RT- 

Duroid 5870 substrate2. A summary of the substrate characteristics is listed in table 4.1 

For both the linearly and circularly polarized antennas, the design process is the

Weight of copper foil (oz.) 0.5
Dielectric constant 3.33
Loss tangent 0.001
Surface resisitivity (Mohm) 3 x 108
Substrate thickness (mils) 60
Copper thickness (mm) 0.17

same. The first step is to determine the initial antenna dimensions using simplified planar 

models or basic CAD programs such as PATCHD, CPPATCH, or Clementine’s 

estimation tool. Then, the design is optimized for a cylinder using the more accurate 

fullwave CAD program Clementine. For the linearly polarized antenna, the length 

dimension is optimized such that the resonant input impedance is real. For the circularly 

polarized elements, a minimum axial ratio is of prime importance. In both cases, once 

the element dimensions are determined, the matching networks are designed to match 50 

ohm feedlines to the patches’ input impedance. For the linearly polarized patches, the 

patch’s input impedance is real and can be matched using a quarterwave transformer. For 

the circularly polarized patches, the input impedance has an imaginary component, which 

requires the more complicated L-section matching network. If properly matched, the 

losses due to reflections at the input of the patch are minimized. The final step in the 

design process is to create an array of elements for a cylinder. This is accomplished by 

spacing the matched elements equally around its circumference. If the number of patches

2 RT-Duroid 5870 is available from Rogers Corporation, 100 S. Roosevelt Avenue, Chandler, AZ 85226.
The corporation’s URL is http://www.rogers-corp.com.

http://www.rogers-corp.com


in the array is sufficient, then the radiation pattern will be nearly omnidirectional and 

have minimum ripple.

4.1 Design of Linearly Polarized Element

Three linearly polarized antennas will be investigated: a single element, a large 

wraparound patch, and an array of patch elements. In all these cases, antennas for only a 

14-inch diameter cylinder will be considered. The first antenna designed will be a 

linearly polarized patch element, because it is the simplest to design.

In this section, the linearly polarized elements are designed using the equations 

from the simplified models listed in chapter 3. The design results are then compared with 

the results of PATCHD (based on fullwave data) and Clementine’s estimation tool (based 

on cavity model equations). Finally, the patch and its feed network are optimized for a 

cylinder by running iterative fullwave simulations using Clementine.

4.1.1 Rectangular Patch -  Planar Design

The first step in designing a rectangular patch for a cylinder is to determine its 

width, effective permittivity, and resonant length using the simple formulas for the planar 

case. Using equations from the transmission line model, the cavity modal, and the HED 

model presented in chapter 3, the patch’s dimensions and characteristics are determined. 

First an efficient patch width is determined,

c I 2 3 x l 08 I 2
W = —  ------- = --------------------  =52.47 mm. (4.1)

2 / \ s r +l  2• 2.2155GHz V2.33 +1 V ’

After determining the rectangular element’s width, then the effective dielectric constant
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can be determined.

£ r +  1 -  1
'eff 1 + Id 

ly /

2.33 + 1 2 .33-1
----------------h-------------

(4.2)

1 + 10
1.54 mm 

52.47 mm
= 2.25,

where h is the height of the dielectric substrate. The calculation of the length takes two 

steps. First, the amount o f fringing must be determined,

QA\2h{£eff + 0 .3 ) j ^  + 0.264 

( ^ - 0 . 2 5 8 ) ^  + 0.8^
^fringing

0.412-1.54 mm(2.25 + 0.3) 52.47 mm 
1.54 mm

+ 0.264
(4.3)

(2 .25-0 .258)
52.47 mm 
1.54mm

= 0.792 mm.
+ 0.8

Now that the fringing (on both ends of the patch) has been determined, then the actual 

physical length the rectangular patch is determined,

L = ^ - 2 L  
2 [fringing 2 L

3x10

2 • 2.2155 GHzVZ25

'fringing

2 • 0.792mm = 43.676mm.

(4.4)

Now that the patch dimensions are known, the third step in the patch design is to 

determine the input resistance. Here, the input resistance is determined using the HED 

analysis equations listed in chapter 3. However, before the resistance can be determined,
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the quality factor and the effective lengths and widths must first be determined. The 

dielectric and conductive quality factors are 

1 1

and

Q, =

tanJ 0.001
1000

1 T]jurk0h 1 377Q-1 -46.40132m’1 -0.00154m
2 2 

where the surface resistivity is

0.01707Q
780.677,

(4.5)

(4.6)

and the free space wave number is

2 K

(4.7)

(4.8)

The space and surface wave quality factors, determined using the HED formulas, are

3 f  \  
£r ( k ) f M

16 V P - * ) w\ Vre J U J

3_
16

2.33

and

= Q>

0.8311-0.5029

(  p hed ^

45.13mm 
53.82 mm

135.41mm 
1.524 mm

(4.9)

= 77.892,

sp 1 -  ehed ,V 1 J

= 77.892 0.9419
(4.10)

= 1263.3,
\ -0 .9 4 1 9 y 

where the effective length and width are,

£ ,= £  + 2£w ,s and W ,= W  + 2 (4.11)
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The width of the fringing fields along the width edges are approximated by 

h ln(4)W,fringing
7 1

(4.12)

The total quality factor is determined using these four individual quality factors,

1
f i  l l  1 1+ —  +  + ■

a  a  e . , a
1

(4.13)

1 1 1 1
. +  +  +  .

= 62.85.

1000 780.68 77.892 1263.3

In order to determine the input resistance using the HED resistance formula, the radiation 

efficiency must also be determined. The radiation efficiency is,

e. =•
1 + e_ tan 8  +

m j0M0 h
— . 4 4 .
16 p -c x We ' h 

0.94192 (4.14)

1 + 0.942 

= 0.81.

f 0 001 + °-0171 .°-1354 l r 3 2.33 0.04513 0.1354 'I
ff-377-1 0.00154 J ,16 0.831-0.503 0.05382 0.001524 J

Using the quality factor and radiation efficiency, the input resistance for the rectangular 

microstrip patch is determined,

= 4 /^ o
; r- tan 8eff We \ -cos

4-1-377 0.04513 0.001524
-cos ; r - 1.00082 

0.04513

(4.15)

= 207 a
yr • 0.1591 0.05382 0.13541

The patch’s directivity, gain, and bandwidth can be determined using the HED formulas 

covered in chapter 3. The directivity and gain are
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40 n  p  ■ c, 
377 1

= 7.19
(4.16)

40;r 0.8312-0.5029

and

G = erD  = 0.81-7.19 = 5.8. (4.17)

The bandwidth o f the rectangular element is

I f  1 | 0.0171 0.1354 16 0.831-0.503 0.001524 0.05382
V2V62.85 ;r377 0.00154 3 2.33 0.1354 0.04513

=  0.022
0.1354 0.04513 0.94192

(4.18)

In addition to using these formulas, the DOS CAD program PATCHD and Clementine’s 

estimation tool were also used to determine the patch’s dimensions and characteristics. A 

summary of the results of these planar cases is listed in table 4.2.

4.1.2 Rectangular Patch -  Cylindrical Design

Using the width from the planar case that was determined in the previous section, 

the rectangular patch length was optimized for a 14-inch cylinder using Clementine’s 

fullwave CAD program. Roughly five simulations were required to determine the 

optimum length. The optimum length is the resonant length when the input impedance is 

real. The characteristics of this optimized patch are listed in table 4.2.

The impedance of this optimized patch is plotted on the Smith chart shown in 

figure 4.1.b. On the chart, the Sn parameters over the frequency range of 2.1405 to 

2.2905 GHz are plotted, with ‘x ’ marking the design frequency of 2.2155 GHz. As seen
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Table 4.2. Summary of planar and cylindrical rectangular patch parameters.

Method of Analysis Simple Models PATCHD
Clementine 

(estimated result)
Clementine 

(fullwave result)
Substrate Height (mm) 1.524 1.524 1.524 1.524
Dielectric Constant 2.33 2.33 2.33 2.33
Effective Dielectric Constant 2.25 - - _
Substrate Loss Tangent 0.001 0.001 0.001 0.001
Patch Length (mm) 43.676 42.78 43.53 43.27
Patch Width (mm) 52.47 52.47 52.18 52.47
Frequency (GHz) 2.2155 2.2153 2.2155 2.2155
Input Resistance (Ohms) 207 223.23 233 206.79
Patch Total Q 63 47.207 - _
Efficiency 81% 95.41% 95.41 _
Patch Bandwidth 2.20% 2.45% 2.22% 2.71%

in the figure, the patch has real input impedance for only a narrow range of frequencies. 

Any change in the patch length will change the resonant frequency of the patch and its 

input impedance. The impedance characteristics that result from changing the resonant 

length by +/- 0.25 mm are shown in figures 4.1.a and 4 .I.e. The first length is slightly 

less than optimum while the second is slightly greater. When the length is less than the 

resonant length, the patch input impedance is slightly inductive. In contrast, when the 

length is greater than the resonant length, the input impedance is slightly capacitive.

Figure 4.1. Impedance performance of rectangular patch at and near resonance.

Once the patch’s impedance is known, then the patch can be matched to a 

microstrip feed line using a quarterwave transformer. Obviously, since the quarterwave



transformer is designed specifically for the resonant resistance, the efficiency of the 

match will degrade for other frequencies or patch lengths. To match the patch input 

resistance to the 50 ohm microstrip feed line, a quarterwave microstrip line transformer 

was designed having a width of 1.254 mm and a length of 24.97 mm.

This matched rectangular patch on a 14-inch cylinder was analyzed using 

Clementine. The patch with its feeding network, its radiation pattern, and Sn plot are 

shown in figures 4.2 and 4.3. Its radiation pattern is similar to the radiation pattern for 

the planar rectangular patch (see figure 2.2). However, due to the curvature of the 

cylinder, its pattern width is slightly larger, where some of the radiated energy extends 

around the cylinder. The 3 dB beamwidth of the patch in the azimuth plane is 

approximately 80 degrees, which is roughly the same as the planar case. The 3 dB 

beamwidth in the elevation plane is approximately 95 degrees. As shown in figure 4.3, 

the 3 dB bandwidth is about 90 MHz, or 4.0%. A summary of both the planar and 

cylindrical rectangular patches’ parameters and performances are listed in table 4.2. As 

expected for a large radius, the cylindrical patch is similar to the planar patch.
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a. rectangular patch antenna

Figure 4.2.

b. azimuth plane gain pattern c. elevation plane gain pattern

Rectangular microstrip antenna and its radiation pattern.
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Figure 4.3. Rectangular microstrip antenna’s Sn plot.

To relate resonant length of a rectangular patch to frequency, five different 

antennas were designed at 2.1155, 2.1655, 2.2155, 2.2655, and 2.3155 GHz. As before, 

the resonant length o f each patch was determined by adjusting their lengths until the input 

impedance was purely real. The patch dimensions and input resistance at these five 

frequencies is listed in table 4.3. A plot of the resonant length versus resonant frequency 

is shown in figure 4.4. As seen in the graph, resonant length for the rectangular patch 

decreases 0.0204 mm for a 1 MHz increase in resonant frequency.

Table 4.3. Summary of five rectangular patches tuned at different frequencies.

Frequency Width Length Rin
(GHz) (mm) (mm) (Ohms)

2.1155 52.47 45.40 220.5
2.1655 52.47 44.31 212.5
2.2155 52.47 43.27 207.7
2.2655 52.47 42.27 200.0
2.3155 52.47 41.32 193.5
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Figure 4.4. Resonant lengths for five linearly polarized patches.

4.2 Design of Wraparound Patch Element

The next microstrip antenna investigated is the wraparound patch. The 

wraparound patch is simply a single linearly polarized patch that is wrapped around the 

entire surface o f the cylinder. As in the case of the linearly polarized patch element 

discussed in the previous section, the length of the wraparound patch is approximately 

half the guided wavelength. However, the width is much longer, being equal to the 

circumference of the cylinder. Because it wraps around the cylinder, its radiation pattern 

is omnidirectional. The wraparound patch is fed at evenly spaced points along the 

circumference of the cylinder. The distance between the feeds must less than the 

effective wavelength. This ensures that higher order transverse modes are not excited.

4.2.1 Wraparound Patch -  Planar Design

Using basic design formulas, the patch dimensions, number of feed points and 

impedance can quickly be determined. The length o f the wraparound patch is calculated 

using the simple transmission line formula,
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t  n /in ^  A  /in 3-108m/s 
L«0 .4 9 — j =  = 0 .49  - 43.47m m. (4.19)
J s r 2.2155 GHz • V2233

The width of the wraparound patch is the circumference of the cylinder,

W -  2 n r  = n D  = ;r-(l4 in  - 2  -60mils) = 1107.58mm. (4.20)

The number o f feed points is determined by calculating the effective wavelengths around 

the circumference of the payload,

N  W f c  W f ^ F r
A Kc

.  (4.21)
_ 1107.58 m m -2.2155 GHz-V233

3 x l 0 8 m/s ~

The number of feeds, Nf, must be greater than Ay. Ideally, N f  is also a power of 2 to 

facilitate the design corporate feeds, e.g.,

N f = 2 , 4 , 8 , 1 6 , . . .  (4.22)

The total input resistance of the band is calculated using transmission line model,

d -  1 377-2.2155GHz „ _
2 W GS2;r-1107.58mm-3-108m /s~  ’ ’ (4-23)

where the conductance Gs is

(  / ,  , \2 A
G. =■ j _ ( V 0 _ 

24 (4.24)

The input impedance of the wraparound patch at each feed point is

RF = N F -Rin
=16- 7.34Q = 117Q. ('4 '25^



In addition to using these basic transmission line formulas, the wraparound patch was 

analyzed using the DOS CAD program WRAPPAT. The results for both these analyses 

are listed in table 4.4 on page 61.

4.2.2 Wraparound Patch -  Cylindrical Design

The length of the wraparound patch was then optimized for the 14-inch cylinder 

using Clementine. After several iterations, the wraparound patch length yielding a real 

input impedance at each feed point was found. Its parameters are shown in table 4.4. 

The impedance characteristics of this optimized wraparound patch are plotted on the 

Smith chart shown in figure 4.5b over the frequency range of 2.1405 to 2.2905 GHz, 

where ‘x’ marks the design frequency of 2.2155 GHz. As with the smaller rectangular 

patch discussed in the previous section, two wraparound patches having lengths offset by 

+/- 0.25 mm from the resonant length were analyzed to observe the input impedance 

changes from the resonance length (see figures 4.5a and 4.5c). When the length is less 

than the resonant length, the patch input impedance is slightly inductive. In contrast, 

when the length is greater than the resonant length, the patch input impedance is slightly 

capacitive. Once the wraparound patch’s impedance is known, then the patch can be 

matched to 50 ohms. To match the patch input resistance (at each feed point) of 47.4 

ohms to the 50 ohm microstrip feed line, a quarterwave transformer was designed having 

a width of 4.66 mm and a length of 24.09 mm.

The matched wraparound patch was analyzed using Clementine. The patch feeding 

network, radiation pattern, and Sn plot are shown in figures 4.6, 4.7 and 4.8, respectively.
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Figure 4.5. Impedance performance of wraparound patch at and near resonance.

As seen in figure 4.7, the pattern of the wraparound patch is omnidirectional with a gain 

of approximately -1 dB in the azimuth plane. The ripple in the pattern is less than 1.5 dB. 

In the elevation plane, the radiation pattern also shows a gain of approximately -1 dB 

broadside from the patch; however, off of broadside, the gain of the wraparound patch 

increases to greater than 2 dB. In terms of a sounding rocket in flight, this pattern implies 

that the gain is actually greater underneath the rocket (in the direction of the ground

) 10 II 12 13 14 15 16

Figure 4.6. Wraparound patch with quarterwave transformer matching sections.

a. Azimuth plane gain pattern. b. Elevation plane gain pattern 

Figure 4.7. Linearly polarized patch and its radiation pattern.
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Figure 4.8. Sn for linearly polarized wraparound patch with quarterwave matching section.

station) than to broadside. The Sn performance of the wraparound patch, as shown in 

figure 4.8, shows that the 3 dB bandwidth of the patch is greater than 8%, which is much 

larger than the results of the single rectangular patch. This wide bandwidth is likely 

because Clementine s calculated input impedance was approximately the same 

impedance as the 50 ohm feed line. In other words, the antenna is essentially already 

matched to the feed lines and the limiting effects of the quarterwave transformer 

frequency selectivity do not have much of an effect.

To conclude the analysis of the wraparound patch, it was analyzed at five 

different resonant lengths to get an idea how resonant length changes with frequency. The 

results are summarized in table 4.5 and figure 4.9. As in the previous cases, the resonant 

lengths correspond to input impedances with no reactive component. As seen from the 

results, the resonant length for the wraparound patch decreases 0.019 mm for a 1 MHz
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increase in resonant frequency. This is slightly less than the rectangular patch, which 

varied 0.021 mm for each 1 MHz.

Table 4.4. Summary of wraparound analysis results using simple models and Clementine.

Basic Equations WRAPPAT Clementine
Frequency (GHz) 2.2155 2.2155 2.2155
Radius (mm) 176.276 176.276 176.276
W (mm) 1107.58 1107.58 1107.58
L (mm) 43.47 42.23 44.11
NF 16 16 16
Impedance (ohms) 88 117 47.4
BW - - >7.5%

Table 4.5. Summary of five wraparound patches tuned at different frequencies.

Frequency Width Length Rin
(GHz) (mm) (mm) (ohms)

2.1155 1107.58 46.15 50.9
2.1655 1107.58 45.20 50.3
2.2155 1107.58 44.11 47.4
2.2655 1107.58 43.23 49.4
2.3155 1107.58 42.36 43.2

Resonant Length vs Frequency

2.1655 2.2155 

Frequency (GHz)
2.2655 2.3155

Figure 4.9. Resonant lengths for 5 wraparound patch antennas.
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4.3 Design of Linearly Polarized Array

As was seen in the previous section, nearly omnidirectional radiation can be 

achieved by wrapping a single patch completely around a cylinder. However, a more 

efficient method is to place an array of individual patches around the circumference of a 

cylinder. In designing an antenna array of this type, it is necessary to determine the 

number of elements necessary to achieve minimum pattern ripple. To have an efficient 

antenna, the element spacing should also minimize the mutual coupling between the 

individual patch elements. The effects of mutual coupling have been investigated in the 

literature. From these studies, the design rule of thumb to minimize mutual coupling is to 

space the array elements by 0.6A, g to 0.9Xg, where the spacing is measured from the patch 

centers. For the telemetry frequency of 2.2155 GHz, \ 0 is 135 mm while Xg is roughly 88 

mm for the RT-Duroid substrate used in this report. This section will present Clementine 

simulations to investigate how varying the number of rectangular patch elements on the 

cylinder affects the ripple in the radiation pattern of the array.

Arrays comprised of the rectangular patch elements designed in section 4.1 were 

simulated with Clementine. Their electric field radiation patterns are shown in figure 

4.10. The arrays with 18, 16, 15, and 14 elements clearly have omnidirectional patterns 

with very little ripple. As mentioned before, the rule of thumb to minimize mutual 

coupling is to space the elements 0.67, g to 0.97g, or in this case, approximately 45 to 71 

mm. Arrays having either 18, 16, or 15 elements fit in this category.



a. 18 elements b. 16 elements c. 15 elements

e. 12  elements f. 10 elements

h. 8 elements

k. 2 elements I. 1 element

Figure 4.10. Radiation patterns for rectangular patch arrays on a 14-inch diameter cylinder.



To obtain an omnidirectional pattern, each patch element must be fed with signals 

having equal magnitude and phase. These are largely affected by the feed network 

design. A 16-element feed network is the simplest to implement because it can be 

designed using 2-way power dividers throughout the entire corporate feed network. Due 

to its symmetrical layout, each element will have equal signals at their input ports. The 

18-element array’s feed network is more complicated because it requires a combination 

o f 2-way and 3-way power dividers. The 14 and 15-element arrays’ feed networks are 

more complicated. In cases like these, where the sub-arrays have unequal elements that 

require non-symmetrical feed lines, it is important to ensure that each patch element is 

fed with signals having equal magnitude and phase. As a result, special attention is 

required in the line width (impedance matching), line length (phase matching), and T- 

junction designs (impedance and phase matching). The matter is further complicated by 

the feed line comer discontinuities.

Figure 4.11 shows the mutual coupling for arrays shown in figures 4 .10a -  f. The 

plots show the power coupled from one patch to the other patches around the cylinder 

(S2i, S31, S41, etc.). As expected, the coupling is largest to the first adjacent patch. The 

power coupled to the first adjacent patch is below -25 dB for all the arrays. The mutual 

coupling for the each of the four omnidirectional arrays (18, 16, 15, and 14 element) fall 

within -25 dB to -32 dB.

The parameters of the patch arrays shown in figure 4.10 are listed in table 4.6 and 

4.7. In table 4.7, the amount of ripple for each array is related to the radius, element 

spacing, and guided wavelength. The data shows that an omnidirectional pattern on a 14-
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inch diameter is achieved when the spacing is less than lA,g.
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Power Coupled from a single Patch (at Zero degrees) 
to Adjacent Patches around the 14-inch Cylinder

-20 

-30 

|  -40 

I  -50
a
8 -60 

-70 

-80

Patch Locations (degrees)

Figure 4.11. Mutual coupling effects of linearly polarized array on a cylinder.

Table 4.6. 14-inch cylinder parameters at 2.2155 GHz.
A0 0.6Ag 0.9^g Radius

(mm) (mm) (mm) (mm) (mm)
135.41 88.71 53.23 79.84 176.28

Table 4.7. Ripple of 2.2155 GHz rectangular patch arrays on a 14-inch cylinder.

Elements Spacing Ripple Spacing/radius Spacing/ Xg
(mm) (dB) (mm/mm) (mm/mm)

^  18 61.53 1.2 0.35 0.69
16 69.22 0.7 0.39 0.78
15 73.84 0.7 0.42 0.83
14 79.11 0.7 0.45 0.89
12 92.30 2 0.52 1.04
10 110.76 7 0.63 1.25
9 123.07 8 0.70 1.39
8 138.45 8 0.79 1.56
6 184.60 9 1.05 2.08
4 276.90 10 1.57 3.12
3 369.20 18 2.09 4.16
2 553.80 40 3.14 6.24

“♦ — 18 Elements 
-■ —16 Elements 

15 Elements 
14 Elements 

— 12 Elements 
- • — 10 Elements

0 45 90 135 180 225 270 315 360
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4.4 Design of Single Fed, Circularly Polarized Element - Planar Surface

The following sections investigate the design of single fed circularly polarized 

microstrip patches. Specifically, the nearly square and truncated comer circularly 

polarized elements are investigated because they are small in size and their dimensions 

can be calculated quickly using simple models. In this section, simple models will be 

used to determine the dimensions of planar nearly square and truncated comer patches for 

telemetry and GPS frequencies. In the following sections, these dimensions will be used 

to optimize elements and arrays for 6, 8, and 14-inch cylinders.

The circularly polarized elements can be designed easily using the variational 

method discussed in chapter 3. However, in order to use these formulas, the quality 

factor of a square patch must be determined. Using the HED equations, the quality factor 

of a square patch was calculated as 70.67.

The first patches designed are the nearly square and tmncated patch elements for 

the telemetry frequency 2.2155 GHz (see figure 3.3). The area of both patches is

S = L-W  
= 43.37 mm-43.37 mm 

= 1908 mm2.
(4.26)

The c segment area for the nearly square patch is

_ 1908 mm2 
71.51 

= 26.68 mm2,

(4.27)
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As = —
2 -f i

_ 1908 mm2 
2-71.51 

= 13.34mm2.

The width of the nearly square’s perturbation segment is

_ As 
C~~L 

_ 26.68mm2 
43.68mm 

= 0.61mm,

while the side length of the truncated comer is 

c = % / A s

while the truncated patch’s perturbation segment area is

(4.28)

(4.29)

= V l334  

= 3.65 mm.

mm2 (4.30)

The circularly polarized GPS (1.57542 GHz) nearly square and tmncated 

elements are designed following the same steps above. The area for these patches is 

S = L-W

= 61.74mm-61.74mm = 3812.0mm2. ^

The area of the nearly square patch’s perturbation segment is

S _

Q‘ (4.32)
3812.0mm2 ■>

= ---------------= 40.88mm2,
93.24

while the area of the tmncated patch’s perturbation segment is



As = ■
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5

2 - a
3812.0mm

(4.33)
= 20.44 mm2.

2-93.24

The width of the nearly square’s perturbation section is

_  ^
°~~L

40.88 mm2 (4J4)
= -------------- = 0.66 mm,

61.74 mm

while the side length o f the truncated comer is 

c -  Vas
I 7 (4.35)

= •^20.44 mm =4.52 mm.

The planar telemetry and GPS elements were also analyzed using the DOS CAD program 

CCPATCH and Clementine’s estimation tool, (see tables 4.8 and 4.9). The results show 

that accurate results can be achieved with the simple models.

Table 4.8. Nearly Square CP Patch -  Planar Design.

Telemetry GPS
Equations CCPATCH Clementine Est. Equations CCPATCH Clementine Est.

Frequency (GHz) 2.2155 2.2155 2.2155 1.57542 1.57542 1.57542
Height(mm) 1.524 1.524 1.524 1.524 1.524 1.524
Permittivity 2.33 2.33 2.33 2.33 2.33 2.33
Loss Tangent 0.001 0.001 0.001 0.001 0.001 0.001
Length (mm) 44.292 43.28 44.14 61.402 61.3079 62.32
Width (mm) 43.68 42.46 43.17 61.74 60.45 61.09
c (mm) 0.612 0.819 0.97 0.662 0.8579 1.23
Zin (ohms) - 613-j5.7 - - 572-j4 -

Table 4.9. Truncated Comer CP Patch -  Planar Design.
Telemetry GPS

Equations CCPATCH Clementine Est. Equations CCPATCH Clementine Est.
Frequency (GHz) 2.2155 2.2155 2.2155 1.57542 1.57542 1.57542
Height(mm) 1.524 1.524 1.524 1.524 1.524 1.524
Permittivity 2.33 2.33 2.33 2.33 2.33 2.33
Loss Tangent 0.001 0.001 0.001 0.001 0.001 0.001
Length (mm) 43.68 42.462 43.66 61.74 60.45 61.7
Width (mm) 43.68 42.462 43.66 61.74 60.45 61.7
c (mm) 3.653 4.1676 3.926 4.521 5.0922 4.647
Zin (ohms) - 613-j5.7 - - 572-j4 -
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4.6 Design of Truncated Corner Telemetry Element - Cylindrical Surface

In this section, circularly polarized truncated comer telemetry elements for 6, 8, 

and 14-inch diameter cylinders are designed. The designs are accomplished by running 

Clementine simulations until the desired radiation characteristics are obtained.

4.6.1 Effects of Varying Truncated Corner Patch Dimensions

The axial ratio of the tmncated comer patch is tuned by adjusting the side lengths 

of the tmncated comer perturbation segment. In order to observe the effect changing 

these lengths has on the patch’s axial ratio, several patches were simulated using 

Clementine. Figure 4.20 shows how the minimum axial ratio changes as the sides of the 

triangular segment are varied equally, while the patch’s length and width are kept 

constant. These plots are not the axial ratio of one patch but the minimum axial ratio of 

several patches; each point represents a patch with different tmncated comer segment 

sizes. As seen in the figure, by adjusting the length of the comer patch only slightly, the 

minimum axial ratio can significantly change.

Once the minimum axial ratio is determined, then the patch can be tuned until the 

minimum axial ratio is located at the operating frequency. The frequency tuning is 

accomplished by changing the patch’s length and width equally, while keeping the 

tmncated comer area constant. Figure 4.21 shows the effects varying both patch 

dimensions equally has on the minimum axial ratio. What is not shown is the value of 

the minimum axial ratio. As in the case of the nearly square elements, the minimum axial 

ratio remains essentially constant as the patch length and width are modified equally.
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Minimum AR versus Frequency

I  ~

130

.....  ------------------------------------- ------------------
^  ....................  - -

2-220 2.221 2.222 2.223 2.224 2.225 2.226 2.227 2.228 2.229 2.2
Frequency (GHz)

a. patch on 14-inch diameter cylinder.

Minimum AR versus Frequency

Frequency (GHz)

b. patch on 8-inch diameter cylinder.

Minimum AR versus Frequency

2-230 2.231 2.232 2.233 2.234 2.235 2.236 2.237 2.238 2.239 2.240

Frequency (GHz)

c. patch on 6-inch diameter cylinder.

Figure 4.20. Minimum AR versus frequency for the truncated comer patch as the triangular segment 
length of the patch is varied in 0.05 mm steps while the length and width of the patch are held constant.
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a. patch on 14-inch diameter cylinder.

b. patch on 8-inch diameter cylinder.

c. patch on 6-inch diameter cylinder.

Figure 4.21. Length versus frequency for the truncated comer patch as its length and width are reduced in 
0.1 mm steps. Note that axial ratio remains nearly constant at *  0.0 dB.
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The results of figures 4.20 and 4.21 are summarized in tables 4.14 and 4.15. 

When a truncated comer patch is fabricated and tested, it will have to be tuned for both 

axial ratio and center frequency. The data in these tables provide valuable information 

because they specify how the length must be modified to tune both the axial ratio and the 

center frequency.

Table 4.14. Axial ratio tuning information for truncated comer telemetry patch. ‘Left’ and ‘Right’ refer to 
the end points in figure 4.20.

AR versus Frequency Rate of Change
Left AR Middle AR Right AR AR Factor

Diameter AR Frequency AR Frequency AR Frequency
Left of 

Minimum AR
Right of 

Minimum AR

(inches) (dB) (GHz) (dB) (GHz) (dB) (GHz) (mm/dB) (mm/dB)
14 2.128 2.21990 0.010 2.22407 2.041 2.22900 -0.23607 0.27080
8 2.020 2.22560 0.020 2.22960 1.990 2.23480 -0.22843 0.28351
6 1.940 2.23020 0.020 2.23430 1.880 2.23930 -0.23438 0.26882

Table 4.15. Frequency tuning information for truncated comer telemetry patch. ‘Left’ and ‘Right’ refer to 
end points in figure 4.21.

AR versus Frequency Rate of Change
Left Data Point Right Data Point Frequency Factor

Diameter Length Frequency Length Frequency

(inches) (mm) (GHz) (mm) (GHz) (mm/MHz)
14 44.06 2.20395 43.26 2.24430 -0.01983
8 44.36 2.19448 43.56 2.23440 -0.02004
6 44.46 2.1943 43.56 2.23940 -0.01996

4.6.2 Performance of Truncated Corner Telemetry Patch

Tmncated comer telemetry patches were tuned (axial ratio of 0 dB at 2.2155 

GHz) for 6, 8, and 14-inch diameter cylinders using Clementine. The dimensions of the 

antennas are shown in table 4.16. The performance of these patches is shown in figures 

4-22 -  4.27 and tabulated in table 4.17. The patches were matched to a 50 ohm 

microstrip feed using L-section matching networks.
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b. 8-inch diameter c. 6 -inch diameter

Figure 4.22. Gain for truncated telemetry element in the azimuth plane.

c. 6 -inch diameter

Figure 4.23. Gain for truncated telemetry element in the elevation plane.

c. 6-inch diameter

Figure 4.24. Axial ratio for truncated telemetry element in the azimuth plane.

b. 8-inch diameter c. 6-inch diameter

Figure 4.25. Axial ratio for truncated telemetry element in the elevation plane.
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Table 4.16. Telemetry truncated comer patch dimensions.
Diameter (in) 6 8 14
Frequency (GHz) 2.2155 2.2155 2.2155
Height (mm) 1.524 1.524 1.524
Permittivity 2.33 2.33 2.33
Loss Tangent 0.001 0.001 0.001
Length (mm) 44.03 43.94 43.83
c (mm) 3.945 3.93 3.966
Zin (Ohms) 125.6- j  16.2 134.3- j  5.66 141.8 + j 10.7

Axial Ratio for Truncated Corner Patch

18.00

CO"O

COcc
-14 inch diameter 
8 inch diameter 
6 inch diameter

2.1855 2.1955 2.2055 2.2155 2.2255

Frequency (GHz)

2.2355 2.2455

Figure 4.26. Tmncated telemetry patch axial ratio versus frequency.

S11 for Truncated Corner Patch

o
-5

-10

■ ♦  14 inch diameter

-20 -- -* -“ 8 inch diameter

-25 6 inch diameter

-30 

-35

-40
2.1405 2.1605 2.1805 2.2005 2.2205 2.2405 2.2605 2.2805 

Frequency (GHz)

Figure 4.27. Sn versus frequency for tmncated telemetry patch
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Table 4.17. Telemetry truncated comer patch performance data.
Diameter Azimutlh Plane Elevation Plane Broadside

3 dB 
Beamwidth

6dB AR 
Beamwidth

3 dB 
Beamwidth

6 dB AR 
Beamwidth Gain

Impedance
Bandwidth

6dB AR 
Bandwidth

(inches) (degrees) (degrees) (degrees) (degrees) (dB) (MHz) (MHz)
14 95 180 90 140 6.7 104 25.2 ^
8 90 185 90 140 6.5 125 24.3
6 90 180 90 135 6.4 ."1 1 9 23.7

4.6.3 Comparison of Nearly Square and Truncated Corner Telemetry Elements

The performance of the nearly square element discussed in section 4.5 and the 

truncated comer element discussed in this section are essentially the same; however, the 

patches have different antenna lengths, perturbation sizes, and input impedances. The 

length of the tmncated comer patch is approximately 0.8 mm longer than the nearly 

square patch. The tmncated comer has less input reactance than the nearly square patch, 

which implies it will be easier to tune with an L-section matching network. The 

tmncated comer also has a much larger perturbation dimension, which implies it will 

provide more control in the fabrication of the antenna and tuning its axial ratio 

performance. Therefore, while the performances of the antennas are the same, the 

tmncated comer patch appears to be the more practical of the two antennas to design and 

fabricate.
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4.7 Design of Truncated Corner GPS Element -  Cylindrical Surface

In this section, truncated comer GPS elements for 6, 8, and 14-inch diameter 

cylinders are designed. The nearly square patch design for the GPS antenna will not be 

investigated because the truncated comer patch provides more control in the tuning 

process. As in the case with the telemetry designs, the GPS truncated comer patch 

designs were accomplished using Clementine simulations.

4.7.1 Effects of Varying Truncated Corner Patch Dimensions

The axial ratio of the truncated comer patch is tuned by adjusting the sides of the 

truncated comer perturbation segment. The frequency tuning is accomplished by 

modifying the patch’s length and width equally, while keeping the truncated comer 

dimensions constant. In order to observe the effect changing the triangular segment and 

the patch’s dimensions have on the patch’s axial ratio, several patches with different 

dimensions were analyzed using Clementine. The minimum axial ratios o f these 

simulations and the dependence of frequency on patch dimensions are plotted in figures 

4.28 and 4.29, respectively. These results are summarized in tables 4.18 and 4.19.

Table 4.18. Axial ratio tuning information for truncated comer GPS patch. ‘Left’ and ‘Right’ refer to the 
end points in figure 4.28.

AR versus Frequency Rate of Change
Left AR Middle AR Right AR AR Factor

Diameter AR Frequency AR Frequency AR Frequency
Left of 

Minimum AR
Right of 

Minimum AR

(inches) (dB) (GHz) (dB) (GHz) (dB) (GHz) (mm/dB) (mm/dB)
14 1.840 1.57970 0.030 1.58160 1.900 1.58410 -0.27624 0.32086
8 2.180 1.57900 0.020 1.58130 1.940 1.58380 -0.27778 0.31250
6 2.103 1.58705 0.050 1.58945 1.960 1.59217 -0.29233 0.31414
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Minimum AR versus Frequency

*•5805 1.5815 1.5825 1.5835

Frequency (GHz)

a. patch on 14-inch diameter cylinder.

Minimum AR versus Frequency

Frequency (GHz)

b. patch on 8-inch diameter cylinder.

Figure 4.28. Minimum AR versus frequency for the truncated comer patch as the triangular segment 
length of the patch is varied in 0.1 mm steps while the length and width of the patch are held constant.
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Length versus Frequency

Frequency (GHz)

a. patch on 14-inch diameter cylinder.

Length versus Frequency

1 56550 1.57050 1.57550 1.58050 1.58550

Frequency (GHz)

b. patch on 8-inch diameter cylinder.

Length versus Frequency

Frequency (GHz)

c. patch on 6-inch diameter cylinder.

Figure 4.29. Length versus frequency for the truncated comer GPS patch as its length and width are 
reduced in 0.1 mm steps. Note that axial ratio remains nearly constant at =s0.0 dB.
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Table 4.19. Frequency tuning information for truncated comer GPS patch. ‘Left’ and ‘Right’ refer to end 
points in figure 4.29.

AR versus Frequency Rate of Change
Left Data Point Right Data Point Frequency Factor

Diameter Length Frequency Length Frequency

(inches) (mm) (GHz) (mm) (GHz) (mm/MHz)
14 62.30 1.56645 61.50 1.58670 -0.03951
8 62.30 1.56615 61.50 1.58630 -0.03970
6 62.60 1.56670 61.80 1.58687 -0.03966

4.7.2 Performance of Truncated Corner GPS Patch

GPS comer telemetry patches were tuned for axial ratios of 0 dB at 1.57542 GHz, 

for 6, 8, and 14-inch diameter cylinders using Clementine, as shown in table 20. The 

performance of these patches is shown in figures 4.30 -  4.35 and tabulated in table 4.21. 

The patches were matched to 50 ohm lines using L-section matching networks.

Table 4.20. GPS truncated comer patch dimensions.
Diameter (in) 6 8 14
Frequency (GHz) 1.57542 1.57542 1.57542
Height (mm) 1.524 1.524 1.524
Permittivity 2.33 2.33 2.33
Loss Tangent 0.001 0.001 0.001
Length (mm) r 62.2525 61.93 61.944
c (mm) 4.777 4.657 r 4.697
Zin (Ohms) 106.5- j  29.2 124.2- j  15.7 136.2- j  3.93

Table 4.21. GPS truncated comer patch dimensions and performance data.
Diameter Azimuth Plane Elevation Plane Broadside

3 dB 
Beamwidth

6 dB  AR 
Beamwidth

3 dB 
Beamwidth

6dB  AR 
Beamwidth Gain

Impedance
Bandwidth

6dB  AR 
Bandwidth

(inches) (degrees) (degrees) (degrees) (degrees) (dB) (MHz) (MHz)
14 90 180 90 145 6.5 63 12.7
8 90 180 90 135 6.3 68 12.1
6 100 185 90 140 WA n 11.8

4.7.3 Comparison of the Truncated Corner Telemetry and GPS Patch Elements

The GPS element and perturbation dimensions are larger than that of the 

telemetry element because the operating frequency of the GPS element is approximately 

640 MHz lower than the telemetry frequency. Additionally, the GPS element’s input



a. 14-inch diameter b. 8-inch diameter c. 6-inch diameter

Figure 4.30. Gain for truncated comer GPS element in the azimuth plane.

a. 14-inch diameter b. 8-inch diameter c. 6-inch diameter

Figure 4.31. Gain for truncated comer GPS element in the elevation plane.

a. 14-inch diameter b. 8-inch diameter c. 6-inch diameter

Figure 4.32. Axial ratio for tmncated comer GPS element in the azimuth plane.

a. 14-inch diameter b. 8-inch diameter c. 6-inch diameter

Figure 4.33. Axial ratio for tmncated GPS element in the elevation plane.
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Axial Ratio for Truncated Corner Patch

35.00 | I [----------------------
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-14 inch diameter 
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6 inch diameter

Figure 4.34. Truncated comer GPS patch axial ratio versus frequency.
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Figure 4.35. Sn versus frequency for truncated comer GPS patch.

impedance is less than that of the telemetry patch. Again, this is expected since the patch 

is larger in size. As with the telemetry element, the GPS element’s input reactance is 

relatively small. The GPS and telemetry elements’ gain and beamwidth performance are 

essentially the same. However, the broadside impedance and axial ratio of the GPS 

element is roughly half that of the telemetry patch.
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4.8 Design of Nearly Square Cylindrical Antenna Array for Telemetry

To achieve a circularly polarized omnidirectional pattern, an array of circularly 

polarized elements is wrapped around the circumference of the cylinder. To achieve this 

omnidirectional pattern, it is important to choose the correct number of elements to 

minimize pattern ripple. This section presents Clementine simulations to investigate how 

the number of nearly square circularly polarized patch elements for 14, 8 , and 6-inch 

cylinders affect the ripple in the omnidirectional radiation pattern.

The electric field radiation patterns for these three diameters are shown in figures 

4.36 -  4.38. The ripple characteristics of these arrays are summarized in tables 4.22 -  

4.25. As in the case of the linearly polarized arrays, the ripple is kept below 3 dB when 

the element spacing is slightly less than a guided wavelength. The mutual coupling 

factors (S21, S31, S41, ...) of these arrays are shown in figure 4.39, where each point of the 

graph represents a patch element.
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b. 15 elements

e. 10 elements f. 9 elements

h. 6 elements i. 4 elements

k. 2 elements I. 1 element

Figure 4.36. Normalized electric field patterns for nearly square telemetry array -  14-inch diameter.
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a. 9 elements b. 8 elements c. 6 elements

d. 4 elements e. 2 elements f. 1 element

Figure 4.37. Normalized electric field patterns for nearly square telemetry array -  8-inch diameter.

b. 4 elements c. 3 elements

d. 2 elements e. 1 element

Figure 4.38. Normalized electric field patterns for nearly square telemetry array -  6-inch diameter.
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Table 4.22. Nearly square patch array parameters at 2.2155 GHz.
Wavelengths Radii

X0 0.6^g 0.9^g 14 Dia. Cyl. 8 Dia. Cyl. 6 Dia. Cyl.
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

135.41 88.71 53.23 79.84 176.28 100.08 76.68

Table 4.23. Ripple of nearly square patch arrays on a 14-inch cylinder at 2.2155 GHz.
Elements Spacing Ripple Spacing/radius Spacing/^

(mm) (dB) (mm/mm) (mm/mm)
16 69.22 0.6 0.39 0.78
15 73.84 0.8 0.42 0.83
14 79.11 1 0.45 0.89
12 92.30 2 0.52 1.04
10 110.76 4 0.63 1.25
9 123.07 17 0.70 1.39
8 138.45 7 0.79 1.56
6 184.60 10 1.05 2.08

Table 4.24. Ripple of nearly square patch arrays on an 8-inch cylinder at 2.2155 GHz
Elements Spacing Ripple Spacing/radius Spacing/ X

(mm) (dB) (mm/mm) (mm/mm)
9 69.87 1 0.70 0.79
8 78.60 2 0.79 0.89
6 104.80 2.8 1.05 1.18
4 157.21 8 1.57 1.77
2 314.41 12 3.14 3.54

Table 4.25. Ripple of nearly square patch arrays on a 6-inch cylinder at 2.2155 GHz
Elements Spacing Ripple Spacing/radius Spacing/X

(mm) (dB) (mm/mm) (mm/mm)
6 80.30 1.5 1.05 0.91
4 120.45 13.5 1.57 1.36
3 160.60 6 2.09 1.81
2 240.90 10 3.14 2.72
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Figure 4.39. Mutual coupling for nearly square patch arrays at 2.2155 GHz.
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4.9 Design of Truncated Corner Cylindrical Antenna Array for Telemetry

To achieve a circularly polarized omnidirectional pattern, an array of circularly 

polarized elements is wrapped around the circumference of the cylinder. To achieve this 

omnidirectional pattern, it is important to choose the correct number of elements to 

minimize pattern ripple. This section presents Clementine simulations to investigate how 

the number of truncated comer circularly polarized patch elements on the 14-, 8-, and 6- 

inch cylinders affect the ripple in the omnidirectional radiation pattern.

The electric field radiation patterns for these three diameters are shown in figures 

4.40 -  4.42. The ripple characteristics of these arrays are summarized in tables 4.26 -  

4.29. As in the case of the linearly polarized and nearly square arrays, the ripple is kept 

below 3 dB when the element spacing is slightly less than a guided wavelength. The 

mutual coupling factors (S21, S31, S41, . . . ) of these arrays are shown in figure 4 .43 , where 

each point o f the graph represents a patch element.

4.9.1 Comparison of Nearly Square and Truncated Corner Patch Arrays

The ripple in radiation patterns for the nearly square and tmncated comer patch 

arrays are almost exactly the same when they have the same number of elements in their 

arrays. The only difference in these arrays is that the tmncated comer patch can fit more 

elements on a cylinder than the nearly square patch. This is because the nearly square 

patch is fed on the diagonal and must be orientated diagonally while the tmncated comer 

is orientated horizontally.
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b. 16 elements c. 15 elements

e. 12 elements f. 10 elements

h. 8 elements i. 6 elements

1. 1 element

Figure 4.40. Normalized electric field patterns for truncated comer telemetry array - 14-inch diameter.
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c. 9 elements

e. 6 elements f. 4 elements

h. 2 elements i. 1 element

Figure 4.41. Normalized electric field patterns for truncated comer telemetry array - 8-inch diameter.
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a. 9 elements b. 8 elements c. 6 elements

d. 4 elements e. 2 elements f. 1 element

Figure 4.42. Normalized electric field patterns for truncated comer telemetry array - 6-inch diameter.
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Table 4.26. Truncated comer patch array parameters at 2.2155 GHz.
Wavelengths Radii

A,0 * * 0.6X g 0.9Xg 14 Dia. Cyl. 8 Dia. Cyl. 6 Dia. Cyl.
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

135.41 88.71 53.23 79.84 176.28 100.08 76.68

Table 4.27. Ripple of truncated comer patch arrays on a 14-inch cylinder at 2.2155 GHz .
Elements Spacing Ripple Spacing/radius Spacing/

(mm) (dB) (mm/mm) (mm/mm)
18 61.53 1.5 0.35 0.69
16 69.22 0.7 0.39 0.78
15 73.84 0.8 0.42 0.83
14 79.11 1 0.45 0.89
12 92.30 2 0.52 1.04
10 110.76 3.5 0.63 1.25
9 123.07 17 0.70 1.39
8 138.45 7 0.79 1.56
6 184.60 11 1.05 2.08

Table 4.28. Ripple of tmncated comer patch arrays on an 8-inch cylinder at 2.2155 GHz.
Elements Spacing Ripple Spacing/radius Spacing/X

(mm) (dB) (mm/mm) (mm/mm)
12 52.40 1 0.52 0.59
10 62.88 1 0.63 0.71
9 69.87 1 0.70 0.79
8 78.60 1.8 0.79 0.89
6 104.80 2.5 1.05 1.18
4 157.21 8 1.57 1.77
3 209.61 10 2.09 2.36

Table 4.29. Ripple of tmncated comer patch arrays on a 6-inch cylinder at 2.2155 GHz.

Elements Spacing Ripple Spacing/radius Spacing/^

(mm) (dB) (mm/mm) (mm/mm)
9 53.53 1 0.70 0.60
8 60.22 1.2 0.79 0.68
6 80.30 1.3 1.05 0.91
4 120.45 13 1.57 1.36
2 240.90 10 3.14 2.72
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4.10 Design of Truncated Corner Cylindrical Antenna Array for GPS

This section will use Clementine simulations to investigate how the number of 

truncated comer circularly polarized patch elements on the 14-, 8-, and 6-inch cylinders 

affect the ripple in the omnidirectional radiation pattern.

The electric field radiation patterns for these three diameters are shown in figures 

4.44 -  4.46. The ripple characteristics of these arrays are summarized in tables 4.30 -  

4.33. As in the case of the telemetry arrays, the ripple is kept below 3 dB when the 

element spacing is slightly less than a guided wavelength. The mutual coupling factor of 

these arrays are shown in figure 4.47, where each point of the graph represents a patch 

element (S2i, S3i, S4i , ...).

4.10.1 Comparison of Telemetry and GPS Truncated Corner Patch Array

For all but the GPS array on the 6-inch cylinder, the ripple in the radiation 

patterns for both the telemetry and GPS tmncated comer patch arrays are minimized 

when the element spacing is less than a guided wavelength. The GPS array on the 6-inch 

cylinder has a ripple of 3.5 dB when the spacing is just less than the guided wavelength. 

This behavior is likely a result of curvature effects because, in this particular case, the 

guided wavelength is almost twice as large as the cylinder’s radius. For this case, the 

ripple is not minimized until the spacing is about 0.7Ag
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b. 15 elements c. 14 elements

e. 10 elements f. 9 elements

h. 6 elements i. 4 elements

k. 2 elements I. 1 element

Figure 4.44. Normalized electric field patterns for GPS truncated comer array -  14-inch diameter.
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c. 6 elements

e. 2 elements f. 1 element

Figure 4.45. Normalized electric field patterns for GPS truncated comer array -  8-inch diameter.

b. 4 elements c. 3 elements

e. 1 elements

Figure 4.46. Normalized electric field patterns for GPS truncated comer array -  6-inch diameter.
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Table 4.30. Truncated comer patch array cylinder parameters at 1.57542 GHz.
Wavelengths Radii

A,0 * * 0.6Xg 0.9A.g 14 Dia. Cyl. 8 Dia. Cyl. 6 Dia. Cyl.
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

190.43 124.75 74.85 112.28 176.28 100.08 76.68

Table 4.31. Ripple of truncated comer patch arrays on a 14-inch cylinder at 1.57542 GHz.

Elements Spacing Ripple Spacing/radius Spacing/,^
(mm) (dB) (mm/mm) (mm/mm)

I 16 69.22 0.5 0.78 0.55
15 73.84 0.5 0.83 0.59
14 79.11 0.5 0.89 0.63
12 92.30 0.5 1.04 0.74
10 110.76 1 1.25 0.89
9 123.07 1 1.39 0.99
8 138.45 4 1.56 1.11
6 184.60 17 2.08 1.48
4 267.90 10 3.02 2.15
2 553.80 14 6.24 4.44

Table 4.32. Ripple of truncated comer patch arrays on an 8-inch cylinder at 1.57542 GHz.
Elements Spacing Ripple Spacing/radius Spacing/

(mm) (dB) (mm/mm) (mm/mm)
9 69.87 1 0.70 0.56
8 78.60 0.8 0.79 0.63
6 104.80 0.9 1.05 0.84
4 157.21 5 1.57 1.26
2 314.41 4 3.14 2.52

Table 4.33. Ripple of truncated comer patch arrays on a 6-inch cylinder at 1.57542 GHz.

Elements Spacing Ripple Spacing/radius Spacing/ Xg
(mm) (dB) (mm/mm) (mm/mm)

6 80.30 0.8 1.05 0.64
4 120.45 3.5 1.57 0.97
3 160.60 5 2.09 1.29
2 240.90 8.5 3.14 1.93
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4.11 Antenna Element and Array Comparisons -  Cylindrical Surface

In this final section, the performance of linearly and circularly polarized antennas 

mounted on cylinders will be investigated by comparing the performance of the telemetry 

antennas discussed previously in this chapter. The performance of both antenna elements 

and arrays will be compared.

4.11.1 Elem ent Com parison

The analysis results for the telemetry elements mounted on 14-inch cylinders 

previously presented in this chapter are summarized in table 4.34. The beamwidths and 

gains of the elements are essentially the same for all cases. The impedance bandwidths

Table 4.34. Patch performances on a 14-inch diameter.
Microstrip Patch Diameter Azimuth Plane Elevation Plane Broadside

3 dB 
Beamwidth

6dB AR 
Beamwidth

3 dB 
Beamwidth

6dB AR 
Beamwidth Gain

Impedance
Bandwidth

6dB AR 
Bandwidth

(inches) (degrees) (degrees) (degrees) (degrees) (dB) (MHz) (MHz)

Rectangular 14 80 - 105 - 8.5 90 -

Nearly Square 14 90 180 90 145 6.6 112 24.9
truncated Corner 14 95 180 90 140 " 6.7

^ ---- i _  2?3 ..

of the circularly polarized antenna elements are greater than the linearly polarized 

element by at least 22 MHz. Because these elements are matched using different types of 

matching networks, it is difficult to know whether the differences in impedance 

bandwidths result from the performance of the antenna elements or the matching 

networks.

Assuming that the increase in antenna bandwidth for the circularly polarized 

antennas are a result o f their element performance, then the circularly polarized antenna 

out performs the linearly polarized antenna. This is true, even though the axial ratio 

bandwidths of the circularly polarized antennas are much narrower than the impedance



bandwidths. For narrowband signals, or for signals within a few MHz from the center 

frequency of the antenna, the circularly polarized antennas will out perform the linearly 

polarized antenna by approximately 3 dB. This is because the axial ratio is low, meaning 

the polarization loss is very low for the circularly polarized antenna. However, farther 

from the antenna’s center frequency, the circularly polarized antenna becomes more like 

a linearly polarized antenna.

At the center frequency of the antennas, the axial ratio degrades in the directions 

along the longitudinal axis of the cylinder. As shown in figure 3.6, an axial ratio of 6 dB 

equates to a loss of approximately 0.5 dB, when the ground station’s antenna is circularly 

polarized. But, even when the axial ratio becomes large, say AR = 30 dB, the 

performance of the circularly polarized antenna presents no more mismatch loss than a 

linearly polarized antenna. With this in mind, the impedance bandwidth results listed in 

table 4.35 show that even with an AR of 30 dB, the circularly polarized antenna has 

roughly 25 MHz greater bandwidth than the linearly polarized antenna. Unfortunately, 

this data is only broadside to the patch and does not allow for comparisons in other 

regions.

4.11.2 Array Com parison

To compare the performance of the linearly and circularly polarized 

omnidirectional array antennas, the telemetry antennas discussed in previous sections will 

be analyzed and their simulation results compared. The Clementine results for the 

wraparound patch, rectangular patch array, and truncated comer patch array mounted on 

14-inch cylinders are shown in figure 4.48 -  4.53 and summarized in table 4.35. For a
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wraparound patch on a 14-inch cylinder, 16 feed points are required. To provide an 

accurate comparison, both the rectangular patch and truncated comer patch arrays in this 

comparison have 16 patch elements in their arrays.

Figure 4.48 shows the impedance bandwidth versus frequency of the 

omnidirectional antennas. The bandwidth of the wraparound patch is greater than the 

bandwidths of both the linearly and circularly polarized patch array. As mentioned in 

section 4.2, this is likely a result of the wraparound patch having an input impedance near 

50 ohms. Figure 4.48 also shows that the tmncated comer patch array has about 25 MHz 

greater bandwidth than the rectangular patch array. This corresponds to the results in the 

previous section, where the circularly polarized element had roughly 25 MHz greater 

impedance bandwidth than the linearly polarized element.
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Figure 4.48. S u comparison plot for omnidirectional antennas on 14-inch cylinders.



The antennas’ impedance characteristics can be further compared by viewing their 

Smith chart results, as shown in figure 4.49. The data in each plot is taken over the same 

frequency ranges and increments. It can be seen that the wraparound patch has more 

frequency points near the 50 ohm region of the Smith chart than the other two antenna 

patch arrays. Additionally, it can be seen that the truncated comer patch array is matched 

for more frequencies near the 50 ohms region than the rectangular.
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Figure 4.49. Smith charts plots showing impedance characteristics from 2.1455 to 2.2955 GHz.

The antennas’ gain characteristics are shown in figures 4.50 -  4.51 and tabulated 

in table 4.35. Both the azimuth and elevation gain patterns o f the three antenna types are 

essentially the same. The gains are approximately 1.5 to 0 dB broadside to the cylinder, 

which is expected for antennas having omnidirectional radiation patterns. The broadside 

gain of the wraparound patch is slightly less than the patch arrays. This may imply that 

the surface wave loss is greater with the single element of the wraparound patch. The 

broadside gain of the circularly and linearly polarized patch arrays are about 0.5 to 1.0 

dB. A visible difference between these two arrays is that the tmncated comer patch has a



slight increase in directivity in its elevation plane radiation pattern. This may be the 

result of the larger surface area required for the L-section matching network.

Since the impedance and gain characteristics of these antennas are similar, the 

main difference between the antennas is their polarizations characteristics. The circularly 

polarized truncated comer patch array will result in minimal polarization losses, except 

near the top and bottom regions of the rocket where the polarization losses will approach 

3 dB. In contrast, the linearly polarized rectangular patch array, or the linearly polarized 

wraparound patch, will result in a 3 dB polarization mismatch loss for all regions 

surrounding the cylinder. The axial ratio of the circularly polarized truncated comer 

patch array antenna is shown in figures 4.52 and 4.53. The axial ratio broadside of the 

cylinder is approximately 0.5 to 1 dB. In the regions between 70 to 90 degrees from 

broadside the axial ratio performance results in significant polarization mismatch loss. 

Applying equation (3.33) to the axial ratio plots provides a quantitative relationship 

between the losses of the circularly and linearly polarized antenna arrays. These 

mismatch losses are tabulated in table 4.36.
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a. wraparound b. rectangular patch array c. truncated comer array

Figure 4.50. Azimuth plane gain plots at 2.2155 GHz.



. wraparound b. rectangular patch array c. truncated comer array

Figure 4.51. Elevation plane gain plots at 2.2155 GHz.

a. azimuth plane b. elevation plane

Figure 4.52. Axial ratio of the truncated comer array.

Figure 4.53. Broadside axial ratio of the truncated comer array.
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Table 4.35. Comparison of wraparound patch and arrays on 14-inch cylinder.

Antenna Diameter
Azimuth

Plane
Elevation

Plane Broadside

Ripple
6dB AR 

Beamwidth Gain
Impedance
Bandwidth

6dB AR 
Bandwidth

Mismatch Loss at 
fo +/-15 MHz

(inch) (dB) (degrees) (dB) (MHz) (MHz) (dB)
Wraparound (LP) Patch 14 1.5 - 0 > 150 - 3
Rectangular (LP) Patch 14 0.5 - -0.5 101 - 3
Truncated Corner (CP) Patch Array 14 0.5 140 0 133 30 MHz 0.5

Table 4.36. Polarization mismatch loss comparison of the linearly and circularly polarized antenna arrays.

Truncated Corner Patch Array Rectangular Patch Array

Angle AR AR Loss Loss AR AR Loss Loss
Circular Polarized 

Improvement
(degrees) (dB) (linear) (linear) (dB) (dB) (linear) (linear) (dB) (dB)

I o 0 1.00 1.00 0.00 Infinite Infinite 0.50 3.00 3.0015 1 1.12 1.00 0.01 Infinite Infinite 0.50 3.00 2.9930 2 1.26 0.99 0.06 Infinite Infinite 0.50 3.00 2.9445 4 1.58 0.95 0.22 Infinite Infinite 0.50 3.00 2.7860 6 2.00 0.90 0.45 Infinite Infinite 0.50 3.00 2.55
75 12 3.98 0.74 1.33 Infinite Infinite 0.50 3.00 1.6790 30 31.62 0.53 2.74 Infinite Infinite 0.50 3.00 0.26

The results of this section show that for narrowband signals radiating broadside to 

the rocket, the circularly polarized antenna will provide greater performance than the 

linearly polarized antenna. However, at angles greater than about 70 degrees from 

broadside, the performance of the circularly and linearly polarized antennas can be 

considered equal. For broadband signals, or when narrowband signals drift significantly 

away from the operating frequency, the circularly polarized patch array also out performs 

the linearly polarized patch array. The linearly polarized wraparound patch has about 1 

dB less gain than the patch arrays, but it has the advantage o f a much broader impedance 

bandwidth.
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5 Fabrication and Testing of the Cylindrical Telemetry Array

To validate the computer designs presented in the previous chapter, this chapter 

will present the design, fabrication, and testing of a truncated comer patch telemetry 

antenna array for a 14-inch cylinder. The design of the omnidirectional circularly 

polarized telemetry antenna will be based on the material presented in chapter 4. The 

measured characteristics of interest are the antenna’s return loss, polarization, and 

directivity.

5.1 Antenna Design

The substrate used in the antenna design is RT-Duroid 5870, which was donated 

to the University o f Alaska’s electrical engineering department by Rogers Corporation. 

This substrate has a thickness of 60 mil and a dielectric constant of 2.33, which provides 

adequate bandwidth and radiation efficiency. Additionally, its flexibility allows the 

antenna array to be easily wrapped around the cylinder.

The size of the etcher located in the UAF electrical engineering department 

cannot accommodate substrates larger than approximately 12 inches long. As a result, 

the antenna array must be divided into four sections. Dividing the array in this manner 

affects the number of elements in the array and the layout of the L-section matching 

network. Sixteen elements are chosen for the array because this number simplifies the 

corporate feed design andallows the array to easily be divided into the four necessary 

sections. The stub used in the L-section matching network cannot be a single straight



microstrip line, but must be folded to allow the stub to have the required electrical length 

while still allowing it to fit in the limited space available for each array section.

The design of the truncated comer antenna array was accomplished using 

Clementine. The array’s large surface area requires Clementine to perform many 

calculations to complete the fullwave analysis of the antenna. To minimize the amount 

of time required, the overall design of the 16 element antenna array was accomplished in 

two steps. First, using the dimensions of the tmncated comer element designed in 

chapter 4, a quad-element array section was tuned using Clementine. The final 16- 

element array, consisting of four quad-element sections, was then tuned. The tuning 

processes was accomplished by iterating analysis simulations of the array until the 

antenna’s axial ratio was 0 dB at the telemetry frequency of 2.2155 GHz.

The designed array is shown in figure 5.1. The four quad-sections can be seen, 

each having four antenna elements, as well as the L-section matching networks with 

folded tuning stubs. The matching networks were designed using 100 ohm impedance 

transmission lines rather than the 50 ohm lines used in the simulated designs described in 

chapter 4. The reason for using the 100 ohm impedance lines is they simplified the 

matching network because no quarter wave transformer matching section is required at 

the first T-junction. The array dimensions are listed in table 5.1. Clementine’s simulated 

results are shown in figures 5.2 -  5.5. The array is omnidirectional with approximately 1 

dB of pattern ripple and an axial ratio of 0.5 dB broadside to the patch. As shown in the 

results from chapter 4, the axial ratio and gain performance of the patch array degrade 

away from broadside.
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Figure 5.1. 16 element truncated comer, circularly polarized array and matching sections for 14-inch
diameter cylinder.

Table 5.1 Patch and matching network dimensions.
Patch Dimensions L-section Dimensions

Patch Patch Transmission Line Truncated Corner Series Stub
Length Width Width Side Length Length Length

(mm) (mm) (mm) (mm) (mm) (mm)
43.89 43.89 1.25 4.266 15.875 2 6 .2 5 +  16.5 + 20.275

a. azimuth plane b. elevation plane

Figure 5.2. Axial ratio performance of circularly polarized array.

a. azimuth plane b. elevation plane

Figure 5.3. Gain performance of circularly polarized array.



115

F r e q u e n c y  ( GH z ' !

Figure 5.4 Sn performance.
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Figure 5.5 Axial ratio performance broadside to cylinder.
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5.2 Antenna Fabrication

The antenna was fabricated using materials and equipment available in the UAF 

electrical engineering department. The substrate used was 60 mil, Vi oz. copper RT- 

Duroid that was obtained from Rogers Corporation free of charge under their University 

Program. The fabrication process can be summarized in 7 steps:

1. A negative mask of the antenna is constructed using AutoCAD and printed on a 

transparency.

2. A photoresist layer is laminated to the top copper layer o f the RT-Duroid printed 

circuit board.

3. The mask is placed over the photoresist, and it is expose to UV light for 

approximately 6 minutes.

4. A developing process removes the photoresist not exposed to UV light in step 

three. After developing, the photoresist remains only on the antenna elements and 

feeding networks.

5. The copper layer without photoresist is stripped off by an etching process, leaving 

the copper required for the antenna elements and the feeding networks.

6. The photoresist still present on the antenna and feed networks is removed.

7. SMA connectors are soldered to the necessary feed points.

There are two factors that limit the size of the antenna which can fabricated in the 

engineering department. First, the fabrication size is limited by the size of the mask. If a 

mask is made using a transparency, the mask size is limited to 8.5 by 11 inches. The 

advantage of using a transparency is that the mask can be made using any printer. If the 

mask is made by the UAF printing services, the size of the mask’s negative is limited to 

approximately 14 by 17 inches. The second factor is the size and performance of the 

etching machine. The maximum size of the RT-Duroid section that can fit within the



etcher is approximately 11 by 14 inches. However, because the spraying mechanism 

within the etcher can only uniformly spray the etching solution on a 5 by 10 inch surface, 

the largest antenna size that can be accurately fabricated is approximately 5 by 10 inches. 

Due to these limiting factors, the antenna array was divided in four sections.

Using AutoCAD, the quad-section mask was designed to fit on an 8.5 by 11 inch 

transparency. An outline of the mask is shown in figure 5.6. Using this mask, four quad- 

sections were fabricated using steps 1 through 7 listed above. A fabricated array quad- 

section is shown in figure 5.7.
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Figure 5.6. Mask of a single quad-section used in the 16 element array (not to scale).

Figure 5.7. Fabricated quad-section.
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5.3 Antenna Testing

The fabricated antenna’s performance is characterized in this section by 

measuring its return loss, axial ratio, and radiation pattern. Acceptable measured values 

are a return loss greater than 10 dB, an axial ratio less than 6 dB, and a radiation pattern 

ripple less than 3 dB. For the measurements, the designed cylindrical array was used as a 

receiving antenna. The source antenna was a halfwave dipole. The signal source was 

generated using either a vector network analyzer or using ASRP’s telemetry transmitter. 

In order to measure the antenna’s received signal with a bench top network analyzer or 

spectrum analyzer, a four-way power divider was required.

5.3.1 Return Loss Measurem ent

The return loss measurement was accomplished using a vector network analyzer. 

The measured return loss of the array is shown in figure 5.8. As seen in the figure, the 

return loss at the operating frequency of 2.2155 GHz is 23 dB and the 3 dB bandwidth is 

235 MHz.

5.3.2 Axial Ratio M easurem ent Technique

By measuring the electric field strength of the antenna, the axial ratio can be 

determined using the multiple-amplitude-component method [105]. Using this method, 

the axial ratio can easily be determined by taking four measurements with a dipole and 

performing several basic calculations. The main limitation using this simple method is 

that the polarization sense cannot be determined.
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CHI S)i log MAG 5 dB/ REF 0 dB 1;-23. 013 dB

Figure 5.8. Return loss of a single quad-section.

The equations used in the multiple-amplitude-component method are derived

from the geometry o f the polarization box, which is related to the Poincare Sphere (see

figure 5.9). The axial ratio is calculated from electric field measurements taken at four

separate angles: 0, 45, 90, and 135 degrees. The measured electric fields are related to

Figure 5.9. Polarization box and its relationship to the Poincare sphere [106], 

the polarization box by
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(1 - p 2d )

°  (1 +
(5.1)

and

(5.2)

where the electric field ratios are given by

(5.3)

and

(5.4)

Using these relations, the axial ratio can be determine from the measured electric fields

For highly accurate axial ratio measurements, a standard dipole should be used. 

However, the axial ratio measurements reported in this chapter use a half-wavelength 

dipole constructed using 1 mm copper wire and 50 ohm BNC cable (see figure 5.10a). In 

order to make the measurements, several cables were needed for both the receive and 

transmit antenna. To make the four necessary measurements at 0, 45, 90, and 135 

degrees, a protractor was attached to the antenna mount. The cross polarized 

characteristics for this antenna was measured to be -20 to -30 dB using a second half 

wavelength dipole shown in figure 5.10b.

by

(5.5)



The electric field measurements of the cylindrical array, required for the axial 

ratio calculations, were taken at two separate locations. First, the antenna electric fields 

were tested in the anechoic chamber using a network analyzer (see figure 5.11a). 

Second, the fields were tested in a field outdoors at the UAF agricultural farm, located 

between Geist and Sheep Creek Roads, using a spectrum analyzer (see figure 5.1 lb).
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a . rotating dipole attached to BNC cable. b . fixed dipole attached to SMA connector.

Figure 5.10. Half-wave dipole antennas used in measurements.

5.3.3 Axial Ratio Measurem ent using Anechoic Cham ber

The electric field strength of the antenna was first measured in the anechoic 

chamber located in the electrical engineering microwave lab. There are two factors that 

limited the accuracy of the measurements taken within the anechoic chamber. First, due 

to a lack of microwave absorbing material, there were large openings on both sides of the 

chamber. The anechoic chamber had 12 side panels. However, there was only enough 

absorbing material to cover 10 panels. As a result, two of the 12 side panels were open,
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one on each side of the chamber. Figure 5.1 la  shows a portion of one open side panel. 

Second, the size of the anechoic chamber was not sufficient to guarantee that the 

measurements were taken in the farfield defined as

a. anechoic chamber b. UAF agricultural farm

Figure 5.11. Radiation pattern testing locations.

where D is maximum dimension of the antenna. For the cylindrical array, the maximum 

dimension was taken as the diameter of the cylinder. To ensure that the measurements 

met the farfield requirement, the transmit antenna was placed slightly outside the 

anechoic chamber. This required that the two end panels be opened slightly, leaving an 

opening of approximately 4 inches wide. While these openings likely degraded the 

measurements, the error is assumed to be less than a few dB.



The antenna array was placed in the anechoic chamber as shown in figure 5.1 la. 

The test signal was generated and measured using a vector network analyzer. The signal 

from the network analyzer was transmitted using the dipole shown in figure 5.10a. The 

signal was received by the cylindrical array and its signal strength was also measured by 

the vector network analyzer. The network analyzer S21 parameter is a measure of the 

electric field strengths of the transmitted and received signals. Rotating the transmitting 

dipole antenna to the necessary angles, S21 measurements broadside to the array were 

recorded. Using equations 5.1 -  5.5, the axial ratio in the azimuth plane was calculated. 

Three separate axial ratio measurements were made, and the results are plotted in figure 

5.12. The average measured values for these three measurements are listed in table 5.2. 

As seen in the table, the axial ratio at the operating frequency of 2.2155 GHz was 

measured to be 1.7 dB, which corresponds to a loss of 0.16 dB if a radiated signal from 

this array is received by a circularly polarized ground station antenna.
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Figure 5.12. Axial ratio measurements taken in anechoic chamber.
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Table 5.2. Axial ratio data measured using network analyzer (average of 3 measurements).
Cylinder Test 

Point
Freql Network Analyzer S21 Measurement AR Polarization 

Mismatch LossP0 P45 P90 P135

(GHz) (dB) (dB) (dB) (dB) (dB) (dB)

Broadside 2.2055 -41.55 -46.00 -46.22 -41.80 3.48 0.59
Broadside 2.2075 -41.16 -44.92 -45.60 -41.66 2.95 0.44
Broadside 2.2095 -40.65 -43.79 -44.87 -41.43 2.52 0.33
Broadside 2.2115 -40.18 -42.75 -44.13 -41.27 2.15 0.25
Broadside 2.2135 -39.77 -41.87 -43.48 -41.18 1.90 0.20
Broadside 2.2140 -39.71 -41.67 -43.34 -41.21 1.83 0.18
Broadside 2.2150 -39.60 -41.31 -43.08 -41.26 1.74 0.17
Broadside 2.2155 -39.53 -41.20 -42.95 -41.30 1.71 0.16
Broadside 2.2160 -39.58 -41.06 -42.88 -41.39 1.66 0.15
Broadside 2.2170 -39.56 -40.81 -42.72 -41.55 1.63 0.15
Broadside 2.2175 -39.57 -40.70 -42.65 -41.67 1.63 0.15
Broadside 2.2195 -39.76 -40.47 -42.51 -42.23 1.67 0.15
Broadside 2.2215 -40.09 -40.35 -42.12 -42.97 1.70 0.16
Broadside 2.2235 -40.47 -40.33 -42.13 -43.73 1.93 0.20
Broadside 2.2255 -41.02 -40.38 -42.15 -44.50 2.16 0.25

5.3.4 Axial Ratio M easurem ent using Outdoor Range.

The electric field strength of the antenna was measured outdoors, in a field near 

UAF (see figure 5.1 lb). The cylindrical antenna array was used as the receiving antenna, 

and the dipole shown in figure 5.10a was used as the transmitting antenna. These 

antennas were separated by 40 feet. The signal source was ASRP’s telemetry transmitter, 

which generated at single tone at 2.2155 GHz. The signal received by the cylindrical 

array was measured using a spectrum analyzer. The DC power required to operate both 

the transmitter and the spectrum analyzer were supplied by portable universal power 

supplies (UPS) which are typically used to back up computers.

The azimuth plane data is plotted in figure 5.13 and tabulated in table 5.3. As 

seen in the figure, the axial ratio fluctuates in the azimuth plane by approximately +/- 1 

dB, with the average axial ratio of approximately 1.5 dB. It should be noted that 0 

degrees and 360 degrees are the same point. At this point, the axial ratio measured at this 

point differ by 1.4 dB. One cause of this discrepancy is likely the rotation of the platform



during the measurements. During the rotation, the many cables used to connect the 

cylindrical array to the spectrum analyzer experienced movement, causing the cable 

connections to loosen. Another source of error was that the dipole shown in figure 5.10a 

was not guaranteed to be exactly at 0, 45, 90, or 135 degrees since there was no locking 

mechanism on the antenna mount. And finally, the most significant source of error was 

likely the result of ground reflections.
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Axial Ratio in Azim uth Plane

Angle (Degrees)

Figure 5.13. Azimuth plane axial ratio measured in outdoor range.

Table 5.3. Azimuth plane axial ratio data measured using spectrum analyzer.
Cylinder 

Test Point
Azimuth

Angle
Spectrum Analyzer Power AR Polarization 

Mismatch LossP0 P45 P90 P135
(degrees) (dBm) (dBm) (dBm) (dBm) (dB) (dB)

Broadside 0 -32 -32 -34 -35 1.85 0.19
Broadside 30 -35 -34 -35 -37 1.50 0.13
Broadside 60 -32 -31 -34 -37 3.29 0.53
Broadside 90 -38 -36 -34 -35 3.08 0.23
Broadside 120 -35 -33 -34 -36 1.59 0.14
Broadside 150 -34 -34 -36 -38 2.31 0.28
Broadside 180 -35 -36 -36 -36 0.50 0.01
Broadside 210 -34 -34 -35 -36 1.13 0.07
Broadside 240 -34 -33 -35 -38 2.58 0.35
Broadside 270 -35 -33 -33 -35 1.44 0.12
Broadside 300 -37 -35 -36 -37 1.13 0.07
Broadside 330 -33 -33 -36 -36 2.22 0.26
Broadside 360 -36 -36 -37 -36 0.50 0.01



The measured elevation plane axial ratio data is plotted in figure 5.14 and 

tabulated in table 5.4. In the figure, the measurements taken broadside to the cylinder 

correspond to the data plotted at 0, 180, and 360 degrees. The measurements taken at the 

top and bottom of the cylinder correspond to the data plotted at 90 and 270 degrees, 

respectively. The measurements show that the axial ratio of the array degrades near the 

top and bottom of the cylinder.
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Axial Ratio in Elevation Plane

Angle (Degrees)

Figure 5.14. Elevation plane axial ratio measured in outdoor range.

Table 5.4. Elevation plane axial ratio data measured using spectrum analyzer.

Cylinder 
Test Point

Elevation
Angle

Spectrum Analyzer Power AR Polarization 
Mismatch LossP0 P45 P90 P135

(degrees) (dBm) (dBm) (dBm) (dBm) (dB) (dB)

Broadside 0 -33 -35 -35 -34 1.13 0.07
30 -33 -37 -36 -33 2.65 0.36
60 -32 -35 -49 -35 8.50 1.95

Bottom 90 -42 -48 -50 -42 7.59 1.75
120 -40 -43 -48 -42 4.80 0.76
150 -31 -32 -35 -34 2.31 0.28

Broadside 180 -33 -35 -36 -33 1.85 0.19
210 -32 -35 -45 -33 7.28 1.67
240 -38 -48 -49 -43 15.76 2.79

Top 270 -49 -41 -41 -46 6.24 1.40
300 -42 -45 -51 -45 4.50 0.89
330 -34 -34 -36 -35 1.13 0.07

Broadside 360 -34 " -34 -36 -34 1.00 0.06



5.3.5 Radiation Pattern M easurem ent using Outdoor Range.

The radiation pattern is measured to determine the array’s directivity. Because 

the antenna elements are fed with equal amplitudes and phases, and the element spacing 

is less than a guided wavelength, the radiation pattern is assumed to be omnidirectional. 

The radiation patterns for both the azimuth and elevation planes were measured using the 

dipole shown in figure 5.10b. The measurements were taken while keeping the dipole 

horizontal and rotating the cylindrical array. The test signal was generated using ASRP’s 

telemetry transmitter. The power of the signal received by the cylindrical array was 

measured using a spectrum analyzer. The azimuth and elevation pattern measurements 

are tabulated in table 5.5 and plotted in figures 5.15 and 5.16. The pattern ripple in the 

azimuth plane is seen to be approximately 3 dBm. In the elevation plane, the measured 

data shows that the signal power degrades by 5 to 15 dBm near the top and bottom 

regions of the cylinder. In contrast, while the Clementine simulations also showed 

degraded signal strength away from the antenna’s broadside, it predicted that at the 

extreme angles of +/- 90 degrees, the signal strength would increase.

5.3.6 Comparison of Measured and Simulated Results.

The performance of the measured data is compared to the performance of the 

simulated data from chapter 4 in table 5.6. The discrepancies most likely are the result 

of reflections from the ground. Another possible source of error is that the cylinder was 

not perfectly round.
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The measured and simulated Sn characteristics are similar, with both have 

minimum magnitudes near 2.2155 GHz. The axial ratio’s center frequency (the 

frequency where the axial ratio is minimum) is about 2 MHz off from the simulated 

value. The measured axial ratio listed in the table is an approximation because the 

minimum measured axial ratio actually flattened out over a wide range of frequencies, 

rather than linearly approaching a single minimum value as in the simulation results. 

This flattening is assumed to be a result of the inability to accurately measure the electric 

fields using the lab equipment and measurement facilities currently available in the 

microwave lab. More specifically, the accuracy of the measurements are limited by the 

non-standard dipole antenna, the anechoic chamber’s construction, and the ground 

reflections present in the outdoor range. Although greater than predicted, the axial ratio 

of 1.7 dB still guarantees low polarization mismatch loss.

Table 5.5. Radiation pattern data measured using dipole in figure 5.9a.
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Cylinder 
Test Point

Azimuth Spectrum 
Angle Analyzer Power

(degrees) (dBm)

Broadside 0 -32.00
Broadside 30 -32.00
Broadside 60 -31.00
Broadside 90 -33.00
Broadside 120 -30.00
Broadside 150 -33.00
Broadside 180 -31.00
Broadside 210 -32.00
Broadside 240 -32.00
Broadside 270 -31.00
Broadside 300 -33.00
Broadside 330 -31.00
Broadside 360 -32.00

Cylinder 
Test Point

Elevation Spectrum  
Angle Analyzer Power

(degrees) (dBm)

Broadside 0 -29.00
30 -28.00
60 -31.00

Bottom 90 -47.00
120 -31.00
150 -28.00

Broadside 180 -28.00
210 -29.00
240 -36.00

Top 270 -33.00
300 -33.00
330 -30.00

Broadside 360 -29.00
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Azimuth Plane Radiation Pattern

Angle (degrees)

Figure 5.15. Azimuth plane radiation pattern measured in outdoor range.

Elevation Plane Radiation Pattern

Angle (degrees)

Figure 5.16. Elevation plane radiation pattern measured in outdoor range.

Table 5.6. Simulated and Measured Antenna Performance Comparison.
Antenna Characteristics Simulated L Measured Error

Frequency of Minimum S11 (GHz) 2.2155 2.21 -0.01 1
Frequency of Minimum Axial Ratio (GHz) 2.2155 2.217 0.002
Impedance Bandwidth (MHz) 133 235 102
Minimum Axial Ratio (dB) 0.1 1.7 1.6
Azimuth Radiation Pattern Ripple (dB) 1 3 -2
Azimuth Axial Ratio Ripple (dB) 1 3 -2
Elevation Beamwidth (degrees) 180 120 and 110 -60 and -70
Elevation Axial Ratio 6 dB Beamwidth (degrees) 140 135 and 105 -5 and -35



The impedance bandwidth shows the largest performance discrepancy between 

the measured and simulated data. This discrepancy may be a result of the fact that the 

simulated antenna was designed using a feed network consisting of 50 ohm microstrip 

transmission lines connected to the input of each antenna element, while the fabricated 

and tested antenna used 100 ohm lines. As mentioned earlier, the 100 ohm lines provided 

a simpler design because they did not required a quarterwave matching section at the first 

set of T-junctions in the corporate feed network. Since the 100 ohm transmission line has 

an impedance nearer to that of the antenna’s input impedance, this may be why the 

impedance bandwidth is larger for the fabricated case.

The ripple in both the radiation azimuth pattern and axial ratio azimuth pattern is 

greater than the simulated case. A portion of the error is likely a result of the movement 

of the rotating platform. During the measurement o f the patterns using the spectrum 

analyzer, the received signal was very sensitive to movement in the cables and antenna 

platform. The largest source of error in the measurement is probably due to multipath 

from the ground reflections. These errors are expected to have a greater influence for the 

axial ratio measurements because any reflected signals will experience a slight change in 

polarization. Therefore, the measured electric fields at 0, 45, 90, and 135 degrees will not 

directly correspond to the polarizations of the dipole antenna’s electric fields at these 

same degrees.
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6 Conclusion

This report investigated the designs of circularly polarized telemetry and GPS 

microstrip antennas on cylindrical surfaces. The impetus for these investigations was to 

provide ASRP with information describing the design and performance of microstrip 

antennas on a sounding rocket. This section will briefly summarize the results of these 

investigations and conclude by specifying recommendations and future work that would 

aid in the design and use of microstrip antennas by ASRP.

6.1 Design of Circularly Polarized Elements and Arrays

Microstrip antennas are thin, lightweight, durable, and can easily be conformed to 

cylindrical surfaces. Another advantage, when compared to other types of antennas, is 

that they can achieve circular polarization using simple and small geometries. Circularly 

polarized antennas have less polarization mismatch loss than linearly polarized antennas 

when transmitting and receiving antennas change orientation relative to each other. This 

is of particular interest when designing a sounding rocket antenna, because its orientation 

and position continually change in reference to the ground station antenna. Because of 

these and other advantages, microstrip antennas are well suited for use on ASRP 

sounding rockets.

The operation of microstrip is generally very complicated. By applying fullwave 

analysis techniques, a microstrip antenna can be analyzed very accurately. However, for 

practical purposes, fullwave methods are very difficult and time consuming to apply. For



basic microstrip geometries, the simpler analysis techniques generally provide results that 

are accurate to within a few percent.

Using the basic transmission line model, cavity model, and HED equations, both 

linearly and circularly polarized antennas can be designed very quickly. Although, when 

these antennas are fabricated and tested, they will have to be tuned slightly, by changing 

the patch dimensions until the desired antenna characteristics are obtained. If a fullwave 

CAD program is available, then the tuning process takes less time because the initial 

design results are usually more accurate than those of the simple models.

The design of an array of microstrip elements is more challenging than the single 

element design. The main reasons are that arrays require more complex feeding networks 

and are affected by mutual coupling. Again, an array of patches can be designed using 

the elements designed from the simple models, but the tuning of the antenna is more time 

consuming. A fullwave CAD program can save significant time in the design and tuning 

of a microstrip array because they can accurately model both the complex feed networks 

and the mutual coupling effects.

6.2 Tuning of Fabricated Microstrip Antennas

Using equations from the basic models, both linearly and circularly polarized 

microstrip elements can be designed quickly and with reasonable accuracy. In this paper, 

the design of circularly polarized telemetry and GPS antennas using microstrip were 

presented using both the basic equations and CAD software. If a CAD program was not 

used in the design, the patch elements would require tuning after fabrication, until the
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intended design frequencies and axial ratios were obtained. This tuning generally takes a 

considerable amount of time. The results from the element designs presented in this paper 

give practical guidelines for tuning patch elements (see tables 4.9, 4.10, 4.13, 4.14, 4.17, 

and 4.18). With this data, the tuning of the axial ratio and resonant frequency for 

circularly polarized patch elements can be accomplished by changing the perturbation 

segment lengths and patch lengths accordingly. For example, if the axial ratio is 1 dB, 

then the factors listed in the tables specify how much the perturbation segments need to 

be modified to achieve an axial ratio of 0 dB. While these tables were derived from the 

analysis of individual elements, they can also be used to effectively tune arrays.

6.3 Number of Elements to Achieve Omnidirectional Radiation

Microstrip antennas radiate broadside to their surface. A planar microstrip 

antenna has a unidirectional radiation pattern. When an array of patches is equally 

spaced around the cylindrical surface of a sounding rocket, the radiation pattern becomes 

azimuthally symmetric. To achieve a pattern with minimal ripple, a sufficient number of 

patch elements must be used in the array. The results from the array analysis sections in 

chapter 4 relate the ripple to the element spacing and guided wavelength, (tables 4.6, 

4.22-24, 4.26-28, and 4.31-33). For practically all the antennas analyzed, both linearly 

and circularly polarized, and for both telemetry and GPS frequencies, it is clear that the 

radiation pattern has very little ripple when the element spacing is less than a guided 

wavelength. Generally, there is no requirement for the exact number of elements, as long 

as this guideline is met. However, the number of elements do affect the complexity of



the corporate feed design. The only case where this element spacing rule-of-thumb did 

not apply was with the GPS array on the 6 inch cylinder. For this case, the effect of 

curvature was significant because the radius was nearly half the guided wavelength.

6.4 The Decision to use Linearly or Circularly Polarized Antennas

Linearly and circularly polarized telemetry antennas were compared to provide 

insight as to which type of antenna should be used by ASRP on their sounding rockets. 

The circularly polarized elements used in the study were single fed elements; this was 

because of their simple design and small size. The comparisons showed that the 

impedance bandwidths, directivities, and gains were very similar for circularly and 

linearly polarized antennas. The main difference was their polarization mismatch losses. 

Another difference was that the linearly polarized wraparound patch had significantly 

greater impedance bandwidth than the linearly and circularly polarized antenna arrays.

The main difference in the linearly and circularly polarized antennas is the 

polarization mismatch between the rocket and the ground station. The circular 

polarization provides a 2.5 to 3 dB improvement, except in the regions exceeding +/- 60 

degrees away from broadside in the elevation plane of the rocket. In other words, in the 

elevation plane, the circularly and linearly polarized antennas have similar polarization 

mismatch losses near the top and bottom ends of the rocket.

The other differences between the linearly and circularly polarized antennas are 

related to the degree of design complexity. First, the linearly polarized antennas much 

easier to design, match, and tune. When designing a linearly polarized element or array,
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or wraparound patch, it is only the length of the patch that is critical in the design and 

tuning processes. It is also quite easy to match a linearly polarized element by using a 

simple quarterwave transformer. In contrast, two parameters are critical in the design and 

tuning processes for the circularly polarized element and array; these parameters are the 

length of the patch and the size of its perturbation segment. Additionally, the circularly 

polarized antenna requires a more complicated matching network.

To determine which antenna should be designed and used on the rocket, several 

things must be considered. First, the trajectory and orientation of the rocket with respect 

to the ground station’s antenna must be considered. If the station will be broadside to the 

rocket, then a circularly polarized antenna is attractive. Other considerations are how 

knowledgeable the person(s) designing the antenna, whether they have access to a CAD 

program, and whether they have access to accurate fabricating and testing facilities. If 

the person lacks significant knowledge in antennas and their tests, and there is no CAD 

package available, then the linearly polarized antenna is the more attractive choice. It is 

much more difficult to design and test a circularly polarized microstrip antenna and array.

6.5 Recommendations and Future Work

6.5.1 Recom m endations

A fullwave CAD program is needed in the electrical engineering department. 

While it is possible to design linearly polarized microstrip antennas and arrays without a 

CAD program, it is almost essential when more complicated microstrip antennas are to be 

designed. Since the curvature effects of microstrip antennas on a cylinder are significant
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only when the radius of the cylinder is small relative to the guided wavelength, a planar 

CAD package would suffice for the designing of sounding rocket antennas with large 

radii. CAD software packages currently available can accurately design microstrip 

antennas having complex geometries and multi-layers. Other benefits o f having a CAD 

program is that microstrip antennas can be designed in less time, for less cost, and can 

serve as a learning tool for students studying microstrip lines and microstrip antennas.

A standard antenna, whose parameters are known, is needed to make accurate 

antenna measurements. Additionally, for circular polarization measurements, a precise 

rotating mount for the standard antenna should be constructed or purchased.

The electrical engineering department needs access to accurate testing facilities. 

This means that the current anechoic chamber must be upgraded. It currently is too small 

for antenna arrays whose largest dimension exceeds approximately 1 ft. The chamber 

also needs a fixed (mounted) source antenna. Also needed is a rotating platform for the 

antenna under test. Ideally the measurement system, consisting of the source antenna, the 

antenna under test, the rotating platform, and a network analyzer should be controlled by 

a personal computer with ability to execute GPIB commands.

In order to make accurate measurements, it is also important that design engineers 

have access to cylindrical structures that accurately represent the sounding rockets. 

These cylinders should be made with the same materials as the rocket and should allow 

the microstrip antenna to easily be mounted and unmounted for testing purposes.

Finally, there are two miscellaneous items that are necessary to make antenna 

tests. First, an array having multiple feed points will require a power splitter to feed the
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antenna elements under test. Also, if the antenna is tested outside, the transmitter and 

measuring equipment will require battery operated power supplies.

6.5.2 Future Work

The most important future work that was not considered in this paper is the effect 

of temperature on a microstrip antenna’s performance. It is much colder outdoors when 

the sounding rockets are typically launched at Poker Flat. Additionally, the atmosphere 

is much colder at the high altitudes where the antennas will operate. Temperature change 

will affect the physical dimensions of the copper and substrate lengths and the dielectric’s 

permittivity. Since both the physical length and the permittivity affect the resonant 

length of the patch, it is critical to know both the operating temperature and temperature 

changes of the antenna while in flight. Apparently, extreme cold temperatures result in 

an increase in substrate permittivity and a decrease in copper length. While together 

these appear to mitigate any detrimental changes in the antenna’s operating frequency, 

the effects that temperature has on the microstrip antenna’s resonant frequency, 

bandwidth, beamwidth, and axial ratio must be investigated.

Another important area that should be investigated is the effect superstrate 

loading has on microstrip antennas. This is important because superstrate layers are often 

used to protect the antenna from the environment. Additionally, if any moisture or ice 

forms on the rocket, this loading may affect the antenna’s performance.
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