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ABSTRACT 
 
Persistent Stare is a surveillance application where a 
Wide Field of View (WFOV) sensor array is made to 
stare at a fixed point on the ground for a prolonged 
period of time.  A stabilized gimbal system is used to 
stabilize and steer the sensor's Line of Sight (LOS) to 
this fixed point.   
 
It is through persistence that patterns of behaviors and 
networks of activities are exposed.  The data collected 
may be used in real time or for forensic analysis after 
an event.   One of many potential applications for this 
technology relates to Vehicle Borne Improvised 
Explosive Devices (VBIED’s). 
 
The purpose of this paper is to discuss stabilization and 
gimbal technology as it applies to the persistent stare 
application.  Limitations of current gimbal systems and 
their operational impact will be discussed.  A new 
gimbal configuration tailored to the persistent stare 
application will be introduced.  Mounting issues will be 
discussed and a new re-configurable pod system will be 
introduced. 
 
For a detailed description of stabilization and gimbal 
technology in general, it is strongly recommended that 
the reader first read "Stabilization, Steering, and 
Gimbal Technology as it relates to Cinematography".  
This is another paper provided by PV Labs Inc.  It 
defines a classification system for stabilized gimbals 
and discusses their attributes and weaknesses.  The 
paper also discusses frames of reference and steering 
modes.  A clear understanding of these principles is 
required to appreciate the technological requirements of 
the persistent stare application. 
 
Items that appear in italics are defined at the end of this 
paper. 
 

INTRODUCTION 
 
Most gimbal systems in use today have been optimized 
for the forward-looking Field of Regard (FOR).  This 
was appropriate for seeker heads and “soda straws” 
(Narrow Field of View surveillance systems).  

However, as persistent stare surveillance comes to 
fruition, we find that the existing gimbal systems are 
not suited to its application.  Persistent stare is all about 
looking at or near nadir as opposed to the horizon. 
Hence the requirement for the “Look Down Gimbal” 
(LDG). 
 
A look down gimbal is simply a system of gimbals that 
is optimized for the look down FOR.  LDG's are not 
new in principle.  They have been used in aerial 
photography for many years.  However, these existing 
systems tend to have a very limited FOR and are 
therefore unsuitable for the persistent stare application.  
What is needed is a gimal system that is optimized for 
the downward looking FOR requirements of the 
persistent stare application.  
 
Gimbal systems can be described by the order of the 
gimbal axes.  The axes are listed in order beginning 
with the outer most axis and finishing with the inner 
most axis.  Where limited travel inner gimbal systems 
are mounted on large travel outer gimbals (see Gen 3 
and Gen 4 as defined in "Stabilization, Steering, and 
Gimbal Technology as it relates to Cinematography") 
the outer axes limits and order determine the FOR 
limitations. 
 

LIMITATIONS  
 
Conventional (Azimuth/Elevation) gimbals like the 
Wescam MX20, SDG X-MAST, or Raytheon MTS 
gimbals experience steering limitations in the look 
down region (Gimbal Lock).  This is because as the 
pitch angle approaches   -90° (nadir) the outer yaw axis 
effectively becomes a roll axis about the LOS.  While 
theoretically the LOS can be positioned in the look 
down region it cannot be fully controlled.  If the LOS is 
required to move across the image the yaw rate required 
will approach infinity as the pitch angle approaches -
90° (see Figure 1).  This is a serious limitation when 
trying to maintain the LOS on a fixed point. 
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Figure 1 - Az/El Gimbal Lock 
 
For this reason conventional Azimuth/Elevation  
(Az/El) gimbal systems need to employ a “GEO 
Steering Exclusion Zone” to prevent the LOS from 
entering an area where it can't be controlled.  This 
exclusion zone should be an angular range about the 
gimbal’s azimuth axis.  If the target ends up in the 
exclusion zone (due to aircraft maneuvering) the LOS 
cannot be maintained on the target. 
 
In addition to the steering limitations the conventional 
yaw/pitch gimbals require a slip-ring in the yaw axis to 
provide an uninterrupted FOR.  This slip-ring is a 
choke point for data bandwidth even with the use of 
FORJ's.  This is a significant limitation given the 
extreme bandwidth requirements of the persistent stare 
application. 
 

OPERATIONAL IMPACT 
 
On the surface it may seem that the steering limitations 
of existing Az/El gimbals could be overcome 
operationally through flying controlled patterns.  A 
fixed wing aircraft in an orbit may have a bank angle of 
10°-15°.   This orbit may result in an angle to the target 
of 25°-35° from nadir. Therefore the LOS will be 35°-
50° off of the azimuth axis of the gimbal.  This is a long 
way from the gimbal lock or exclusion zone. 
 
The experience to date, in several controlled 
experiments has shown that this is not practical.  Wind, 
other air traffic, Air Traffic Control, and the nature of 
pilot induced steering corrections have all conspired to 
make it impractical for the pilot to maintain the sort of 
flight patterns required.  In hostile environments the 
pilot’s need to react to threat warnings further 
complicates this issue. 
 
Additionally, the orbit described above provides 
insufficient lateral G to adequately reduce the heading 

errors in the tactical grade INS.  This problem can be 
addressed by introducing periodic lateral plane 
maneuvers to the orbit or by using heading information 
from a navigation grade INS if available on the aircraft. 
 
Losing the target momentarily may not seem to be a 
major issue for manual data analysis, but for a system 
with automated data analysis it represents a break in the 
contiguous data.  When the LOS returns to the fixed 
point any targets that left the FOV will become new 
targets when they re-enter.  It may be impossible to 
reconnect these data chains because of the uncertainty 
caused by the loss of data.  This may make it 
impossible to track a vehicle back to its point of origin. 
These breaks in the data may occur repeatedly during 
each data set. 
 
In Lighter Than Air (LTA) applications the aircraft 
speed can be very low (even zero).  In this case it is 
desirable to look essentially straight down to minimize 
obstruction caused by buildings in the target area.   This 
requires a gimbal system without exclusion zones in the 
look down FOR. 
 
These problems can be avoided by using a gimbal 
system that is optimized for the look down region. 
 

THE PV LABS LDG 
 
The PV Labs LDG was specifically designed for the 
persistent stare application.  It is essentially a 
Stabilizing Unit with an outer gimbal, dome enclosure, 
and an internal (passive) vibration isolator.  It is 
configured as a roll/pitch gimbal and has no steering 
limitations in the look down region.  This configuration 
allows for large roll angles (±105° or more depending 
on installation) to deal with the combined requirements 
of angle to target and aircraft bank angle.  The pitch 
travel compensates for target lead/lag and is limited to 
±55°.  This allows the aircraft freedom to maneuver 
over the target area.   
 

 
Figure 2 – PV Labs LDG 
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The PV Labs LDG does not require a slip-ring or a 
FORJ as it has no outer yaw axis.  Uninterrupted cable 
runs are possible between the sensors and any off 
gimbal electronics. 
 
The PV Labs LDG is an open architecture, scaleable, 
modular design that can adapt quickly to accommodate 
different sensor requirements (see Figure 2).  It is 
typically 36” x 27” x 25” diameter and weighs 110 
pounds.  Its maximum payload weight capacity is 100 
pounds.  The patented cardan design provides 
unprecedented payload volume and flexibility (ref: 
US6263160).  
 
It is possible to fit the LDG with a third outer axis 
(Roll) making it a Roll/Pitch/Roll gimbal configuration.  
This allows the orientation of the image to be 
controlled about the LOS.  This in turn makes it 
possible to maintain the orientation of the image fixed 
relative to the earth (i.e. North Up).   
 
For the persistent stare application a fixed image 
orientation allows up to 27% more of the image area to 
be persistent.  This efficiency comes at the expense of 
requiring a slip ring or FORJ to pass the sensor signals 
through the additional axis. 
 

STABILITY 
 
When discussing stabilization technology, stability 
usually refers to LOS jitter.  However, in the persistent 
stare application there are three important forms of 
stability that the gimbal system is responsible for: LOS 
Jitter Stability, GEO Steering Stability, and INS Error 
Stability. 
 
LOS jitter is high frequency and can cause smearing of 
the image during the integration time of the camera.  
The desire to extend the operating range of any given 
camera technology into lower light levels with longer 
integration times drives the requirement for jitter 
performance.  High performance gimbal systems like 
the PV Labs LDG, reduce this jitter to below 5 uR 
RMS. 
 
 The stability of the GEO steering control loop can 
cause the FOV to wander about the desired point.  This 
will reduce the effective area persistently covered.   
Target altitude errors will affect accuracy performance. 
 
The third form of stability shows up after the images 
are GEO registered.  Any inaccuracy in the GEO 
location of the LOS will cause static items in the FOV 
to move in the image.  This would interfere with the 
portion of the automated tracking process that removes 
the static items from the image (Star Killer).  There are 
several factors that contribute to this error: LOS to INS 

alignment errors, INS sensitivity, and terrain map 
errors. 
 

ACCURACY 
 
Accuracy, sensitivity, and stability are different things.  
The absolute accuracy of the INS affects the certainty 
of true target location as well as the terrain map 
alignment.  Accuracy is important for targeting 
applications and for combining data from different 
sources.  Sensitivity of the INS is the minimum 
resolvable measurement.  This is what limits the GEO 
registration process.   It is the ability to measure the 
frame to frame changes that allows you to achieve a 
stable GEO registered image.  If the sensitivity of the 
INS is less than a pixel then no additional image-based 
stabilization should be required.  
 
The PV Labs XR/LDG technology has proven itself in 
the field on the Sonoma, Mohawk Stare, and other 
current persistent stare programs.  The PV Labs 
XR/LDG uses proven stabilization and INS technology. 
 

MOUNTING ISSUES 
 
The PV-Labs Universal POD is a strong, light-weight, 
modular, re-configurable pod system. 
 

 
 
Figure 3  
 

CONCLUSIONS 
 
Persistent stare is a “look down” surveillance 
application.  Non-LDG (Az/EL) gimbals are optimized 
for the “forward-looking” Field Of Regard (FOR).  
They experience gimbal lock in the “look down” FOR.  
This can cause a periodic loss of data leading to an 
inability to track an object back to its point of origin. 
 
The PV Labs Look Down Gimbal (LDG) was 
specifically designed for the persistent stare application 
through “lessons learned” during the LLNL Sonoma  
persistent stare program.  It is optimized for the “look 
down” FOR.  Its open architecture and scaleable, 
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modular design allow it to adapt quickly to new 
emerging payload technologies. 
 
The PV Labs XR/LDG’s performance has been field 
proven on the Sonoma, Mohawk Stare, and other 
current persistent stare surveillance programs.  The 
stabilization and INS technology used in the PV Labs 
LDG has been field proven in the PV Labs XR/LDG 
gimbal system.  
 
The PV Labs Universal POD enables an affordable 
persistent stare solution that is “platform independent”. 
 

DEFINITIONS: 
 
FOG:  Fiber Optic Gyro:  An angular rate sensor using 
a laser diode and a spool of optical fiber. 

FOR:  Field of regard.  This is the angular field that the 
gimbal system is capable of controlling the LOS within. 

FORJ:  Fiber Optic Rotary Joint.  This is an optical slip 
ring. 

GEO Steering:  This is a steering mode that allows the 
LOS to be steered WRT the Earth’s frame of reference.  
For the purpose of this discussion we are talking about 
targets entered in terms of Latitude, Longitude, and 
Altitude. 

GEO Steering Exclusion Zone:   In theory this 
exclusion zone should be a circle about the intersection 
of the gimbals’ yaw axis and the earth’s surface.  In 
practice it may be about the earth’s local vertical 
directly under the gimbal system.  This assumes very 
small aircraft pitch and roll angles.  The purpose of the 
exclusion zone is to prevent the control system form 
entering gimbal lock. 

Gimbal:  In its simplest form a gimbal is just a 
mechanical contrivance to constrain the motion of an 
object about a single rotational axis.  Combined 
together, several gimbals can constrain the motion of an 
object about each successive axis (i.e. Pan, Tilt, and 
Roll).  Gimbal is often used to refer to a stabilized 
gimbal system. 

Gimbal lock:  A phenomenon, where 2 or more of the 
gimbal axes in a 3 axes system align, thus reducing the 
effective number of gimbal axes to 2.  Also, the 
condition where the LOS in a 2 axes gimbal system is 
perpendicular to the first axis.  Control systems often 
can’t cope with this condition. 

IMU:   Inertial Measurement Unit:  A sensor unit 
containing an array of 3 gyros and 3 accelerometers. 

INS:  Inertial Navigation System:  A typical INS uses 
an IMU and a GPS or other position reference to 
constantly compute its position and attitude relative to 
the earth. 

LDG:  A look down gimbal is simply a system of 
gimbals that is optimized for the look down FOR. 

Look Down Region:  This is the region that is ±45° 
from nadir. 

LOS:  Line of Sight:  The optical axis of the lens. 

Nadir:  The earth’s local vertical axis. 

NFOV:  Narrow Field of View. 

Orthogonal:  At right angles to each other. 

Parallax:  Generally unwanted vertical and horizontal 
motion of the camera/lens (leftover linear vibration). 

Passive isolation:  Isolation that is not actively 
controlled with a servo system. 

Resolve:  To break down into its component angles. 

WFOV:  Wide Field of View. 

WRT:  With Respect To. 
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