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1.	 Introduction
Sensors onboard an aircraft are integrated navigation 

system (INS), global navigation satellite system (GNSS), 
TACAN, radio altimeter, surface radar tracker (ground 
proximity warning system), link 16, air data computer 
and forward looking sensors (LiDAR, RADAR, Visible/
IR) which assists pilot for navigation. However, it is 
extremely difficult for the pilot to rely on any one 
instrument and the decision making depends on pilot’s 
proficiency. This study and simulation amalgamates 
outputs from these sensors and processes it through a 
navigation filter for providing best solutions for RNP in 
terms of availability, accuracy, integrity and continuity. 
The RNP parameters1,2 and area navigation3 are defined 
in literature. Many papers and books had discussed the 
integration of navigation sensors4, Kalman filter (KF) for 
fusion of INS and GPS5,6, fusion of different sensors5,7, 
loosely coupled integration of GPS and INS using EKF8, 
loose integration of INS, GPS and camera9, INS and 
GPS on ultra tightly system10-12. However, in this paper 
various navigation sensors are simulated and the navigation 
data fusion problem is deeply examined with the aim 
of developing an EKF suitable for exploiting existing 
navigation sensors in various manned and unmanned 
aircraft for both civil and military applications.

INS provides standalone solution. Long duration 
solution from INS is achieved by using very high quality 
accelerometers and gyros which increase the cost of 
navigation system. GNSS navigation solution depends 

on the availability of GNSS signals which in turn is 
dependent upon numerous factors such as location, antenna 
orientation and dilution of precision (DOP). TACAN is 
used by military for range and bearing with respect to 
TACAN ground station. 

The scope of multi sensor data fusion is shown 
in Fig. 1. The EKF is selected as a prime data fusion 
method to provide navigation solution. 

2	 SENSOR MODELS
The sensor models such as INS, GNSS constellation, 

GNSS receiver and TACAN are required. The GNSS 
receiver works in the earth centre earth fix (ECEF) 
coordinate system. The other sensors provide solutions 
in a local coordinate frame. 

The INS is simulated by simulating the accelerometers, 
gyros, bias, scale factor and white noise random drift. The 
generalised mathematical model which are used in simulation 
for gyros, accelerometer and derive velocity, acceleration, 
position (errors) are described in Appendix I.
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Figure 1. Multi sensor data fusion.
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The GNSS receiver simulation requires input from 
GNSS constellation as GNSS receiver characteristic is 
dependent on satellites position, inclination and distance 
from the receiver. GPS almanac data is used to calculate 
approximate position of satellites in the orbit. The 
almanac data is downloaded from the US coast guard 
navigation centre13. Ephemeries error model is used from 
reference14. Satellite’s position and velocity are computed 
from equations defined in Appendix II. GNSS Receiver’s 
position and velocity calculations are also described in 
Appendix II.

The mathematical model for TACAN and VOR/DME 
is same. Only, the error characteristics for TACAN and 
VOR/DME are different. TACAN range and bearing models 
are defined in Appendix III. Sigma error calculation is 
defind in Appendix IV
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The linearised dynamic model of continuous state 
space model for dynamics of INS, GNSS and TACAN. 
is expressed by Eqn. (9).
where
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Details of F11, F12, F22, F33, F35, F44 and F55 are in17. 
These are derived from equations described in Appendix I 
for position, velocity and attitude computation of INS.    

The system noise covariance matrix Q is defined 
by Eqn. (15).

Figure 2. GNSS, INS and TACAN EKF fusion block diagram.

3	 NAVIGATION FILTER
The integration of navigation sensors is achieved 

through navigation filters such as KF, EKF and UKF15. 
The EKF model is based on measurement compensation. 
The measurement matrix z is a difference between INS 
and GNSS measurements. Matrix z is used to correct 
the INS solutions. 

The EKF navigation solution requires system model 
and measurement model15. EKF is used to describe the 
system which has non linear states. In loose integration 
there is no interaction between the INS, GNSS and TACAN 
states therefore the system, transition and system noise 
covariance matrices may be partitioned as described by 
Eqs. (1) to (17)16
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where n2
ra, n2

rg, n2
bad and n2

bgd  are the power spectral 
densities (PSD) of the accelerometer random noise, gyros 
random noise, accelerometer bias variation and gyro bias 
variation respectively defined17. It is assumed that all the 
three accelerometer and gyros used for INS simulation 
have same PSD. It is assumed that TACAN range and 
bearing are linearly dependent. Therefore the derivative 
of TACAN states are zero. Q66 is defined by Eqn.(16).

	 (16)

The measurement matrix is defined by Eqn. (17).
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The statistical nature of INS, GNSS and TACAN 
are different. Therefore, errors are separated by EKF. 
The estimated INS error is subsequently subtracted from 
the INS output.

4.	 SENSORS SIMULATION AND INTEGRATION
Performance of all sensors is based on input from 

aircraft dynamic model (ADM)18. 

4.1	 INS Simulation
Characteristics which are assumed for accelerometers 

and gyros for the simulation of INS are tabulated in 
Table 1.

Sigma errors are tabulated in Table 2 for an update 
rate of 50 Hz for attitude, velocity and position using 
ADM as input.

INS attitude, velocity and position are computated 

Parameters Value
Earth’s angular rate

0.004178074132240 
rad

s

Accelerometer bias 4.2 µg
Accelerometer scale factor 21 ppm

Random walk (accelerometer) 4.2
g
Hz

µ

Gyros bias 0.00084 
deg
h

Gyros scale factor 1.67  ppm

Random walk (gyros)
.03 

deg
h
Hz

Table 1. INS input characteristic for simulation20.

Table 2. Velocity, position, attitude sigma error

without vertical channel correction and do not meet 
the RNP. 

4.2	 GNSS Simulation
The YUMA almanac data14 is downloaded on 06 

august 2011 and is used for GPS constellation simulations. 
The GPS satellites constellation simulation (visibility) 
is verified at longitude 0.6267° W, latitude 52.0703° N 
and geodetic height 139 m at 8 hrs, 27 min and 54 s on 
7/08/2011 online19. The program is written to track the 
32 satellites and can be easily modified to track more 
satellites in future. The program can be easily modified 
to simulate the GLONASS orbit. 

The intermediate parameters require for satellite 
position calculation is performed for satellite number 3 
(PRN 3) and data is taken from YUMA almanac file14. 
Table 4 lists the input parameters require for calculation 
of satellite coordinates. Similar calculation is performed 
for the remaining satellites.

The output generated from the Matlab program for 
calculating the satellite position in ECEF (WGS 84) 
coordinates is listed in Table 5. For details of terms 
used, refer20.

Fig. 3 shows the orbits of all GPS saltellites (31 
number). Axes measurements are in meters (ECEF).

4.3	 GPS Receiver Simulation
Table 6 shows the position and velocity sigma error 

of the GPS receiver. DOP factor of less than 2.5 is 
considered for 4 best DOPs.

66

2 0

0 2
Errpr

Errpr

RANGE

RANGE

TACAN

Q TACAN

 
 

=  
 
 

Measurements Values  
(m/s) Measurements Values 

(m) Measurements Values  
(degree)

NorthVelocityσ 8.18 NorthPositionσ 1693.04 rollσ 0.7223
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Velocity yawσ 3.51 Position yawσ 93.05 yawσ 0.6787
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Table 3. Values used for satellite coordinate calculation20

Terms values Units Terms values Units

µ 3.986005 x 1014
2

2

m
s

Crs 7.321875 x 101 m

eΩ 7.292115167 x 10-5 rad
s

Cic 6.146729 x 10-8 rad

c 2.99792458 x 108 m
s

Cis 2.086163 x 10-7 Rad

Cuc 4.017726 x 106 rad ∆ n 1.45853639 x 10-4 Semicircle
s

Cus 7.698312 x 10-6 rad IDOT 9.178953 x 10-11 Semicircle
s

Crc 2.259375 x 102  m Af2 0.00000
2

2

s
s

Table 4. YUMA Alamac data for PRN 03

Terms Values Units Terms Values Units

M0 -0.2194783688 x 100  Semicircle ω 1.116163492 Semicircle

E 0.2794265747 x 10-2  Dimensionless 0
Ω -0.8145434549E-008

Semicircle
s

a 5153.604980
1
2m t0ε 61440.0000 s

0Ω 0.2861869574E+001 Semicircle Af0 -0.7629394531 x 10-5  s

i0 0.9296073914° Semicircle Af1 0.3637978807E-011
s
s

Table 5. GPS satellite position (PRN 03)

Terms Values Terms Values

α 26835551.59417703400 δ i3 -0.00000011339
no 0.00014361610 µ3 -1.43984826165
t3 0.00075217704 r3 26841562.97797437400
n 0.00028946974 i3 0.92962446853
M3 53.99297081061 x’3 3504814.25677414750
f3 -2.55600587966 y’3 -26611760.18466417100

E3 2.55585142583 Ω 3
-15.27674487674

φ3 -1.43984238766 x3 -9837106.36624007300
δµ3 -0.00000587399 y3 12995363.14535391300
δr3 -237.19060061759 z3 -21326541.63619175900

Table 6. Position, velocity sigma error

Measurements Values (m) Measurements Values  (
m


s)

xECEFpositionσ 1.1073 xvelocityσ 1.5741

yECEFpositionσ 2.9747 yvelocityσ 1.1877

zECEFpositionσ 2.3385
zvelocityσ 0.70150

Totalpositionσ 3.9425 Totalvelocityσ 2.0930
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Figure 4. Attitude solution with filter.

4.5	 EKF Simulation Results for INS, GNSS and 
EKF
GNSS position solution is converted into NED frame. 

Update rate of EKF filter is 1 Hz and INS update rate 
is 50 Hz. GNSS and TACAN update rate is 1 Hz. INS, 
GNSS and TACAN simulation parameters are same as 
used in section 4.1, 4.2, 4.3 and 4.4. 

Fig. 4 shows the attitude solution obtained from the 
EKF filter of INS, GNSS and TACAN. In this solution 
GNSS signal is temporarily unavailable from 4100 s to 
4500 s. During this period the solution accumulates the 
similar errors as of standalone INS. Similar analysis is 
performed for velocity and position. attitude, velocity 
and position sigma errors are tabulated in Table 7. 

The sigma error is better than the standalone INS 
solutions.

TACAN range and bearing filter solutions are shown 
in Figs. 5 and 6 respectively.

Table 7. Attitude, velocity and position sigma error with filter

Measurements Values  
(degree) Measurements Values  (

m
s

) Measurements Values  (m)

EKFrollσ 0.6067 EKFvelocity Northσ 1.6369 EKFpositional Northσ 3.7745

EKFpitchσ 0.0441 EKFvelocity Eastσ 1.1848 EKFposition Eastσ 4.1973

EKFyawσ 0.6157 EKFvelocity Downσ 0.9289 EKFposition Downσ 3.4662

EKFTotalσ 0.8657 EKFvelocityTotalσ 2.2240 EKFpositionTotalσ 6.6241

4.4	 TACAN Simulation
Typical TACAN range error and azimuth error are 

assumed as meters and   respectively. In this analysis, 
TACAN ground station location is assumed as 519 
m North, 153 m East and 5 m down in NED frame. 
Simulation result of range and bearing are shown in 
Figs. 5 and 6 as actual TACAN range and bearing index 
respectively.

Figure 3. GPS Satellites trace for one orbital period.
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Figure 6. TACAN bearing solution.
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5	 CONCLUSION
The loose integration of INS, GNSS and TACAN is 

performed using EKF. The data link may be added to the 
same navigation filter to provide the navigational fix in 
terms of position and velocity from cooperating platforms. 
The error budget of the platform can be computed 
based on sigma error of the cooperating platforms with 
different sensors accuracies and sigma errors. This will 
pave the way for development of decision support tool 
for flight operations.
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Gyros are generalised in mathematical from as 
described by the Eqn. (18).

out in B R SF inω = ω + ∆ + ∆ + ∆ ω                     (18)
where wout and win  are the gyro output and input respectively, 

B∆ is the gyro bias, R∆  is the gyro random drift rate,

SF∆ is the gyro scale factor.
Accelerometers are generalised in mathematical from 

as described by the Eqn. (19).
out in B R SF inf f f= + ε + ε + ∆                   (19)

where fout and fin  are the output and input of an accelerometer,
Bε is the accelerometer bias, Rε is an accelerometer time 

dependent random bias. SF∆ is the accelerometer scale 
factor error.

Quaternion differential equation (attitude) in NED 
frame is defined by Eqn. (20).
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	 (20)
Velocity equation is defined by Eqn.(21).

n n b b
b iv C (t )[ v v ]∆ = ∆ + ∆θ× ∆                (21)

The position is expressed by direction cosine matrix 
differential Eqn. (22)

n n
e/n e

n C
eC = −Ω

     		          
(22)

(28), where kµ  and rk are corrected argument of latitude 
and radius respectively. 

'
k k kx r cos= µ 	                             (27)
'
k k ky r sin= µ 		                      (28)

Velocity in orbital plane is defined by Eqns. (29) 
and (30).
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Position of Kth satellite in ECEF coordinate is 
defined from Eqns. (31) to (33), where ik is inclination 
between inclination plan and orbital plan.

' '
k k k k k kx x cos y cos i sin= Ω − Ω 	 (31)

' '
k k k k k ky x sin y cos i cos= Ω + Ω 	 (32)

'
k k kz y sin i= 			   (33)

Attitude Error Equations is defined by Eqn. (23)
( )n n

b bC Cδ = − φ×                          (23)
Velocity error equation with respect to velocity and 

earth radius yields is defined by Eqn. (24)
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Position error equations is defined as 
n
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The single DCM result from the rotation of F about 

x axis, q about y axis and y about z axis is defined 
by Eqn. (26). 
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sin( )
sin( )*cos( ) cos( )*cos( )

− θ ψ F ψ
θ ψ + F θ ψ + F θ ψ

θ ψ − F ψ
θ ψ

+ F θ ψ + F θ ψ
− θ

F θ F θ




 
 
 
 
  						  

(26)

Position in orbital plane is defined by Eqns. (27) and 

Appendix I21

Appendix II20, 22

Velocity of Kth  satellite in ECEF coordinate is 
defined by Eqns (34) to (36) 

' '
k k k k k kx x cos y cos i sin= Ω − Ω 	            (34)

. .
. ' '
k k k k k ky x sin y cos i cos= Ω + Ω             (35)

'
k k kz y sin i= 	                             (36)

Pseudo range is computed from Eqn. (37), where  
x,y and z are users coordinates and X, Y and Z  are 
satellite coordinates.

2 2 2(x X) (y Y) (z Z)ρ − + − + −               (37)
The ∆ρ matrix is derived from Eqn. (37) and n  is the 

number of visible satellites as defined by Eqn. (38)
1

2

3

1

...

n n×

ρ 
 ρ 
 ∆ρ = ρ
 
 
 ρ  	 	

(38)
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x
y

X
z
t

×

∆ 
 ∆ ∆ =
 ∆
 
∆  			 

(39)

H X× ∆ = ∆ρ  	 (40)
The H  matrix is defined by Eq (41). 

x1 y1 z1

x2 y2 z2

xn yn zn n 4

c c c 1

c c c 1
H

.. .. ...
c c c 1

×

 
 
 =  
 
   	

(41)

Where ck=(cxk, cyk, czk) is a unit vector from user’s 
location to Kth  satellite’s location 

The offset ( x)∆ is computed by Eqn. (42).
T 1 TX (H *H) H *−∆ = ∆ 	 (42)

DOPs are obtained by matrix T 1(H *H)− . The term ijσ  represents covariance of error in computed position and 
time whereas user’s covariance is assumed as one m2.

11 12 13 14

21 22 23 24T 1

31 32 33 34

41 42 43 44

(H *H)−

σ σ σ σ 
 σ σ σ σ =
 σ σ σ σ
 
σ σ σ σ   	

(43)

DOPs are defined by Eqs (44) to (48). 
11 22 33 44GDOP = σ + σ + σ + σ 	 (44)

11 22 33PDOP = σ + σ + σ 	 (45)
11 22HDOP = σ + σ 	 (46)

33VDOP = σ 	 (47)
44TDOP c

σ= 	 (48)

User velocity x, y and z   is calculated from Eqn.(49).

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1
1 1 1 1 1 1 1

1 1 11

2 2 2
2 2 2 2 2 2 2

2 2 2 2

3 3 3
3 3 3 3 3 3 3

3 3 3 3

X x Y y Z z1 X X x Y Y y Z Z z

X x Y y Z z1 X X x Y Y y Z Z z

1 X x Y y Z zX X x Y Y y Z Z z

   − − −
 −ρ + − + − + −     ρ ρ ρρ   

   − − − −ρ + − + − + − =    ρ ρ ρ ρ  
   − − − −ρ + − + − + −    ρ ρ ρ ρ      

  



  



  



X
Y
Z

 
 
 
  







	
(49)

TACAN range and bearing  are calculated from 
Eqn.(50) and Eqn. (51) respectively23 where (x,y,z)  are 
aircraft position and (X,Y,Z) are TACAN ground  station 
location. 

2 2 2
TACAN TACAN TACAN(x X) (y Y) (z Z) bρ = − + − + − + + υ

	 (50)

Appendix III

Where btacan is a corrupting bias and utacan is a 
measurement noise.  

1

TACAN

y Ycos−  −
θ =  

ρ     			     
(51)

Sigma error is defined by Eqn. (52), where N is the 
number of samples, measurement is the measured data 
and input is the expected value. 

2
1 ( )N measurement input

N
∑ −

σ =
	

(52)
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