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Abstract: Indian Regional Navigation Satellite System (IRNSS) 

is India’s own navigation system. It is a seven satellite 

constellation with the operational name NavIC – Navigation with 
Indian Constellation. Satellite Orbit determination (OD) estimates 
the position and velocity of orbiting satellite. The two main 
estimation algorithms widely used in Global Navigation Satellite 
Systems (GNSS) are Extended Kalman Filter (EKF) and Least 
Squares. This study on Batch Least Squares (BLS) - Differential 
Correction (DC) algorithm demonstrates precise orbit estimation 
of any GEO missions using only range measurements with crude 
initial state parameters. Currently, the study is based on simulated 
inputs and the satellite orbits are successfully estimated with 
position error in sub-centimeters level. Further, the work will be 
extended to live data of IRNSS satellites. 
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I. INTRODUCTION 

Indian Regional Navigation Satellite System (IRNSS) is 

India’s own navigation system used to provide accurate 

real-time user position and timing services over India and the 
region extending to 1,500 kilometers (930 mi) around India. 
It is a seven satellite constellation consisting of three in 
geo-stationary orbit, namely, IRNSS 1C, IRNSS 1F and 
IRNSS 1G and four in geo-synchronous orbit, namely, 
IRNSS 1B, IRNSS 1D, IRNSS 1E and IRNSS 1I. The three 
satellites in the Geostationary orbit (GEO) are positioned at 
32.5° east, 83° east and 131.5°  east longitude respectively. 
The other four satellites in the Geosynchronous orbit (GSO) 
will appear to be moving in the form an ‘8’. Two cross 

equator at 55° east and two at 111.75 ° east.  
One of the major applications of navigational systems is to 

determine the correct position of the user/ ground station [1]. 
In order to achieve accurate user position, it is first required 
to know the precise orbit of the navigational satellites [2].  
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Satellite Application Centre (SAC), ISRO installed NavIC 
receiver in the department of Electronics and 
Communication, Dayananda Sagar College of Engineering 
(DSCE), Bengaluru, India. Due to lack of few parameters 
required for satellite trajectory generation, Simulated data is 
being used in this paper for orbit estimation. Most commonly 
used estimation techniques are batch estimation and 
sequential estimation [3]. Orbit estimation is used to improve 
apriori orbital elements from a large set of tracking data. The 
batch least square estimator processes a whole set or batch of 
data at once and improves the epoch state estimate, but the 
sequential estimator, like EKF, yields estimates of the state 
vector at each and every measurement time by processing one 
measurement at a time [6].[6] is a study on orbit estimation 
using EKF applicable to IRNSS satellites (also using 
simulated inputs). The process of satellite trajectory 
generation and range measurements generations (due to 
non-availability of real time data at that time) is well 
explained in [6]. An extension of [6] work is carried out in [7] 
where precise orbit determination is successfully obtained 
using IRNSS NavIC real time data with EKF. This paper is 
also a part of the same research work where an attempt is 
being made to estimate the IRNSS satellite orbits using Batch 
Least Squares- differential correction method with simulated 
inputs. 

II. METHODOLOGY 

In any BLS orbit determination process, the main inputs 
required are the initial state of the satellite at the epoch, 
measurements from the ground station, etc. The estimated 
orbit is propagated and then compared with the true 
measurements. In this study, only range measurements are 
used for orbit estimation. The NavIC receiver provides the 
broadcast ephemeris, observed pseudorange measurements, 
satellite clock corrections among many other parameters. As 
mentioned in the previous section, due to lack of certain 
parameters used for orbit propagation which is required to 
generate the Jacobian matrix to get the least squares solution, 
only simulated inputs are used in this study. Hence, in place 
of real-time observed pseudorange measurements, range 
measurements are generated using ground station coordinates 
and satellite ephemeris. The satellite ephemeris is generated 
by propagating the satellite orbit using the initial state, initial 
epoch, satellite’s mass, satellite's effective cross sectional 
area at solar radiation and solar radiation pressure at the 
epoch with a step size of 1second 

A. Initial State of the satellite 

The initial state vector (x,y,z,ẋ,ẏ,ż)  of the satellite for the 
epoch 
2010:02:09-23:45:00:000 is 
considered as, 
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Table- I: True Initial State 

x(m) -22930045 

y(m) -35403951 

z(m) -13724.43 

ẋ(m/s) 2579.9826 

ẏ(m/s) -1670.3722 

ż(m/s) 2.349319 

This is the true satellite state for the epoch mentioned above. 
Satellite trajectory is generated using this initial state [6] for a 
period of 24 hours (1 day) and the ephemeris obtained is 
considered as the true satellite ephemeris for this study. The 
true ephemeris is used only in the result validation stage. 
Range measurements generated [6] using this true satellite 
ephemeris and ground station coordinates is used as the 
observed range measurements (ρobs). The four ground 
stations considered in this study are mentioned in Table II. 
The observed range measurements generated using these four 
ground stations are ρo_stn1, ρo_stn2, ρo_stn3, ρo_stn4. 

Table II: Ground Stations 

Ground 
Stations 

Latitude 
(deg) 

Longitude 
(deg) 

Altitude 
(km) 

Bengaluru 77.511686 13.03444722 0.83991 

Ahmedabad 72.45612 23.0404 0.048 

Lucknow 80.957316 26.91307778 0.0731 

Trivandrum 76.87306 8.53639 0.052 

To check the ruggedness of the algorithm, disturbed initial 
state is considered (as if the initial state is unknown) instead 
of taking true initial state vector for the estimation process. 
Disturbed initial state is obtained by disturbing 100km in 
position and 1m/s in velocity w.r.t true state vector. Hence, 
the initial satellite state used for the orbit estimation is, 

Table III: Disturbed Initial State 

x(m) -23030045 
y(m) -35503951 
z(m) -18724.43 
ẋ(m/s) 2578.9826 
ẏ(m/s) -1671.3722 
ż(m/s) 2.849319 

B. Least Squares Jacobian Matrix 

To create the jacobian matrix for differentially correcting the 
range measurements, 
First, range measurements are generated at initial state as 
mentioned in Table III. Let these measurements be known as 
ρd_stn1, ρd_stn2, ρd_stn3, ρd_stn4. The partial derivative (PD) matrix 
is constructed of measurements w.r.t different small deltas of 
state parameters (Δx, Δy, Δz,Δẋ,Δẏ,Δż). Next, different sets 
of measurements are to be generated with Δ disturbance on 

the initial state (as in Table III). The measurements obtained 
by disturbing Δx in x alone of the initial state are ρdx_stn1, 
ρdx_stn2, ρdx_stn3, ρdx_stn4. Similarly, (ρdy_stn1, ρdy_stn2, ρdy_stn3, 
ρdy_stn4), (ρdz_stn1, ρdz_stn2, ρdz_stn3, ρdz_stn4), (ρdxd_stn1, ρdxd_stn2, 
ρdxd_stn3, ρdxd_stn4), (ρdyd_stn1, ρdyd_stn2, ρdyd_stn3, ρdyd_stn4), (ρdzd_stn1, 
ρdzd_stn2, ρdzd_stn3, ρdzd_stn4) are obtained by disturbing Δy, Δz, 

Δẋ, Δẏ, Δżin x, y, z, ẋ,ẏ,ż alone respectively. 
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where t = 1,2,3…..n 

‘n’ is the total number of time intervals of the batch of data 

considered for orbit estimation. For example, if one day’s 

data is considered with a step size of 1 second time interval, 
‘n’ will be 86400 seconds. In this case, A_1 means the A_t 

matrix calculated at t = 1 second, A_2 means the A_t matrix 
calculated at t = 2 second and so on till t = 86400 seconds. 
The Jacobian matrix ‘A’ is hence given by, 

                          A= 

 
 
 
 
 
 
 
 

   
   
   
 
 
 

     
    

 
 
 
 
 
 
 

           (2) 

A_t is a 4*6 matrix. Hence, A matrix size will be (n× 4)*6. 

C. Delta Rho Calculation  

Theoretical range measurements calculation is done using, 
 
ρth=                                         

(3) 
where Xsat, Ysat, Zsat are the x,y,z coordinates of the 
satellite and Xstn, Ystn, Zstn are the x,y,z coordinates of a 
particular ground station for which the range measurements 
are being calculated. ρth is calculated at every second. The 
difference between the observed range measurements (ρobs = 

ρo_stn1, ρo_stn2, ρo_stn3, ρo_stn4) and theoretically calculated range 
measurements (ρth = ρth_stn1, ρth_stn2, ρth_stn3, ρth_stn4) is given by 
δρ = ρobs - ρth.        (4) 

D. Least squares solution 

The batch least squares solution is given by, 

δX = (A
T× A)-1× AT×δρ                          (5)   

At the end of first iteration, [5] the estimated satellite state is 
given by, Est_state_1 = Initial satellite state + δX.The initial 

satellite state here is as in table III and the δX obtained is a  
(6×1) matrix. For the second iteration, the estimated satellite 
state at the end of first iteration is considered as the initial 
state. Similarly, the process is repeated for multiple iterations 
till the solution converges. 
 
 
 
 

(1) 
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E. Validation 

The converged solution of the estimated satellite state is 
compared with the true satellite state (as mentioned in Table 
I) to validate the estimation process and the result obtained. 
The difference found between the estimated satellite state at 
the epoch and the true satellite state at the epoch is known as 
error in estimated orbit. 

III. RESULT AND OBSERVATION 

The table below shows the estimated satellite state using 
batch least squares method considering 24 hours data with a 
time interval/step size of 1 second. The position error in 
estimated state as compared with the true state is around 58 
mm. 

Table IV: Results 

 
True satellite 
state at the 

epoch 

Disturbed Initial 
state considered 
for estimation 

Estimated 
satellite state 

Error 

x (m) -22930044.9532 -23030044.9532 
-22930044.957

23 
0.00398 

y (m) 
-35403950.7736

2 
-35503950.77362 

-35403950.770
66 

-0.0029 

z (m) -13724.42975 -18724.42975 -13724.43284 0.00309 

ẋ (m/s) 2579.982591 2578.982591 2579.98259078 
2.1628 
e-07 

ẏ (m/s) -1670.372217 -1671.372217 
-1670.3722174

52 
4.5285 
e-07 

ż (m/s) 2.349319 2.849319 
2.34931902400

13 
-2.4001e-0

8 

Position Error (m) 0.00585 

Velocity Error (m/s) 
5.02 
e-07 

The mean position error in estimated satellite orbit is around 
11cm and the mean velocity error is about 0.23 m/s by using 
Extended Kalman Filter [6]. In comparison, the results 
obtained by using Batch Least Squares – DC method is found 
to be better. However, for real time orbit estimation at every 
time instant, sequential estimation like EKF or Iterative Least 
Squares method can be used. Whereas, BLS estimates precise 
orbit at the epoch by considering a batch of measurements. 

IV. CONCLUSION AND FUTURE WORK 

This study demonstrates precise orbit estimation of any GEO 
missions using only range measurements with 
crude/unknown initial state parameters. Orbit estimation is 
successfully carried out using Batch Least Squares (BLS) - 
Differential Correction (DC) algorithm. The position error in 
estimated orbit is in millimeter level. In future, clock bias can 
also be estimated along with orbit estimation with some 
modifications in the algorithm. Further, the work will be 
extended to live data of IRNSS satellites from a network of 
NavIC receivers.  
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