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ABSTRACT 
 
Recent reallocation of L-Band spectrum that was heavily used to support Aeronautical Mobile 
Telemetry has led to a significant spectrum access shortfall. The DoD was authorized to use 
portions of C-Band to address this shortfall. One system directly affected by this is the Rotating 
Airframe Missile (RAM).  
 
An antenna system for the RAM is being developed that will switch between sections of a 
conformal antenna array, activating small subarrays at any given moment. This approach 
minimizes the variation in gain for any particular aspect angle as the RAM rotates, reducing the 
required transmit power. The antenna aperture is designed using GTRI’s fragmented aperture 
technology to provide a very efficient radiator in the space provided. Small subarrays of this 
conformal array are passively combined directly behind the aperture. Inside the RAM body there 
are two actively controlled switches that alternatingly switch which subarrays are fed, always 
ensuring that the two adjacent subarrays pointing in the desired beam direction are active. These 
switches are controlled by an on-board algorithm using data captured from the RAM’s Inertial 
Measurement Unit (IMU) and rate sensors to determine the attitude of the missile at all times and 
dictate which subarrays should be active. 
 
 

INTRODUCTION 
 
In January 2015, the FCC closed bidding on the AWS-3 auction. This auction sold off portions of 
L band that were previously used for telemetry needs, reallocating that spectrum for commercial 
use [1]. The DoD was authorized to use portions of the C-band spectrum to address the resulting 
shortfall. The existing telemetry system on the RAM uses a portion of the sold spectrum, so a 
redesign is required to move this to the newly assigned portion of C-band. As part of this auction, 
$500M was set aside to fund R&D efforts necessary to facilitate transitions like the one described 
here. This effort is funded from this money under the Spectrum Access R&D Program. 
 



The previous RAM telemetry antenna was an omnidirectional antenna, but this design approach is 
ineffectual at C-Band for two reasons: first, the amplifiers are not as efficient at this band, which 
would require higher power consumption and generate more heat; second, the higher directivity of 
the antennas would result in more variation in signal strength received at the base station as the 
platform rolls. This paper describes the proposed antenna array that GTRI is designing to allow 
the RAM’s telemetry system to move to the C-Band, first giving an overview of the technical 
approach, then detailing the system requirements, the radiating elements, and the beamformer, and 
wrapping up with an overview of how the system will be fabricated. 
 
 

TECHNICAL APPROACH 
 
GTRI is designing a conformal fragmented aperture antenna array that will wrap around the 
telemetry section of the RAM. This array will be divided into subarrays, each covering a discrete 
angular sector. Onboard rate sensors and accelerometers will be used to determine the attitude of 
the missile and a pair of switching beamformers to select which subarrays are excited at any given 
time. Figure 1 shows a conceptual rendering of this system. Switching between antenna elements 
to steer a beam has been successfully demonstrated previously [2], [3]. The two switching 
beamformers will feed passive splitters sending the RF signal to two subarrays simultaneously. 
Figure 2 shows the rotational element positions for a single cross-section of the array. The solid 
circle encloses the elements of a driven pair of subarrays and the two dashed circles show which 
elements would be driven for the two adjacent beams. Using this dual-beamformer approach 
allows for higher gain beams than a single beamformer driving the same size subarray because of 
the increased active aperture size of adding a second driven subarray. The angular coverage is kept 
to the fraction of the cylinder covered by a single subarray, resulting in better cross-over points 
than if the larger aperture size were fed with a single beamformer. Figure 3 shows the array factors 
for a driven beam and its adjacent beams calculated at either end of the band of interest. 

 
Figure 1. The Steered Conformal Array for the Rotating Airframe Missile 

 



 

 
Figure 2. Driven Elements for a Single Beam Shown with Driven Elements for the Adjacent Beams. 

 

Figure 3. Calculated Array Factors at Both Ends of the Band of Interest 

 
 

REQUIREMENTS 
 

The requirements for this effort are detailed in Table 1. These requirements are intended to 
guide the technical design choices made for this effort to allow the system to best meet the 
telemetry needs of the RAM. The Axial direction is defined as the direction along the axis of 
the missile. Axial beamwidth is the width of the beam in the plane that is parallel to this axis. 
The antenna must achieve the -7 dBiL gain in order to exceed the gain of the previous omni-
directional antenna, otherwise the stated goal of reducing the required transmit power 
wouldn’t be achieved. 

 



Table 1. System Requirements 

Metric Requirement 

Frequency of Operation 4400 MHz – 5150 MHz 
Polarization Single Linear 

Gain Objective: As high as possible without requiring an on-
board amplifier. 

Threshold: -7 dBiL 
RAM Rotation Rate Objective: 30 Hz 

Threshold: 10 Hz 
Acceptable Variation in 

Gain with Airframe 
Rotation 

Objective: 5 dB 
Threshold: 8 dB 

Antenna Dimensions: Thickness: 0.150” 
Axial Length: 2.938” 
Outside Diameter: 5” 

Axial Beamwidth: Threshold: 90° 
Objective: 170° 

 
 

RADIATING ELEMENTS 
 

The radiating elements designed for this effort employ fragmented aperture technology as 
described in [4]. A fragmented aperture is a patterned metal surface that relies heavily on 
computational electromagnetics and computer optimization. The antennas resulting from this 
design method are not restricted to canonical structures, allowing for highly efficient antennas that 
routinely approach the theoretical limit of antenna performance based on a uniformly illuminated 
aperture. These antennas can be tailored to particular requirements or installations. Some examples 
where this technology could be leveraged include wide bandwidths [5], conformal applications 
[6], and custom radiation patterns [7]. 
 
Careful antenna optimization setup is necessary to achieve the desired antenna characteristics. In 
the rotational dimension, the antenna pattern is dominated by the array factor described in the 
technical approach section. To achieve the desired beamwidth in the axial direction, the available 
length is divided into four antenna elements and amplitude array beamspoiling is used to exchange 
broadside gain for a wide beamwidth axial pattern.  To mitigate performance issues due to edge 
effects from the elements on the top and bottom of this axial length, each edge is allowed to 
optimize independently. GTRI has shown this approach to result in significant reduction of edge 
effects and improved efficiency for small arrays [8]. Due to the amplitude beamspoiling, the 
optimal edge-element feeds have minimal effect on the antenna performance so they have been 
replaced by “dummy” elements that are just patterned copper and have no feed. This significantly 
simplifies the antenna passive beamformer design and the antenna construction. Additionally, 
letting the edges optimize independently frees up the design to add features to these elements that 
are not in the driven elements, like the mounting screws shown in Figure 4. 
 



 
Figure 4. Optimized Array 

This antenna design process can result in a very large solution space. For the application described 
in this paper, each radiating element is defined by 42 bits, resulting in 4.4 x 1012 different possible 
element designs. Freeing the top and bottom elements to correct for edge effects, as described in 
the previous paragraph increases the number of unknowns to 126 and the number of possible 
solutions to 8.5 x 1037. Evaluating all possible solutions is not feasible, so a genetic algorithm is 
employed to efficiently find one of the best cases. This optimization technique will find the optimal 
solution in most cases while evaluating a very small fraction of all possible solutions [9]. 
 
Figure 5 shows the simulated principal plane pattern cuts for a pair of driven subarrays, the axial 
pattern on the left and the rotational pattern on the right. Asymmetry in the antenna pattern is 
introduced by the independently optimized edge elements, which are crucial to achieving the 
beamwidth requirements. Figure 6 shows the broadside antenna gain, which is well above the 
threshold value of -7 dBiL across the band. 
 

  
Figure 5. Principal Plane Patterns for a Single Driven Subarray 



 
Figure 6: Broadside Antenna Gain 

 
BEAMFORMER 

 
As shown in Figure 7, the switched beamformer consists of a power divider and two single throw, 
five pole switches (SP5Ts). As the RAM rotates, the two SP5Ts will alternate switching through 
their five positions, so that two adjacent ports are selected. This results in the ten positions listed 
in the table included in Figure 7. 

 
 

Figure 7. Switched Beamformer RF Schematic and Positions 

To fit in the RAM, the design approach was to keep the switch boards as small and lightweight as 
possible. This goal has the added advantage of keeping the RF traces short which minimizes losses. 
A MACOM PIN diode with integrated bias network was selected for the SP5Ts. For the objective 
rotation rate of 30Hz, each switch will have to switch every 6.7ms, well within the part’s 80ns 
capability [10]. To keep the RF traces narrow and for consistent operation over temperature, the 
SP5Ts are mounted on Rogers TMM10. The 1.5” diameter switch board with its SP5T and drivers 
is shown in Figure 8. Short RF cables will connect the switch board to the passive beamformers. 
The input port is offset slightly so that when the two switch boards face each other with the input 
ports lined up, the output ports going to the antenna subarrays will be staggered. 
 

Position Odd Even
1 J1 J2
2 J3 J2
3 J3 J4
4 J5 J4
5 J5 J6
6 J7 J6
7 J7 J8
8 J9 J8
9 J9 J10
10 J1 J10

Selected Port



 
Figure 8. Switch Board 

 
A separate board connects the two switch boards. Like the switch boards, the divider board is 
designed to be compact and lightweight. A Mini-Circuits divider was selected based on is compact 
size and excellent performance over the frequency band. The divider board is shown in Figure 9. 
 

 
Figure 9. Divider board 

 
 

FABRICATION 
 
The antenna and passive beamformer assembly will be conformal to the exterior surface of the 
RAM.  The antenna artwork will be etched on Taconic TLY-5 substrate. The passive beamformer 
assembly will be a stack-up combining TLY-5 and FR-EZ22p prepreg that will be fabricated using 
traditional Printed Circuit Board techniques. The space between the two PCB components will be 
filled with Cumming Microwave C-Stock AK-500 plastic, which is rigid and must be machined to 
shape. The antenna, plastic, and passive beamformer will be glued together under vacuum into a 
single flush stack-up. Figure 10 shows an early test that was performed using leftover PCB boards 
from a previous program. Pins will be soldered between the passive beamformer outputs through 
the dielectric foam to the antenna feeds. The full conformal antenna assembly will be mounted to 
the RAM body with 40 metal screws on the edge of the antenna, allowing for the removal of the 
antenna assembly if necessary.  
 



 
Figure 10. Testing the Assembly Bonding Process 

The PCBs described in the beamformer section will be fabricated using traditional PCB 
techniques. The press-fit SMP connectors on the active switch boards will attach to small sections 
of semi-rigid coaxial cable that will connect to the subarray feeds that will pass through the shell 
of the RAM to connect to the antenna assembly. Also inside the cylinder will be a small control 
board that will connect to the switch boards by ribbon cables. 
 
 

CONCLUSIONS 
 

This system will allow telemetry data from the RAM to be transmitted to the ground stations 
during a test in a very efficient manner. Driving a pair of subarrays in the alternating fashion 
described increases the gain vs using a single subarray, but allows the angular coverage to 
remain narrow. This results in an aperture gain that is well above the threshold requirement 
while also achieving cross-over points between beams that will keep the variation in gain 
well below the objective. By spoiling the beam along the axis of the RAM, the beamwidth is 
widened enough to meet the threshold.  
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