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ABSTRACT 
 
This is the continuation of a paper given at ITC 2010 regarding the design, development, 
production and testing of a novel Tri-Band auto-tracking / receive / transmit feed technology 
combining dual polarization with multiple frequency band coverage (L/S/C) into a single feed 
that can be fitted onto new or existing antenna systems. This technology reduces footprint and 
minimizes life cycle cost, both of which are important considerations for both commercial and 
military communities. This multiband feed design consists of coaxial, concentric waveguide 
cavities operating in TE11 and TE21 modes (Patent Pending).  
 
This paper specifically addresses the manufacture, integration, acceptance testing, installation 
and use of two 10-Foot / 3.0-Meter Tri-band Telemetry Tracking Systems installed and operated 
at Patuxent River NAS, Maryland under the auspices of NAVAIR Atlantic Test Range, 
Telemetry Systems Branch.   What is described herein is the final configuration as delivered, 
antenna test range results, on-site results, and lessons-learned during the development and 
implementation phases. Charts and tables are presented to assist with clarification of relevant 
data for the reader. 
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INTRODUCTION 
 
During the ITC 2010 we presented a paper describing a novel technology for a Tri-Band auto-
tracking antenna feeder [8]. Based on concentrical coaxial cavities the feed allows for collocation 
of radiating elements of several frequency bands at a single focal point of a reflector. An 
intrinsical feature of the design is location of phase centers of all the bands in a single point, 
providing optimal illumination of the reflector at all operating frequencies. It was shown that the 
technology is suitable for both auto-tracking and transmitting functionality in several frequency 
bands. In particular the 2010 paper concentrated on the design of an L/S/C band feed featuring 
simultaneous reception and auto-tracking capability in all three bands. Theory of operation and 
the results of some measurements’ taken from a prototype unit were presented. 
During the last two years Orbit Communication had finished implementation of the Tri-Band 
technology in an actual telemetry system based on a 3m parabolic reflector. Two units had 
successfully passed acceptance testing and were delivered to NAWC China Lake and Patuxent 
River NAS, Maryland. 
 
 

 
THEORY OF OPERATION 

 
Basically, the feed design consists of a formation of coaxial concentric waveguide cavities 
operating in both the TE11 or SUM mode and TE21 DIFFERENCE mode. By switched phase-
shifting of the Difference channel and coupling it to the Sum channel Amplitude Modulation 
(AM) is derived, which is used to define direction and magnitude of the feed and system 
movement to maintain track on a target.   
TE11 mode and the TE21 modes are induced within the concentric coaxial waveguides by means 
of eight probes. The electric field lines produced by the probes are shown in Figure 1 below. The 
resultant patterns are symmetrical about the waveguide axis and is everywhere circularly 
polarized. 
 

  
 

TE11 Mode - SUM  
 

TE21 Mode - Difference  
 

Figure 1. TE11 and TE21 Modes Propagation 
 

90° 
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These modes, normally used in circular waveguide feed design, are also amenable for use in 
coaxial waveguide. The frequency of operation of the modes in coaxial waveguide is dependent 
on the dimensions of the inner and outer radius of the waveguide cavities, the cutoff wavelength 
being roughly equal to the mean circumference of the inner and outer cylinders. The larger 
outermost cavity #1 of the feed operates at low L-Band while the innermost cavity #4 operates at 
C-Band. There are 4 concentric cavities. 3 cavities are fed with orthogonal probes to permit 
polarization diversity in each band, and the center cavity is fed with septum polarizer to permit 
polarization diversity in C-band. Figure 2 below shows schematically the arrangement of the 
cavities. 
 

 
 

Figure 2. Arrangement of the Cavities 
 
Same set of eight probes of each cavity may produce SUM as well as Difference pattern 
depending on the phase with which the probes’ signals are coupled as shown on Figure 3.  
 

 
 

Figure 3. Phase Arrangement for the SUM and Difference Modes 
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The feed produces two simultaneous, circularly polarized patterns as shown on Figure 4. An 
important property of these patterns is that the phase between them varies one degree per degree 
as a target moves at a constant offset angle around the boresight axis. Thus for a target above the 
boresight axis, the received signals from the two patterns are in-phase; for a target offset to the 
right of the boresight axis the phase difference is 90 degrees; below the axis, 180 degrees and to 
the left 270 degrees. This effect holds for both circular polarizations with the exception that the 
phase sequence reverses from one polarization to the other. A squinted composite (track) pattern 
is formed by vector summation of the sum and difference patterns. 
 

   
 

SUM 
 

Difference 
 

Figure 4. Primary Patterns of the Normalized Gain 
 
The squinted pattern is stepped around the boresight axis by sequentially stepping the phase of 
the difference relative to the sum pattern in the feed RF front end as shown schematically in 
Figure 5. The amplitude level of the squinted patterns across the boresight axis is called the 
cross-over level. Increasing the relative power of the difference channel lowers the crossover 
level. Conversely reducing the difference channel power lifts the crossover level up. Adjustment 
of the relative power of the sum and difference channels therefore can produce the crossover 
level desired. Amplitude modulation of the tracking signal will increase as the target emitter 
moves away from boresight. Stepping the phase in quadrature increments scans the beam in four 
orthogonal directions: up, left, down and right. For the opposite polarization the phase sequence 
must be reversed in order to produce the same direction of rotation. 
 
The coaxial cavity feed is ideal for the multiband application because the feed produces high 
efficiency, near optimum illumination patterns and coincident phase centers in all bands. Also, 
because it is a waveguide design, input power levels used in TTR and TT&C systems present no 
breakdown problems. Based on experience with this type of antenna, the feed has proven to be 
an ideal multi-band illuminator for parabolic reflectors and therefore could be used in many 
applications, civilian as well as military, which require multi-band operation.  
 
The design of the cavities at L & S bands involved analysis and simulation using electromagnetic 
simulation software CST STUDIO SUITE® and then running the Primary patterns in the 
GRASP software to achieve secondary patterns. After extensive simulation, it was determined 
that the best approach involved a stair-step configuration due to high VSWR (Voltage Standing 
Wave Ratio) which occurs when trying to fit both L & S band operation in one or two cavities.  
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Figure 5. Tri-Band Feed Composite Channel Forming 
 
The first approach yielded good patterns, but very high VSWR in the TE11 SUM channels for L 
& S band. It was intended from the start to have a VSWR lower or equal to 2.0:1 for Transmit 
requirements and also in order to minimize loss for good G/T measurements. C-band VSWR was 
well below 1.5:1 VSWR in both the SUM and DIFFERENCE TE21 cavities. So, another 
approach was taken. Instead, the largest cavity was used only for the lower L-Band (1435 to 
1540 MHz) DIFFERENCE mode. One set of 90 degree hybrids, combiners and phase shifters 
defines and extracts the TE21 mode.  
 
The design of the feed involved the simulation of its primary and secondary patterns. The pattern 
simulations showed that the feed produced good symmetrical patterns and the pattern beam 
widths were very similar in all three bands. This result is significant because the same reflector 
would be illuminated similarly in L, S, and C bands, a highly desirable outcome. 

 
 

SPECIFICATION HIGHLIGHTS 
 

The feed system allows simultaneous reception and automatic tracking in three frequency bands 
- L, S and C; and two circular polarizations LHCP and RHCP. Transmission with power 
handling up to 250W CW in any of the three bands simultaneous with reception and tracking is 
supported as a future option. 

Supported focal length to diameter ratio (F/D) is 0.37 – 0.45. 
The scan rate of the tracking elements is selectable in the range of 10 to 1,000 Hz.  

Frequency Coverage  
L Low Band [MHz]:  1435-1540  

L High Band [MHz]: 1750-1850 
S Band [MHz]:  2200-2400 

C-Band [MHz]:            4400-5150 (4400-5250 – future option) 

90° 
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ACCEPTANCE TESTING 
 
Extensive acceptance testing was conducted for both the tracking systems supplied including: 

- VSWR of the antenna ports 
- Radiation patterns 
- Axial Ratio 
- Polarization Sense 
- Antenna Gain 
- G/T test 
- Tracking signal ‘S-curves’ measurements 

 
Some of the most important test results are presented below. 
 
G/T measurements 
This test determines the figure of merit (gain versus temperature) of the receiving antenna 
system. The G/T is the ratio of the antenna gain to the system noise temperature. It is a good 
measure of the sensitivity of the receiving system. 
G is the receiving antenna gain minus the feed losses between the receiving antenna and a 
reference point. T is the receiving system temperature comprised of the sum of the antenna noise 
temperature and the receiver noise temperature. 
Direct G/T measurements were performed in accordance with RCC “Test Methods for Telemetry 
RF Subsystems” [9]. The procedure is based upon measurement of a difference between the 
noise levels when the antenna is pointed to the ‘Cold Sky’ and when it tracks the Sun. Reference 
solar power flux density measurements were taken from the closest location - San Vito 
observatory (Italy). 
 

 
 

Figure 6. G/T Measurement Setup 
 
Figure 6 shows the measurements’ setup.  
 
The G/T value was calculated according to the following formula: 
 

2 2
2

1

810log 1kk L PG
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π
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⎝ ⎠⎣ ⎦
 

90° 
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Here 

G
T    - Figure of merit in dB/°K 

k    - Boltzmann's constant (1.380622×10-23 Watts Hz-1ºK-1) 
10sin

2 10
gA

k α=   - Atmospheric attenuation  

gA     - Gaseous absorption in the atmosphere in dB 
  α    - Elevation angle 

1415
2695

2695

SS S
S

Γ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 - Solar power flux density (random polarization) in  

Watts m-2/Hz at the test time and at the test frequency 
 

1415 2695,  S S   - Reference values for the solar power flux density at 1415 
MHz and 2695 MHz as measured by San Vito observatory 
at a time closest to the moment of the test 

log
2695
1415log
2695

f⎛ ⎞
⎜ ⎟
⎝ ⎠Γ =
⎛ ⎞
⎜ ⎟
⎝ ⎠

   

f     - Test frequency (MHz) 
 
λ    - Test wavelength (meters) 

2

1 0.18 d

h

L
⎛ ⎞Φ

= + ⎜ ⎟Φ⎝ ⎠
 - Aperture correction factor 

dΦ    - Angle subtended by the sun (approximately 0.53º) 
 hΦ     - 3-dB beam width of the sum channel 

1P    - Cold sky power meter reading as a power ratio 
 2P     - Power meter reading looking at the sun as a power ratio. 

 
 
The actual results of the G/T measurements are summarized in the Table 1. It shows a good 
repeatability of the performance between the two polarization ports and the two units tested. 
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Table 1. G/T Figures for two 3-m TriBand Antenna Units 
 
 G/T  [dB/°K] 

System No. #57 #58 
FREQ. [MHz] LHCP RHCP LHCP RHCP 

1435 7.5 7.3 6.6 6.6 

1480 7.6 7.9 6.5 7.1 

1525 7.5 7.5 7.3 7.4 

1755 6.9 7.1 7.3 7.4 

1800 8.3 8.4 8.3 8.4 

1850 7.1 7.1 7.5 7.5 

2200 11.9 11.5 11.4 11.4 

2245 11.7 11.0 11.5 11.2 

2290 12.1 11.6 11.9 11.7 

2360 12.1 12.2 12.0 12.0 

2395 12.7 12.4 12.3 12.1 

4400 16.7 16.3 16.1 16.2 

4500 16.5 16.4 16.4 16.4 

4600 16.8 16.9 17.1 16.9 

4700 17.7 17.4 18.3 17.7 

4800 18.1 18.3 18.2 18.3 

4900 18.5 18.4 18.8 18.4 

4940 18.7 19.0 19.1 18.8 

5091 19.1 18.8 19.5 18.9 

5120 19.1 18.9 19.1 19.0 

5150 18.9 18.9 19.2 18.9 
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Radiation Patterns 
Some representative radiation patterns of the composite channel are shown on Figure 7. 
 

 360 deg Patterns 30 deg Patterns 

L-Band 

  

S-Band 

  

C-Band 

  
  

Figure 7. Typical Normalized Radiation Patterns of the TriBand Antenna 
 
 
 
Tracking Error ‘S-Curves’ and Crosstalk 
This test is performed using Orbit’s "Boresight Automatic Measurement" software, which 
performs an automatic measurement of the following parameters:    

 Target location in auto track mode 
 Target stability in auto track mode 
 S-curve error slopes 
 S-curve crosstalk 

The output of the test is a graphical printout of S-curve and crosstalk and a text data file. 
 
The antenna tests were conducted for each of the following: 

 Three frequencies on each band and sub band (five bands in total) 
 For each of the frequencies two ports (LHCP and RHCP) are tested 
 For each test both axes were tested 
 Overall 60 tests 
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‘S-Curve’ is a nickname for a curve representing the relation between the actual boresight error 
of a tracking antenna and the antenna error value reported by the tracking system. Normally the 
curve is expected to be almost linear in the 3-dB range of the antenna boresight. At larger values 
of the boresight error the curve saturates degrading to zero at position of the first null and 
eventually changes the sign to opposite. Thus the shape of a typical curve is reminiscent of a 
Latin latter ‘S’ turned aside. 
An S-curve for an actual tracking system may be measured directly on the antenna range. The 
antenna under test is first pointed to a transmitting source. Then a scan is performed in one of the 
orthogonal antenna planes, while keeping the other at the boresight position. During the scan the 
antenna errors in both planes are recorded versus the actual position of the antenna. The 
procedure is then repeated for the second plane.  
In a well calibrated tracking system the S-curve produced by above procedure should provide a 
good measure of the actual antenna error in the 3-dB beamwidth range. Namely the reported 
antenna error for the scanned plane (azimuth or elevation) shall be close to the actual of-
boresight position. 
Another important characteristic of the tracking antenna, closely related to the S-curves, is the 
crosstalk. While the antenna is displaced from the boresight position only by one of its axes, one 
would expect to have an appropriate antenna error report for this axis and a ‘zero’ error report for 
the other. With a practical tracking antenna this is not exactly the case. Instead, some false error 
values will be reported also in the axis that remains at boresight position. This phenomenon is 
referenced to as a ‘crosstalk’. The crosstalk shall be minimized by the proper antenna design and 
calibration. 
Some representative S-curvs of the TriBand antenna are shown on Figure 8. Solid color lines 
represent azimuth (red) and elevation (blue) error reports. For each frequency there are two cuts 
– in azimuth and in elevation. As axpected in the 3-dB beamwidth boundary, for the azimuth cut 
the azimuth error report is close to actual boresight error, while elevation error report is close to 
zero. The picture is opposite for the elevation cut. 
The Boresight Automatic Measurement software linearises the curves in 3-dB beamwidth 
boundary by a liner curve fitting. The result is shown as dotted lines of correspondent color on 
the plots. Ideally the slope of the curve fit of the antenna error for each cut should be equal to 
one. It is represented on the plot by Greek symbol ρ. The cross talk value is found as an absolute 
valued tangent of angle ϕ on the plot. Angle ϕ represents a value for which the orthogonal planes 
of the antenna shall be ‘rotated’ in order to have an ideal crosstalk for the particular cut. 
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L-Band 

 

S-Band 

 
Lower C-Band 

 

Upper C-Band 

 
Figure 8. ‘S-Curves’ of the TriBand Tracking Antenna 

The red line represents azimuth error report and the blue line elevation error report 
 
 
 

 
 

FURTHER G/T PERFORMANCE OPTIMIZATION 
 
One of the major goals of the TriBand antenna was optimization for G/T performance. In the 
frame of single channel configuration optimal G/T figures were achieved by locating the LNAs 
with the best noise figure available as close as possible to the cavity probes. We can say that this 
approach was applied to the present TriBand configuration as much as possible and no further 
significant improvement of the G/T in this way is feasible. 
There is one more degree of freedom available for the G/T improvement. In the single channel 
configuration one has to combine the sum and difference channel signals into the single channel. 
The ‘price’ to be paid with this approach is that at antenna boresight the noise from the 
difference channel is added to the sum channel noise while no signal is delivered by the 
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difference channel. As a result the signal to noise ratio (SNR) of the composite channel is 
reduced relative to the sum channel alone. This SNR reduction may be estimated as 
 

[ ]

10log 10log

reduction sum combined

coupling

SNR dB SNR SNR
S S

NN N A

= −

= −
+

 

Where S  and N  stand for the signal and noise power respectively and couplingA  is the sum to 
difference channel coupling ratio. 
Selection of an optimal value for couplingA  presents a tradeoff between SNR of the composite 
channel and boresight error sensitivity. Indeed, increase of couplingA  value will take the composite 
SNR close to the sum channel SNR, but at the same time reduce the boresight error sensitivity. 
Comparison of the TriBand antenna G/T measurements on the composite channel versus the sum 
channel shows a difference of up to 1dB in favor of the sum channel. 
Consequently, in applications where the G/T maximization for a given reflector size is critical, 
one may consider a configuration of separate ‘tracking’ and ‘data’ channels. The data channel is 
split from the LNA amplified sum channel before the coupling with the difference channel. In 
this way the data channel preserves the original sum channel SNR. 
 
 
 

L-BAND INTERFERENCE ON TEST RANGES 
 
The issue that presented much difficulty during the TriBand antenna integration and testing was 
a powerful RF interference in L-band, especially in its upper part – 1750-1850 MHz. The 
interference is primarily due to cell phone networks operation. 
While the antenna radiation patterns and S-curves measurements were difficult, the G/T 
measurements in 1750-1850 MHz band were completely impossible in urban arias and required 
deployment of the system under test in a remote location. Figure 9 below shows a test 
deployment in the Negev desert. 
Continuous development of the wireless networks in populated arias will make open antenna 
range testing more and more challenging for manufacturers. In this sense departure from the 
1750-1850 MHz band in telemetry applications shall reduce development and manufacturing 
cost of tracking antenna systems. 
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Figure 9. G/T Test Deployment in the Negev Desert 
 

 
 

SUMMARY 
 
We have shown the design essentials and the performance highlights of the novel TriBand 
(L/S/C band) auto-tracking antenna. Testing methodology and results are presented as well. The 
current design of the antenna provides practically the best possible G/T (gain versus temperature) 
figure for the single channel configuration. Further increase of the G/T is possible by the 
introduction a separate RF ‘data’ channel.  
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