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This paper will examine practical approaches to improving the pointing of narrow-beam 
telemetry antennas in both auto-tracking and designated (slaved) applications.  Methods of 
refining pointing accuracy and precision, developed for high-precision TSPI auto-tracking 
Radars, will be presented with analysis of their applicability to telemetry antenna pointing.  
Comparisons of control systems, angle calibration techniques, and effects of systematic errors 
will be presented in detail.   
 
The telemetry pedestal and pedestal controller are two important components in the complement 
of hardware and software that make up the ground station portion of a complete telemetry 
system.  Since the goal of telemetry is the successful transfer of data, the hardware directly 
associated with this transfer, ground receivers and airborne transmitters generally receive the 
most attention.  The coming migration to the new beamwidth narrowing frequencies will force 
the telemetry community to put more emphasis on the track loop components and addressing 
calibration techniques to reduce systematic errors. 
 
Track Loop Compensation 
Two primary functions of the pedestal and controller are the acquisition and track of the signal 
generated by the target.  As the carrier frequency increases, the antenna beamwidth decreases.  
For a 5 meter parabolic reflector, changing the frequency from typical L-Band to Mid C-Band 
will drop the -3dB beamwidth from 2.8 degrees down to 0.77 degrees.  This makes the task of 
maintaining track significantly more difficult.  The design and compensation of the pedestal and 
controller now demands more attention for new installations and existing systems may require a 
study to identify possible upgrades to keep them operational.  
 
There are a number of possible problems or deficiencies that may be revealed when the carrier 
frequency is increased.  Pedestal modifications are typically more expensive so corrective action 
should start with the controller.  The controller will typically close a pedestal rate loop and a 
portion of the outer designate (acquisition) and receiver track loops.   
 
The first step is to determine that each loop has a properly compensated track filter.  The forward 
path of the position loop will have a proportional (DC) gain term that determines the velocity 
constant Kv and may have an integral gain term which is required to develop the acceleration 
error constant known as Ka.  Without sufficient Ka the antenna will lag excessively on targets 
requiring the pedestal to accelerate in order to maintain a minimum signal level within the 
antenna beamwidth.  The need for pedestal acceleration is typically driven by the requirement to 
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track targets in pass-course flight with respect to the ground station location.  Pedestal velocity 
and acceleration is a function of target velocity and cross-over ground range and can be 
calculated for all target locations during pass-course flight.  Figure 1 below depicts the geometry 
of a pass-course track. 
 

 
Fig 1.  Pass-Course Scenario 

 

The following equations define the azimuth pedestal velocity and acceleration dynamics required 
to follow a target during a pass-course fly-by. 
 
ωm = Vt / Rc   (Equ 1) 
ωa = ωm sin²A   (Equ 2)  
ώa = 2(ωm)² sin³ A cos A (Equ 3)   
 
Where: Vt = target velocity 
 Rc = range at PCA 
 ωa = pedestal azimuth angular velocity at any angle A 
 ώa = pedestal azimuth angular acceleration at any angle A 
 ωm = maximum angular velocity 
 A = angle from ground station to target, 0 to 180 with PCA = 90 degrees 
For example, a pass-course scenario with a target velocity of 600 ft/sec and a minimum ground 
range of 2500 feet will generate the following curves. 
 

 
 

Fig 2.  Pedestal Azimuth Dynamics 
It can be seen from the chart in Fig 2 that the maximum pedestal velocity ( solid blue line) will 
occur at 90 degree, or at minimum ground range as shown in Fig 1.  A feedback loop is often 
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identified by its system type.  The system type is defined by the number of poles located at the 
origin in the loop transfer function.  A system transfer function with a single pole at the origin is 
known as Type I.  A Type I electro-mechanical positioning system has no integrator in the 
controller and has lag error that is determined by its velocity constant Kv.  Kv can be determined 
from the transfer function: 
 
Kv = lim →  (Equ 4) 
Where: G(s) are the forward path terms of a Type I position loop 
 S is the LaPlace variable 
 
Kv can  be measured by  applying an error and measuring the resulting velocity: 
Kv = Velocity / Error  (Equ 5) 
 
A Type II electro-mechanical positioning system has an integrator in the controller and has lag 
error that is determined by its acceleration constant Ka.  Ka can be determined from the transfer 
function: 
 
Ka = lim → ²  (Equ 6) 
Where G(s) are the forward path terms of a Type II position loop 
 
Ka can  be measured by  applying an error and measuring the resulting acceleration: 
Ka = Acceleration / Error  (Equ 7) 
 
For our pass-course example consider a pedestal and controller with a Type I track loop having a 
typical Kv of 5.  The velocity and acceleration constants have units of (1/sec and 1/sec²) but can 
be treated like unit-less constants for this discussion.  The maximum velocity at PCA will cause 
the antenna to lag the target by 2.75 degrees as shown by the solid blue curve in Fig 3.  The 
addition of an integrator to the forward path of the position loop theoretically increases Kv to 
infinity and shifts the occurrence of peak lag from PCA to ± 30 degrees on either side of PCA 
where maximum required angular acceleration occurs as depicted by the dashed red line in Fig 2.  
Adding a conservative amount of integration to the track loop (Ka = 6) will decrease the peak 
lag/lead to 0.36 degrees as shown by the dashed red curve in Fig 3.   
 
Velocity Lag Error = ωa / Kv  (Equ 8) 
Acceleration Lag Error = ώa / Ka  (Equ 9) 
 
Fig 3 below shows the resulting lag errors for both a Type I loop in solid blue and Type II loop 
in dashed red.  This plot was created by applying Equ 7 & 8 to our simulated pass-course in Fig 
2 with the respective Kv and Ka error constant values defined earlier.  The lag error due to 
system Ka as quantified in the right side vertical axis shows a significant improvement in track 
performance.  Stability permitting, a slight increase in Ka would result in an order of magnitude 
improvement over the Type I loop.  
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Fig 3.  Pedestal Azimuth Lag Error 
 
The desired system Ka will require a minimum supporting position loop servo bandwidth which 
can be approximated with the following rule of thumb equation: 
 
BW = /2.5   (Equ 10) 
 
Once the required pedestal bandwidth has been determined, the position loop forward 
proportional gain term may have to be increased to achieve this performance.  If the bandwidth is 
attainable a forward path integration term can be added or increased to achieve the required Ka.  
If the system Ka is increased without sufficient bandwidth to support it, the likely result will be 
pedestal instability.  Bandwidth peaking, output amplitude increasing beyond the reference 
amplitude, is an important indication of closed loop system stability. 
 
A simple method of measuring loop bandwidth is to inject a sine function via a sum point located 
between the position feedback and the controller.  First establish a reference response amplitude 
using small signal perturbation (low frequency/low amplitude sine wave).  Then increase the 
frequency in small steps while recording the position response.  The frequency at which the 
output drops to -3dB or 0.707 x reference frequency amplitude determines the loop bandwidth.  
If the output amplitude grows beyond the reference frequency amplitude this is known as 
peaking and as a rule of thumb should not exceed +3dB, an indication of loop instability.  A 
position loop integrator will generally cause some peaking but will be manageable as long as 
Equ 10 is somewhat adhered to. 
 
The above concepts can be demonstrated through simulation of a system based on a simplified 
real world pedestal, pedestal controller and track loop.  For this discussion, consider the 
following Type I position loop transfer function: 
 
GCL(s) = [ G(s) / (1 + G(s)H(s))]   (Equ 11) 

GCL(s) = 
	/	 	 ^ 	 	 	 ^ 	 	 	 	

	 	 	/	 	 ^ 	 	 	 ^ 	 	 	
   (Equ 12) 
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Where: G(s) represents the forward path terms of a Type I position loop 
 H(s) represents the feedback which is unity for this example 
 
The velocity constant Kv can be verified by applying G(s) from Equ 12 to Equ 4. 
Kv = lim → [15200 / (s^3 + 200 s^2 + 3040 s)]   (Equ 13) 
Kv = 5  
 
Now run a bandwidth response on the closed loop transfer function, GCL(s), to check loop 
stability.    

 
Fig 4. Magnitude-only Bode Plot of Equ 12 

 
Checking the closed loop Bode plot for excessive peaking and proper magnitude roll-off is one 
method of determining loop stability.  Since this is a Type I servo loop the maximum lag error is 
determined by rearranging Equ 5. 
 
Max Pedestal Velocity / Kv = Max Lag Error   (Equ 14) 
(Vt/Rc)/Kv = Max Lag Error 
(600 ft/sec) / (2500 feet) / 5 = 0.048 Radians = 2.75 degrees 
 
Theoretically, lag could be decreased by a factor of 10 if the loop’s forward proportional gain is 
increased by a factor of 10; producing the following new transfer function and Bode plot. 
 

GCL(s) = 
	/	 	 ^ 	 	 	 ^ 	 	 	 	

	 	 	/	 	 ^ 	 	 	 ^ 	 	 	
   (Equ 15) 

 
Kv = lim → [152000 / (s^3 + 200 s^2 + 3040 s)]   (Equ 16) 
Kv = 50  
 
Based on Equ 14; for the same aircraft pass the theoretical lag would now be: 
(600 ft/sec) / (2500 feet) / 50 = .0048 Radians = 0.275 degrees 
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Fig 5.  Magnitude-only Bode Plot of Equ 15 

 
However the Bode plot of the closed loop frequency response shows extreme instability with 
amplitude peaking approaching +8dB.  Theoretically, the lag error for our pass-course example 
should only be 0.275 degrees but in reality loop instability would prevent a successful track.  
Another good indicator of stability is the unit step response.   
 

 
Fig 6. Unit Step Applied to Equ 15 

 
Figure 6 shows that the pedestal payload will oscillate for almost 1 second if a step response is 
applied to, or summed with, the input.  So simply increasing the forward gain term is not a 
solution for reducing lag error.  Next an integrator is added to the position loop of the original 
system described by Equ 12.   
 

GCLI(s) = 
	 	 	 	/	 ^ 	 	 ^ 	 	 ^

	 	 	 	 	 	/	 	 ^ 	 	 	 ^ 	 	 	 ^
   (Equ 17) 
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The acceleration constant Ka can be verified by applying G(s) from Equ 17 to Equ 6. 
 
Ka = lim → ² 15200	s	 	18240 	/	 s^4	 	200s^3 	3040	s^2    (Equ 18) 
Ka = 6 
 
For the same pass-course the maximum AZ pedestal acceleration is 2.14 deg/sec2. 
Using Equ 9: Max Pedestal Acceleration / Ka = Max Lag Error  
  2.14 / 6 = 0.36 degrees 
 
Now the system will track with a 7.7:1 reduction in lag error without sacrificing stability as 
shown by the following Bode plot where peaking is about +1.6 dB. 

 
Fig 7. Magnitude-only Bode Plot of Equ 17 

 
Servo bandwidth is typically limited by one the following: pedestal torque, resonance 
frequencies or loop gain/compensation.  If a pedestal is torque limited it cannot produce 
sufficient payload acceleration to achieve the movement demanded by the test.  While this is 
more common with an overloaded direct drive pedestal it is typically not the case with a gear 
driven system, however a gearbox tends to significantly reduce the systems locked rotor 
resonance frequency.  This is the frequency at which the mechanical compliance causes the 
motor and load to be 180 degrees out of phase.   
 
Gearbox compliance most commonly causes the lowest resonance frequency but structural 
resonances in the payload or pedestal support tower can also be low enough to effect track loop 
performance.  Improvements can sometimes be made with controller compensation, but if not, 
the mechanical issues must be addressed.  Geared systems with a single drive per axis typically 
have low bandwidth response and very little can be done without adding a second drive train, 
especially for the azimuth axis.   
 
If the required position loop bandwidth is not attainable through a simple loop gain adjustment 
then the root cause/s will have to be determined and corrected.  The next step is to improve the 
pedestal servo’s rate loop response.  Like the position loop, it requires some minimum bandwidth 
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response.   The rate loop is so called because the feedback sensor produces pedestal velocity and 
an error input produces a velocity output.  Typical performance parameters include rate loop 
sensitivity, rise time, over-shoot, bandwidth, deadzone, max velocity and acceleration.  The 
control theory text book listed at the end of this document under References may help to work 
through the performance and stability issues.  The system should typically have a stable rate loop 
with a bandwidth that is ≥ 1.6 times that of the desired position loop bandwidth. 
 
Data Latency 
Target acquisition often depends on an external designate source to position the antenna to a 
target which may be highly dynamic.  Acquisition under these conditions requires a low latency 
data link.  For a target that requires an average azimuth pedestal velocity of 5 deg/sec, a 200ms 
latency in acquisition data will cause the dish to lag the target by one degree.  Coupling this with 
other error sources such as data inaccuracy, inherent servo lag and mount anomalies could keep 
the target far enough outside of the beamwidth to prevent a successful track.  Low sample rate 
from the data source or transmission link can compound the latency due to processing. 
 
Boresight Site Selection 
A properly positioned Boresight tower is essential in accurately calibrating a telemetry system 
for increased pointing accuracy and antenna skew calibrations.  The line-of-sight between the 
tracking antenna and boresight antenna should be clear of all objects which would obstruct the 
reception of a clear signal. Optimally, the boresight antenna should be placed in the far field of 
the telemetry tracking antenna.  
The example below is used to calculate the optimal distance of the boresight antenna from the 
telemetry tracking antenna for a 12ft antenna, operating at the mid point of the new telemetry C 
band of 4400 MHz to 5150 MHz or 4775 Mhz. 
The optimum suggested distance of the boresight antenna from the tracking antenna is 
approximately 426.7 meters or 1400 ft.  The equation for determining this distance is provided 
below. 
 
      2 D2     =  2 x 3.66 M2 =  26.8 meters  = 426.7 meters   (Equ 19) 

        0.0628 M         0.0628 M       
Where:  D = diameter of Antenna Reflector, in meters 
    = Mid-band Wavelength of the Telemetry Frequency Range, in meters 
 
The absolute minimum recommended distance of the boresight antenna from the tracking 
antenna is approximately 213.3 meters or 700 ft.  
  
The absolute minimum distance is: 
 
      1 D2     =  1 x 3.66 M2  =  13.4 meters  = 213.3 meters   (Equ 20) 

          0.0628 M         0.0628 M       
To minimize multipath issues, the boresight antenna should be at a positive elevation look angle 
from the tracking antenna. A 2 degree elevation angle above the center of the tracking  antenna is 
typically desired. The optimum height must be determined by trial and error since harmonics of 
the radiated antenna pattern will exist at certain elevation angles. In many cases the boresight 
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antenna height is limited by the physical height of the boresight tower and placing the boresight 
antenna at different heights on the tower until satisfactory results are achieved is common 
practice.  
 
Boresight and Telemetry Antenna Surveys 
To get accurate position data from the boresight antenna, both the position of the telemetry 
antenna and the boresight antenna must be known. This position information is typically 
collected with a high accuracy GPS survey system.  Azimuth and Elevation “look angles” from 
the tracking antenna to the boresight antenna are generated from the survey data. The look angle 
data accuracy will depend on the survey data accuracy.  Boresight systems that are at the 
minimum distance will require more accurate data than boresight systems placed further down 
range.  
 
Skew Calibrations 
RF Skew is an anomaly which effects the reported verses the actual target position. It is defined 
as the nonorthogonality of the antenna axis to the trunnion shaft in the transverse axis. 
 
The figure below illustrates the Skew of the antenna to the trunnion shaft of the pedestal. 
 

 
 
Skew can be caused by the mechanical interface between the antenna and the pedestal, antenna 
anomalies or a misaligned feed assembly.   It can be removed by mechanical alignments or 
through data corrections after it is measured.  Automated calibration routines that automatically 
apply the data corrections can also be added to many telemetry systems.  
The formula for skew correction is: 
 

EA sec   (Equ 21) 
 
Where:  ΔA = Azimuth correction 
    δ  = Skew 
    sec E = Secant of Elevation 
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Skew = 
	| 	–	 | 	/	

	
   (Equ 22) 

 
Where: AZN = azimuth angle at normal lock-on 
 AZP = azimuth angle at plunge lock-on 
 
Skew can be measured by recording the normal and plunge azimuth angles while locked on the 
Boresight.  The boresight elevation lock-on angle should be less than 5 degrees when taking the 
azimuth measurements for skew.  At this low elevation angle Sec E is near unity. 
 
Observed values: 
Azimuth Normal Reading:  230  Degrees 
Azimuth Plunge Reading:    60  Degrees 
 
 
 
Skew = 5 Deg 
 
Mislevel 
Mislevel is a measure of the offset between the pedestal azimuth axis plane and the plane normal 
to astronomic or gravitational vertical.  Mislevel error can be measured using the stars or a 
gravity level sensor.  This error effects pointing accuracy in both the elevation and azimuth axes. 
 
A reduced form of the equation to apply mislevel correction for Elevation is: 

   AE cos  
Where: ΔE = Elevation Correction 
 ω = Mislevel Amplitude 
 A = Azimuth 
 α = Mislevel Phase 
A reduced form of the equation to apply mislevel correction for azimuth is: 

)sin(tan   AEA  
Where: ΔA = Azimuth Correction 
 tan E = Tangent of Elevation 
 
 
The migration of telemetry to C-Band will elevate the importance of ground station antenna 
pointing accuracy.  Hopefully this review of the more prominent systematic error sources and 
ways of identifying and reducing lag error can help to mitigate some of the challenges to come. 
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