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ABSTRACT

Measuring the roll rate or roll position of a rolling airframe can be difficult. Some of the smaller
missiles, which have roll rates in excess of 20 revolutions per second, have the least amount of room for
a roll sensor such as a laser ring gyro or a quartz rate sensor. The large roll rates coupled with the rate
sensor’s resolution can cause large errors in just a few seconds. The cost for these devices can be very
high. The roll problem on rolling airframes has been solved by using two magnetic sensors that are 90
degrees out of phase from each other to measure the roll. The cost of the sensor is approximately $15
and is packaged in a 20-pin-surface-mount device. This paper addresses the design and the data
processing algorithm to produce roll position. The sensor and algorithm were checked for accuracy on a
CARCO table.
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INTRODUCTION

The roll position of a missile is needed to resolve where it is in earth coordinates when used with pitch
and yaw rates and three axes of acceleration. Small missiles tend to roll at high rates, which can be as
high as 20 revolutions per second. Standard rate sensors are too large to fit into a small missile(i.e. 2.75
inches in diameter or less). The large roll rates also cause large errors to occur in just a few seconds of
flight. For example, a typical quartz rate sensor for roll would require a range of ±7200 degrees per
second to cover a missile that can roll up to 20 revolutions per second. Looking at just the scale factor
accuracy, which is typically about plus or minus one percent of full scale, the position error for a 10
second flight would be ±72 degrees per second times 10 seconds to give ±720 degrees of error. There
are other error sources such as bias, linearity, and g sensitivity. These other errors will just add to the
above error. Data from the magnetic roll sensor demonstrated in this paper shows it has peak errors of
about 10 degrees. The error does not grow over time like rate sensors. This error is probably caused by
the placement of the magnetic sensor and will most likely be reduced or eliminated by placing it on the
missile centerline.

TELEMETRY AND SENSOR DESIGN

The roll sensor is composed of two magnetic sensors that sense the magnetic field of the earth and are
orthogonal to each other as well as to the roll axis. The magnetic sensor used here is made by
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Honeywell(1) and has both sensors packaged in a single 20 pin integrated circuit(IC). Other magnetic
sensors could be used as well. This 20 pin IC is mounted on a circuit board as shown in Figure 1. The
missile telemetry section was made from non-ferrous materials so that it would not affect the
performance of the magnetic sensors.

Figure 1. I MU Layout

The signal conditioning and signal flow for this circuit is shown in Figure 2. The signals from the
magnetic sensor are in the millivolt range. They are amplified with instrumentation amplifiers to have an
output of approximately ±1.25 Volts and are filtered at 200Hz, which is ten times the maximum
expected roll rate. They are then fed into a MUX which is an analog multiplexer. From the MUX, the
signals are sampled at about five times the filter cut off frequency by a 12-bit analog-to-digital(A/D)
converter. The input voltage range of the A/D converter is ±2.5V. The 100 percent margin between the
amplifier output and the A/D input is to account for DC offsets and amplitude changes that occur when
the seeker is turned on or when the sensors are introduced into a different magnetic field. A pulse code
modulation(PCM) encoder formats the PCM data and addresses the MUX as well as controls the A/D
converter. Once the data is formatted, it is sent to the ground via a RF link. All the
formatting of the PCM data is in accordance with IRIG- 106 (2).



Figure 2.  Signal Flow

PROCESSING SENSOR DATA

Figure 3 shows the raw roll sensor data after the PCM data has been received and decommutated on the
ground. The X-axis is samples. One sample is taken every 720 microseconds., The Y-axis is the raw
digital count value from the A/D conversion. In this case, 2’s compliment was used to provide signed
count values. The raw data can be used to determine the direction of roll as well as roll rate over an
interval. The direction is determined by which sensor leads the other. In this case the “Roll” sensor is
leading which means the missile is rolling clockwise. If the “Roll90” sensor led, the missile would have
been rolling counterclockwise. The rate can be determined by counting the number of revolutions over a
given number of samples(i.e. time).

Figure 3.  Raw Magnetic Sensor Data



The data from Figure 3 was collected while the unit was being tested on a CARCO table, which
simulates missile flight and can exercise the missile in all three axes of rate. The CARCO table has truth
data for pitch, yaw and roll position. This data set was taken while the missile rolled at 15 revolutions
per second and performed a ±25 degree pitch maneuver. The pitch maneuver shows up as the low
frequency large amplitude modulation. The higher frequency low amplitude modulation is believed to be
caused by the CARCO table itself. At first there was a concern about being able to determine roll
position from this data. It turns out that both are common mode signals that cancel out.

In figure 1 you will notice that the sensors are always 90E out of phase with respect to each other. In
other words they are in quadrature. They can be thought of as I and Q signals where quadrature
detection can be performed on them. A macro was written in Visual Basic, to come up with an algorithm
to perform the quadrature detection and determine roll position, and is found in Appendix A. The X
values are the “Rol190” data and the Y values are “Roll” data. Before the data is processed with this
macro, it is first scaled and the DC level is found. Notice in Figure 3 that the “Roll” sensor signal has a
larger swing than the “Roll90” sensor. Therefore the peak-to-peak swing of one of the sensors during a
certain interval needs to be determined and scale the other sensor data so it has the same peak-to-peak
swing over the same interval. Next, the DC level is found by averaging data over a large interval where
the missile is rolling. This DC level is used in the macro and is called xmean and ymean. The offset is
the angle that corrects the data so that it starts at zero or its initial condition and is initially set to zero.

The quadrature detection is simply performed by taking the arctangent of the quantity “Roll90” divided
by “Roll”. The arctangent function only returns values between ±90 degrees. We want ±180 degrees.
Therefore, the macro first determines which quadrant the angle is in. This is done by taking the
magnitude(Z) of X(Roll90) and Y(Roll) and performing the arcsine on Y/Z. If the arcsine is positive
then the roll position is simply equal to the arctangent of X/Y. If it is negative, 180 degrees is added to
the roll position data. Finally, the offset is added and the roll position is corrected so it stays between
±180. A flow diagram of the algorithm is shown in Figure 4.

RESULTS

When this algorithm is performed on the data shown in Figure 3, roll position is derived as shown in
Figure 5. Figure 5 only contains the first 5000 samples of Figure 3 so it could be compared to the roll
truth data from the CARCO table. The data set labeled Series 1 is the calculated roll position. Series 2 is
the CARCO truth data. Again, the X-axis is samples and the Y-axis is in degrees. This plot shows that
the calculated roll follows truth very well. Figure 6 is an error plot that was generated by taking the truth
data and subtracting the calculated-roll data. It shows that the peak error was about 10 degrees and has a
periodic function. The spikes in the data are where the data wraps from "180 to - 180 degrees. The
sensor on the CARCO table had a dead spot of 4 or 5 degrees in the region of ± 180 degrees.
Consequently, these spikes vary between +360 to -360 degrees and are not real data.

ERROR CORRECTION

Since the error data was periodic in nature there should be an explanation for it and it might even be
correctable. The algorithm was ran on a data set from a different set of sensors and the same error with
the same peak showed up. The explanation for this error can be found by looking at Figure 1. The
magnetic sensor is not in the middle of the roll axis or the centerline of the missile. The roll sensor
actually performs a cycloid as the missile rolls. Looking up the cycloid function in a Math Handbook(3)

showed the error matching the cycloid. The 58-degree offset shown in Figure I occurs exactly where the
peak error occurs. I tried to implement an error correcting algorithm but found it to be quite difficult to
implement. This error should go away when the roll sensor is moved to centerline of the missile and



Figure 4.  Flow Chart



Figure 5.  Plot of CARCO Truth Data versus Calculated Roll Data

Figure 6.  Calculated Roll Error Plot



results far better than 10 degrees of roll position error can be achieved. For this particular application,
the roll sensor could not be placed on the roll axis since that is where the horizontal and vertical
accelerometers are placed to reduce g errors due to roll.

CONCLUSION

The overall roll position sensor consists of two parts: a sensing element and an algorithm to reduce the
data. The sensing element is a two axes magnetic sensor that senses the change of the magnetic field of
the earth as the missile rolls. The algorithm then takes the two sensor signals, which are in quadrature,
and processes them as though they were I and Q signals. The design implemented in this paper had a
cycloidal error due to the magnetic sensors being off the centerline of the roll axis. The error was about
10 degrees peak and did not grow in time. This error will probably be reduced or eliminated by moving
the sensor to the missile centerline. The two axes magnetic sensor is housed in a single 20 pin IC. The
signals are sampled and sent to the ground where they are processed by an algorithm to obtain roll
position. Another possible application is to implement the quadrature detection with hardware in the
missile and then send down computed roll position.
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APPENDIX A

VISUAL BASIC ALGORITHM


