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ABSTRACT 
 
For the final evaluation of a GPS attitude determination algorithm, it was determined its true 
performance in terms of accuracy, reliability and dynamic response. To accomplish that, a flight 
test campaign was carried out to validate the attitude determination algorithm. In this phase, the 
measured aircraft attitude was compared to a reference attitude, to allow the determination of the 
errors. The system was built using non-dedicated airborne GPS receivers, and a complete Flight 
Tests Instrumentation (FTI) System. The flight test campaign was carried out at the Brazilian’s 
Flight Test Group T-25C 1956 Basic Trainer aircraft. The performance and accuracy of the 
system is demonstrated under static and dynamics tests profiles, which are fully compliant with 
the Federal Aviation Administration (FAA) Advisory Circular (AC) 25-7A. Dynamic response of 
the system is evaluated. 
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INTRODUCTION 
 
The aircraft attitude is the angular relationship between the aircraft body reference system SB and 
the local vertical reference system SR, that can be expressed by the Euler angles: θ (pitch), φ 
(roll), and ψ (yaw). The measurement transformation from SR to SB is achieved by three 
sequential rotations over the Euler angles, for instance the sequence: [θ φ ψ]. It is then possible to 
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express a transformation matrix ( ), from SR
BL R to SB [1] as: 
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 Where cθ ≡ cos(θ), sθ ≡ sin(θ), cφ ≡ cos(φ), sφ ≡ sin(φ), cψ ≡ cos(ψ), and sψ ≡ sin(ψ). 
 
The GPS attitude determination algorithm uses two baselines (a1, a2) plus a computed baseline 
(a3) to define SG a GPS Cartesian coordinate system, (xG, yG, zG), fixed on the aircraft body, 
through the installation of three antennas (Ant1; Ant2; and Ant3) [2]. 
Given an aircraft attitude, it is possible to express the relationship between siR, a unit vector in the 
direction of the ith GPS satellite in SR, and Φjj, the projection of siR on the baseline aj [3], as: 
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 Where: L is the Transformation Matrix from SR

G G to SR. 
 
Considering that there may be errors in the measured Euler angles (θm φm ψm), eq. 3 is not 
satisfied. So, it is possible to define a cost function (ρ) [4], which is dependent of the 
transformation matrix ( ): R
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Where k is a given coefficient, n is the number of satellites in track, and pi is a fixed weight value 
attributed to the ith satellite.  
 
The attitude determination algorithm, using least square techniques, searches the transformation 
matrix ( ) that minimizes ρ. The estimation of the z-axis measurement is given by: R

GL

( )2
2

2
13 1 iii Φ−Φ−=Φ  (5) 

 
 

GPS ATTITUDE DETERMINATION ALGORITM (GADA) DEVELOPMENT 
 
When the aircraft is maneuvering, for a given attitude the angle formed by the ith satellite line of 
sight (LOSi) and the GPS antenna array horizontal plane (HAP) could be negative (i.e. LOSi is 
below HAP) while the signal received from this satellite is still tracked by the receiver. When 
this condition occurs, known published GPS attitude determination algorithm attitude output (e.g. 
REQUEST) diverges from its true value, because eq. 5 computed measurement has an incorrect 
sign.  
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Ground Based Augmentation System (GBAS) employs Pseudolites to minimize the geometric 
errors around a given airport terminal area. In these applications it was demonstrated [5] and [6] 
that the receiver tracks the Pseudolites signals gathered from an antenna placed on the top of the 
aircraft. In this case the angle between the Pseudolite LOS and the HAP is mostly negative 
leading to an attitude divergence. 
 
Therefore, a novel GPS attitude determination algorithm (GADA), which minimizes the attitude 
errors build up due to this effect [7] was developed and evaluated against a traditional GPS 
attitude determination algorithm. 
 
GADA’s development comprised three phases: 

1. Algorithm Development and Simulation; 
2. System Integration and Evaluation using a Ground Antenna Base; and 
3. System Integration into an aircraft along with an attitude reference system to 

perform a Flight Tests Campaign. 
 
For the simulation process, GADA’s performance was compared against REQUEST algorithm, 
which was chosen as a reference algorithm. The simulation application was developed under 
Matlab® 6.1 along with Satnav® Toolbox. 
 
The simulation process employed the following conditions: 

1. A ±60º range for θ an φ angles and a 0º to 360º range for ψ angle, with steps of 1º; 
2. The receiver tracks satellites whose LOS to HAP angles ranges from 90º to -5º; 
3. The accuracy of the phase measurements are ±1.2 mm and ±0.95mm @ 1σ, 

respectively for L2 and L1 [8]; and 
4. A baseline of 1.4m. Latter due to the aircraft physical constraints a shorter baseline 

(0.61m) was required. 
 
Running the simulations, it was verified that the REQUEST errors were 1.73º, 2.45º, and 1,76º 
(Figures 2, 4 and 6) for respectively θ, φ and ψ angles and the GADA’s errors were respectively 
0.18º, 0.20º, and 0.13º (Figures 3, 5 and 7) @ 1σ, which is an improvement. 
 

  
Figure 2 - REQUEST Simulation Errors on θ Figure 3 - GADA Simulation Errors on θ 
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Figure 4 - REQUEST Simulation Errors on φ Figure 5 - GADA Simulation Errors on φ 

Figure 6 - REQUEST Simulation Errors on ψ Figure 7 - GADA Simulation Errors on ψ 
 
The execution of ground tests was a preview of the real flight environment and provided data to 
certify that the algorithm was performing properly. To carry out this task a swivel base for the 
antennas (Figure 7) was designed and a data acquisition system was integrated (Figure 8). 
 
The usage of independent GPS receivers in this work, caused some constraints as follows: 

1. The receiver’s time base is not synchronized with the GPS time due to equipment 
availability. Time correction occurs only when the time difference reaches 1ms, to 
avoid code ambiguity. This characteristic causes discontinuities in the phase double 
differences; and 

2. Phase differences due to the RF cable length should be compensated. 
 
To synchronize the phase double differences provided by the receivers, it was employed a linear 
approximation of the phase rate to correct all measurements. To correct the phase differences due 
to the RF cable it was developed a calibration procedure were a single antenna was connected to 
a pair of receivers. Then phase differences were computed and compensated. 
 
Then it was possible to satisfactory acquire data to compute the attitude of the swivel antenna 
base in two scenarios: static and dynamic. 
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Figure 8 - Swivel Antenna Base Figure 9 - Data Acquisition System 

 
To assure that the system was properly working, it was performed a Flight Tests Campaign, with 
the Universal Basic Trainer T-25C 1956 which comprised two flight profiles [9]: 

1. Static Attitude, where the test pilot should stabilize the aircraft in certain known 
attitude (e.g. pitch + 10º); and 

2. Dynamic Attitude, where the test pilot should stabilize the aircraft in some selected 
attitude rate (e.g. roll rate of 30º/s). 

 
The setup for the flight tests campaign required the following facilities:  

1. The design and implementation of an attitude reference system, which comprised a 
complete Flight Tests Instrumentation (FTI) System; and 

2. The implementation of an alignment process between [10]: 
i. The local reference system (SR), known as North-East-Down (NED) frame; 
ii. The aircraft reference frame (SB);  
iii. The GPS antenna reference frame (SG); and  
iv. The FTI reference frame (SF). 

 
The FTI System was composed by an Airborne PCM data acquisition System, a PCM Tape 
Recorder, a GPS/IRIG-B Time Base and a set of Transducers. The FTI provides attitude and 
flight dynamics reference data from which the attitude errors will be found. The measured 
parameters are the following: 
 

• Attitude θ, φ, and ψ; 
• Angular speed P, Q and R; 
• Linear Load Factor Nx, Ny and Nz; 
• Pendulum Attitude πx, πy; 
• Speed Vc; 
• Altitude Zpb.; and 
• IRIG-B Time Base for data Correlation. 

 
For system simplicity, all GPS Observables (Phase, GPS Time, Pseudorange and Ephemeris) 
were merged into the PCM data Stream through a RS232 interface. Figure 9 depicts FTI Block 
Diagram and Figure 10 the FTI rig installed into the test bed.  
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FTI measurement accuracy depends mostly on the calibration procedures. Then for all FTI 
parameters it was carried out a static calibration at the Flight Tests Division Calibration 
Laboratory compliant with EA-4/02 Standard [11].  
 
To minimize most of the systematic errors, the calibration process is carried out using the 
SALEV System [12] that takes into account complete measurement chain, including the sensor, 
the signal conditioning amplifier and filters, the data acquisition system, and the RAW-to-
Engineering Units conversion coefficients. The calibration results for all measurements are 
presented in Table 1 
 

PCM Data
Acquisition System

Airborne
Tape Recorder

04 GPS
Receivers

IRIG-B / GPS
Time Base

02 Pendulums
(πx πy)

Gyro Unit
(θ, φ, ψ)

Rate Gyro
(P, Q, R)

02 Accelerometers
(Nx, Ny)

Accelerometer (Nz)

 
Figure 10 - FTI Block Diagram Figure 11 - FTI Installed on the Test Bed 

 
Table 1 – Static Calibration Results 

Range Range Parameter 
Min Max 

Units Error 
1σ 

Parameter
Min Max 

Units Error 
1σ 

Nx -1 1 G ±0.0033 P -300 300 º/s ±0.871
Ny -1 1 G ±0.0034 Q -85 85 º/s ±0.229
Nz -4 7 G ±0.0308 R -120 120 º/s ±0.223
θ -90 90 º ±0.113 πx -45 45 º ±0.430
φ -180 180 º ±0.128 πy -45 45 º ±0.487
ψ 0 360 º ±0.121 Vc 0 200 Kt ±1.4451

Zpb 0 20,0000 Ft ±17.331       

 
Once the system is set up, the flight campaign was performed. Data analysis show that the 
attitude measurement errors, computed by GADA and compared along with the FTI data, was 
within ±0.5º @1σ for all Euler angles. 
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GADA DYNAMIC RESPONSE 
 
Looking closer when the aircraft performing the capture of the longitudinal attitude maneuver 
(Figure 12) at P ±55º/s, it is possible to notice the error build up between the FTI reference 
attitude and the GADA’s computed attitude (Figure 13). 

≅

 
Considering the Phase Locked Loop (PLL) of a GPS receiver [13], the effect presented in Figures 
12 and 13 is supposed to be caused by the PLL dynamic response. When the aircraft maneuvers, 
the rate of change of the Doppler shift may result in a difference between the real phase (i.e. input 
to the PLL) and the one generated by the carrier NCO (i.e. measured data). 
 

Figure 12 - Capture of the longitudinal attitude Figure 13 - Measured θ Angles at P=±55º/s maneuver 
 
The transfer function of the PLL is expressed by:  
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Then the noise bandwidth can be computed by:  
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It should be noticed that GPS receivers employs a digital integrator that operates in discrete time 
domain. Then the transfer function of a Digital PLL (DPLL) becomes:  
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 and Ts is the sampling time (for the GPS receiver used Ts = 1ms).  
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THE EVALUATION OF THE DYNAMIC RESPONSE 
 
To evaluate the GADA’s dynamic response it was necessary to reconstruct the income data at Ts. 
This process assures that the DPLL will get phase data at its nominal operating rate. Since the 
income true phase data observables are not provided, a simulation process was used. In this 
process the true phase data was generated from the measured aircraft position, time and attitude, 
to ensure the reproduction of the same observed flight conditions. 
 
Then, simulated true phase was feed into the DPLL model and down sampled to 0.1s. Both true 
and DPLL generated phase were used by GADA algorithm, which computed the expected true 
attitude and the DPLL modified attitude. All simulations results (i.e. true and DPLL phase and 
correspondent GADA’s computed attitudes) were compared against the FTI reference attitude 
and the GADA’s measured attitude (i.e. measurements from the flight tests campaign). 
 
Considering a 2nd order DPLL with BN = 25 Hz and ζ = 0.7071 and the P = ±55º/s maneuver, its 
possible to certify that the measured attitude error matches the simulated attitude errors (Figures 
14, 16 and 18). Comparing both measurements, it is clear that the DPLL parameters should be 
refined (Figures 15, 17 and 19). 
 

 
Figure 16 - θ Errors at P=±55º/s Maneuver. Figure 17 - θ Residual Errors at P=±55º/s Maneuver 

 
Figure 16 - φ Errors at P=±55º/s Maneuver. Figure 17 - φ Residual Errors at P=±55º/s Maneuver 
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Figure 16 - ψ Errors at P=±55º/s Maneuver. Figure 17 - ψ Residual Errors at P=±55º/s Maneuver 
 
Considering the required accuracy for certification of an attitude determination system, the 
measured errors turns this system unsatisfactory. Then, with the knowledge of the DPLL 
coefficients, a dynamic calibration procedure should be developed, to minimize these errors, 
turning this system acceptable according with the certification requirements. 
 
 

CONCLUSIONS 
 
An adequate methodology was employed to evaluate GADA’s static and dynamic characteristics, 
including: 

a) The implementation of a reference attitude system, using a complete Flight Tests 
Instrumentation System; 

b) The development of a synchronization and calibration process for the GPS receivers 
to compensate receiver clock offsets and antenna cable delays; 

c) The setup of an appropriate flight profile that demonstrates the static and dynamic 
behavior of the system; and 

d) The data reduction analysis, from which the static and dynamic errors were 
determined. 

 
GADA’s accuracy is dependent of the dynamic behavior of the receiver. To fully exploit the GPS 
characteristics, this dynamic model should be expanded and a system identification process 
should be employed to allow the determination of the specific receiver parameters BN and ζ. 
 
Future works should include the usage of software GPS receiver, where the setup of the DPLL 
coefficients and topology, allows: 

a) The validation of the dynamic behavior of an off-the-shelf GPS receiver, whose 
parameters were determined by the use of a system identification process; and 

b) The design of customized GPS receivers, for specific high dynamics applications.  
 
Also GADA should be evaluated in other test beds, that flies over an extended envelope and thus 
in a higher dynamic range. 
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