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ANTENNA PATTERN EVALUATION FOR LINK
ANALYSIS

Moises Pedroza
Telemetry Branch

White Sands Missile Range

ABSTRACT

The use of high bit rates in the missile testing environment requires that the receiving
telemetry system(s) have the correct signal margin for no PCM bit errors. This requirement
plus the fact that the use of “redundant systems” are no longer considered optimum
support scenarios has made it necessary to select the minimum number of tracking sites
that will gather the data with the required signal margin. A very basic link analysis can be
made by using the maximum and minimum gain values from the transmitting antenna
pattern. Another way of evaluating the transmitting antenna gain is to base the gain on the
highest percentile appearance of the highest gain value.

This paper discusses the mathematical analysis the WSMR Telemetry Branch uses  to
determine the signal margin resulting from a radiating source along a nominal trajectory.
The mathematical analysis calculates the missile  aspect angles (Theta, Phi, and Alpha) to
the telemetry tracking system that yields the transmitting  antenna gain. The gain is
obtained from the Antenna Radiation Distribution Table (ARDT) that is stored in a
computer file. An entire trajectory can be evaluated for signal margin before an actual
flight. The expected signal strength level can be compared to the actual signal strength
level from the flight. This information can be used to evaluate any plume effects.
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INTRODUCTION

A link analysis is based on the Friis Transmission equation. Most of the time the link
analysis parameters such as a system’s G / T , transmit power, receive antenna gain, and
distance between the source and receive system are easy to obtain. The main assumption is
that the transmitting antenna gain is uniformly equal around the transmitting source. If the
assumption is true, then a link analysis for a tracking system at a particular site can yield



the expected signal margin. This assumption can lead to disastrous results if the signal
margin is below the minimum signal level required for no errors in the PCM data. Also,
since redundant receive systems are history, a better method of analyzing a  tracking site is
necessary. The transmitting antenna gain should be evaluated as a function of the aspect
angles with respect to a proposed tracking site for expected signal margin.

DISCUSSION

RECEIVE SYSTEM

The telemetry tracking system is usually oriented with respect to truth north. The azimuth
angle is zero degrees at true north and rotates clockwise as shown in Figure 1a . The
azimuth and elevation angles from the receive system to the radiating source ( for this
paper, the radiating source is a missile) is determined by the distance equation and simple
trigonometry (Eq. 1-2). The coordinate system is such that for a nominal trajectory
described in x,y,z coordinates, the “+y” direction is north and “+x” direction is east.

TRANSMITTING SOURCE

MISSILE ON LAUNCHER

The transmitting source is usually in the same coordinate system as the receive system
while it is on the launcher. See Figure 1b.
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The parameters that identify the initial orientation of the radiating source while it is on the
launcher are QE and QA, shown in figure 2a. where

QA  =  initial azimuth angle of the radiating source with respect to north.
QE  =  initial elevation angle of the radiating source.

These parameters are used to determine the “initial missile velocity vector” where the term
in quotes equals zero at the launcher but is used to evaluate the initial Theta (θ) and Phi
(Φ) angles from the missile to the tracking site. Theta and Phi are the two angles needed to
obtain the transmit antenna gain from the Radiation Distribution Table.

MISSILE IN SPACE

The transmitting source is visualized as contained inside an imaginary sphere with its own
coordinate system. It consists of the yaw-axis , pitch-axis  and the roll-axis. The additional
information necessary for analyzing the transmitting antenna pattern consists of knowing
the initial -yaw vector orientation and the roll rate. The  -yaw vector is used as the
reference start point (0 degrees) for obtaining the position on the imaginary sphere where
the vector from the tracking system “penetrates” the sphere. The roll rate describes how
the radiation source is rotating about it own longitudinal axis. The aspect angles are Phi
(Φ) along the roll plane, Theta(θ ) along the yaw plane, and Alpha (α ), determined as
1800-θ . The intersection of Theta and Phi  on the ARDT  yields the transmitting gain. Phi
is measured around the center of gravity of the missile from 00 to 3600 in a ccw direction
starting at the -yaw vector tip. Theta is measured from the tip to the tail of the missile from
00 to 1800. See Figure 2b.
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Figure 2.0 (a) Missile orientation on Launcher. (b) Missile orientation in space.



REQUIRED CALCULATIONS

The following calculations yield the aspect angles to obtain the transmitting gain.

1.0 Missile- to- Tracker Vector (SV). This vector is referred to in this paper as the
space vector, where

SV = (Xm -Xt) i  +  (Ym - Yt) j  +  (Zm - Zt) k (1-1)
Figure 3 shows this vector as originating at the launcher  and directed to a tracking
site. The magnitude is  calculated from the space position (Xm,Ym,Zm) and the
tracking system position (Xt,Yt,Zt) using the distance equation

SV = sqrt((Xm - Xt)2 + (Ym - Yt)2 + (Zm - Zt)2). (1-2)

2.0  Missile Velocity Vector (MV) on Launcher. This vector is (a) referenced to the
initial QA and  QE while  the missile is on the launcher and (b) after the missile is in flight
at time tn . See Figure 4a.

(a) Missile on launcher  From Figures 2a and 3, calculate MV.
MV = -GR ∗ cos(90-(360-QA)) i + GR ∗ sin(90-(360-QA)) j + sin(QE) k (2-1)
where GR is the ground range as seen by the missile.
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(b) Missile in flight   
After t0 the missile velocity vector is obtained by differencing the space position
coordinates as ∆Xm, ∆Ym, and ∆Zm  as shown in Figure 4a .
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∆Xm = Xmn - Xmp

∆Ym =  Ymn - Ymp

∆Zm  =  Zmn - Zmp

MV = ∆Xmi  +  ∆Ym j  +  ∆Zm k (2-2)

where the subscripts (mn) and (mp) are:
(mn)   =  next space point in X,Y, and Z direction
(mp)  =  previous space points in X,Y, and Z direction.   

An additional angle, omega(ω ), shown in Figure 4b is obtained from the Theta angle to
project a vector from the center of gravity of the missile to where the tracking space vector
penetrated the sphere. This vector, known as the  roll vector, is in  the roll plane and is
used to calculate Phi.

3.0  Theta Calculation
The dot product between the missile velocity vector and the space vector yields

Theta.

(3-1)

4.0  Alpha Calculation
Alpha (α) is calculated next to give you an indication of how close your line of sight

is to the tail end of the missile where you expect the highest attenuation.

α = 180 - θ 4-1)



5.0 Roll Vector
The  roll vector (RV) is necessary to obtain the Phi angle. It is located on the roll plane

and calculated from the center of gravity of the missile to  the “end of the imaginary
sphere”.

a.  Omega is the angle between the roll vector and the space vector from the missile
to the tracker.

ω = 90-(180- Theta). (5-1)

b.  This angle is used to calculate the roll vector coefficients by multiplying them by
the tracker space vector coefficients. See figure 3.

RV = (Xm -Xt) * cos(ω) i - (Ym-Yt) j + (Zm+Zt) k (5-2)
6.0 Phi Angle

Phi is obtained by calculating the dot product between the -yaw vector (YV) with the
calculated roll vector. The -yaw vector is determined from the initial missile
orientation at the launcher. For this paper, the x - coordinate is - i  (2700), y is 0 j ,
and z is GR∗  tan (90-QE) k. From the dot product,

   (6-1)

7.0 Antenna Radiation Distribution Table (ARDT)
The transmitting gain is obtained by finding the intersection of the Theta and Phi . An

example of an Antenna Radiation Distribution Table is shown in Figure 5.0.

TRANSMIT ANTENNA GAIN PATTERNS

CONTOUR (POLAR ) PLOTS

Contour plots yield complete transmit antenna patterns. The levels are identified as gain
values below the highest value (reference value) of the antenna. They are plotted from 0
degrees to 360 degrees as polar plots identifying a particular “cut” at a given frequency.
These patterns identify deep nulls that may not be otherwise seen. Their major
disadvantage is that they can not be readily identified by Theta and Phi and programmed to
evaluate an entire trajectory.

ANTENNA RADIATION DISTRIBUTION TABLE (ARDT)

An Antenna Radiation Distribution Table overcomes the above problem by digitizing the
gain values as a function of Theta and Phi. The major problem is that if the incremental



measurements are spaced far apart, nulls could be missed in the evaluation. Normal
measurement are made in increments of 0.5, 2, and 5 degrees. At WSMR, the requirement
is for measurements to be made at 2 degrees.
A sample of an antenna gain radiation distribution table is described in document  “IRIG
STANDARD 253-93, MISSILE ANTENNA PATTERN COORDINATE SYSTEM AND
DATA FORMATS”1 . Phi (φ)  is shown along the horizontal-axis  starting at 00 up to 3600

in increments of 20,50, or 100 . Phi depicts the angle around the missile. Theta(θ) is shown
along the vertical-axis from 00 to 1800  in identical increments as Phi. Theta depicts the
angle starting at the tip of the missile to the tail of the missile.
For small missiles the Radiation Distribution Table is measured in a controlled
environment such as an anechoic chamber. The missile is oriented such that the tip of the
missile faces the transmitting source. The start angles for Phi is 00 and for Theta is 00. The
missile is rotated 3600 along  it’s center (roll) axis  while Theta is fixed at 00. Antenna gain
measurements are made at each predetermined increment. After the first set of

Figure 5.0  Radiation Distribution Table showing gain as a 

function of Theta  and  Phi.   



measurements Theta is increased by the predetermined increment and the Phi rotation
repeated. The process continues until the missile has been rotated  1800  in Theta .          
There are occasions when the missile (or object such as an aircraft) is too large or
awkward for this procedure. In those cases, there are different ways to obtain the same
antenna gain values. In these cases the theta and phi are transformed from the measured
angles to the above alignment in order prevent a computer program from having to be
modified.

RESULTS

At WSMR, plots of the range, aspect angle, and signal margin are made for each station
scheduled to support the  missile firing. If the station is acceptable there is a post flight
analysis made to compare the predicted signal margin and the actual signal received. This
information is used to evaluate any unforeseen problems such as plume effects. Figure 6.0
is an example of a flight where you can see the effect of plume attenuation.

Figure 6.0 Plume attenuation test showing actual signal strength, predicted
signal  strength, and aspect angle (alpha).
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CONCLUSIONS

A missile flight should include a very thorough link analysis based on how a missile
maneuvers in space. This information allows the support element to properly select
tracking sites without the need to saturate the area with tracking systems. It also allows the
project (range user) to lower his cost.
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