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Abstract: The attractiveness of flying several Synthetic Aperture Radar (SAR) 
satellites in a semi-active configuration has been proposed by several studies. The 
closest implementation of such a mission scenario is exemplified by the current 
TerraSAR-X and Tandem-X mission, where both spacecraft are identical monostatic 
platforms capable of operating in various modes. The Bistatic operation mode of the 
Tandem-X mission is a basic form of the semi-active Multi-static operation mode 
where one satellite serves as a transmitter while the other records the scattered 
signals simultaneously. The use of a typical monostatic SAR spacecraft operating in-
tandem with several receiver only spacecraft is a semi-active mode of operation. 
This paper examines the capabilities of implementing a constellation of S-band 
spaceborne SAR platform for alongtrack interferometry over the Equatorial Region 
for velocity measurement with particular focus on ship detection. The proposed orbit 
for the mission is a low inclined circular low Earth orbit, which ensures high revisit 
time, quick coverage and high data throughput. The pendulum orbital configuration is 
adopted to maintain the relative distance between successive SAR platforms. The 
conditions and constraints necessary to achieve the orbit geometry required to 
conduct alongtrack interferometry are defined. The alongtrack separation between 
platforms necessary to measure specified ship velocity is also discussed. Finally an 
error budget estimate of the measure radial velocity is provided.    
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1. Introduction 

The benefits of spaceborne SAR interferometry are currently being demonstrated by 

recent and planned future missions [1-6]. SAR interferometry is a remote sensing 

technique capable of providing data to understand various natural phenomena on 

Earth. Generally speaking, SAR interferometry involves the use of the phase 

differences in the same transmitted signal, received at two different locations to 

compute additional information about the imaged terrain [16]. The computed 

information is useful in generating maps of digital elevation models. Specifically, 

alongtrack SAR interferometry provides means of detecting moving targets within the 

view scene of the sensors, and allowing velocity measurements of these targets. 
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Alongtrack SAR interferometry has a distinction which provides a substantial 

advantage over conventional optical sensors mainly due to its all weather, day/night, 

high resolution capabilities analogous to conventional monostatic SAR. One 

application area is in sea surface observations to investigate phenomenon such as 

wave spectra and ocean currents on the basis of superficial velocity distributions. It 

has been used to improve measurements from conventional SAR data as well as 

understand the nature of SAR imaging of ocean waves and surface [6 - 11]. 

Furthermore, a plethora of operational applications areas such as fisheries 

management, warning on potential hazards to human and marine life, observation of 

internal gravity waves as well as surveillance of surface slicks or films such as oil 

spills have been investigated [12].  

The all-weather/light capability of a SAR system and the desire for a high rate revisit 

time over a pre-defined coverage area informs the use of a space-borne SAR 

interferometric configuration. Furthermore, the requirement for a low cost mission 

dictates the investigation of a multistatic configuration of spaceborne SAR satellites 

[13], with a typical monostatic spacecraft (transmitter/receiver) and several passive 

spacecraft (receiver-only), for the alongtrack interferometric operations. The pre-

defined coverage area is located within the tropical region and defined by the 

geographical latitudes ±10° both side of the Equator and called the Equatorial 

Region (ER). The pendulum formation has been used as the operational paradigm 

as it does not inherently cause an alongtrack separation [13-17], thereby keeping the 

distances between spacecraft relatively uniform throughout the orbit. The selected 

operating frequency is the S-band with a wavelength of 0.15m.  In contrast to most 

recent SAR missions which utilize either the X-band or C-band frequencies [20–22] 

for operation, this mission adopts an approach similar to the proposed Surrey 

Satellite Technology Limited (SSTL) NovaSAR mission which uses S-band 

frequency [18, 19 & 25]. Considering the dense atmospheric environment of the ER 

due to regular, heavy rainfall, the need for high penetrating ability is a key factor for 

selection of the wavelength. Furthermore, longer wavelength provides larger critical 

baseline (BC), and less stringent control requirements for operating a set of formation 

flying spacecraft performing interferometric operations [13 & 15].  

This work is structured to investigate the capabilities and performance of a 

constellation of S-band SAR microsatellites for interferometric applications by 

monitoring illegal bunkering activities within the ER. The task includes demonstrating 

the capability of alongtrack interferometry for detecting moving targets and 

measuring velocity component along the line-of-sight (LOS). The paper also 

addresses the peculiarity of the orbit design to meet the mission objectives, with 

main focus on trajectory synchronisation of the SAR antennas. Finally, error budget 

analysis of the accuracy of the radial velocity measurement is presented. For the 

purpose of clarity, a simple twin “leader/follower” configuration is illustrated. 

 



3 
 

2. Orbit Geometry 

SAR interferometry is a technique that relies on the phase difference obtained from 

the same transmitted signal, and received from two different spatial locations, to 

compute information about the imaged observation [14]. For alongtrack 

interferometry, the relative position of each spaceborne carrying SAR antenna is an 

important factor that ensures consistency in the data acquired. Alongtrack 

interferometry basically involves the acquisition of a SAR image by two antennas 

under identical geometry of observation, separated in time [26]. The time separation 

between both antennas is proportional to the level of correlation between each 

image captured by each antenna. Therefore, a shorter interval of time between both 

antennas prevents the effect of decorrelation on the phase measurement accuracy 

[27], which is an established limitation for differential SAR interferometry [28]. The 

phase difference (ψ12) between signals reflected from the same target is a resultant 

of variation in slant range (R) from the antenna [26]. The resulting interferometric 

phase resulting from the co-registered complex SAR images is given by: [26] 

     
  

 
            ( ) 

     
  

 
               ( ) 

     
  

 
              ( ) 

Where 1 is the phase of the signal received at the first SAR antenna and 2 is the 

phase of the signal received at the second antenna from the same imaged 

observation. ψ12 is the phase difference between pixels representing the same target 

on each captured image which forms the interferograms, t is the initial time the first 

SAR signal hits the desired imaged observation, Δt is the time difference due to the 

difference in anomaly angle of both SAR carrying antennas, R1(t) and R2(t+Δt) are 

the slant ranges to the same observed target, λ is the selected radar wavelength; 

Vrad is the line-of-sight velocity vector component of the target velocity and called the 

radial velocity of the target. Since the target radial velocity is the desired 

measurement, it can be calculated from; 
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This is based on the assumption of an ideal geometry of observation where both 

spaceborne SAR satellites orbit the same trajectory and have similar pointing with 

respect to the target area [29]. Practically, however, it is not possible to ensure that 

both spaceborne SAR satellites follow the same path while orbiting, due to effects of 

orbit perturbations and in other cases incorrect antenna pointing. This shortcoming 

results in a deviation between the orbits of the spaceborne SAR, leading to an 

interferometric baseline (B) as seen (Figure 1(b)). Also evident from Figure 1(b) is 

the resulting slant range differences R1(t) and R2(t + Δt), implying non-zero 

interferometric phase measurement even when the target is stationary. In order to 
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reduce the effects of false measurements, the “non-zero interferometric phases” 

must be removed to retrieve the correct target velocity measurements [26].  

 

Figure 1. Spaceborne SAR Configuration for Alongtrack Interferometric Operation in 
(a) Ideal case (b) Perturbed case 

Neglecting antenna pointing errors, and accounting for the non-zero base line case, 

the phase difference (ψ12) must be modified to give: 
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Where θ represents the SAR antenna look angle, By and Bz are the components of 

the interferometric baseline vector B defined by the orbit reference frame (ORF) of 

the antenna on SAR-1 spacecraft (Figure. 2) 

 

Figure 2. Orbit reference frame and interferometric baseline 

For the purpose of brevity, a similar configuration has been extensively discussed by 

[26] where a detailed description of the ORF can be found so it will not be repeated 

here. In addition, [26] also discusses the requirements for avoiding the need for at 

least one ground control point to unable phase unwrapping, even though there is 

high a correlation for alongtrack SAR interferometry due to simultaneous 

observations. The possibility is dictated by the constraint of ensuring the 

interferometric phase contribution does not exceed 2π and leading to the 

identification of a time separation Δt to be maintained during operations as a function 

of the maximum measurable radial velocity Vrmax. Based on the assumption that Vrad 

varies in the interval [-Vrmax, Vrmax], and using (4), the contributions of the 

interferometric phase difference is limited to the interval [-π, π], to prevent the 

ambiguity in the Vrad sign whenever the time separation Δt is given by [26] 
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3. Pendulum Configuration for S-Band Spaceborne Alongtrack Interferometry 

To adequately design the orbit trajectory for spaceborne SAR, one must duly 

account for Earth rotation. Generally speaking, platform orbital dynamics is usually 

described in the Earth centre inertial (ECI) reference frame; however it is paramount 

to describe the spaceborne SAR orbit an Earth-fixed rotating reference frame (ERF) 

to directly detect range variations and relative velocities. 

To ensure that all the spacecraft flying in formation have the same groundtrack with 

a constant time separation that ensures interferometric operations, they must all be 

placed in a circular orbit with identical semi-major axis (a) and inclination (i). This can 

be achieved by meeting the conditions of selecting the appropriate value for the right 

ascension of ascending node (RAAN) and true anomaly values within the selected 

orbital plane. The spacecraft positions at initial time to when SAR-1 is crossing the 

RAAN are shown in Figure 3. The future time tf it takes for SAR-2 to arrive the 

ascending node is defined by Δt from above.    

 

Figure 3. Spacecraft configuration at RAAN of SAR-1 

To meet these conditions, it is paramount to ensure that the ratio of RAAN 

differences (ΔΩ) between spacecraft in formation, with the Earth rotation rate (ΩE) 

are equal to the time separation value (Δtn). Furthermore, the same time separation 

value must also be equal to the ratio of the difference between the anomaly values 

and the orbit precession rate (ωo). These conditions can be met by assuming [26]: 

 The Z-axis of the ECI reference frame is coincident with both the ZE-axis of 

the ERF reference frame and the Earth rotation axis 
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 The X-axis of the ECI reference frame is aligned along the vernal equinox 

 The Xe-axis of the ERF reference frame points towards the spacecraft 

ascending node 
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From Eq. 8 it can be noticed that SAR-2 crosses each parallel of latitude at Δtn 

seconds after SAR-1, and since the Earth rotates equal angles in equal interval of 

time, the groundtrack of both spaceborne SAR are the same as long as the ΔΩ at 

the ascending nodes is equal to the product of the Earth rotation rate and time 

separation (ΩEΔtn). 

It is assumed that the rates of change for the mean motion   ̇ , perigee precession 

   ̇  in the orbital plane and the ascending node precession   ̇   in the RAAN plane 

are constant for a low Earth orbit (LEO) [26]. To determine the separation 

components of the baseline vector, we define SAR-1 orbit reference frame (ORF) 

with the vector xo,yo,zo, and origin at the center of SAR-1 antenna (see Figure 4). 

The benefit of the ORF is the ease of locating spacecraft relative position along the 

orbits. 

 

Figure 4. Spacecraft ORF define by vectors xoyozo 

A detailed procedure of ensuring the groundtrack of both spaceborne SAR platforms 

coincide can be seen in [26]. Assuming, S as the relative position vector between 

both spacecraft antennas, its components Sxo, Syo and Szo are the alongtrack, 

acrosstrack and vertical separation distances respectively. Sxo and Szo remain 

constant along the orbit, with Sxo depends on the selected time separation and the 

orbital parameters. Conversely, the Syo component is constantly varying throughout 
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the orbit due to the relative change in position between the spaceborne SAR 

platform and maximum separation experienced at the nodes. 

 

4. Mission Scenario 

The proposed mission scenario adopts the pendulum configuration as a requirement 

for conducting spaceborne SAR interferometry. To this end, several papers have 

been presented [30, 31, and 32] to establish the stability of the relative motion 

between spacecraft [30] and determine the control requirement for the formation 

[32]. From the previous section, it can be noted that designing the geometry 

necessary for conducting alongtrack interferometry, exhibits similar characteristics to 

the pendulum configuration. 

The mission is specifically tasked to monitor the radial velocities of ships within and 

around the ER to assist in detecting illegal marine activities such as oil bunkering or 

illegal oil ballast discharge. Ship detection can assist in providing information to 

government and law enforcement agencies, environmental protection agencies, 

agencies that monitor ship traffic and coast guard for search and rescue operations 

[19]. Ships are detected as a bright point against the ocean background [19]. A 

typical sea-faring cargo vessel travels at an average speed ranging between 14 

Knots and 24 knots [33]. However, the act of conducting illegal activities within 

territorial waters occurs with ships moving at much lower speeds. This work will 

therefore investigate the minimum separation distance between spaceborne SAR 

platform required to detect ship speed of 0.514 m/s (1 Knot).  

The Spaceborne SAR platform operates at a wavelength of 0.1m from an altitude of 

700km, in a Keplerian circular orbit, with all conditions required to ensure spacecraft 

groundtrack coincide are satisfied. Table 1 shows the baseline orbital parameters 

required to measure the radial velocity (Vrad) of a ship moving at 0.52m/s. Using Eq. 

7, the time separation Δtn between the spaceborne SAR platforms is approximately 

0.0486s. 

Table 1. Orbit parameters of Spaceborne SAR platform 

Parameters SAR-1 SAR-2 Delta parameters 

Semi-major axis (m) 7078140 7078140 0 

Eccentricity (deg) 0 0 0 

Inclination (deg) 0 0 0 

RAAN (Ω) (deg) 10.0000 10.0002 0.0002 

True anomaly (deg) 10.0000 9.99996 0.000049 

 

Figure 5 shows the ORF components of S for the specified case of Δtn = 0,0486 s. 
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Figure 5. Spacecraft separation ORF components in case of S-band SAR radar 

To better understand the effects of time separation (Δtn) with respect to maximum 

radial velocity (Vrmax), Figure 6 shows a plot of Δtn vs Vrmax at various wavelengths 

using orbital parameter values consistent with those provided in Table 1. 

 

Figure 6. Nominal time separation as a function of maximum measurable target 
radial velocity for several wavelengths 
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5. Radial Velocity Measurement Accuracy Error Budget 

To estimate the error budget of the radial velocity measurement accuracy, a worse-

case scenario is adopted by assuming that Eq. 4 yields:  

 

  
|   |   |              |    ( ) 

It is evident that these condition cannot be easily met as described in [26], therefore, 

Eq. (6) is used to conducted a quantitative error budget for the accuracy, where the 

time separation is assumed to be [26], 
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Where Sv is the component of S along the velocity vector and V is the magnitude of 

SAR-2 spacecraft velocity in the ERF. Assuming a look angle θ of 45°, the slant 

range can be expressed as follows  

              √                        (11) 

where Re, H and z are the Earth radius, orbit height and the average height to be 

measured respectively as shown on Figure. 7. 

 

Figure 7. Principal SAR Interferometry Geometry [34] 

By differentiating Eq. 6, Eq. 10 and Eq. 11, the first order estimate of the errors in 

Vrad due to uncertainties in the parameters can be obtained [26].  Based on the 

assumptions of uncorrelated parameters [35], the total uncertainties for the 

measurement are given by: 
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A detailed calculation of each value of uncertainty can be seen in [26], however, for 

the purpose of brevity, only the measured radial velocity uncertainty as a function of 

signal-to-noise ratio (SNR) of the interferometric pair and baseline control accuracy 

will be discussed.  

From Eq. 12,       
                

       are the uncertainties expected from the 

measurement of spaceborne SAR-2 velocity, alongtrack separation component, 

height, baselines z and y components, phase difference, slant range and orbit semi 

major axis.  

As mentioned previously, the worse-case is assumed as: 
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with Bmax representing a non-zero value of the baseline components which is 

permitted by the control system for ground track repetition and referred to as the 

baseline control error. To enable clarity, all velocity measurement accuracy are been 

divided to Vrmax to get dimensionless values in the graphs. Typical values from Table 

1 are used, with an incidence angle of 45° and the operational number of looks (NL) 

of 4. The calculated velocity of spaceborne SAR-2 is 7500 m/s and the 

interferometric pair correlation (γ) dependent on SNR is given by Eq. 16, while from 

[16], a typical SNR value of 20db is assumed. 

 

The error estimate of the interferometric phase noise for distributed targets is given 

by: [36] 
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The measurement accuracy expressed as a function of SNR for several numbers of 

looks is shown in Figure. 8. From Figure 8, an increase in the number of looks 

improves the accuracy of the measurement although the error contributed small.  
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Figure 8. Radial velocity measurement uncertainty as a function of SNR of 
interferometric image pair  

The maximum error in baseline control with respect to radial velocity measurement 

accuracy can also be represented by the relationship: 

|
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         (17)  

For this study, it is assumed that the measurement is performed with reference to the 

model of the marine geoid and hence the value of σh adopted is 10m [37]. The plot 

on Figure 9 shows the effects of the measured error and how critical it is to the 

alongtrack interferometric measurement. It is also useful for defining the orbit control 

requirements for the spaceborne SAR platform. 
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Figure 9. Radial velocity measurement uncertainty as a function of baseline control 
accuracy. 

5. Conclusions 

Several studies have investigated the capabilities of using alongtrack SAR 

interferometry for GTMI applications by measuring target velocity component along 

line of sight. Commonly reported is the successful use of airborne systems in most 

cases. Although, the use of spaceborne along-track interferometry has received 

growing attention from both scientific and consumer communities, it is still being 

exploited as it is yet to deliver on its promising potentials. Typically, the benefits of 

spaceborne SAR interferometry would include its ability to provide global coverage. 

However, this paper presents a proposed system of spaceborne SAR interferometry 

dedicated to the Equatorial Region. The system is devoted to detecting the marine 

activities of sea going vessels by conducting velocity measurements across the 

observed scenario. The configuration of the proposed orbit formation has been 

addressed, with focus on ensuring that the trajectories all spaceborne antennas used 

for vessel velocity measurement are with respect to the rotating Earth reference 

frame. 

Specific constraints that ensure that the groundtrack of both platforms coincide to 

enable the implementation of alongtrack interferometry have been presented. 

Particular attention was given to the nature of the proposed mission and the effects 

of varying the alongtrack separation distance as a function of radar wavelength was 

discussed.   
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A few of the possible errors in estimating the measured radial alongtrack velocities 

were highlighted. Results of the effects of radial velocity measurement errors as a 

function of baseline control and SNR were also presented. 

In summary, measuring ship velocity of 1 knot within the ER can be a demanding 

mission dictated by the choice of radar wavelength. However the results presented 

show that it is possible to implement such a mission once all the potential sources of 

errors are accounted for.  
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