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Roll rate estimation is essential to attitude measurement. During the processing of baseband 

signals, it is complicated to measure the vehicle rolling attitude, based on the energy features 

of existing satellite signals. To measure the energy of received signals in real time, the data 

communication interface and storage unit of the receiving device must be customized. 

However, the customization will push up the cost of attitude sensors, and result in processing 

delays. To solve the problem, this paper measures the vehicle roll rate by the variation 

features of pseudorange observations, which are easy to acquire and highly applicable. 

Specifically, the roll rate of a cylindrical spinning vehicle was estimated, using Global 

Navigation Satellite System (GNSS) receiver with single side-mounted antenna. After 

analyzing the variation of pseudorange observations, the authors calculated the roll rate of 

the cylindrical spinning vehicle based on the variation rules. The proposed approach was 

verified through experiments with simulated GNSS signals. The accuracy of our approach 

was measured at different rotation speeds and translational speeds. The results show that our 

approach can accurately estimate the roll rate when the standard deviations of noise is less 

than 1m for pseudorange measurement. 
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1. INTRODUCTION

The flight trajectory estimation and flight process control of 

high-speed vehicles or other projectiles hinge on the 

acquisition of the attitude information. Inaccurate attitude 

information will undermine the precision of the control system, 

and even destabilize the vehicles. Several kinds of sensors are 

available to obtain the attitude information of an aircraft, 

including inertial navigation system (INS), geomagnetic 

sensor, gyroscope, and satellite navigation receiver, to name 

but a few. All these sensors can provide accurate attitude 

information, facilitating the subsequent control of the aircraft. 

For a cylindrical vehicle, rotation should be accompanied by 

translational motions to ensure flight stability. But the rotation 

state may influence the measurement of vehicle attitude [1-3]. 

In attitude measurement, initial alignment is a necessary 

step for inertial devices. If the vehicle spins, the fast rotation 

will disturb the normal operation of many inertial devices. 

Even a slight gyroscopic error in the integration process will 

lead to a large and rapid change of attitude error. What is worse, 

the inertial devices may fail in the launch stage, due to the high 

overload of the vehicle [4, 5].  

The geomagnetic sensor clearly displays the phase 

relationship of speed waveforms, supports the measurements 

in a wide range of speeds, and captures speed variations clearly 

and stably. However, the geomagnetic sensor is susceptible to 

changes in motor and external magnetic field, as well as the 

magnetic shielding effect of the vehicle or emitter. The 

magnetic field signals would be underestimated, especially 

when the sensitive axis of the local magnetic sensor is parallel 

to the geomagnetic line. This limits the application of the 

geomagnetic sensor in spinning vehicles [6]. In addition, the 

geomagnetic sensor may complicate the mechanical structure 

of the satellite navigation receiver, given the high cost of the 

sensor, and the complexity of the attitude measurement 

algorithm. 

In the early 20th century, some scholars proposed to 

measure rolling attitude with the Global Positioning System 

(GPS) [7]. With a simple structure, the Global Navigation 

Satellite System (GNSS) receiver can simultaneously acquire 

the position and rolling attitude at a low cost. Based on the 

GNSS receiver, the roll attitude can be measured by two 

modes: the multi-antenna mode, and the single-antenna mode 

[8-11]. 

In the multi-antenna mode, multiple antennas are usually 

mounted on the surface of the same cross-section of a 

cylindrical spinning vehicle, so that at least one antenna can 

receive satellite signals at any time [12]. Doty et al. determined 

the rolling attitude of cylindrical spinning vehicles based on 

the amplitude correlation of GNSS signals received by 

multiple antennas [13-15]. The roll rate was taken as prior 

information to ensure the accuracy of attitude estimation, and 

the signals received by multiple antennas were combined into 

one signal. However, the combined signal is prone to mutual 

interference, and highly noisy, compared with each single 

signal. There are several drawbacks of multi-antenna attitude 

measurement: the complexity of system and computation, the 

high cost, and the poor real-time performance [16, 17]. 

In the single-antenna mode, the antenna is usually deployed 

on the side of the aircraft, which rotates with the cylindrical 

spinning vehicle on its cross-section around the spinning axis. 

The spinning of the vehicle has a modulation effect on the 

GNSS signal received by the single antenna [18]. Shen et al. 

presented an algorithm, which regards the rotation-induced 
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Doppler frequency shift with sine variation as the noise of a 

fixed frequency, in the absence of roll rate as prior information. 

The rotation-induced Doppler frequency shift was eliminated 

by the filter in the vehicle tracking loop [19-21]. Kim et al. 

proposed a design method for the GNSS receiver tracking loop 

of spinning vehicles. In their method, the influence of rotation 

on the GNSS signal was eliminated by adding a rotation 

tracking loop into the conventional receiver [22, 23]. The 

additional loop tracked the rotation angle and frequency of the 

vehicles.  

Admittedly, the methods above can solve the signal 

interference between multiple antenna measurements, and 

simplify the mechanical structure of the system. Nevertheless, 

the commonly used GNSS receiver does not directly output 

the amplitude of the received GNSS signals, which is needed 

by the above methods for estimating the rotation frequency. 

The receiver must be customized to output the signal 

amplitude in real time, which is bound to push up the cost. 

Therefore, the existing methods only work well in the presence 

of expensive customized receivers, and perform poorly in non-

customized scenarios [24]. None of the existing studies has 

estimated attitude using the GNSS observations by the 

conventional receiving function.  

Through the preliminary studies, it can be concluded that: 

the real-time pseudorange measured by the GNSS receiver 

will oscillate periodically with the rotation of the cylindrical 

spinning vehicle, if the phase center of the single antenna in 

the GNSS receiver does not coincide with the centroid of the 

cylindrical spinning vehicle, and if the single antenna rotates 

around the cross-section of the cylindrical spinning vehicle. 

Therefore, this paper tries to estimate the roll speed of the 

cylindrical spinning vehicle based on real-time observations of 

pseudorange, aiming to reasonably customize the energy of 

output signals, and solve the common problems of the existing 

algorithms (e.g., numerous loop filtering / integral operations). 

Specifically, the pseudorange variation frequency caused by 

the rotation of the vehicle was extracted through a frequency 

analysis of pseudorange observations. The pseudorange 

spectrum was smoothed, according to the angle between the 

rotation plane of the receiver and the line of sight (LOS) vector. 

Our approach involves only a few differential operations, and 

fast Fourier transforms (FFT), which apparently simplifies 

information processing, and ensures a good real-time 

performance. The proposed approach was validated through 

experiments. The accuracy of the roll rate estimated by our 

approach was obtained under different noises of pseudorange 

measurement. The results show that our approach can 

accurately estimate the roll rate of the cylindrical spinning 

vehicle.  

 

 

2. VARIATION OF PSEUDORANGE OBSERVATIONS  

 

 
 

Figure 1. Geometric relationship between the single antenna 

and a satellite 

 
 

Figure 2. Geometric relationship between the ECEF 

coordinate system and the topocentric coordinate system 

 

To estimate the roll rate of the cylindrical spinning vehicle 

by pseudorange observations, a single antenna of the GNSS 

receiver was mounted on the side of the vehicle. As the vehicle 

rotates, the pseudorange observations will oscillate in the form 

of a sine wave. The oscillation frequency is consistent with the 

vehicle roll rate. Therefore, the roll rate of the spinning vehicle 

can be estimated by analyzing the pseudorange observations. 

Figure 1 shows the geometric relationship between the single 

antenna and a satellite. 

Figure 2 shows the relationship between the Earth-centered 

Earth-fixed (ECEF) coordinate system and the topocentric 

coordinate system 𝑂1𝑋1𝑌1𝑍1. 

In the topocentric coordinate system 𝑂1𝑋1𝑌1𝑍1, the centroid 

of the vehicle serves as the origin 𝑂1; the phase center of the 

non-omnidirectional antenna of the receiver lies the side point 

𝑃 of the spinning vehicle, and its rotation plane is the cross-

section of the vehicle. Once the vehicle starts rotating, the 

phase center of the antenna will run in the center of the circle, 

whose radius is r. The epoch of the circular motion of the 

antenna can be calculated by T=1/f, where 𝑓  is the vehicle 

rolling frequency. In Figure 2, 𝑃0  and 𝜑0  are the initial 

position and initial phase of the circular motion of the antenna 

phase center, respectively. 

In each observation epoch, the GNSS receiver measures its 

geometric distance from the satellite based on the received 

signal. The measured distance is the pseudorange, including 

the clock differences of the satellites and the receiver, 

ionospheric delay, and troposphere delay. Figure 3 shows the 

analysis of pseudorange observations in the topocentric 

coordinate system, as the single antenna on the side of the 

vehicle rotates.  

 

 
 

Figure 3. Antenna rotation vector and LOS vector 

 

Note that P is the phase center of the real-time antenna; 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ 
is the rotation vector of the antenna, which corresponds to the 

real-time rolling phase of 𝜑(𝑡) ; |𝑃𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  |  is the distance 
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between the antenna phase center and satellite n, namely, the 

real-time pseudorange observation 𝜌(n)(t) ; |𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑|  is the 

distance between the centroid of the vehicle and satellite n; 

𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑ is the projection of the rotation vector 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ on the LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑.  

When the vehicle rotates, the rotation vector 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ changes, 

|𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| would change with the real-time rolling phase 𝜑(𝑡). If 

𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑  coincides with the projection 𝑂1𝐵⃑⃑ ⃑⃑ ⃑⃑  ⃑  of the LOS vector 

𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑  on plane 𝑂1𝑋1𝑌1 , i.e., if 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑  rotates to 𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑ , |𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| 

reaches the maximum. Let 𝜃(n)(t) be the angle between the 

normal vector 𝑂1𝑍1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ of the antenna rotation plane and the LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ of satellite n. Then, we have: 

 

|𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑|
𝑀𝐴𝑋

= |𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑| ∙ 𝑠𝑖𝑛[𝜃(𝑛)(𝑡)] (1) 

 

where, |𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑| = 𝑟. 

When the phase center of the antenna rotates with the 

vehicle, the 𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑, which corresponds to the real-time rolling 

phase, can be described as 𝜑𝐶 = 2𝜋𝑓𝑡𝐶 + 𝜑0, where 𝑡𝐶 is the 

time required for the phase center of the antenna to rotate until 

it coincides with the projection 𝑂1𝐵⃑⃑ ⃑⃑ ⃑⃑  ⃑  of the LOS vector on 

plane 𝑂1𝑋1𝑌1. Thus, the real-time angle between 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ and 𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑ 

can be derived as: 

 

𝜑 − 𝜑𝐶 = 2𝜋𝑓𝑡 + 𝜑0 − (2𝜋𝑓𝑡𝐶 + 𝜑0) 

= 2𝜋𝑓𝑡 − 2𝜋𝑓𝑡𝐶 
(2) 

 

The real-time value of |𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| can be obtained from the angle: 

 

|𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| = |𝑂1𝐶⃑⃑⃑⃑ ⃑⃑  ⃑| ∙ 𝑠𝑖𝑛[𝜃(𝑛)(𝑡)]𝑐𝑜𝑠(𝜑 − 𝜑𝐶) 

= 𝑟 ∙ 𝑠𝑖𝑛[𝜃(𝑛)(𝑡)]𝑐𝑜𝑠(2𝜋𝑓𝑡 − 2𝜋𝑓𝑡𝐶) 
(3) 

 

Since |𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑| ≪ |𝑃𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  |, |𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑|, the projection of 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ on the 

LOS vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ , is negligible compared with |𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| . 

Thus, we have |𝐴𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  | = |𝑃𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  |.  

The time function 𝑃𝑚(𝑡) was designed to represent the time 

variation of real-time pseudorange observation |𝑃𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  |; the 

time function 𝑃𝐿(𝑡)  was designed to represent the time 

variation of real-time distance |𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| from vehicle centroid 

to satellite n; the time function 𝑃𝑆(𝑡) was designed to represent 

the time variation of real-time projection |𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑|  of rotating 

vector 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑ on LOS vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑: 

 

𝑃m(𝑡) = 𝑃𝐿(𝑡) − 𝑃𝑆(𝑡) = |𝑃𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  | 

= |𝐴𝑆(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  | = |𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| − |𝑂1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| 

(4) 

 

According to formula (4), the pseudorange real-time 

observation 𝑃𝑚(𝑡)  is composed of two parts: the first part 

𝑃𝐿(𝑡) refers to the distance |𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| between vehicle centroid 

O1 and satellite n. It changes in real time due to the relative 

motion of vehicle and satellite; the other part 𝑃𝑆(𝑡) stands for 

the projection |O1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| of the position vector 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑  on the LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑, when the phase center of the receiver antenna 

rotates on the cross-section of the vehicle. This projection 

oscillates sinusoidally due to the circular motion of the 

receiver antenna, and the oscillation frequency is consistent 

with the rotation frequency of the vehicle. Meanwhile, the 

instantaneous value of |O1𝐴⃑⃑ ⃑⃑ ⃑⃑  ⃑| depends on the angle 𝜃(𝑛)(𝑡), 

which can be obtained from the normal vector 𝑂1𝑍1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ of the 

rotation plane, and the LOS vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ of satellite n: 

 

𝜃(𝑛)(𝑡) = 𝑎𝑟𝑐𝑜𝑠
O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ∙ 𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑

|O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| ∙ |𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑|
 (5) 

 

When the vehicle moves in the air and the attack angle is 

zero, the normal vector of its rotation plane usually points to 

the direction of its speed. According to formula (5), the angle 

𝜃(𝑛)(𝑡) changes with time due to vehicle motion.  

Next, the vehicle motion was analyzed in powerless state. 

Since 𝑃𝐿(𝑡)  refers to the distance |𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑|  between vehicle 

centroid O1 and satellite n, and changes in real time due to the 

relative motion of vehicle and satellite, we have: 

 

𝑃𝐿(𝑡) = 𝑃𝐿(𝑡0) + [𝑉(𝑡0)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  (𝑡 − 𝑡0) + 𝑎(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  (𝑡 − 𝑡0)
2] × 𝐇 (6) 

 

where, 𝑡0 is the initial moment of free fall for the powerless 

spinning vehicle after launch; t is any moment before the 

vehicle stops moving after 𝑡0; PL(t0) is the initial pseudorange 

observation of the vehicle; V(t0)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   is the initial speed vector of 

the vehicle; 𝑎(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   is the acceleration of the vehicle in free fall. 

In addition to the acceleration of gravity, the spinning vehicle 

may be affected by other factors, such as wind resistance in its 

free fall. Under the combined effect of these factors, the 

acceleration of the vehicle would change with time. This paper 

regards the variation in acceleration induced by factors except 

gravitational acceleration as the noise of pseudorange 

measurement. In addition, 𝑎(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  = 𝑎  is a constant vector 

consistent with the acceleration of gravity; 𝐇  is the unit 

observation vector matrix. Let 𝑠(𝑛)(𝑥(𝑛), 𝑦(𝑛), 𝑧(𝑛))  be the 

coordinates of satellite n, and 𝑃(𝑥, 𝑦, 𝑧) be the coordinates of 

the antenna in topocentric coordinate system; 𝜌(𝑛)(𝑡) be the 

pseudorange observation between satellite n and the antenna. 

Then, we have: 

 

𝐇 =

[
 
 
 
 
 
 
∂𝜌(𝑛)

∂𝑥
∂𝜌(𝑛)

∂y

∂𝜌(𝑛)

∂z ]
 
 
 
 
 
 

=
𝟏

𝜌(𝑛)(𝑡)
[
𝑥 − 𝑥(𝑛)

𝑦 − 𝑦(𝑛)

𝑧 − 𝑧(𝑛)

] (7) 

 

Compared with the circular motion of the receiver antenna, 

matrix 𝐇 can be regarded as a constant matrix in a very short 

period of observation epoch. 

In formula (4), 𝑃𝑆(𝑡)  is the projection 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑  on the LOS 

vector: 

 

𝑃𝑆(𝑡) = |𝑂1𝐴⃑⃑⃑⃑ ⃑⃑  ⃑| = 𝑟 ∙ 𝑠𝑖𝑛[𝜃(𝑛)(𝑡)]𝑐𝑜𝑠(2𝜋𝑓𝑡 − 2𝜋𝑓𝑡𝐶) (8) 

 

Substituting formula (5) into formula (8): 
 

𝑃𝑆(𝑡) = 𝑟 ∙ 𝑠𝑖𝑛[𝑎𝑟𝑐𝑜𝑠(
O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ∙ 𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑

|O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| ∙ |𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑|
)]𝑐𝑜𝑠(2𝜋𝑓𝑡

− 2𝜋𝑓𝑡𝐶) 

(9) 
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3. ROLL RATE ESTIMATION 

 

The pseudorange observations between satellite n and the 

antenna can be obtained through baseband processing of 

GNSS signals. As can be seen from formula (6), 𝑃𝐿(𝑡), which 

is contained in the measured pseudorange, depends on the 

centroid of the vehicle, and the relative speed and acceleration 

of the satellite, but has nothing to do with the rolling of the 

vehicle. In other words, in a certain period, the change of 𝑃𝐿(𝑡) 

is the distance of relative motion between the vehicle centroid 

and the satellite, with the first-order component being the 

relative motion speed, and the second-order component being 

the relative motion acceleration. In the selected observation 

epoch, if the acceleration of the vehicle remains constant, the 

second-order component will be constant.  

In the light of the pseudorange, satellite and receiver 

antenna positions, and the continuous differentiability of 

pseudorange during the vehicle’s free fall, the second 

derivative of formula (4) with respect to time t can be obtained: 

 
𝑑𝑃m(𝑡)

𝑑𝑡2
=

𝑑𝑃𝐿(𝑡)

𝑑𝑡2
−

𝑑𝑃𝑆(𝑡)

𝑑𝑡2
 (10) 

 

During the free fall of the spinning vehicle, if only the 

influence of gravitational acceleration is considered, then 

𝑎(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  = 𝑎  is a constant vector. Thus, we have:  

 
𝑑𝑃𝐿(𝑡)

𝑑𝑡2

=
𝑑 {𝑃𝐿(𝑡0) + [𝑉(𝑡0)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  (𝑡 − 𝑡0) + 𝑎(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  (𝑡 − 𝑡0)

2] × 𝐇}

𝑑𝑡2
 

= 2(�⃑⃑� × 𝐇) 

(11) 

 

𝑃𝑆(𝑡) is only related to the vehicle’s rotational motion, with 

the first-order differential being the projection of the speed of 

the antenna ’s circular motion on the LOS vector, and the 

second-order differential being the projection of the 

acceleration of the circular motion on the LOS vector. Both 

differentials change in the form of a sine wave within the same 

frequency. Therefore, the roll rate of the vehicle can be 

calculated from the second-order differential of pseudorange 

observations 𝑃𝑚(𝑡): 

 

𝑑𝑃𝑆(𝑡)

𝑑𝑡2
= 𝑟 ∙ 𝑠𝑖𝑛[𝑎𝑟𝑐𝑜𝑠(

O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ∙ 𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑

|O1Z1
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑| ∙ |𝑂1𝑆

(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑|
)] ∙ 4𝜋2𝑓2

∙ 𝑐𝑜𝑠(2𝜋𝑓𝑡 − 2𝜋𝑓𝑡𝐶) 

(12) 

 

In the second-order differential of 𝑃𝑆(𝑡), the angle 𝜃(𝑛)(𝑡) 

is also a time-varying function, but its change rate is far less 

than that of pseudorange observation induced by the phase 

center rotation of antenna. Therefore, it is regarded as a 

constant in this research.  

Formulas (10)-(12) show that, in the second-order 

differential of pseudorange observations, the part formed by 

the relative motion of the vehicle and the satellite (formula 

(11)) is a constant; the part formed by the rotational motion of 

the spinning vehicle (formula (12)) contains the alternating 

component with frequency f. This component can be obtained 

by subtracting the average of second-order differential of 

pseudorange observations. Then, the rotation frequency f of 

the spinning vehicle can be derived from the alternating 

component in the frequency domain. 

According to formula (9), the alternating component is the 

projection of the real-time rotation vector 𝑂1𝑃⃑⃑ ⃑⃑ ⃑⃑  ⃑  on the LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ of satellite n. The vibration amplitude of the 

component is positively proportional to the angle 𝜃(𝑛)(𝑡) 

between the two vectors. The maximum possible vibration 

amplitude is the radius of the cylindrical spinning vehicle. 

During the flight of the spinning vehicle, the included angle 

𝜃(𝑛)(𝑡) can be obtained by calculating the speed vector and the 

LOS vector. It is assumed that the attack angle of the spinning 

vehicle is zero during the flight, and the spinning axis of the 

vehicle is consistent with the speed vector.  

The angle 𝜃(𝑛)(𝑡) is affected by the relationship between 

the cross-section and the LOS vector. To estimate the vehicle’s 

rotation frequency, the projection vibration amplitude of the 

rotation vector should be maximized to enlarge the 

corresponding spectral amplitude. Therefore, the angle 

𝜃(𝑛)(𝑡)  between the speed direction of the vehicle and the 

LOS vector needs to be calculated in real time. Then, the 

threshold 𝜃𝑇𝐻 was set according to the change of the angle, 

and the measured pseudorange of the satellite 𝜃(𝑛)(𝑡)>𝜃𝑇𝐻 

was selected for estimating vehicle rotation speed. To suppress 

the interferences like the noise of pseudorange measurement, 

and wind resistance, the second-order differentials of 

pseudorange, whose angle 𝜃(𝑛)(𝑡)  meets the requirements, 

were superimposed in the frequency domain to smooth the 

noise influence. 

Figure 4 presents the overall structure of the spinning 

frequency estimation algorithm.  

 

 
 

Figure 4. Flow chart of pseudorange-based spinning 

frequency estimation algorithm 
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In this paper, GNSS signals are baseband processed by the 

receiver during initialization phase to obtain real-time 

ephemeris, pseudorange, and Doppler frequency shift, and the 

least square method is employed to obtain the real-time speed 

vector of the antenna. The satellite position 

𝑠(𝑛)(𝑥(𝑡)(𝑛), 𝑦(𝑡)(𝑛), 𝑧(𝑡)(𝑛)) , and receiver position 

𝑂1(𝑥0(𝑡), 𝑦0(𝑡), 𝑧0(𝑡)))were used to solve the LOS vector 

𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ , and then calculate the angle 𝜃(𝑛)(𝑡)  between LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑  and speed vector 𝑉(𝑡0)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  . The above analysis 

shows that the angle has a positive correlation with the spectral 

energy of the second-order differential of the pseudorange. 

Therefore, once the 𝜃(𝑛)(𝑡)  of all visible satellites was 

calculated, the pseudorange observations were selected by the 

rule that 𝜃(𝑛)(𝑡) exceeds threshold 𝜃𝑇𝐻 . In epoches 1~i, the 

mean value 𝐴(𝑛)  of the second-order differential of 𝜃(𝑛)(𝑡) 

exceeds the threshold 𝜃𝑇𝐻, which satisfy the above conditions, 

were solved. The i value was selected depending on the 

rotational period and signal sampling rate of the spinning 

vehicle. 

In general, i should cover multiple epochs of the spinning 

vehicle. The more the covered epochs, the greater the spectral 

energy is obtained in the estimation of roll rate, and the more 

accurate the estimation of rolling frequency. Nevertheless, the 

number of epoch i must strike a balance between the real-

timeliness of rolling frequency estimation, and the short 

constant period of matrix H. For each satellite in 1~i epochs, 

the mean value 𝐴(𝑛)  of the second-order differential of 

pseudorange was subtracted, leaving only the second-order 

differential of 𝑃𝑆(𝑡) shown in formula (11). The spectrum of 

the second-order differential of pseudorange was acquired by 

the FFT. Then, all the spectra of the second-order differentials 

of the pseudorange meeting the threshold 𝜃𝑇𝐻 were added up, 

and the maximum of the sum |𝐶(𝑗𝑘𝜔)|𝑚𝑎𝑥  was identified. 

Finally, the frequency point 𝜔𝑟  corresponding to the 

maximum spectrum |𝐶(𝑗𝑘𝜔)|𝑚𝑎𝑥  was solved, and the 

estimated vehicle rolling frequency was outputted as 𝑓𝑟 =
𝜔𝑟

2𝜋
. 

 

 

4. SIMULATIONS AND RESULTS ANALYSIS 

 

To verify the correctness of our algorithm, computer 

simulations were carried out to generate satellite ephemeris 

and receiver data. In the generated data, the diameter of the 

spinning vehicle is 155mm, the noise of pseudorange 

measurement is Gaussian white noise with a mean of zero, and 

a standard deviation of σ: N (0, 𝜎2). Empirical results show 

that the standard deviation 𝜎 is less than 1m. This paper sets 

𝜎 ∈ [0, 5].  

Three motion states of the vehicle were simulated. In state 

1, the vehicle moved uniformly with spinning. In state 2, the 

vehicle decelerated uniformly with spinning. In state 3, the 

vehicle first accelerated and then decreased uniformly, always 

with spinning. The pseudorange observations were sampled at 

50Hz. The number of observed epochs surpasses 1,000. A 

4,096-point FFT was used in the simulations. 

The simulation approach involves the following steps: 

Step 1. Set the motion state and pseudorange sampling 

frequency in the GNSS signal analog source, and output the 

pseudorange observations and Doppler frequency shift 

measurements in each epoch.  

Step 2. Based on the output data from Step 1, calculate the 

real-time position and speed of the receiver antenna, the LOS 

vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑, and speed vector 𝑉(𝑡0)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  , and then derive the 

angle 𝜃(𝑛)(𝑡).  

Step 3. Set the threshold 𝜃𝑇𝐻 by experience, and compare 

𝜃(𝑛)(𝑡)  with the threshold. If 𝜃(𝑛)(𝑡)  is greater than the 

threshold, retain the corresponding pseudorange observations 

𝜌(n)(t) for further analysis.  

Step 4. Compute the mean second-order differential of the 

corresponding pseudorange observations.   

Step 5. Subtract the mean 𝐴(𝑛), and calculate the spectra of 

the second-order differentials of the corresponding 

pseudorange observations. 

Step 6. Find the maximum of the spectrum, and output the 

corresponding frequency point 𝑓𝑟 , i.e., the vehicle rolling 

frequency. 

The performance of our algorithm was analyzed under 

different noises of pseudorange measurements. The LOS 

vector and speed vector of satellites No. 3, No. 4, and No. 5 

were observed under the three different states above, and used 

to solve the variation of angle 𝜃(𝑛)(𝑡) within 2,400 epochs. 

 

 
 

Figure 5. The angle 𝜃(𝑛)(𝑡) between the LOS vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

and speed vector 𝑂1𝑆
(𝑛)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

 

As illustrated in Figure 5, the angle 𝜃(𝑛)(𝑡) between the 

LOS vector and speed vector (rotation axis vector of the 

vehicle) of three satellites presented different features. During 

the observation epochs, the angle 𝜃(𝑛)(𝑡) corresponding to 

satellite No. 3 was the smallest, that corresponding to satellite 

No. 4 remained at 
𝜋

6
, and that corresponding to satellite No. 5 

rose from 
𝜋

8
 to 

2𝜋

7
.  

Figure 6 shows the second-order differential spectrum of 

pseudorange observations obtained by the receiver 

corresponding to each of the three satellites, when the vehicle 

roll rate was 10r/s. It can be observed that, large value points 

of the spectrum appeared at the rolling frequency of 10Hz, and 

the noise of other frequencies was contained in the spectrum 

due to the noise of pseudorange observations. However, the 

difference between this frequency point and other frequency 

points in terms of the amplitude of the frequency spectrum 

depends on the angle that directly affects the recognition of the 

rolling frequency of the vehicle. 

In the second-order differential 𝑃𝑆(𝑡) specturm for the 

pseudorange observation corresponding to satellite No. 3, the 

spectral curve peaked at frequency point 820 ( 𝑓𝑟 =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑎𝑡𝑒 ×𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝐹𝑇
=

50×820

4096
= 10.00𝐻𝑧), but the 

second-highest peak appeared at frequency point 715 (𝑓𝑟 =
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8.72𝐻𝑧 ), where the amplitude is very close to the peak 

amplitude. A slight change to the measurement error will 

cause incorrect identification of the peak frequency point. 

Consistent with the preorder analysis, in the second-order 

differential spectrum of the pseudorange observation of 

satellite No. 3, the projection of the rotation vector on the LOS 

vector fluctuated with a small amplitude, which hinders the 

identification of vehicle rolling frequency. 

 

 
(a) Second-order differential spectrum of pseudorange 

observations corresponding to satellite No. 3 

 
(b) Second-order differential spectrum of pseudorange 

observations corresponding to satellite No. 4 

 
(c) Second-order differential spectrum of pseudorange 

observations corresponding to satellite No. 5 

 

Figure 6. Spectrum of second-order differentials of 

pseudorange observations corresponding to the three 

satellites 

Similar results can be obtained from the second-order 

differential 𝑃𝑆(𝑡) specturm for the pseudorange observation 

corresponding to satellite No. 4. When it comes to the second-

order differential 𝑃𝑆(𝑡) specturm for the pseudorange 

observation corresponding to satellite No. 5, however, the 

spectrum peaked at frequency point 820, while the spectral 

amplitude of other frequency components was relatively small. 

Therefore, the main frequency component in the signal could 

be accurately identified by the spectral peak: the vehicle 

rolling frequency was 10.00Hz. 

 

 
(a) Frequency identification error at roll rate 3r/s 

 
(b) Frequency identification error at roll rate 10r/s 

 
(c) Frequency identification error at roll rate 20r/s 

 

Figure 7. Estimation results of vehicle rotation frequency 

under different errors of pseudorange measurement 
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Through the above analysis, the second-order differential 

spectrum of the pseudorange observation has a spectrum 

component related to the rotation frequency. Thus, it is 

possible to identify the vehicle rotation frequency using the 

spectrum. It can be learned from the second-order differential 

spectrum of the pseudorange observations of the three 

satellites that: With a large angle 𝜃(𝑛)(𝑡)between the LOS 

vector and speed vector, satellite No. 5 can identify the 

spectral peak point corresponding to vehicle rolling frequency 

more accurately than the other two satellites.  

Furthermore, several experiments were conducted with 

different rotation speeds to analyze the performance of the roll 

rate estimation method. The experimental results are displayed 

in Figure 7. 

The roll rates were estimated under the spinning vehicle 

speed of at 3r/s, 10r/s, and 20r/s, respectively. For pseudorange 

measurement noise, the standard deviation should fall in the 

range of 0m ≤ σ ≤ 5m. As shown in Figure 7, our method 

could accurately estimate the roll rate when the standard 

deviations of pseudorange measurement noise were less than 

1m. The estimation accuracy decreased, after the standard 

deviations reached and surpassed 1m. In practical application, 

the standard deviation of pseudorange observation noise in 

GNSS systems, such as GPS and the BeiDou Navigation 

Satellite System (BDS), is less than 0.4m. The pseudorange 

measurement noise can be further reduced through proper 

optimization. Hence, our approach is suitable for estimating 

the rotation speed of the cylindrical spinning vehicle in GNSS 

systems.  

 

 

5. CONCLUSION 

 

This paper proposes an estimation approach for the roll rate 

of the highly dynamic cylindrical spinning vehicle based on 

real-time pseudorange observations. Firstly, a single antenna 

was mounted on the side of the cylindrical spinning vehicle to 

receive GNSS signals. Then, the second-order differential of 

pseudorange was calculated. Assuming that the acceleration of 

the aircraft remains constant, the second-order differential of 

pseudorange would vary in the form of a sine curve. Then, the 

features of the frequency domain were analyzed. The roll rate 

of the cylindrical spinning vehicle was identified after 

extracting the peak of the spectrum. In addition, three vehicles 

with different roll rates were simulated and tested. The results 

show that the roll rate of cylindrical spinning vehicle can be 

accurately identified when the pseudorange measurement 

noise is less than 1m, which is suitable for the current 

mainstream GNSS systems. The main contributions of this 

paper are as follows: 

Our approach estimates the rolling frequency of the vehicle 

based on the signals received by a single antenna of GNSS 

receiver. Compared with the multi-antenna mode, our 

approach reduces structural complexity, and weakens signal 

interference between antennas. Besides, the required 

pseudorange observations can be obtained through the pseudo-

random code tracking loop, which is more robust, and less 

computationally intensive than the traditional carrier tracking 

loop. Moreover, the quantity of pseudorange observations is 

the conventional output of GNSS receiver. Our approach 

requires no customization, which is necessary in traditional 

schemes, which identify the rolling frequency according to the 

signal amplitude received by the customized receiver. The 

elimination of customization further reduces the cost of 

attitude measurement devices, and ensures the simplicity and 

lightweight of the algorithm. 
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