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WIRELESS COMMUNICATION BETWEEN A 
ROTATING FRAME OF REFERENCE AND A 
NON-ROTATING FRAME OF REFERENCE 

BACKGROUND 

The present disclosure relates to transmission of data, and 
more particularly to the Wireless transmission of data 
betWeen a rotating frame of reference and a ?xed frame of 
reference. 

The transmission of data betWeen a rotating frame of ref 
erence and a ?xed frame of reference is typically accommo 
dated through an electrical slip ring. Unique demands are 
particularly placed on slip ring technology in aerospace appli 
cations such as that betWeen a rotor system and an airframe of 
a rotary-Wing aircraft because of equipment requirements and 
environmental conditions. Such demands are further intensi 
?ed by the continued desire to transmit more data at higher 
reliability to, for example, transmit ?ight control and blade 
position data. 

Wireless transmission of data may be effective, hoWever, 
the reliability of Wireless transmission may be complicated 
by arbitrary electromagnetic interference (EMI) typical in the 
operational environment of aircraft. Further, Wireless trans 
missions may result in emission of detectable radiation Which 
may compromise the aircraft. 

SUMMARY 

A communication system according to an exemplary 
aspect of the present disclosure includes a ?rst communica 
tion module Within a rotating frame of reference and a second 
communication module Within a ?xed frame of reference. 
The ?rst communication module and the second communi 
cation module in Wireless communication at least partially 
through a holloW shaft. 
A method of communication according to an exemplary 

aspect of the present disclosure includes Wireless communi 
cation betWeen a rotating frame of reference and a ?xed frame 
of reference at a frequency above a Waveguide cutoff fre 
quency de?ne by a holloW shaft Within the rotating frame of 
reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various features Will become apparent to those skilled in 
the art from the folloWing detailed description of the dis 
closed non-limiting embodiment. The draWings that accom 
pany the detailed description can be brie?y described as fol 
loWs: 

FIG. 1A is a general perspective vieW of an exemplary 
rotary Wing aircraft embodiment for use With the present 
invention; 

FIG. 1B is a schematic vieW of a drive system of a rotary 
Wing aircraft; 

FIG. 1C is a schematic vieW of a main rotor system of a 
rotary-Wing aircraft; 

FIG. 2 is a schematic vieW of a non-limiting embodiment of 
a Wireless transmission system Which utiliZes a main rotor 
shaft of a rotary-Wing aircraft as a Waveguide; 

FIG. 3 is a plot of the attenuation per unit length equation 
for several siZes of rectangular Waveguides With Width dimen 
sions from 0.1 to 2 in. With a 5:1 L/W ratio; 

FIG. 4 illustrates a plot of rectangular and circular equa 
tions along With plots of their respective cutoff frequencies 
F60 in GHZ; 
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2 
FIG. 5 is a schematic vieW of a main rotor shaft illustrating 

a non-constant inner diameter Waveguide; 
FIG. 6 is a schematic vieW of a distributed Wireless com 

munication system; 
FIG. 7 is a schematic vieW of a non-limiting embodiment of 

a Wireless transmission system Which utiliZes a constant 
diameter Waveguide Within a main rotor shaft of a rotary-Wing 
aircraft; 

FIG. 8 is a schematic vieW of another non-limiting embodi 
ment of a Wireless transmission system Which utiliZes a main 
rotor shaft of a rotary-Wing aircraft as a Waveguide; and 

FIG. 9 is a schematic vieW of another non-limiting embodi 
ment of a Wireless transmission system Which utiliZes a main 
rotor shaft of a rotary-Wing aircraft as a Waveguide. 

DETAILED DESCRIPTION 

FIG. 1A schematically illustrates an exemplary vertical 
takeoff and landing (V TOL) rotary-Wing aircraft 10. The 
aircraft 10 in the disclosed, non-limiting embodiment 
includes a main rotor system 12 supported by an airframe 14 
having an extending tail 16 Which mounts an anti-torque 
system 18. The main rotor assembly 12 is driven about an axis 
of rotation A through a main rotor gearbox (MGB) 20 by a 
multi-engine poWerplant system 22ihere having tWo engine 
packages ENG1, ENG2 (also illustrated in FIG. 1B). The 
multi-engine poWerplant system 22 generates the poWer 
available for ?ight operations and couples such poWer to the 
main rotor assembly 12 and the anti-torque system 18 through 
the MGB 20. The main rotor system 12 includes a multiple of 
rotor blades 24 mounted to a rotor hub 26 driven by a main 
rotor shaft 28 (FIG. 1B). Although a particular helicopter 
con?guration is illustrated and described in the disclosed 
embodiment, other con?gurations and/ or machines, Which 
have a rotating frame of reference and a ?xed frame of refer 
ence Will also bene?t herefrom. 

Referring to FIG. 1B, the main rotor shaft 28 is a rotational 
holloW shaft driven by the MGB 20. The main rotor shaft 28 
is contained Within a rotating frame of reference R While the 
MGB 20 is contained Within a ?xed frame of reference F. An 
upper section 28U the main rotor shaft 28 generally supports 
the rotor hub 26 While a loWer section 28L of the main rotor 
shaft 28 may extend into or at least partially through the MGB 
20 such that access to the loWer section 28L is attainable from 
Within the ?xed frame of reference such as from Within the 
MGB 20 and/or airframe 14 (FIG. 1C). 

It should be understood that although the main rotor shaft 
28 is illustrated in the disclosed non-limiting embodiment as 
a free space Waveguide Which provides for Wireless commu 
nication betWeen a rotating frame of reference R and a ?xed 
frame of reference F, any holloW shaft type structure such as 
the tail rotor shaft 18T (FIG. 1B), a shaft of a gas turbine 
engine or a shaft of an electrical generator may alternatively 
or additionally be utiliZed. Additionally, other systems Which 
may have heretofore utiliZed slip ring technology such as 
sensor turrets and Weapon stations Which require unrestrained 
rotation and data transmission may also bene?t from that 
disclosed herein. The holloW shaft type structure may also 
include non-metallic and composite materials provided that 
the materials su?iciently attenuate Radio Frequency (RF) 
energy. 

Referring to FIG. 2, a communication system 30 includes a 
communication module 30A located Within the rotating 
frame of reference R and a communication module 30B 
located Within the ?xed frame of reference F to provide for 
Wireless communication therebetWeen. In particular, it 
should be understood that Wireless communication includes 
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all forms of electromagnetic radiation, including light of vis 
ible and non-visible frequencies. Such Wireless communica 
tion facilitates Wireless communication of, for example, data 
betWeen a system S such as a sensor system, actuator system 
or other system Within the rotating frame of reference R With, 
for example, a control system C Within the ?xed frame of 
reference F. The Wireless communication facilitates opera 
tions Within the rotating frame of reference R such as on 
blade actions, individual blade control, transmission of blade 
position data and other high bandWidth signal transmission 
data With the ?xed frame of reference F. It should be under 
stood that the communication system 30 may be utiliZed to 
provide Wireless communication betWeen various additional 
or alternative systems and subsystems. 

The communication module 30A Within the rotating frame 
of reference R may be located adjacent the hub 26 (FIG. 1C) 
to minimiZe G loading thereon. The connection betWeen 
communication module 30A and sensors and actuators of 
system S may be by any convenient means, for example, by 
direct Wired connection or by Wireless. An antenna 32A from 
the communication module 30A adjacent the upper section 
28U the main rotor shaft 28 provides for Wireless communi 
cation With a communication module 30B at least partially 
through the main rotor shaft 28. The communication module 
30B Within the ?xed frame of reference F may be located 
adjacent the MGB 20 With an antenna 32B therefrom adjacent 
the loWer section 28L of the main rotor shaft 28 to provide for 
Wireless communication With the communication module 
30A at least partially through the main rotor shaft 28. The 
communication module 30B need not be connected to the 
main rotor shaft 28 and may be ?xed to the MGB 20 and/or 
airframe 14. 

The main rotor shaft 28 may be sealed at the upper section 
28U by a conductive cover 34 that has provisions for the 
antenna 32A Without compromise of the RF integrity of the 
main rotor shaft 28. The conductive cover 34 prevents radia 
tion from escaping into the environment so as to maintain a 
covert system and prevents radiation from the external envi 
ronment from interference With transmission/reception of the 
communication system 30 as Well as prevent external jam 
ming thereof. The main rotor shaft 28 operates as a free space 
electromagnetic Waveguide to facilitate Wireless communi 
cation therein above a cutoff frequency (F60) Without inter 
ference from EMI or emission of detectable radiation. The 
main rotor shaft 28 is defacto a Faraday cage. 

The cutoff frequency (F60) of an electromagnetic 
Waveguide is the loWest frequency for Which a mode Will 
propagate. Consequently, a Waveguide beloW the cutoff fre 
quency Will result in high levels of attenuation for frequencies 
beloW the F60. 

The loWest F60 for a rectangular Waveguide and a circular 
Waveguide is given by the folloWing equations: 

Rectangular: 

Wqvidth in inches; and 
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4 
DIdiameter in inches 
BeloW the F60, the attenuation per unit length (inches) at 

any frequency (F) is given by: 

Where: 
A ULIattenuation per unit length 
F is in MHZ 
Although this equation provides the attenuation per unit 

length, the designer using these relationships should strive for 
at least a 3:1 length-to-Width (L/W) or diameter ratio as 
generally disclosed in FIG. 3. Regardless of the Width, for 
frequencies beloW approximately 1360/3, the attenuation is 
almost independent of frequency. When the frequencies are 
beloW FCO/ 10, the quantity: 

‘/((F 110/ 102- 1) [4] 
approaches (Fm/F). The attenuation per unit length can thus 
be approximated as: 

AUL(dB/in.):0.00463FCo [5] 

After substituting the appropriate F60 for the rectangular 
and circular Waveguide, the attenuation per unit length 
reduces to: 

Rectangular: 

, 27.3 [6] 
AUL(dB/1I1.) = 7 

Circular: 

. 32 [7] 
AUL(dB/1n.) : 5 

Where: 
Wqvidth in inches; and 
DIdiameter in inches. 
FIG. 4 illustrates a plot of the rectangular and circular 

equations along With plots of their respective F60. These plots 
provide the attenuation per inch of length for a rectangular or 
a circular Waveguide With Width and diameter dimensions 
ranging from approximately 0.1 to 1.4 in. for RF energy that 
enters the main rotor shaft 28. The F60 scale shoWs the corre 
sponding frequency limits Where the Waveguide dimensions 
no longer provide the corresponding attenuation values. It 
should be understood that frequencies beloW the cutoff fre 
quency (F60) result in signi?cant attenuation Which Will typi 
cally prevent effective Wireless communication. Waveguides 
also have a small increase in attenuation With frequency 
above F60 and are generally considered usable betWeen 1.3 
times F60 and 0.9 times the cutoff of the next dominant mode. 
The usable frequency bands for complex Waveguide geom 
etries and terminations are typically determined experimen 
tally. 
The main rotor shaft 28 may be highly re?ective internally 

and possibly resonant at the frequencies of interest for the 
communication modules 30A, 30B. The placement of anten 
nas 32A, 32B may thereby be optimiZed for maximum signal 
to noise and, because of the Waveguide effects provided by the 
main rotor shaft 28, the RF path loss Will be approximately 
linear With distance rather than the inverse square. 
The main rotor shaft 28 Will typically have an inner diam 

eter 28D Which is not of a constant inside diameter (FIG. 5) 
and the antenna 32A, 32B may receive a complex impedance, 
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dependant on the antenna pattern. This, in turn, means that the 
antenna pattern and matching network may be readily opti 
mized for the non-constant inside diameter environment of 
the main rotor shaft 28 to achieve optimized performance. 
These optimizations provide for energy ef?cient and reliable 
operation. 

Optimized performance may be achieved, for example, 
through testing, modeling and measurement or other direct 
analysis of the main rotor shaft 28. Alternatively, the opti 
mized performance may be achieved through Orthogonal 
Frequency Division Multiplexing (OFDM). OFDM provides 
for digital modulation in Which a signal is split into several 
narroWband channels at different frequencies to minimize 
any interference in an essentially active manner. 

Dependant at least in part on the design of the antenna 32A, 
32B and details of the surrounding main rotor shaft 28 struc 
tures, there Will likely be signal strength modulation from the 
respective motion of the antennas 32A, 32B due to the spatial 
response pattern and multipath therebetWeen. This may be 
problematic for some modulation techniques, e.g., amplitude 
modulation (AM), but less so for others, e.g., frequency 
modulation (FM). Regardless of AM or FM, the signal 
strength modulation Will change the signal to noise ratio 
(SNR) and may affect the probability of bit error. Once this is 
understood, a number of techniques may be employed to 
mitigate the probability of bit error. One technique is the 
usage of enough poWer so that the SNR is alWays adequate. 
Another technique is error correcting codes (ECC) to detect 
and correct any errors. Both of these approaches depend on 
selecting a priori design limits. Another, approach is to syn 
chronize the communication to the rotation rate for the main 
rotor shaft 28 and only communicate When good SNR occurs. 
The synchronization may be determined analytically, but 
need not be. Furthermore, instead of a function of shaft angle, 
synchronization may be determined experimentally. It should 
be understood that any combination of these techniques may 
alternatively or additionally be utilized such that, for example 
only, adequate poWer, ECC, and synchronization may be 
utilized in combination. 

In one non-limiting embodiment, poWer for the communi 
cation module 30A in the rotating frame of reference R may 
be provided by a battery. Optimization of the antenna pattern 
and matching netWork Will facilitate e?icient poWer usage 
and thereby increases battery life. Alternatively, poWer gen 
eration in the rotating frame of reference R may be provided 
by the rotation of the main rotor shaft 28 Which operates as a 
rotor of an electrical generator to poWer the communication 
module 30A Within the rotating frame of reference R. 

The main rotor shaft 28 operates as a Waveguide for Wire 
less signals of suf?ciently high frequency above the 
Waveguide cutoff frequency Which, for a main rotor shaft 28 
inside diameter of about 1.4 inches (3.5 cm) may be on the 
order of 5-6 GHz. 

While the embodiment schematically illustrated in FIG. 2, 
generally locates the communication modules 30A, 30B at 
the end segments 28U, 28L of the main rotor shaft 28, alter 
nate communication module 30A, 30B placements Will ben 
e?t herefrom. For example, a multiple of communication 
modules 30C on or about the exterior of the aircraft may 
communicate With the communication module 30A adjacent 
the upper segment of the main rotor shaft 28 such that the 
communication modules 30A operates as a relay in, for 
example, a point-to-point or mesh netWork to communicate 
data from Within and Without the aircraft (FIG. 6). 

Referring to FIG. 7, another disclosed non-limiting 
embodiment locates an internal holloW shaft 40 of a constant 
diameter Within the inner diameter 28D of the main rotor shaft 
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6 
28. Whereas the internal holloW shaft 40 is of a consistent 
diameter as compared to the variable inner diameter 28D, the 
Waveguide performance optimization of the internal holloW 
shaft 40 is relatively less complicated. Furthermore, commu 
nication lines, conduits and other transmission or structural 
members may be readily located external to the internal hol 
loW shaft 40 but Within the inner diameter 28D. 

Referring to FIG. 8, another disclosed non-limiting 
embodiment provides for a loWer frequency of operation to 
conduct the Wireless communication through the main rotor 
shaft 28. A communication line 50 such as a coaxial cable, 
optical ?ber, micro strip or other communication line from the 
system S Within the rotating frame of reference R adjacent an 
upper section 28U of the main rotor shaft 28 is hard-Wired to 
a loWer section 28L of the main rotor shaft 28 but still Within 
the rotating frame of reference R. The communication mod 
ule 30A‘ is in Wireless communication With another nearby 
communication module 30B‘ Within the ?xed frame of refer 
ence F. An interface 56 With a rotational antenna 58 and ?xed 
antenna 60 Which are in relatively close proximity provides 
for Wireless communication With a relatively loWer frequency 
of operation due to the proximity therebetWeen. It should be 
understood that the communication module may be of various 
forms so as to support the interface 56 therebetWeen. 

Referring to FIG. 9, another disclosed non-limiting 
embodiment utilizes an interface 58 Which includes a rotating 
probe 62 in the rotating frame of reference R With a ?xed 
pickup coil 64 Within the ?xed frame of reference to provide 
for Wireless communication therebetWeen. It should be 
understood that various other interfaces in relative close prox 
imity may alternatively or additionally be utilized. It should 
be understood that various transmission interfaces may alter 
natively be utilized Which accommodates the MGB 20 (FIG. 
1B) as Well as other components adjacent the ?xed frame of 
reference. For instance, a second probe may be used in place 
of coil 64 or concentric coils may alternatively be used so that 
a distance or orientation betWeen transmitting and receiving 
interfaces Will not vary With rotation. 

It should be understood that like reference numerals iden 
tify corresponding or similar elements throughout the several 
draWings. It should also be understood that although a par 
ticular component arrangement is disclosed in the illustrated 
embodiment, other arrangements Will bene?t herefrom. 

Although particular step sequences are shoWn, described, 
and claimed, it should be understood that steps may be per 
formed in any order, separated or combined unless otherWise 
indicated and Will still bene?t from the present invention. 
The foregoing description is exemplary rather than de?ned 

by the limitations Within. Various non-limiting embodiments 
are disclosed herein, hoWever, one of ordinary skill in the art 
Would recognize that various modi?cations and variations in 
light of the above teachings Will fall Within the scope of the 
appended claims. It is therefore to be understood that Within 
the scope of the appended claims, the invention may be prac 
ticed other than as speci?cally described. For that reason the 
appended claims should be studied to determine true scope 
and content. 
What is claimed is: 
1. A communication system comprising: 
a ?rst communication module Within a rotating frame of 

reference; 
a second communication module Within a ?xed frame of 

reference; and 
a holloW shaft at least partially Within said rotating frame of 

reference, said ?rst communication module and said 
second communication module in Wireless communica 
tion at least partially through said holloW shaft, Wherein 
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said hollow shaft is a main rotor shaft of a rotary Wing 
aircraft, said main rotor shaft rotatable about an axis of 
rotation. 

2. The communication system as recited in claim 1, 
Wherein said ?rst communication module is a transmitter and 
said second communication module is a receiver. 

3. The communication system as recited in claim 1, 
Wherein each of said ?rst communication module and said 
second communication module is a transceiver. 

4. The communication system as recited in claim 1, 
Wherein said holloW shaft is of a non-constant inner diameter 
formed Within said main rotor shaft. 

5. The communication system as recited in claim 1, 
Wherein said holloW shaft is of a constant inner diameter. 

6. The communication system as recited in claim 1, 
Wherein said Wireless communication is at a frequency above 
a Waveguide cutoff frequency de?ned by said holloW shaft. 

7. The communication system as recited in claim 1, further 
comprising a sensor Within said rotating frame of reference, 
said sensor in communication With said ?rst communication 
module through a communication line, said ?rst communica 
tion module in close proximity to said second communication 
module. 
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8. The communication system as recited in claim 1, further 

comprising a communication line connected to said ?rst com 
munication module and a ?rst antenna Within said rotating 
frame of reference, said ?rst antenna in close proximity to a 
second antenna of said second communication module. 

9. The communication system as recited in claim 8, 
Wherein said ?rst antenna is a rotating disk antenna and said 
second antenna is a ?xed disk antenna. 

10. The communication system as recited in claim 8, 
Wherein said ?rst antenna is a probe and said second antenna 
is a coil, or probe. 

11. The communication system as recited in claim 8, 
Wherein said communication line is an optical ?ber. 

12. A method of Wireless communication comprising: 
Wireless communicating betWeen a rotating frame of ref 

erence and a ?xed frame of reference at a frequency 
above a Waveguide cutoff frequency de?ned by a holloW 
shaft at least partially Within the rotating frame of refer 
ence, Wherein the holloW shaft is a main rotor shaft of a 
rotary Wing aircraft. 


