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Helicopter Rotor Antenna 
Final Progress Report 

Statement of the Problem 

Modern military helicopters require communications capability in a number of frequency 
bands including HF, VHF, and UHF including both AM and FM. A major problem in 
providing such capability has been identifying appropriate antenna types and locations. 
The difficulties are due to interference both internally and externally generated, rotor 
blade modulation, and propagation effects in the operational environment. Antennas 
currently in use include blade type monopoles, towel bars, and whips and these are 
located in a wide variety of positions and locations on the airframe. While some perform 
better than others, all suffer from rotor blade and airframe effects which reduce their 
effectiveness. One location that has not been used to our knowledge is the main rotor 
itself although its attractiveness from an rf point of view has been recognized by many 
designers working in this arena. The main deterrent to use of the rotor has been the 
possible deleterious effects on the aerodynamic effectiveness of the rotor. A secondary 
deterrent has been the issue of conveying the rf power from the transmitter to the rotating 
blades. We believe that the concept proposed here deals effectively with both of these 
issues and may provide a flexible high performance antenna suitable for all relevant 
frequency bands and for both horizontal paths and satcom applications. 

Objective 

JPL's overall objective is to develop an antenna integrated with the main rotor of a 
helicopter which can facilitate communications both over linearly polarized direct line of 
sight horizontal links and via circularly polarized satellite link. When used for horizontal 
line of sight communications, the antenna is to provide angle of arrival information by 
virtue of its despun azimuthal modal patterns. 

The specific objective of the effort reported here is the fabrication and testing of a 
laboratory model rotor antenna to investigate and quantify its anticipated reduced 
susceptibility to rotor blade modulation. 

Approach 

The present antenna is based on the following underlying concept. If one establishes 
within a cylindrically symmetric radio frequency cavity a mode of oscillation, one may 
sample the fields of this mode with probes connected to radiating elements and thus 
radiate the modal energy into free space. The fields of the cavity mode will determine 
the excitation of the radiating elements. If the mode excitation probes are fixed with 
respect to the airframe, the cavity mode fields will also be so fixed.  If now these cavity 



fields are coupled to radiating elements via fixed probes inserted into the cavity, clearly 
the radiation pattern will be fixed with respect to the airframe. However, the key feature 
of this concept is that if the output probes are rotated about the centerline of the cavity, 
the radiation pattern will remain fixed with respect to the airframe regardless of the 
rotation. It is expected that this fixed nature of the pattern will result in significantly 
reduced susceptibility to rotor blade modulation. 

A test of this concept was conducted by fabricating a suitable coaxial cavity from 
aluminum and installing input and output probe loops. The output probes were connected 
to wire radiating elements and the input probes were excited through a beamforming 
network consisting of a 90 degree hybrid and two power dividers arranged to excite the 
TEi i mode of the coaxial structure. In addition, tests were performed in the presence of a 
simulated airframe consisting of aluminum plates. 

Summary of Important Results 

It was shown that the coupler based on the despinning concept does indeed produce a 
radiation pattern which is essentially fixed in both magnitude and phase with respect to 
the input probes. This both provides for communications and permits derivation of angle 
of arrival information. Comparison with a more conventional configuration consisting of 
a dipole beneath spinning rotor blades shows a fivefold reduction in rotor modulation 
effects. Similar effectiveness was demonstrated both with and without the simulated 
airframe. The details of the measurements and a discussion of their implications may be 
found in the technical report listed below. 
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Helicopter Rotor Antenna 
Technical Report 

Abstract 

This effort was directed toward demonstration of the efficacy of a concept for mitigation of the rotor blade 
modulation problem in helicoptor communications. An antenna is envisioned with radiating elements 
mounted on the rotor and rotating with it. The rf signals are coupled to the radio stationary with respect to 
the airframe via a coupler of unique design. The coupler has an rf cavity within which a mode is 
established and the field distribution of this mode is sampled by probes rotating with the radiating 
elements. In this manner the radiated pattern is "despun " with respect to the rotor. Theoretical analysis 
has indicated that this arrangement will be less susceptible to rotor blade modulation that would be a 
conventional fixed mounted antenna. A small coupler operating at S-band was designed, fabricated, and 
mounted on a mockup representative of a helicopter body. A small electric motor was installed to rotate 
the rotor portion of the coupler along with a set of radiating elements during testing. This test article was 
be evaluated using the JPL Mesa Antenna Measurement Facility to establish its ability to mitigate rotor 
blade modulation. It was found that indeed such a coupler will result in a despun pattern and that such a 
pattern can be effective in mitigation of rotor blade modulation. 

Introduction 

Modern military helicopters require communications capability in a number of frequency 
bands including HF, VHF, and UHF including both AM and FM. A major problem in 
providing such capability has been identifying appropriate antenna types and locations. 
The difficulties are due to interference both internally and externally generated, rotor 
blade modulation, and propagation effects in the operational environment. Antennas 
currently in use include blade type monopoles, towel bars, and whips and these are 
located in a wide variety of positions and locations on the airframe. While some perform 
better than others, all suffer from rotor blade and airframe effects which reduce their 
effectiveness. One location that has not been used to our knowledge is the main rotor 
itself although its attractiveness from an rf point of view has been recognized by many 
designers working in this arena. The main deterrent to use of the rotor has been the 
possible deleterious effects on the aerodynamic effectiveness of the rotor. A secondary 
deterrent has been the issue of conveying the rf power from the transmitter to the rotating 
blades. We believe that the concept proposed here deals effectively with both of these 
issues and may provide a flexible high performance antenna suitable for all relevant 
frequency bands and for both horizontal paths and satcom applications. 

Objective 

JPL's overall objective is to develop an antenna integrated with the main rotor of a 
helicopter which can facilitate communications both over linearly polarized direct line of 
sight horizontal links and via circularly polarized satellite link. When used for horizontal 
line of sight communications, the antenna is to provide angle of arrival information by 
virtue of its despun azimuthal modal patterns. 



The specific objective of the effort reported here is the fabrication and testing of a 
laboratory model rotor antenna to investigate and quantify its anticipated reduced 
susceptibility to rotor blade modulation. 

The Concept 

Rotor blade modulation of radiation from an antenna on a helicopter can arise in two 
ways. First, if the antenna is placed on the fuselage, the radiation is periodically scattered 
by the rotor blades as they rotate through the field. See Figure 1. If, on the other hand, 
the antenna is placed on the rotor, the motion of the radiating elements themselves causes 
modulation both because of the varying path length to the antenna at the other end of the 
link and because of periodically varying interactions between the radiating elements and 
the airframe itself. Now, if the fields radiated by the moving elements were fixed in 
space, these periodic variations would be eliminated. 

The present antenna is based on the following underlying concept. If one establishes 
within a cylindrically symmetric radio frequency cavity a mode of oscillation, one may 
sample the fields of this mode with probes connected to radiating elements and thus 
radiate the modal energy into free space. The fields of the cavity mode will determine 
the excitation of the radiating elements. If the mode excitation probes are fixed with 
respect to the airframe, the cavity mode fields will also be so fixed. If now these cavity 
fields are coupled to radiating elements via fixed probes inserted into the cavity, clearly 
the radiation pattern will be fixed with respect to the airframe. However, the key feature 
of this concept is that if the output probes are rotated about the centerline of the cavity, 
the radiation pattern will remain fixed with respect to the airframe regardless of the 
rotation. This feature is illustrated in Figure 1. 

Antenna on Fuselage Antenna on Rotor Antenna on Rotor 
with De-spin Coupler 

Rotor modulation due 
to blade couDline. 

Rotor modulation due 
to Dattem rotation. Rotor modulation 

minimized. 
Pattern is "fuselagefixed.' 

Figure 1. Pattern variation with rotor modulation 



The Design of the Coupler 

To implement the above concept, a cylindrical coaxial cavity is envisioned. At the input 
end of the cylinder, four loops are installed which couple to the magnetic field at the end 
cap of the cavity. At the output end of the cavity there are four output loops which 
similarly couple to the magnetic field at the output cap of the cavity. The output cap and 
these probe loops will be free to rotate about the centerline of the cavity. Simple 
radiating elements (monopoles) are connected to the output probes and arranged in a 
circle on top of the cavity to radiate into free space. The dimensions of the cavity are 
selected such that the TEM coaxial mode, the TEn coaxial mode, and the TE2i coaxial 
mode propagate and all other coaxial modes are beyond cutoff. The TEM mode has no 
azimuthal variation while the other two propagating modes have one cycle of variation in 
azimuth. The axial length of the cavity is chosen so that the TEM mode is resonant and 
diametrically opposed probes are arranged to couple strongly to this mode. Two sets of 
probes are arranged at right angles and excited 90 degrees apart in phase so as to create a 
rotating TEn mode in the cavity which will excite the output probes in a 90 degree phase 
sequence. When connected to vertical monopoles arranged in a circle on top of the 
cavity, this will result in an azimuthally uniform pattern with one cycle of phase variation 
in azimuth. When the radiated field is measured, the stationary nature of the pattern will 
be manifest in a constant phase as the radiating elements are rotated about the coupler 
centerline. 

The coupler designed to operate at 3 GHz according to the above specifications is shown 
in Figure 2. Using the well-known theory of coaxial waveguides [1], one finds that for 
the dimensions shown, the TEM mode resonates at 2.62 GHz (and harmonics thereof) 
while the TE11 mode resonates as desired at 3 GHz. The TE21 mode resonates at 3.96 
GHz while the higher order modes resonate above 5 GHz and are cutoff. The excitation 
probes are located halfway between the inner and outer walls of the coaxial waveguide. 
At this location they do not couple to the TE21 mode. Moreover, the phasing of the 
excitation of the probes is orthogonal to the azimuthal variation of the TE2i mode. Thus, 
the TEn mode is selectively excited. The fields of the TEn mode are shown in Figure 3 
in which the arrangement of coupling loops appropriate to this mode is also indicated. In 
coupling to this mode, these two loops may be fed through a 180 degree hybrid coupler 
or one of the loops can be physically reversed in the cavity and the two fed with a power 
divider. This latter technique is the one used in the measurements to be described below. 
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Figure 2. Coupler design. 



Excitation 
Loop 

Magnetic 
Field 

TEn Mode 

Electric 
Field 

Figure 3. Field distribution of the TEi ( mode. 

Fabrication of the Coupler and Mockup 

The coaxial cavity consists of an aluminum cylinder (9.24 cm inner dia., 1.0 cm wall, 
5.72 cm len.), two close-fitting aluminum endcaps (top & bottom), a 3.49 cm diameter 
aluminum centerpost (center conductor), and 8 SMA bulkhead flange connectors. Four 
equally spaced connectors with 1.0 cm diameter loop-probes were placed on each 
endcap; four input probes on the bottom (stator) and four output probes spinning with the 
top (rotor). The output probes were arranged with loop-planes normal to the 
circumferential direction and were oriented with magnetic fields directed in the same 
CCW sense. The input probes were also arranged with their loop-planes normal to the 
circumferential direction, but the orientation of diametrically opposite loops was 
reversed. See Figure 4 below. 

To assemble the cavity, the centerpost was press-fitted into the bottom endcap and the 
bottom endcap was attached to the cylinder. The top endcap formed a slip-fit to the 
cylinder top and centerpost, hence, the top was free to spin. The cavity assembly was 
mounted to an aluminum interface plate and a d.c. motor and drive assembly was 
attached to interface plate with a belt to drive the top endcap. See Figure 5 below. 



Vertically polarized radiation was obtained by inserting four wire monopoles into the 
output connectors. However, since the diameter (circle) of output connectors on the 
rotor was .67X, the initial section of each element was bent radially inward to bring the 
diameter of the effective array down to AX. See Figure 6 below. 

Horizontal polarization was obtained by replacing the four monopoles with a turnstile of 
bent wires. The upper most portion of each wire was bent radially outward to form one- 
half of a V-ik dipole. Opposite pairs were fed from a small diameter center section of 
"balanced" vertical feed lines. The phasing between these crossed dipoles was 90° 
(turnstile) due to the excitation of dual orthogonal TEn modes in the cavity. See Figure 6 
below. 

Simulated helicopter "body-tail" plates (76 cm len. body, 25 cm high tail) were attached 
to the interface plate and rotor blade was attached to the cavity rotor. This assembly was 
fitted to a positioner mounting plate to facilitate radiation pattern measurements as shown 
in Figure 7. For tests without the rotor blade, an large aluminum disk was attached to the 
cavity rotor in an attempt to hide the cavity-motor assembly and , therefore, to isolate the 
multipath to the tail section only. The cavity assembly with the aluminum disk and body- 
tail plates mounted to the positioner is shown in Figure 8. 

Rotor Stator 

Figure 4. Interior of the coupler. 



Figure 5. Assembled cavity with motor and belt drive. 
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Figure 6. Radiating elements on output ports. 



Figure 7. Cavity assembly with rotor blade and body-tail plates mounted to positioner. 
The single dipole antenna on the body was used to demonstrate rotor blade modulation. 

mm 

Figure 8. Cavity assembly with aluminum disk and 
body-tail plates mounted to positioner. 



Measurements 

A network analyzer spectral scan of S12 for the coupler from one input probe to one 
output probe is shown in Figure 9 and the resonant peaks of the three propagating modes 
are evident. The peaks near 5 GHz and above are due to higher order cutoff modes as 
well as the harmonics of the TEM mode resonance. 
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Figure 9. S12 of the coupler in Figure 4. 

Next a pair of TEn modes was excited by feeding two power dividers through a 90 
degree hybrid coupler. The opposing loops were arranged to couple to the TEi 1 mode 
and the two TE,i modes thus excited were 90 degrees out of phase as shown in Figure 10. 
The aluminum disk was used to hide the cavity-motor assembly (see Figure 8). Using 
this configuration patterns were measured for five fixed positions of the rotor portion of 
the coupler; i.e., 0, 45, 90, 135 and 180 degrees. These are shown in Figures 11a - lie. 
These patterns show that the amplitude is nearly azimuthally isotropic while the phase 
cycles through 360 degrees as the azimuth angle varies from -180 to +180 degrees as 
expected for the two TEi 1 modes excited. The pattern shown in Figure 12 was taken with 
the rotor portion of the coupler driven by the motor. The oscillations are indicative of the 
degree of azimuth independence of the radiation pattern of the radiating array on top of 
the coupler. Variations in the cavity mode field with azimuth appear in this figure as the 
variations with azimuth of the average over the rapid oscillations. Note that the phase 
does not cycle with rotation. Thus, this phase may be used to derive azimuth angle of 
arrival information when receiving a signal. 
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Figure 10. Feed arrangement for two TEH modes phased 90 degrees apart. 
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Figure 1 la. Radiation patterns with rotor fixed at 0 degrees. 
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Figure 1 lb. Radiation patterns with rotor fixed at 45 degrees. 
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Figure lie. Radiation patterns with rotor fixed at 90 degrees. 
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Figure lid. Radiation patterns with rotor fixed at 135 degrees. 
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Figure 1 le. Radiation patterns with rotor fixed at 180 degrees. 
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Figure 12. Radiation pattern with rotor spinning. 
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Figure 13a. Radiation pattern for rotor at 0 degrees with simulated tail 
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Figure 13b. Radiation pattern for rotor at 45 degrees with simulated tail. 
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Figure 13c. Radiation pattern for rotor at 90 degrees with simulated tail. 
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Figure 13d. Radiation pattern for rotor at 135 degrees with simulated tail. 
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Figure 13e. Radiation pattern for rotor at 180 degrees with simulated tail. 
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Figure 14. Radiation pattern for spinning rotor with simulated tail. 

The measurements shown in Figure 13 were taken with the simulated airframe 
(aluminum bracket) in place. Here again, an aluminum disk was used to hide the cavity- 
motor assembly (see Figure 8) . Here we see that the pattern is not isotropic but remains 
fixed with respect to the airframe as the coupler rotor is indexed. Figure 14 shows the 
result of continuous rotation analogous to Figure 12. Angle of arrival measurement is 
more difficult here because the phase curve is distorted due to interaction with the tail. 
This, however, can be calibrated because the pattern is fixed with respect to the airframe. 

Finally, a measurement was taken of the pattern of a dipole mounted on the simulated 
airframe (see Figure 7). In this case, two simulated rotor blades were added to the rotor, 
replacing the aluminum disk. The resulting pattern of the dipole is shown in Figure 15. 
Figure 16 shows the result of rotating the rotor blades to simulate the usual rotor 
modulation situation. Figures 17 and 18 show the corresponding results with the 
simulated tail in place. 
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Figure 15. Pattern of fixed horizontal dipole with fixed rotor. 
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Figure 16. Pattern of fixed horizontal dipole with spinning rotor. 
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Figure 17. Pattern of fixed horizontal dipole for fixed rotor with simulated tail. 
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Figure 18. Pattern of fixed horizontal dipole for spinning rotor with simulated tail. 
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Finally, the vertical monopoles on the rotor were replaced with horizontal monopoles 
corresponding to horizontal polarization and patterns were measured for three fixed rotor 
positions with no rotor blade, no disk, and not tail. These patterns are shown in Figure 
19. Figure 20 shows the result of spinning the rotor during the measurement. 

Azimuth [Deg] 

Figure 19a. Radiation pattern of horizontal monopoles with rotor fixed at 0 degrees. 

Azimuth [Deg] 

Figure 19b. Radiation pattern of horizontal monopoles with rotor fixed at 45 degrees. 
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Figure 19c. Radiation pattern of horizontal monopoles with rotor fixed at 90 degrees. 

Azimuth [Deg] 

Figure 20. Radiation pattern of horizontal monopoles with spinning rotor. 
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Discussion of Results 

From the results shown in Figures 11 through 20 one may infer a number of conclusions 
concerning the efficacy of pattern despinning in mitigation of rotor blade modulation 
effects. Beginning with Figure 11 we see that the pattern amplitude is nearly azimuthally 
uniform in amplitude and that the pattern phase varies nearly linearly at a rate consistent 
with the TEII mode of the coaxial cavity. Furthermore, as the rotor is clocked through 
several fixed azimuthal positions, the pattern stays relatively constant in magnitude and 
phase. This allows one to anticipate that the signal variation with rotation of the rotor at a 
fixed azimuth will be fairly small and this fact is confirmed by the results shown in 
Figure 12. Here the rotor modulation is about ±2 dB in amplitude and about ±10 degrees 
of phase. We believe that this level can be reduced by careful adjustment of the cavity 
excitation and by moving the vertical monopoles closer to the axis of rotation. 

Figures 13 and 14 indicate that similar results are obtained in the presence of the 
simulated fuselage (tail). In particular, it is clear that the pattern is fixed with respect to 
the airframe regardless of rotation of the rotor. This is an important feature of the coupler 
in that it unequivocally demonstrates the despinning effect. 

For comparison purposes, the pattern of a horizontal dipole on the simulated fuselage was 
measured and, as shown in Figure 16, the resulting rotor modulation is about ±10 dB in 
amplitude and about ±50 degrees of phase, or about five times greater than that observed 
using the despinning coupler. Again, we believe that the modulation level with the 
coupler can be further reduced with more careful adjustment of the coupling loops, a 
study of which was not consistent with current resources. 

Finally, Figures 19 and 20 indicate that similar performance may be obtained in 
horizontal polarization. These results again highlight the pattern despinning effect in that 
the original pattern shape of the fixed rotor configuration is clearly visible in the spinning 
rotor measurements. This is clear evidence that the underlying pattern is not rotating. 

Concluding Remarks 

The measurement program described here clearly demonstrates that the operating 
principles of the JPL rotor antenna coupler are sound and that such a coupler can be 
effective in mitigating rotor modulation effects. The reference measurement of a dipole 
modulated by a rotor blade pair showed approximately ±10 dB of modulation. This is 
somewhat greater than the ±1.5 to 3 dB average level reported recently by Birtcher, 
Balanis, and DeCarlo at 100 MHz.[2] This scales to approximately 1.7GHz for our 
model size which is very roughly half our measurement frequency. While this is highly 
dependent on the particular physical configuration, it does point up the fact that the ±2 dB 
level of the current coupler should be improved by more careful adjustment of the 
coupling loops and possibly better mode control in the cavity. 
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Further Work Partially Funded by ARO 

In an effort to more fully understand the cavity modes, measurements of the field 
distribution in the cavity were made. It was noted that a field amplitude variation with 
azimuth of about 3 dB was present and that this variation occurred once per 360 degrees 
of azimuth. Such variation is consistent with the simultaneous presence of the TEn and 
TEM modes. To eliminate the TEM mode while preserving the desired TEn mode, the 
center post of the cavity was cut near the output end cap. This reduced the azimuthal 
variation of the cavity field to 0.3 dB indicating the potential for very significant 
reduction in the rapid oscillations shown in Figures 12, 14, and 20. Unfortunately, 
resources did not permit successful demonstration of this effect via far field pattern 
measurement. 
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