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ABSTRACT 

Space surveillance requires capabilities for detection, tracking, imaging and characterization of specific objects in 
space environment. In general, most current space surveillance systems are single-sensor based and are not capable of 
generating the desired tracking accuracy, and providing required object characterization. A suite of various types of 
the sensors that are spatially or temporarily separated may thus be used collectively to synthesize a composite, 
improved surveillance picture through fusion and post processing of retrieved data. However, this approach will not 
yield the highest possible data accuracy due to the errors introduced in correlation of location, orientation and 
detection time from different sensors. Furthermore, it may not provide timely surveillance data to the user and hence 
may degrade the utility of these data. In this paper, we present the architecture, operational concept and preliminary 
design of an advanced integrated multi-sensor system (AIMS) for enhanced space surveillance capability to alleviate 
these shortfalls. AIMS employs an active laser tracking and multiple spectral domain (visible and multi-band IR) 
sensing to provide high-resolution tracking, three-dimensional imaging and reliable characterization of space objects 
with down range resolution of 1 cm and velocity measurement accuracy of 1-10 cm/sec in near real-time. The 
engineering and integration of a scale-down prototype of AIMS together with results of initial field tests are reported 
in this paper. Issues, lessons learned, future development plan and potential application of AIMS to space missions 
will be discussed.      
 

1. INTRODUCTION 
Improved capabilities in detecting, tracking, imaging and characterization of space objects are needed for space 
superiority mission. Majority of existing space surveillance systems are single-sensor based and are not capable of 
providing a comprehensive set of surveillance measures for accurate target characterization. For example, the 
effectiveness of passive space objects imaging sensors depends on sun illumination, thus leaving the Earth eclipsed 
targets less detectable. The fusion of data from multiple single-sensor based surveillance systems at different 
locations may encounter difficulty of superposing target features accurately. Post processing of time and space 
partitioned data sources with uncertainty in data delay may render outcome obsolete. This paper discusses the 
progress in development of an advanced integrated multi-sensor system (AIMS) for enhanced space surveillance 
capabilities to alleviate these deficiencies.   
 
To achieve a responsive and enhanced surveillance performance, the AIMS employs a suite of sensors with their 
response across a broad spectral range through a shared optical train. It integrates an active laser tracking system 
(ALTS) module [1, 2, 3], visible and multi-band IR sensors (Near-IR, MWIR and LWIR) to provide a rich set of 
simultaneous surveillance measures that will enable high-resolution tracking/imaging and robust characterization of 
space targets. AIMS operations are performed using a common optical train, and should result in increased data 
reliability and near real-time target characterization with minimal data latency. 
 
This paper summarizes the analysis, design, engineering and integration of an AIMS prototype. Preliminary results of 
limited laboratory and field testing are reported. Potential applications of AIMS to support space superiority and 



other mission areas are also discussed.    
 

2. ARCHITECTURE, DESIGN AND CONCEPT OF OPERATIONS 
 
Existing approaches to track, point and discriminate (TPD) space objects involve a complex suite of interacting 
systems based on such technologies as radar, passive optical [4] and infrared sensing [5], photogrametry [6], 
polarimetry [7], multi-spectral imaging [8], and passive laser tracking [9]. However, current space surveillance 
capabilities are insufficient to meet the desired needs, such as detection and tracking of small/dim objects, event and 
threat detection and characterization, high-resolution 3D space object imagery, and on-demand target information 
gathering with minimum data latency. This insufficiency comes mostly as a result of the immense technical 
challenges involved, including great distances to target and optical aberrations along an observation path, needed 
hemispherical coverage and rapid search, responsive operation, and data fusion from multiple and nonidentical 
sensors. Laser-based methods allow to address some of these technical challenges, particularly effects of atmospheric 
turbulence along an aiming direction, high relative velocity between the surveillance platform and remote target, its 
vibrational spectrum, etc.  
 
The proposed concept of the AIMS was suggested to address and improve certain issues of space surveillance. By 
integrating on a single platform and advanced coherent sensor module (ALTS) with emerging sophisticated visible 
and IR search and track (IRST) technologies this concept introduces an innovative approach to the problem of an 
integrated multi-sensor system for space surveillance. When fully developed and implemented it should enable 
detection, tracking, characterization, discrimination the space objects, as well as event identification, thus 
significantly enhancing the synergy of individual imaging systems. The initial state vector and cueing information for 
AIMS can be provided by conventional radars. Because AIMS will use an active imaging technology, it can operate 
in both day and night and for “dark pass” tracking of satellites through the Earth’s -eclipsed zone. Additionally, 
active illumination provides a means for optical signal gating, which can greatly enhance the signal-to-noise ratio in 
an acquired image. Imaging data that includes multi-spectral information can be used for identifying the composition 
of the targets what is of great utility for discrimination purposes [10]. Based on the conceptual design of AIMS, an 
integrated system with a single illumination source could provide the same functionality as a collection of the 
detached and distributed sensors.  
 
Another advantage of having sensors suite on a single platform with controlled active illumination is to facilitate data 
fusion, a major thrust in surveillance applications that has received much attention in recent years [11,12]. Active 
illumination allows accurate synchronization of several data streams, and a shared optical train ensures that the data 
is referenced to a common coordinate system and clock. As an added advantage, an integrated system can reduce the 
number of required target acquisition handoffs, an error-prone process that tends to slow the response of the tracking 
system in time-critical applications [13]. Since the proposed concept is a single platform, multiple sensor system that 
allows for multi-functional operations (target identification and characterization, plus event and threat detection), it is 
mandatory to miniaturize the complete system to enable space deployment. 
 
Current AIMS architecture comprises of several sensors (ALTS, visible and IR) assembled on a single platform, as 
shown schematically in Fig. 1. In the prototype design, the AIMS can operate independently, although in perspective 
it can work cooperatively, grouping with other “external” systems, such as a large optical telescope, RF radar system, 
or a supercomputer for multi-platform data fusion. In the AIMS conceptual design, the laser ALTS module is the 
heart of the AIMS, allowing it to retrieve key features of the target, such as the 9D state vector (spatial coordinates 
R{x, y, z}, velocity R′, and acceleration R′′) and the spectrum of its mechanical vibrations. Integration of the IR and 
visible imaging channels with the laser tracking channel and parallel data fusion allows for improved identification of 
the target signatures.  
 
Here we discuss the initial development and test results of a prototype AIMS with self-steering ALTS for TPD 
operations [1, 2]. When fully developed and implemented, this system should be capable of monitoring the 9D state 
vector of a remote, fast moving, and maneuvering target or cluster of targets, as well as assessing characteristics of 
the target’s vibrational spectrum. The proposed active laser tracking approach uses optical phase conjugation (OPC) 
to enhance tracking accuracy and pointing stability [14], generate a weak signal amplification [15], and allow for 
correction of the atmospheric distortion [16], the latter two being critical problems in coherent optical imaging of 
remote objects. Unlike adaptive optic (AO) and software-based post-processing techniques (such as speckle imaging 
and blind deconvolution [17]), OPC operates inherently at an extremely high speed; this advantage is especially 
crucial for high-angular velocity objects such as those in the low earth orbit (LEO). Image-based active laser tracking 



has also been demonstrated previously for boost-phase ballistic missile tracking with adaptive optic correction [18], 
and an OPC-enabled imaging/tracking technology could simultaneously address both the tracking and discrimination 
problems.  

 
Fig. 1. Schematic diagram of the AIMS.  

It is important, too, that this technology, when fully developed and deployed, will support not only space object 
tracking, but will also enhance identification and discrimination capabilities by retrieving the specific features 
associated with the vibrational spectrum and thermal distribution of the target. Last, but not least, the proposed 
technology may serve to improve free-space communication between ground-space and space-space platforms due to 
the stability in locking of the laser beam onto the remote target, a feature that is inherent to the proposed concept. 
Thus, the proposed technology has a clear potential for fusing separate components of TPD in a single instrumental 
design, moving the idea of the integrated TPD concept into a technical reality.  
 

3. SYSTEM PERFORMANCE AND METRICS 
 
There are several critical issues in AIMS architecture and operation requirements that define its performance. The 
following we would consider most critical and necessitate for an analysis: the system sensitivity required for shared 
optical train and multiple modules efficient performance, the resolution and energy budget for detecting and 
measuring essential target’s parameters, including 3D state vector, velocity, vibration spectra, incoherent and IR 
imaging, and others. For proper estimation of these metrics it is essential to operate within a well defined range of 
parameters and with the high accuracy in each sensor category. This type of data for a number of candidate sensors is 
shown in Table 1. 

Table 1. Expected accuracies for sensor modalities. 

1 / 0.05 350 150 1000

20 / 1 170 7.5 460

1 / 0.001 3500 30 8200

500 / 5 650 0.3 1750

2000
<1 urad /           

0.1-0.03 m
<0.01 2000 3-10. < 0.1

2000
Variable /        

N/A
N/A 2000 30 N/A

Varying 
Range (pulse 
integration)  

(km)

Cross Range  
ISAR (cm)

Down Range    
(cm)

DETECTION TRACKING IMAGING (SOI)

Range 
(Single 

Pulse) (km)

Beamwidth / 
Cross Range 
Resolution

10
1 deg /             
1.7 km 

@1000 km alt

SYSTEM

Down Range 
Resolution 

(m)

Radar

Band
Size 
(m )

Signal Band-
width  MHz / %

30                      
Spot ISAR

30                
Stretched 

Pulse

Laser Tracking 

Multi-Spectral Imaging

10

3X 15
0.12 deg /  

0.2km@1000  
km alt

L/S

1 / 0.05 350 150 1000

20 / 1 170 7.5 460

1 / 0.001 3500 30 8200

500 / 5 650 0.3 1750

2000
<1 urad /           

0.1-0.03 m
<0.01 2000 3-10. < 0.1

2000
Variable /        

N/A
N/A 2000 30 N/A

Varying 
Range (pulse 
integration)  

(km)

Cross Range  
ISAR (cm)

Down Range    
(cm)

DETECTION TRACKING IMAGING (SOI)

Range 
(Single 

Pulse) (km)

Beamwidth / 
Cross Range 
Resolution

10
1 deg /             
1.7 km 

@1000 km alt

SYSTEM

Down Range 
Resolution 

(m)

Radar

Band
Size 
(m )

Signal Band-
width  MHz / %

30                      
Spot ISAR

30                
Stretched 

Pulse

Laser Tracking 

Multi-Spectral Imaging

10

3X 15
0.12 deg /  

0.2km@1000  
km alt

L/S

 
As an example, the combined use of accurate ranging data from ALTS and an imaging (or IR) sensor can lead to 
accurate target track position estimates, reducing the associated data uncertainty. However, the problem of initially 
combining ALTS and imaging data into a target track when the IR data have no range information is difficult. This 



difficulty may be further compounded by the resolution differences of IR and ALTS or imaging sensors. This is a 
classical data fusion problem that must be addressed in this program. 
 
3.1 Performance Metrics  
Since the goal of AIMS is to integrate several sensors on a single operational platform, and explore the synergy 
among the metrics for all these sensors.  Although the operational characteristics of these sensors are different, they 
can be divided into two categories, i.e., coherent for laser-based techniques and incoherent for others. The key 
parameter for any sensor operation is the signal-to-noise ratio (SNR) that defines AIMS resolution and its ultimate 
assessment capability for critical target features that lead to identification and characterization. The SNR for most of 
the detectors is a multi-variables parameter given by:  
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where ηD is sensor quantum efficiency, PSIG is received signal power, h is Planck’s constant, K1,2 are the coefficients 
that define detector’s responsivity and dark current noise (1) and thermal noise (2), PDK and PTH is sensors equivalent 
dark current and thermal noise power, respectively; and PBK is the background power, B is the electronic bandwidth. 
The SNR for a coherent detector can be expressed as:  
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where ET is the transmitted laser power level, σ is the effective target cross-section, ηatm and ηsys are the atmospheric 
and system transmission factors, D is receiving aperture diameter,  R  is the system range to target. 
 
In addition to the typical set of parameters, each detector has its specific metrics factor. For example, most of the 
commercially available uncooled IR sensors operate in the 8 to 12 µm range. Their performance is a function of 
sensitivity, resolution, and range. Sensitivity, the ability to resolve two objects of nearly equal apparent temperature, 
is measured by noise-equivalent temperature difference (NEdT) and minimum-resolvable temperature difference. 
NEdT, measured in mK, consists of the amount of IR radiation needed to produce a signal equal to the heat (noise) 
created by the detector itself. The lower the noise floor of the system, the lower the NEdT and the smaller the 
detectible signal. Ranging capability depends on resolution and sensitivity, often measured by the Johnson Criteria—
the number of pixels required for users to detect the presence of an object; recognize it well enough to classify it; and 
identify it as a specific member of a class, such as a reentry vehicle versus a decoy.  
 
3.2. Amplification of a Weak Signal with ALTS 
For the ALTS to efficiently amplify the low intensity input signal, it is essential to estimate its sensitivity and the 
required energy of the pumping beams. For ALTS, the spontaneous Brillouin scattering is the ultimate source of 
noise for an angular element of resolution and is determined by scattering of the pump beams on thermal phonons: 

 τ×∆××ω= fnWN h/ ,      (3) 
where hω is the photon energy, Ω= hkTn  ~ 103 – 104 is the number of the thermal phonons at hyper sound 
frequency ΩB that is equal to SBS shift in the NLM at temperature Т, ∆f is the frequency bandwidth of the gain of 
SBS FWM, and τ is the pulse duration of the scattered beam. As a result, the sensitivity of the PCM, for minimal 
energy of the signal beam in a signal spatial mode (on one element of the resolution), is: 
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where η is the quantum efficiency of the amplifier. For λ = 1.06 µm, and typical for Ω = 2×1010 rad/s one can get:  
 Wmin [J] = 5×10-16 ∆f×τ /η.     (5) 

The magnitude of ∆f×τ /η depends upon the character of the FWM. In the region of convective instability, SBS (the 
magnitude of η can be close to 1) the dimensionless bandwidth ∆f×τ is determined by duration of the pump beams 
and SBS bandwidth. In the region of the absolute instability of the SBS, the following ratio is correct: ∆f×τ ~ 1. The 
value of η  is defined as η < 1 if the duration of the pumping and signal beams is equal. For rectangular pulses of 
equal length, and in the absence of saturation effects the ratio 1/η ≅ G/4, where G = 25, is the total increment SBS in 
the field of the counter propagating waves. As a result, the sensitivity of the PCM is: 

 Wmin = 3×10-15 J.      (6) 
Equation (6) estimates a minimal energy per resolution element that can still be phase conjugated. 
 



Next, we estimate the pump beam power required to operate the PCM. The regime of the absolute instability of the 
SBS can be achieved when the gain (M = g×P×l/d2) exceeds the value of threshold Mth ≈ 8 – 12, where g [cm/MW] 
is the coefficient of nonlinearity, Р is the pumping beam power, d is its diameter, and l is the optical path in the 
NLM. Thus, the pump beam power can be found from: 
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where θB is the divergence of a signal beam and θD is the diffraction-limited beam of the diameter d; and 

g
PSing ×π
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=
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25  is the SBS threshold power for a single-mode beam focused in the NLM with high nonlinearity. Thus, 

for g = 2×10-2 cm/MW, PSing ≈ 2×10-2 MW, i.e., in order to resolve 100 spatial elements, the required pumping power 
should be about 2 MW, resulting in the energy level of 100 mJ per beam at pulse duration 50 ns; an energy that is 
fairly achievable in a laser system. 
 
3.3. Range-Energetic Estimations for a Long-Range ALTS 
To aid in understanding the system performance, we will now plot the beam energy at successive locations along the 
beam path. Round-trip losses differ significantly as system-operating parameters are varied with range distances from 
0.5 to 10 km, aperture sizes up to 10 cm, and 2

nC  ranging from 10–16 to 10-13 m-2/3. In an example at 10 km used to 
calculate the required system gain, we found that the round-trip losses without phase conjugation total ~ 90 dB. 
 
The divergence of the outgoing beam was deliberately made large (0.1o) for illumination of the whole target. The 
energy fraction impinging upon the aperture can be calculated by geometry. The solid angle subtended by the 
retroreflector with an aperture diameter Dretro is simply (π/4)(Dretro/R) 2, where R is the range; whereas the solid angle 
subtended by the beam is (π/4)θFOV

2, where θFOV is the full-angle divergence of the illuminator beam (0.1o in our 
case). The energy fraction intercepted is then simply the ratio of the solid angles, or (Dretro/RθFOV)2. This equation 
strictly applies only if the beam is uniform, which was nearly the case for us. When atmospheric scintillation is 
present, the equation still applies over an average of many shots, but only when the target is not closer to the edge of 
the field of view than the spreading caused by atmospheric turbulence. 
 
Atmosphere-induced beam spreading, of course, occurs for both the retro-reflected beams and the phase-conjugate 
beams. Its extent, particularly in the case of the phase-conjugated beam, can be calculated with beam-propagation 
computer programs. However, one can achieve more insight into the effects of atmosphere-induced beam spreading 
by using the physics of atmospheric turbulence to estimate the spreading. First, the theory defines a scale size, the 
transverse coherence length, for atmospheric turbulence. For horizontal propagation through homogeneous 
turbulence, this transverse coherence length is [19]: 
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where 2
nC  is the strength of the turbulence, k = 2π/λ is the wave number, λ is the optical wavelength, and R is the 

range. Second, a generally acknowledged empirical postulate is that the divergence of the entire beam (of diameter 
D) will be equal to the diffraction spreading of a beam having size r0 << D. In this approximation, the beam 
spreading due to turbulence is, therefore, θturb ≈ λ/r0. Finally, the fraction of energy captured by the system aperture 
of diameter Dsys is then the ratio of the solid angles, (Dsys/Rθturb)2 , which has a 1/R2 dependence. For worst-case 
scenario of 2

nC = 10 -13 m-2/3 and R = 10 km, and with λ = 1064 nm, Eq. (8) yields r0 ≈ 2.7 mm, and the beam-spreading 

loss for a 10-cm transceiver aperture is ~ 23 dB. For a weakly turbulent atmosphere 2
nC = 10 -16 m-2/3 and the same 

distance, r0 is equal to 17 cm. In this case, transverse coherent length exceeds the transceiver aperture, i.e., the 
atmospheric effect introduces less loss than diffraction beam spreading.  
 
It follows from preliminary estimations that the total losses can reach up to 88 dB, while FWM technique allows a 
gain up to 60 dB (or 106). Since we project using laser heads with the amplification as much as 100X/pass the 
amplification at a level ¥ 30 dB is achievable.  
  
Obviously, the above discussed metrics are not a complete list of all needed, but just give an indication of the 
complexity of the problems, and they will be extended as the work on this project progresses further.  



4. AIMS DEPLOYMENT AND FIELD-TESTING 
    

Detailed description of the development, system installation and some of the experimental operations are given in [3]. 
According to the approved test-plan the AIMS was deployed at the Precision Impact Range Area (PIRA), Edwards 
AFB. The AIMS was track-loaded as shown in Fig. 2, and was operating in totally self contained mode. The 20 kW 
Baldor generator provided sufficient electrical power to support a single-shot operation of the ALTS with its 
controllers and chiller, computers and electronic modules, though it was insufficient for system’s high repetition rate 
function. There were other factors that would complicate tests performance such as, lack of shielding in the lab-
designed AIMS to prevent the permeation of very fine dust particles inherent to this field test environment. Absence 
of the air-conditioning in the track made it difficult to operate the system efficiently. All these and other factors will 
be taking into account for next field-test experiments.    
 
The track with the AIMS was installed at the top of the hill that dominated the test area, with AIMS oriented towards 
the sight line along the direction of 34o 50′ N/117o 38′ W. Such orientation was dictated by the test safety 
requirements and convenience in repositioning the target along the adjacent roads. On the other hand the system 
orientation resulted in an operating environment with the gusty wind (reaching up to 37 ml/h) hitting almost along the 
same line of sight but in the opposite direction, i.e. from South-West to North-East. This resulted in a strong 
instability of the track with AIMS, thus adding another level of the complexity to this field-test experiments, making 
them immersed in the realistic environment.  

  
Fig. 2. Schematic of the track loaded AIMS 

Once system was installed and adjustment were completed test was initiated starting with a shorter distance between 
the target and AIMS. Fig. 3 (a) illustrates the test area and the path of the vehicle with the target, starting from its 
nearest to the AIMS initial position. The white line on this figure shows the physical path of the target and the green 
line marks the direct line of sight to the most remote position of the target at about 6.38 km the system reliably 
detected and tracked. These data are complemented by the GPS-based records shown in Fig. 3(b) with distance to 
(blue line) and relative altitude (red line) at each tracked location. Position 7 on this figure represents the longest 
distance between the AIMS and the target and corresponds to about 6.4 km. Although further redeployment of the 
target along this line was still possible and ALTS system had possible enough capacity in performing tracking, 
however two critical factors that dictated test termination. Those two are local environment and topographical 
conditions. While topography on the ground restricted further movement area, numerous palm trees and bushes along 
the path made it very difficult to impossible to find a direct non-cluttered sight of view.    
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  5. AIMS TEST RESULTS 
 
The main purpose of the performed field-test and its results serve as a prove of the concept for:  

• Joint operation of coherent (laser-based) and incoherent (visible and IR) multi-sensor system target detection 
through the shared optical train, and posterior data fusion for improved TPD operation; 

• An active laser tracking through turbulent atmosphere layer with system operation based upon the principles 
of optical phase conjugation; 

• Valid experimental demonstration of the laser system with a longest ever made mechanically unstable laser 
cavity;  

• Retrieval of information on target’s 3D state vector. In the current prototype design the system allows to 
detect the range and angular coordinate to the target, although an upgrade of the system capabilities (by 
incorporating a frequency agile local oscillator) will enable retrieval of target’s velocity vector and its 
derivatives.  

 
Although in a field test environment both coherent and incoherent operations and data have been received at once, 
here for simplicity of description we will present and discussed them separately.   
 
5.1. Coherent detection - Active laser tracking.  
In this section, we examine the capability of the system to be locked-on the target at different ranges and through 
turbulent atmospheric conditions. The sequence of images in Fig. 4 illustrates the lasing of the system as the targets 
moves step-by-step further along the path shown in Fig. 3, thus increasing the distance from the stationary AIMS 
platform. As it follows from Fig. 3 and 4 the longest distance we were able to achieve was 6.38 km. There was still 
enough power budget for further increase of the operational range, however rapid change in road topography (see a 
sharp slump of the red curve in Fig.3(b) around location 7) resulted in a loss of direct sight and effective coupling 
between the AIMS and the target.  
 

    
             Loc. 2: 1.2 km                        Loc. 3: 2.7 km                     Loc. 5: 3.6 km                    Loc.7:  6.38 km 

Fig. 4. Imaging of the lasing trace at different range between the laser tracking module and the target. 

Side-to-side relative displacement of the target versus its locked position allowed to verify the system’s field of view 
(FOV). The value of FOV was estimated previously at the laboratory conditions as θFOV ≈ 0.017 rad. The field test 
experiments and measurements supported very closely this value of θFOV. Indeed, stable oscillation and laser beam 
locking on the target has been observed within the θFOV angular zone. Any mutual tuning of the AIMS and the target 
outside of θFOV resulted in a sharp decline of the lasing energy and loss of locking on the target.    
 
Experiments in coherent detection enabled also to perform measurements of the range between the AIMS platform 
and the target. This can be done through an analysis and comparison of the traces of oscillation in the local (master) 
and extended (slave) laser cavities. Since temporal behavior of these two traces of oscillation is coupled, what 
constitutes the operation of the coherent detection segment of the AIMS (detailed description of this segment is given 
in [3]), each representative pulse of the target-locked cavity has a corresponding pulse in the lasing trace of the 
master cavity (but not vice versa). By comparing these two traces enables to derive the range to the target, and two 
measuring methods can be applied in this case. It can be achieved by detecting the time delay between selected pulses 
in both channels or through analysis of the correlation between master and slave trace. Fig.5 illustrates typical result 
for a correlation function with measured distance 1.5 km (a round trip path difference and corresponding time delay 
are equal to 3.0 km). 
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Fig. 5. Traces of oscillation for master and slave cavities (a) and their correlation function with derived time 
delay for a round trip.    

Pulse relationship in both cases [18] provides comparable result as shown in Fig. 6. To some extend this latter 
technique is similar to laser burst method [20] with one significant distinction. Laser burst technique operates through 
the comparison of the outcoming and incoming (reflected off the target) sequence of pulses. This sequence of sent 
and returned pulses is totally independent, while in AIMS configuration those pulses are coherently coupled, and, 
therefore should allow the use of a higher level correlation or use of coherent detection technique, such as 
heterodyne.      
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Fig. 6. Lasing traces of the of Slave and Master cavities at ALTS-target distance 1.5 km.  

5.2  Incoherent detection – passive multi-sensor suite  
In the proposed system architecture shown in Fig. 1 set of incoherent detection can operate through a common optical 
train. The advantages of such a configuration have been already discussed in the preceding sections of this paper, and 
here we just present some technique used and results received.  
 
Fusing multiple bands collected from dissimilar sources (and therefore having different “scaling” and “weight” 
functions in the imaging format) necessitates first for scaling and registering the various images to account for 
variations in camera orientation and resolution in the system. This can be achieved by using an affine transformation 
of the imagery, although the current technique could easily be extended to the use of an x-y homology technique if 
the need arose. The specific affine transformation routine used is the Image.transform function implanted in 
the Python Imaging Library. It employs a 2 × 3 matrix of the following form to resample in input image pixels to the 
output image pixels: 
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    (9) 

This is used in conjunction with a bicubic interpolation filter to interpolate the transformed image. The closed form 
solution of the optimal linear transformation as described in [21] was applied here in order to establish the necessary 
values for the affine transformation matrix.  Given a set of n manually obtained correspondence points in the input 
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By using this technique we were to fuse data from two sources with complementary information and get a single-shot 
image that incorporates multiple values in a color coded format as shown in Fig. 7 (b). Certainly this technique 
requires for further improvement and enhancement, however we must admit that to the best of our knowledge this is 
the first time when the images with coherent and incoherent emission (of very different spectral bands) zones on the 
target have been put together for its potentially better perception and identification.   

 

          
Fig. 7. Visible image of a target set without (a) and with (b) lasing spot taken by CCD camera, IR image of the 
target (c) and fused image received from integration of images.  

 
5.3 Follow-on tests 
Next steps in spiral development of the AIMS capabilities should comprise of:  

 Tracking operation along ground-to-air line of sight. 
 Validation of the AIMS working envelop, in particular:  

 Factors limiting the operational range and performance of the laser tracking module and their augmentation; 
 Demonstration of capabilities in measuring the target’s 3D state vector and its derivatives;   
 Enhancement of AIMS capabilities through broadening its operational spectral band and functionality of 

incoherent detectors (LWIR, colorimetric, polarimetric, others). 
 Synchronization and fusion of the data with different modalities, i.e: imaging (from different spectral bands),  

non-imaging (3D state vector and it derivatives); 
 System operation at image-resolved and nor-resolved conditions (i.e. short-range versus long-range) [22];   

 
Augmentation of AIMS capabilities and improvement in its performance for stepwise progress from a high-altitude 
aircraft, to LEO and MEO satellites and beyond can be achieved through the following steps:  

 Gradual increase of the lasing budget. Current prototype AIMS design is to demonstrate basic functionality of 
its principles of operation. The follow up tests will be directed towards high-altitude aircraft, although the 
system capabilities will not allow to get the outer space targets, limited by budgeting constrains; 

 An optimized design of the shared optical train, aimed to reduce the losses for passive and active tracking 
sensors;  

 Integration of a high speed, programmable tunable local oscillator, needed to retrieve the derivatives of the 3D 
state vector (i.e. velocity, acceleration) as the indicators of target maneuvering;       

 Incorporation of nonlinear optical coherent receiver with amplification and phase conjugation of the  emission 
scattered by non-cooperative target with the level of detection of the order of a few tens of photons on the 
resolved spatial mode. This will enable for a high-confidence detection and discrimination of the remote 
target.    

 



6. CONCLUSION 
  

This paper discusses the progress in the development and field-testing of an advanced integrated multi-sensor system 
(AIMS) for an enhanced space surveillance capability.  The field-testing of a prototype AIMS validated the feasibility 
of AIMS concept for potential application to space superiority, ISR, JWS and homeland defense mission areas. The 
key AIMS innovation is to integrate various active and passive sensors on a single platform, all of them operating 
through a shared optical train. Such architecture enables for simultaneous data flow from the sensors with different 
capabilities and metrics, real-time synchronization of sensing data, and their concurrent fusion. Thus results in an 
increased reliability in target detection, tracking and discrimination. An advanced approach based on OPC principles 
used in the design of the active laser tracking module applied in AIMS allows system operation through a strong 
atmospheric turbulence, thus paves the foundation for an effective ground based space surveillance system. The 
AIMS filed-test, first in a series to be performed in a realistic operational environment, substantiated the functionality 
of the unique approach, its sustainable performance and reliable data retrieval. Experimental data collected and 
lessons learned will be used to design and size the next level of AIMS prototype with significantly extended 
operating range, and the selection and design of test equipment to support a much less constrained testing 
environment.      
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