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ABSTRACT 

This paper will present the preliminary design of a C-Band telemetry antenna mounted 
conformal to a small diameter missile. Various design studies and options will be explored 
leading to a preliminary design that best meets system requirements. Simulation results are 
presented for various options and the rationale for down selection to final configuration is 
discussed. 

1.0 INTRODUCTION 

This paper will describe the preliminary design and development of a thin conformal mounted C
Band telemetry antenna designed for use on a small diameter missile. Since C-Band has become 
available for airborne telemetry applications, there has been interest in developing replacement 
telemetry antennas for missile applications. This paper will describe the design process used to 
develop a new telemetry antenna for use on a small diameter supersonic air launched missile. 
The operating band for this design is 4400 to 5150 MHz, which covers both the lower ( 4400 to 
4940 MHz) and mid C-Band telemetry frequencies (5091 to 5150 MHz). The design of a 
telemetry antenna for C-Band is of interest to the test and evaluation community because C-Band 
is a new band available whereas L and S Band were commonly used for this purpose. The 
design challenges of implementing the antenna at these higher frequencies will be described in 
this paper. 

This paper will first describe the requirements for the C-Band telemetry antenna, which are the 
same for the legacy antenna, except the frequency band is now 4400 to 5150 MHz instead of 
2200 to 2290 MHz. The traditional approach has been to utilize some type of microwave patch 
or slot as the radiator either alone or as part of an array with a feed network to a common port. 
The paper will then describe various radiating elements that were considered and present some 
simulation results. Also, various options for the feed network will be described. Finally, a 
candidate design will be selected from among the various options and future prototyping efforts 
will be described. 

Distribution: Statement A- " Approved for public release; distribution unlimited" 
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2.0 REQUIREMENTS 

The antenna design requirements are usually derived from the weapon specification, link budget 
calculations or legacy antenna specifications. This design presents significant challenges on 
account ofthe physical configuration and environmental factors. The general performance 
requirements are listed in Table 1. 

Table 1: General performance requirements 
Parameter Requirements 
Bandwidth 2:1 VSWR or less from 4400 to 5150 MHz 
Gain Roll plane: greater than -7 dBiL for 90% oftheta = 90 and phi 

varied from 0 to 360 degrees. 
Greater than -7 dBi dBiL over 90% of the sphere excluding 10 
degree cones off the nose and tail. Greater of either vertical or 
horizontal polarization. 

Polarization Linear 
Size Cylindrical in shape with a 5 inch outside diameter and a 4. 7 

inch inside diameter. 1.55 inches in width along the 
circumference. 

Environmental Operating temperature: -40 to + 175 degrees Centigrade. 
Random vibration, shock, acceleration, humidity, salt fog, sand 
and dust. 

Bandwidth 
The impedance bandwidth ofthe antenna is specified in terms of the 2: 1 Voltage Standing Wave 
Ratio (VSWR) over the frequency range of 4400 to 5150 MHz. Generally, these types of 
antennas are not tuned after manufacturing and therefore sufficient bandwidth is required to 
allow operation in either low or mid C-Band over the expected operating temperature range as 
well as variations in production of antenna laminates (e.g. board thickness, relative dielectric 
constant). 

Gain 
The minimum gain ofthe antenna while mounted on the missile is given in Table 1. Generally, 
omni-directional coverage is desired with sufficient gain to provide link margin at the maximum 
expected range. In this case coverage off the nose and tail ofthe missile is not required since the 
missile is not expected to be traveling directly towards or away from the telemetry receiving 
antennas. The angle phi is taken to be zero degrees at the top center of the missile (umbilical 
location) and measured clockwise as viewed from the tail of the missile. The angle theta is zero 
at the missile nose and measured clockwise when viewed from above. See IRIG 253-93, Figure 
3-4, for a diagram ofthe aerodynamic vehicle coordinate system [1]. 

Polarization 
The polarization of the antenna is specified as linear. It is assumed that the receiving antenna 
polarization will be circular or dual orthogonal polarized and therefore the maximum 
polarization miss match loss will be 3 dB with the appropriate receive combiners. 
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Size 
The antenna is required to be conformal to the missile body so that the antenna does not cause 
unwanted aerodynamic effects. The inside diameter is determined by how deep of a cut can be 
made in the missile section were the antenna is mounted. Generally, the maximum depth is a 
few tenths of an inch as to not affect the structural integrity ofthe missile; consequently the 
antenna ends up being somewhat thin. This thinness makes large bandwidth a challenge to 
achieve. 

Environmental 
The operating environment ofthe antenna is the same as the missile. The antenna must meet the 
performance requirements under any natural combination of the environments listed in Table 1. 

In addition to the requirements stated in Table 1, there are other considerations, such as the 
method of mounting the antenna to the missile, any obstructions from a cable-way cover or 
launch rail and the location of the antenna RF connector that the designer must take into 
consideration. 

3.0 DESIGN APPROACH 

There are many constraints the designer must consider when starting a new design in order to 
achieve an optimal result. The design was broken down into a number of sub-tasks, first 
considering various element types, then the number of elements needed to meet the radiation 
pattern requirements and finally various feed options. Several candidate designs are later 
described. 

The final antenna configuration will consist of an array of elements with the outer surface 
conformal to the missile body. However, the design will initially look at various element types 
in a flat configuration of individual elements. The individual elements must meet the impedance 
bandwidth requirement, which is more easily checked if the element is simulated or prototyped 
in a flat configuration. 

Based on previous design experience and the environmental conditions, the material RT/duroid 
6002 from Rogers' Corporation was chosen as the dielectric for the antenna [2]. The material 
RT/duroid 5870 was chosen as the cover layer for the antenna since this material has been used 
successfully on many other antennas for air launch missile applications. 

Various configurations were simulated using a three dimensional electromagnetic time domain 
simulator, Empire XCcel from IMST GmbH, which is an electromagnetic field simulator based 
upon the Finite-Difference Time-Domain Method (FDTD) [3]. Other tools were used such as 
Ansoft Designer and HFSS [4]. The various designs simulated were parameterized and either 
optimized by hand or automatically by the simulation software. 
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4.0 CANDIDATE ELEMENT DESIGNS 

For this effort the designers considered two types of radiating elements, rectangular shaped patch 
elements and slot elements. Several variations of each type are presented along with a short 
discussion and simulation results. These types of elements were chosen as candidates because 
they could be fabricated using printed circuit board technology and then formed to be conformal 
to a cylinder. Other radiating structures were also briefly evaluated and, in fact, the possibilities 
are almost endless as to what might be considered as a radiator that could be fabricated to be thin 
and conformal to a cylinder [5] . The structures considered in this paper were the ones that the 
authors felt had the best chance of meeting all of the requirements in Table 1. 

All of the elements described in the following sections have the same layer stack up. Each 
design consists oftwo layers ofRT/duroid. The first layer is RT/duroid 6002 which is the 
dielectric layer with metallization on the bottom side which serves as the ground plane and either 
a patch or slot on the top surface which is the radiating element. The height ofthis layer is 0.12 
inches. The second layer is RT/duroid 5870 and this layer is the cover layer for the antenna, 
which has a height of0.02 inches. The cover layer provides the needed protection from the 
flight environment. The total height ofthe antenna which includes both layers ofRT/6002 and 
RT/5870 with allowances for copper and bonding film is estimated to be 0.14 inches. During the 
simulation ofthe antenna, the element size was adjusted to compensate for the loading effects of 
the cover layer. 

4.1 RECTANGULAR SHAPED PATCH ELEMENTS 

Rectangular shaped patch elements have been used for many years in commercial and defense 
applications. They are thin, light weight, low profile and can be manufactured using printed 
circuit board technology. Their main draw back is the narrow bandwidth. However, there are 
techniques which can increase it with a large number of research papers devoted to this topic 
[5,6,7]. The following sections describe various rectangular patch configurations considered. 

Traditional Rectangular Element 
A traditional rectangular element can be designed using equations such as those given in various 
text books on the subject [6]. These equations can serve as a starting point for the design. The 
design can then be entered into an electromagnetic field simulator for analysis and then re
analyzed as various parameters are changed leading to a final design. This design approach 
works well with a fast simulator. Figure 1 shows a drawing of the element with a probe type 
feed. 
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Figure 1: Traditional rectangular element, not drawn to scale. (a) Top view ofthe element and 

(b) side view, showing the layer stack up. 

Figure 2: Smith chart, Sll plotted from 4 to 6 GHz. 

As can be seen in Figure 2, this element does not meet the 2:1 VSWR requirements. The blue 
line is the S parameter, S11, plotted from 4 to 6 GHz. The 4.4 and 5.12 GHz frequencies are 
indicated at the blue diamond shaped markers. Only about 50% of the required band is 
contained inside the VSWR 2:1 circle. This element has a bandwidth sufficient to cover either 
the lower or middle C-hand telemetry frequencies, but not both at the same time. 
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Extended Width Rectangular Element 
This element is a microwave patch that has a larger bandwidth because the increased width will 
support an additional mode. A diagram ofthis element is shown in Figure 3. The width ofthe 
element is approximately twice the length. In the simulation, this element is driven with a probe 
type feed. The final feed type, either probe or edge driven, will be determined by the way the 
elements are tied together in the array . 
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Q) 
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(a) 
Figure 3: Extended width rectangular element, not drawn to scale. (a) Top view ofthe element 

and (b) side view, showing the layer stack up. 

The simulation results of this element are shown in Figure 4. The blue line is the S parameter, 
S11, plotted on a Smith chart and the red line is the required VSWR limit. As can be seen in 
figure 4, element matching and tuning need to be adjusted to bring more of the S 11 curve within 
the VSWR 2:1 circle. 

Figure 4: Smith chart, S 11 plotted from 4 to 6 GHz. 
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Multi-Resonator Rectangular Element 
This element consists of a planar multi-resonator structure in which a patch is driven and another 
patch is coupled to by a small gap. This arrangement can support wider bandwidths with careful 
adjustment ofthe dimensions ofthe elements. Figure 5 shows a drawing ofthe element and 
layer stack up with a probe type feed at the edge ofthe driven element. This element structure 
has been successfully used in many antenna designs and was invented by Mo Kaloi of the Naval 
Air Warfare Center, Point Mugu, California. 

RT5870 

I~ RT6002 

(b) 

(a) 
Figure 5: Multi-resonator rectangular element, not drawn to scale. (a) Top view ofthe element 

and (b) side view, showing the layer stack up. 

Figure 6 shows a plot ofthe scattering parameter, S11, plotted on a Smith chart. The blue line is 
the S parameter, S11, plotted on a Smith chart and the red line is the required VSWR limit. As 
shown in the Smith chart, the VSWR 2:1 bandwidth requirement is being met by this element, 
since the frequencies from 4.4 to 5.12 GHz is contained within the 2:1 circle. 

Figure 6: Smith chart, S 11 plotted from 4 to 6 GHz. 
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4.2 SLOT ELEMENTS 

Slot antennas are common at microwave frequencies and in this section we examine various 
apertures in a ground plane that can serve as conformal radiators. 

Rectangular Slot Element 
This element consists of a rectangular shaped opening in the top conductor layer. There is a 
picket fence of vias surrounding the opening as shown in Figure 7. Both the top and bottom 
metal layer are at ground potential and the vias form a cavity. The element is driven by a lumped 
port that spans the slot at its center. 

-

-

(b) 

(a) 

Figure 7: Rectangular slot element, images exported from Empire XCcel. (a) Top view ofthe 
element and (b) isometric view, showing the layer stack up. 

As can be seen in figure 8, this element will require some additional work to bring the resonant 
frequency into the required band offrequencies. The blue line is the simulated Sll and the red 
line is the required limit VS WR limit. 
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Figure 8: Smith chart, S 11 plotted from 4 to 6 GHz. 

Bowtie Slot Element 
This element consists of a bowtie shaped opening in the top conductor layer. There is a picket 
fence of vias surrounding the opening as shown in Figure 9. Both the top and bottom metal layer 
are at ground potential and the vias form a cavity . The element is driven by a lumped port that 
spans the slot at its center. 

r·rr1 
~ ~ i . . 
0 • 
O::IO GoO OOO O<I O CQ 

(a) (b) 

Figure 9: Bowtie shaped slot element, images exported from Empire XCcel. (a) Top view ofthe 
element and (b) isometric view, showing the layer stack up. 

As can be seen in figure 10, this element will require some additional work to bring the resonant 
frequency into the required band offrequencies. The blue line is the simulated S11 and the red 
line is the required limit VSWR. 
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Figure 10: Smith chart, S11 plotted from 4 to 6 GHz. 

1-shaped Slot Element 
This element consists of a I shaped opening in the top conductor layer. There is a picket fence of 
vias surrounding the opening as shown in Figure 11. Both the top and bottom metal layer are at 
ground potential and the vias form a cavity. The element is driven by a probe type port that 
drives one side ofthe structure as shown in Figure 11. 

0 -

0 
0 
0 
0 I 

0 
0 

0 

r-"---1 

(a) (b) 

Figure 11: I shaped slot element, images exported from Empire XCcel. (a) Top view ofthe 
element and (b) isometric view, showing the layer stack up. 

As can be seen in figure 12, this element will require some additional work to bring the resonant 
trequency into the required band of trequencies. The blue line is the simulated S 11 and the red 
line is the required VSWR limit. 
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Figure 12: Smith chart, Sll plotted from 4 to 6 GHz. 

5.0 ELEMENT DOWN SELECT CRITERIA 

Among the elements presented above, there are several that have the potential of meeting the 
bandwidth requirement. Choosing one or two of the candidate elements involves evaluating 
what might be the final design in terms of cost, manufacturability and performance. 

Cost 
The cost of materials and assembly labor is important to consider. No one wants to pay more 
than they have to for an antenna. After the initial design cost (non-recurring engineering), the 
cost for labor is probably greater than for the materials. Labor to manufacture and test the 
antenna is probably the largest cost component. 

Manufacturability 
A simple, easy to manufacture antenna is the design goal. When looking at layer stack up and 
element feed networks, we would like to avoid complicated structures requiring critical 
alignments or tight tolerances. Elements fed by probes or those requiring cavity type structures 
composed of fence vias are examples of structures which might require more manufacturing 
steps. The final shape ofthe antenna needs to be conformal to the missile and manufacturing 
steps performed while the antenna is cylindrical versus flat (prior to forming) need to be 
carefully considered. 

Performance 
At the beginning of the design it is important to establish what the core performance 
requirements are and how these requirements are to be evaluated. These performance 
requirements should be realistic and based on overall systems engineering requirements. 
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Assuming the proposed antenna design meets the minimum performance requirements with 
some acceptable level of margin, cost is the second most important factor in selecting a candidate 
antenna design. 

6.0 FUTURE WORK 

Future work involves a re-check ofthe simulation results presented here and building some 
prototypes to verify the simulations with actual measured results. One or two of the candidate 
elements will be fabricated in the flat. A feed network will be required to drive all the elements 
ofthe array from a common RF connection. Simulations ofthe entire feed network and elements 
will be performed, both in the flat and conformal to a cylinder. 

Finalizing Element Designs and Feed Network 
There are several elements that show some promise of meeting the bandwidth requirements and 
some additional work is needed to center the resonant frequency and optimize the performance 
ofthe elements. The elements must be put into an array and driven by some type of feed 
network from a common RF port. Designing the feed network involves several decisions such 
as: determining how many elements are needed to meet the radiation pattern requirements, 
choosing the impedance at which to drive the elements and feed routing. 

Thermal analysis 
Thermal analysis will be performed to predict the maximum bond line temperature. Since the 
antenna will be used on a missile traveling at supersonic speed, some aerodynamic heating is to 
be expected during the course of the flight. The antenna cover layer, in this case RT/5870 acts as 
an environmental shield and some analysis is necessary to show that the maximum bond line 
temperature will not be exceeded. 

Import element structure into a PCB layout tool and generate GERBER files 
When the design and simulations are complete and the designer is confident that the element will 
meet the various design requirements, the dimensions of the structure can be exported to a 
GERBER tool or PCB tool to generate artwork for PCB manufacture of the various layers of the 
antenna. 

Design of the bonding mandrels 
Bonding mandrels will be designed. The mandrels are used to bond and form the various layers 
ofthe antenna into a cylinder. 

Building a prototype 
The process of building a prototype first involves having the various antenna layer fabricated at a 
PCB manufacturing facility. The flat circuit boards are then formed into a cylindrical shape on a 
mandrel and the various layers are bonded together using heat and pressure. Some machining of 
the antenna maybe required to remove alignment tabs or drill mounting holes. After this an RF 
connector or cable is attached to the feed point and the antenna is then ready for testing. 
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Chamber testing and pattern measurements 
The testing usually involves measuring the S-parameter, 811 at the RF connector and full pattern 
measurements while the antenna is mounted on the weapon or a mockup ofthe weapon. The 
performance parameters ofTable 1 can be verified in this configuration. 

Qualification testing 
Ifthe antenna then goes into production, qualification testing will be done on several first articles 
to verify that the antenna can meet the environmental and performance requirements. 

7.0 CONCLUSION 

In this paper, the preliminary design of a conformal C-Band telemetry antenna for a small 
diameter missile was presented. Several types of radiating elements were presented along with 
simulation results. The unique and stringent antenna requirements for missile applications were 
presented along with the challenges of obtaining bandwidth for elements close to ground. 
Nonetheless, it seems possible that the lower and middle C-Band telemetry frequencies can be 
supported by one antenna. 
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