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Abstract

In this study, we propose a real time inertial navigation system/global positioning system (INS/GPS) integrated smoothing 

algorithm based on an extended Kalman filter (EKF) and a position damping loop (PDL) for synthetic aperture radar (SAR). 

Integrated navigation algorithms usually induce discontinuities due to error correction update by the Kalman filter, which 

are as detrimental to the performance of SAR as the relative position error. The proposed smoothing algorithm suppresses 

these discontinuities and also reduces the relative position error in real time. An EKF estimates the navigation errors and 

sensor biases, and all the errors except for the position error are corrected directly and instantly. A PDL activated during SAR 

operation period imposes damping effects on the position error estimates, where the estimated position error is corrected 

smoothly and gradually, which contributes to the real time smoothing and small relative position errors. The residual errors 

are re-estimated by the EKF to maintain the estimation performance and the stability of the overall loop. The performance 

improvements were confirmed by Monte Carlo simulations. The simulation results showed that the discontinuities were 

reduced by 99.8% and the relative position error by 48% compared with a conventional EKF without a smoothing loop, thereby 

satisfying the basic performance requirements for SAR operation. The proposed algorithm may be applicable to low cost SAR 

systems which use a conventional INS/GPS without changing their hardware configurations.

Key words:  Extended Kalman filter, Position damping loop, SAR motion compensation, Smoothing filter

1. Introduction

The synthetic aperture radar (SAR) used by highly accurate 

target detection, surveillance, and reconnaissance systems 

requires a precise navigation system because it is generally 

carried by moving aerial vehicles, and thus precise navigation 

information is essential for reconstructing the overall image 

obtained from sequentially acquired image data [1, 2]. 

Navigational information such as the position and attitude 

is used for accurate geo-location, as well as being used for 

gimbal control or geo-pointing. Highly accurate position 

data and relatively accurate attitude data are desirable 

during SAR operation periods, so an aerial vehicle carrying 

a SAR is assumed to cruise along a straight flight path to 

reduce superfluous motion and prevent unexpected position 

errors. However, air turbulence or disturbance may still 

cause unexpected minute motions or vibrations, which are 

sufficiently significant to degrade the overall image quality. 

Therefore, small deviations from the path and small attitude 

variations should be measured or estimated in order to obtain 

the best performance by a SAR, which can be determined 

using a motion compensation algorithm.
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The navigation system itself, however, causes errors 

due to the imperfect measurements obtained by sensors. 

Thus, the motion compensation algorithm cannot avoid 

all errors, thereby degrading the SAR image quality. For a 

SAR system, low frequency position errors such as position 

offset can cause location errors regarding the target, which 

can be compensated for easily by relocating the image 

[3-6], while the velocity errors along the trajectory can be 

addressed easily by a resampling process [7]. Thus, the 

relative position changes during SAR operation periods are 

interesting for designing a motion compensation algorithm 

[4]. The relative position errors cause slant range errors 

which induce phase estimation errors in the reflected 

signals. These errors are usually considered to be the effects 

of line of sight acceleration or velocity errors, which occur 

perpendicularly along the trajectory and lead to defocused 

images [3, 4, 7-10]. During the SAR operation period, 

the discontinuities caused by the system integration and 

measurement updates by the Kalman filter should also be 

eliminated because they can result in defocused images [4, 

6]. In particular, discontinuities measuring less than 1 mm 

may cause defocused images because the discontinuities 

yield the instant phase estimation errors in reflected signal, 

which cannot be compensated for easily using an image 

processing algorithm. For example, it has been shown that 

high frequency errors, including discontinuities, should not 

be larger than 0.025 mm, which is related to the wavelength 

of radar and the operating conditions [4].

In order to minimize the relative position error and 

discontinuities, additional information such as image data 

or raw radar signals can be integrated into the navigation 

system as additional measurements, which are widely 

used approaches in low cost SAR systems [2, 8, 11-15]. 

These approaches provide appropriate solutions for 

minute perturbation and disturbances, but they cannot be 

implemented simply in real time. Excessive position errors 

also degrade their performance. 

Real time kinematics (RTK)-based INS/GPS integration or 

carrier phase differential global positioning system (CDGPS) 

integration, which provide very accurate and smooth 

navigation data, are also used widely to obtain good relative 

position accuracy in many fields, such as high-end SAR [4, 

16-19] and formation flight [20]. An RTK-based GPS receiver 

provides more accurate position and velocity information 

for a vehicle compared with a standalone GPS receiver, so 

adequate relative position accuracy and the elimination 

of discontinuities can be achieved easily by applying INS/

GPS integration using a Kalman filter and simple smoothing 

techniques, such as low pass filtering or linear interpolation. 

However, these approaches might not be feasible for 

low-cost SAR systems because of physical or operational 

constraints. Thus, an additional motion compensation 

algorithm is essential in these cases. A motion compensation 

algorithm measures or estimates the position deviation 

in order to minimize the relative position error and to 

smooth the discontinuities. It should also guarantee small 

attitude errors. To achieve these objectives, interpolation-

based smoothing techniques [16], pure INS based motion 

compensation approaches, such as predictive iterated 

Kalman filtering [6], the multiple inertial measurement 

units (IMUs) fusion technique [10] and other compensation 

techniques have been proposed [21]. These approaches 

usually require a precise IMU, and the duration of sustained 

performance is sometimes restricted. Therefore, these 

methods are not suitable for low speed aerial vehicles which 

requires longer operation periods, or for commercial or aged 

vehicles, which carry a low-cost standalone INS/GPS as the 

master navigation system. 

Smoothing Kalman filters that use fixed-point smoothing 

or fixed-interval smoothing can also be employed to 

smooth the position output. The relative error caused by the 

integration of INS and GPS can be reduced using smoothing 

algorithms; however, the results are only available after post-

processing because all the measurements are required to 

obtain smooth estimates [22]. Prediction techniques [23, 24] 

or adaptation rules [25] can be used in order to implement a 

real-time smoother, but they are not suitable for some SAR 

systems because they do not obtain long-term improvements 

in the relative error.

In order to obtain a low cost and real-time motion 

compensation system that suppresses relative position errors 

and eliminates discontinuities, we propose a smoothing 

filter based on an extended Kalman filter (EKF) and position 

damping loop (PDL). The proposed PDL imposes damping 

effects on the estimated position error and smoothes it. 

We note that the low frequency error in position estimates, 

which lead to relative position error, is due to noises in 

the GPS measurements. The damping effects delay and 

attenuate error corrections, so the PDL reduces the effects of 

GPS measurements on the integrated navigation solutions, 

thereby helping to suppress the relative position error and 

discontinuities. 

To address the issues described above, a general motion 

compensation architecture is introduced in Section 2. The 

proposed smoothing algorithm based on EKF and PDL is 

proposed in Section 3, and the design constraints for an 

appropriate PDL are derived and the designed parameters 

are presented. The effectiveness of the proposed algorithm 

was verified based on Monte Carlo simulations and the 

performance improvements were confirmed. 

(118~128)15-130.indd   119 2017-04-04   오후 7:28:58



DOI: doi.org/10.5139/IJASS.2017.18.1.118 120

Int’l J. of Aeronautical & Space Sci. 18(1), 118–128 (2017)

2. Motion Compensation System Architecture

SAR is an image-creating device used by surveillance 

systems. To create images and gather data, SAR generates 

pulses and coherently processes the backscattered pulses 

as an aerial vehicle moves along a planned path [1, 26]. SAR 

is used in two different modes: strip mapping and spotlight 

modes. In the strip mapping mode (Fig. 1), the radar antenna 

is aimed in the same direction and remains fixed, so the SAR 

can gather images of the target area, which are determined by 

the flight path and the swath of the SAR [27]. In the spotlight 

mode, the SAR antenna points at a fixed target and changes 

its direction as the vehicle carrying the SAR moves. To obtain 

a clear image, the radar pulses need to be reflected correctly 

without diffusion, and thus the incident angle at which the 

radar pulses reflect from the surfaces of objects is controlled 

so it is not excessively large with respect to the roughness 

of the target surface. The look angle, which is the direction 

of the antenna, is slightly different from the incident angle 

because the surface is theoretically an ellipse.

In both cases, the travel distance of the wave or the slant 

range defined in Fig. 1 should be measured accurately in 

order to estimate the exact phase change attributable to the 

shape of the object because SAR employs the magnitude and 

phase differences between the original transmitted pulses 

and echoed pulses. Therefore, knowing the accurate position 

of the vehicle is essential for accurately estimating the slant 

range. The constant offset errors or very slowly varying 

position errors in the slant range do not affect the image 

quality but the acquired image is shifted by the offset. In 

addition, the time-varying position errors and discontinuities 

in the estimated position lead to defocused images because 

they degrade the phase estimation accuracy for the echoed 

pulses. Thus, the absolute position error is less significant, 

whereas the relative position error during the SAR operation 

period, which is caused mainly by the time-varying position 

errors and discontinuities, is more significant, so it should be 

minimized by the motion compensation algorithm.

A real-time motion compensation algorithm is a 

smoothing algorithm for reducing relative position errors 

and discontinuities, but it may lead to a larger absolute 

position error than the conventional navigation algorithm. 

Thus, it usually only works during SAR operation periods 

and a conventional real-time motion compensation system 

generally has switching blocks, as shown in Fig. 2. During 

normal operation, a conventional INS/GPS navigation 

system or equivalent navigation system operates as the 

master navigation system. After SAR operation starts, a 

motion compensation loop is switched on and the smoothing 

algorithm begins to operate. 

The proposed motion compensation loop has a similar 

structure to that shown in Fig. 3. The master navigation 

system is assumed to be a conventional loosely coupled 

embedded GPS/INS with an EKF for estimating the 15th 

order error states defined as 
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Fig. 1. Basic concept and motion geometry of synthetic aperture radar (SAR) 
  

Fig. 1.  Basic concept and motion geometry of synthetic aperture ra-
dar (SAR)
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Fig. 2. Basic structure of a motion compensation loop 
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Fig. 3. Block diagram of the proposed motion compensation algorithm with a position damping loop 
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accelerometer bias, which are modeled as random constants. 

The position data obtained from standalone GPS are used as 

measurements for the EKF, where these measurements are 

defined as 
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The estimated errors are corrected directly during normal 

operation. In this case, the system is known as a conventional 

loosely coupled INS/GPS with GPS position measurements, 

but the detailed structure of this system is not explained 

in the present study. It is well known that the overall 

position error is bounded by the accuracy of the position 

measurements. Thus, the position accuracy of an INS/GPS 

integrated navigation system is related to that of GPS. 

However, an integrated system that uses a standalone 

GPS receiver cannot guarantee sufficient relative position 

accuracy for SAR operation. When INS and GPS are 

integrated, the GPS position noise induces a slowly varying 

position error, which seems to be a Markov process. The slowly 

varying position error generates a large relative position error 

and large slant range error. Moreover, discontinuities due 

to measurement updates create discontinuities in the slant 

range, which yield defocused images. The relative accuracy 

can be improved and the discontinuities eliminated by using 

the proposed motion compensation algorithm with PDL.

In order to ensure sufficient relative accuracy and 

smoothness during SAR operation, the proposed motion 

compensation loop is switched on during operation. 

Excluding the position error, the estimated errors are 

corrected directly during operation and the position error 

is fed into “sample and hold,” which maintains the input 

value during measurement updates. The subsequent PDL 

imposes appropriate damping to smooth the position error 

and a smoothing low pass filter is used to ensure sufficient 

smoothness. 

3.  Motion Compensation Algorithm with Position 
Damping Loop

3.1 Position Damping Loop

The main purpose of the proposed damping loop is to 

achieve smooth and gradual error correction by imposing 

appropriate damping and to suppress the slowly varying 

position error due to GPS measurement noise. We note that 

the estimated position error states include both the inertial 

navigation-derived error and GPS-induced error, where the 

former is a slowly varying term that requires compensation 

and the latter is a relatively fast varying term, which should 

be ignored to obtain a small relative position error. Therefore, 

to apply appropriate damping to an entire error correction 

loop, a PDL should have a low pass filter structure with a 

very low cutoff frequency. Assuming that the measurement 

update and PDL are synchronized and operating at the same 

frequency, then a simple low pass filter could be used for 

a PDL. However, in the conventional INS/GPS integrated 

system, the PDL needs to be operated at a different frequency 

compared with that of the measurement update to eliminate 

discontinuities. 

Thus, a simple low pass filter that operates at the GPS 

update rate (1 Hz) cannot be used because it still causes 

discontinuities. If we use another type of low pass filter that 

operates at the navigation algorithm operating rate (100 Hz), 

sample and hold is necessary, which maintains the input 

value during measurement updates in order to match the 

operating frequencies. However, in this case, the estimated 

error will be corrected hundreds of times rather than only 

once during measurement updates, which may result in 

excessive error correction. Thus, we propose a PDL with a 

sample and hold and a damping control loop, followed by 

the smoothing low pass filter. The damping control loop 

has a feedback control loop structure and it is a type of high 

pass filter with adjustable gain. Therefore, it can pass sudden 

changes in the estimated position error and also adjust the 

amount of error correction. 

The damping control loop takes the position error state 

estimated by EKF as its input and it has an internal feedback 

loop with a damping controller, as shown in Fig. 3. The 

damping controller has the same structure as a conventional 

proportional-integral controller and it imposes damping 

on the estimated position error. The damping control loop 

represses direct and instantaneous error correction, which 

makes the system less sensitive to error updates. The output 

y(k)=[y1(k)  y2(k)  y3(k)]T of the damping control loop is used 

to correct the position error at time k, which can be obtained 

as
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where     denotes the z-transform of the discrete time signals and systems. The transfer function 

shows that the damping control loop is a type of high pass filter with adjustable gain according to . 

(3)

where r(k)=[r1(k)  r2(k)  r3(k)]T is the position error estimated 

by Kalman filter at time k, u(k)=[u1(k)  u2(k)  u3(k)]T is the 

damping controller output, and k0 is the time when the SAR 

is switched on. 

The imposed damping can be varied by adjusting the 

proportional gain Kp and the integral gain Ki. A larger 

proportional gain in the feedback loop cancels the input 

r(k) more strongly, which suppresses the output y(k). 

Thus, a larger proportional gain imposes greater damping 

on the loop. Similarly, a larger integral gain increases the 

damping. In order to select appropriate values, the stability 
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and performance of the overall loop should be analyzed, as 

described in the next section. 

Proportional-integral gain factors and a negative feedback 

loop are used, so the damping control loop can be analyzed 

as a conventional discrete time feedback system. The 

discrete time transfer function Fi(z)=Z(fi(k)) from the i-th 

input Ri(z)=Z(ri(k)) to the i-th output Yi(z)=Z(yi(k)) becomes
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the damping control loop is a type of high pass filter with 

adjustable gain according to Kp.
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which show that the transfer function eliminates both fast changing and constant inputs. The fast 

changing position error and constant position error are eventually filtered by the damping control loop, 

so they are not corrected by the proposed loop. We note that the fast changing position errors are due 

mainly to the GPS measurement updates by the Kalman filter and that they cause discontinuities. 

Thus, we can conclude that the damping control loop contributes to the smoothness of the position 

and to eliminating high frequency position changes, such as discontinuities. A constant value over 

time or a constant estimated error over time indicates that the estimated position has a bias or drift 

error. The position offset is mainly induced by GPS errors during level flight and it should be ignored. 
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errors are due mainly to the GPS measurement updates by 

the Kalman filter and that they cause discontinuities. Thus, 

we can conclude that the damping control loop contributes 

to the smoothness of the position and to eliminating high 

frequency position changes, such as discontinuities. A 

constant value over time or a constant estimated error 

over time indicates that the estimated position has a bias 

or drift error. The position offset is mainly induced by GPS 

errors during level flight and it should be ignored. Thus, 

a constant estimated position error should be eliminated 

by the damping control loop. Similarly, the slowly varying 

estimated position error should also be suppressed, which is 

achieved by the proposed damping control loop. 

The dynamic characteristics of the damping control loop 

can be analyzed according to the magnitude and phase 

responses of the transfer function Fi(z), as shown in Figs. 4 

and 5, which present the magnitude and phase responses 

according to Kp and Ki, respectively. The damping control 

loop is a type of high pass filter, and thus its loop gain and 

cutoff frequency are determined by the proportional and 

integral gains. The figures show that the proportional gain 

is related mainly to the loop gain and the integral gain 

dominates the cutoff frequency of the damping loop. 

If Kp becomes smaller, the loop gain in the pass band 

becomes close to one, which means that the estimated 

position error in the frequency band is corrected totally by 

the loop directly without damping. In this case, the estimated 

position obtained from the proposed loop is similar to that 

from a conventional INS/GPS integrated system, which does 

not guarantee that the performance improves in terms of the 

relative error. Thus, the proportional gain is selected as 0.95, 

which makes the loop gain about 0.5. For the loop gain, the 

damping control loop attenuates about 50% of the position 

error and imposes damping effects on the correction result. 

The frequency response should be considered to 

determine the integral gain. The proportional gain imposes 

damping effects on the loop by decreasing the loop gain 

over the whole frequency range, whereas the integral gain 

Ki determines the cutoff frequency of the damping control 

loop. A larger value for Ki makes the cutoff frequency higher, 

which leads to the rejection of signals in the low frequency 

band. We note that a larger value for Ki increases the damping 

effects on the loop conceptually, but reducing integral gain 

over a low frequency range contributes to enhancing the 

damping effects on the loop. However, an excessive value for 

Ki cannot ensure the loop’s stability. Moreover, Ki is limited to 

the sampling rate of the loop. 

In the present study, Ki is set to 0.025 and Fig. 5 shows that 

the cutoff frequency of the loop becomes about 0.2 Hz. In 

this case, the damping control loop passes the position error 

states updated every second. In addition, it slowly rejects 

the varying error terms, which matches with the aim of the 

damping loop. The damping control loop is a type of high 

pass filter and it also improves the transient response of the 

PDL. Thus, the damping control loop compensates for the 

slow dynamics of the additional smoothing filter. 

3.3 Design of Smoothing Filter

The damped position error is smoothened again by 

a smoothing low pass filter. The error characteristics of 

the INS/GPS integrated navigation system should be 

investigated first in order to determine the cutoff frequency 

of the additional smoothing filter. The position of a vehicle 

is obtained by subtracting δp from the position output from 

INS, where δp includes both the INS-derived position error 

and the GPS-induced position error. During SAR operation 

periods, it can be assumed that the errors of the inertial 

sensors are estimated sufficiently well. In this case, the INS-
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Fig. 4. Magnitude and phase responses of the damping loop according to pK  ( 0.025iK  ) 
 
  

Fig. 4.  Magnitude and phase responses of the damping loop accord-
ing to Kp (Ki=0.025)
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Fig. 5. Magnitude and phase responses of the damping loop according to iK  ( 0.95pK  ) 

 
 
 
 
 
 
 
 
 

  

Fig. 5.  Magnitude and phase responses of the damping loop accord-
ing to Ki (Kp=0.95)
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derived error is expected to be small and slowly varying 

because it is mainly attributable to the residual biases 

and misalignment errors of the accelerometers. However, 

the GPS-induced error has relatively higher frequency 

characteristics and it accounts for most of δp during SAR 

operation periods. The GPS-induced error is the main 

source of the relative position error, and it should not be 

corrected and eliminated by the PDL to achieve a small 

relative position error. By contrast, the INS-derived error 

should be corrected to achieve a small absolute position 

error. Thus, the PDL should pass the input in the very 

low frequency band and block that in the relatively high 

frequency band. 

In this study, we assume that the monotonically 

increasing position error during the SAR operation period T 

is caused by the INS and other error is due to the GPS. The 

SAR operation period is T and errors with a smaller period 

than 4T may have both ascending and descending parts. 

Thus, we can assume that only the errors with a period larger 

than 4T may have monotonicity during the SAR operation 

period T. Consequently, they should be corrected and 

eliminated, and the other errors with smaller periods should 

be suppressed by the PDL and not corrected. The average 

SAR operation period assumed in this study is about 50 s, so 

the cutoff frequency fc of the additional smoothing filter is set 

to 1/4T=0.005 Hz. In this case, the forgetting factor λ can be 

obtained using the following equation. 
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where ,r Ne , ,r Ee , and ,r De  are the north, east, and down (NED) error at time t, respectively. The 

position errors were calculated in terms of the NED frame. 

The flight trajectory used in the simulations is shown in Fig. 6. In these simulations, the total flight 

time was set to 1800 s, where we assumed that the SAR was ready to operate at 1500t   s and that 

the PDL was turned on after 100 s. The simulation profile contained the acceleration and deceleration 

sections, several coordinate turns, and level flight sections, so all the error states were estimated 

sufficiently well. The maximum velocity of the vehicle was about 49 m/s and the height where SAR 

operated was about 4400 m, which are reasonable conditions for unmanned aerial vehicles (UAVs).  

In these scenarios, the requirements for the RSS relative position error and discontinuities were 0.2 

m and 0.025 mm, respectively, which were required by the image processing parts and customers. 
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where er, N, er, E and er, D are the north, east, and down (NED) 

error at time t, respectively. The position errors were 

calculated in terms of the NED frame.

The flight trajectory used in the simulations is shown 

in Fig. 6. In these simulations, the total flight time was set 

to 1800 s, where we assumed that the SAR was ready to 

operate at t=1500 s and that the PDL was turned on after 

100 s. The simulation profile contained the acceleration 

and deceleration sections, several coordinate turns, and 

level flight sections, so all the error states were estimated 

Table 1. Sensor parameters
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Table 1. Sensor parameters 

Parameters Units Case 1 Case 2 
Accelerometer bias ㎍ 1000 100 

Accelerometer scale factor error ppm 200 10 
Accelerometer white noise ㎍ 100 10 

Accelerometer misalignment μrad 100 30 
Gyro bias deg/hr 1 0.01 

Gyro scale factor error ppm 150 10 
Gyro angular random walk deg/√hr 0.09 0.005 

Gyro misalignment μrad 100 30 
GPS position error m (1σ) 1.5 

Update rate sec 1 
  

Table 2. Simulation parameters

23 

Table 2. Simulation parameters 
Parameters Units Values 

Initial position error m 1.5 
Initial velocity error m/sec 0.02 
Initial attitude error deg 0.03 

pK  - 0.95 

iK  - 0.025 
Damping loop update rate sec 0.01 

Simulation time sec 1800 
SAR ready time sec 1500 
SAR start time sec 1600 

SAR operation period (T) sec 10 ~ 90 
SAR mode - Strip mapping 
Look angle deg 25 
Target range m 4834.8 

Max. velocity of a vehicle m/sec 49 
Max. height of a vehicle m 4400 

Number of runs - 200 
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sufficiently well. The maximum velocity of the vehicle was 

about 49 m/s and the height where SAR operated was about 

4400 m, which are reasonable conditions for unmanned 

aerial vehicles (UAVs). 

In these scenarios, the requirements for the RSS relative 

position error and discontinuities were 0.2 m and 0.025 mm, 

respectively, which were required by the image processing 

parts and customers. These requirements were determined 

to reconstruct the post-processed image with sufficient 

quality and they have also been verified by other researchers 

[4]. The image processing algorithm was not the focus of this 

study and the post-processed images were unfortunately not 

available, so the performance improvements were validated 

indirectly by comparing the simulation results with the 

requirements. 

4.2 Simulation Results

In order to confirm the effectiveness of the PDL, the 

absolute position error with PDL was compared with 

those obtained using INS/GPS and pure INS-based motion 

compensation. Fig.7 shows the absolute position errors 

for one simulation of case 1, which demonstrates the 

smoothing effect of the PDL very well. The PDL regulates 

the divergence due to INS and it assigns damping to the 

position variation, which enables the smoothing function. 

Therefore, the relative position error can be reduced and 

discontinuities can be removed by applying the PDL. 

Fig. 8 shows the absolute position errors in terms of the 

root mean square (RMS) for case 1. This figure shows 

the Monte Carlo simulation results, so all the noise was 

averaged and it vanished. Fig. 8 confirms that the PDL 

sustained a sufficiently small absolute position error. The 

effect on discontinuity elimination is shown in Fig. 9. After 

the PDL and pure INS-based algorithm were switched 
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Fig. 6. Flight simulation trajectory 

  

Fig. 6.  Flight simulation trajectory
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Fig. 7. Position error during SAR period (results of a single simulation for case 1) 

  Fig. 7.  Position error during SAR period (results of a single simulation 
for case 1)
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Fig. 8. Absolute RMS position error for case 1 (Monte-Carlo simulation results; SAR period, T = 50 s) 
  Fig. 8.  Absolute RMS position error for case 1 (Monte-Carlo simulation 

results; SAR period, T = 50 s)
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Fig. 9. Discontinuity for case 1 (mean of 200 Monte-Carlo simulation results) 

  
Fig. 9.  Discontinuity for case 1 (mean of 200 Monte-Carlo simulation 

results)
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on, the discontinuities due to PDL and INS decreased 

dramatically whereas those due to INS/GPS remained at 

the same level. The PDL also prevents position divergence, 

so the discontinuities were less than those due to INS. 

After the PDL converged, the discontinuities remained 

less than 0.025 mm in all cases, thereby satisfying the 

requirements. According to these results, we can conclude 

that the proposed algorithm is more effective at eliminating 

discontinuities. 

The reductions of the relative position errors are shown in 

Figs. 10~12. Figure 10 shows the relative RSS position errors 

for case 1 where the SAR period T was set to 50 s. This figure 

shows that the Kalman filter converged after 1500 s and 

that the PDL guaranteed the smallest relative position error 

during SAR operation. The RSS errors for INS/GPS, the pure 

INS-based algorithm, and PDL depended on the SAR period 

T. A longer SAR period generally resulted in higher relative 

position errors. The relative position errors using both pure 

INS and PDL were sufficiently small with a short SAR period. 

However, with a long SAR period, the relative position 

error increased more rapidly using pure INS because the 

absolute position provided by INS diverged over time. The 

relationships between the SAR periods and RSS position 

errors are presented in Figs. 11 and 12. These results show that 

the proposed PDL decreased the RSS error and maintained a 

low variance throughout all the SAR periods. They also show 

that the proposed method satisfies the requirements for SAR 

periods up to 50 s. In particular, the results show that the 

PDL improved the performance more effectively in the case 

of a mid-grade IMU. Our results confirm that the proposed 

PDL can improve the relative position error effectively and 

it is suitable for various types of SAR systems with different 

operation periods.   

All of the simulation results are summarized in Table 3. 

These results confirm that the relative position errors for 

PDL were 48% smaller than those using INS/GPS for case 

1 and 38% smaller for case 2. Compared with the pure INS-

based motion compensation method, the PDL reduced the 

RSS error by 24% for case 1 and by 13% for case 2, while 

sustaining a relatively small absolute position error. These 

results also confirm that the discontinuities were reduced by 

99.8% on average and they were kept under 0.025 mm, which 

is sufficiently small to acquire good images. The results also 

show that the attitude errors in terms of the RMS were kept 

sufficiently small, thereby confirming that the Kalman filter 

with PDL operated in a normal and stable manner. According 

to the results, we can conclude that the proposed algorithm 

is suitable for various SAR systems, including low cost and 

real-time SAR systems that use low cost INS/GPS. Moreover, 

the proposed method can be used for a UAV-based SAR 

system that requires relatively longer SAR operation periods 

as a substitute for a pure INS-based motion compensation 

algorithm.
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Fig. 10. Relative RSS position error for case 1 (Monte-Carlo simulation results; SAR period, T = 50 s) 

 Fig. 10.  Relative RSS position error for case 1 (Monte-Carlo simulation 
results; SAR period, T = 50 s)
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Fig. 11. Relative RSS position error for case 1 according to the SAR period from 10 to 90 s 

  Fig. 11.  Relative RSS position error for case 1 according to the SAR 
period from 10 to 90 s
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Fig. 12. Relative RSS position error for case 2 according to the SAR period from 10 to 90 s 

Fig. 12.  Relative RSS position error for case 2 according to the SAR 
period from 10 to 90 s
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5. Conclusions

In this study, we proposed a real-time smoothing 

algorithm for SAR based on EKF and PDL. The proposed 

smoothing algorithm, which ensures the accuracy of the 

relative position and smooth position estimation, has a 

loosely coupled integrated INS/GPS structure with a 15th 

order EKF and PDL for smooth position error correction. The 

proposed loop compensates for position errors due to inertial 

navigation and rejects those caused by GPS measurement 

noise. The PDL, which is switched on during SAR operation, 

gradually corrects position errors. Its loop transfer function 

is similar to that of a tracking control loop with slow tracking 

performance, which means that it corrects the position 

error very gradually, but it eventually compensates for all 

the errors caused by the EKF. The damped position error is 

filtered by a smoothing low pass filter, which reduces the 

relative position error and discontinuities again. Thus, the 

PDL guarantees sufficient relative position accuracy and 

smoothness for application to a SAR system. 

The proposed loop traces the estimated error state so 

it does not affect the stability of the entire Kalman filter 

in the stable damping loop. Moreover, the PDL does not 

require interpolation or prediction, thereby contributing 

to the production of more stable results compared with 

other smoothing algorithms. It also has a sufficiently simple 

structure to be implemented without a high computational 

burden, which is advantageous for real-time systems.   

We performed Monte Carlo simulations to validate the 

proposed PDL, which comprises a sample and hold, damping 

control loop, and smoothing low pass filter. The simulation 

results showed that the proposed algorithm reduced the 

relative position errors by about 48% and 38% for a tactical 

grade IMU and inertial grade IMU, respectively. The results 

also confirmed that discontinuities could be eliminated 

effectively and kept below 0.025 mm, thereby helping to 

enhance the quality of SAR images. The characteristics 

and performance of the proposed algorithm are similar 

with various IMUs, and thus it may be cost-effective and 

applicable to various SAR systems, including low grade SAR 

with low cost IMU.           
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