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ABSTRACT  

 

GPS is performing well in open sky situation. However, 

severe attenuation or blockage of signals by high 

buildings may leads to an insufficient number of received 

satellites. Antenna diversity scheme is viewed as a 

method to alleviate signal attenuation and enhance the 

performance of GNSS positioning in the harsh 

environments. This paper introduces an antenna diversity 

system, composed of two spatially separated antennas. If 

relative geometry of two antennas is known, the carrier 

phase measurement outputs from these two antennas can 

be combined with Centering Correction Method (CCM). 

Even each antenna may not able to acquire more than four 

satellites this antenna diversity system can still precisely 

estimate each antenna’s location with centimeter-level 

accuracy, as long as the sum of the captured satellites by 

two separate antennas is no less than four. 

 

INTRODUCTION  

 

Although GPS is performing well in open sky situation, in 

harsh environments, it has a limited ability to provide 

accurate, reliable and continuous positioning solutions. 

Severe signal attenuation or blockage by high building 

results in a larger Dilution Of Precision (DOP), which 

degrades the accuracy of conventional GPS positioning. 

More seriously, GPS will fail to produce positioning 

solutions when less than four satellites can be captured.  

Usually, increasing coherent integration time is the main 

technique to increase processing gain. However, some 

factors, such as unstable clock and motion of receivers, 

limit its application in reality. In addition, increasing 

coherent integration time has no obvious effects for the 

blocked signals. Multi-constellation GNSS can also be 
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regarded as an effective method for decreasing the value 

of DOP, but the buildings and other obstacles, such as 

buses and trees, can still severely attenuate or even block 

the signals from multi-constellation GNSS satellites.  

Another approach to mitigate severe signal attenuation is 

taking advantage of diversity schemes. Diversity scheme 

is regarded as a method to alleviate signal attenuation and 

to enhance signal detection and parameter estimation 

performance by providing additional spatial processing 

gain. As [1] demonstrates, multiple antennas in a form of 

an antenna diversity system can diminish signal 

attenuation by combining independent signals from each 

individual antenna.  

However, in urban canyon environment, acquiring more 

than four satellites at any time is uneasy to realize for 

GPS receivers. This kind of scenario cannot be solved 

with the traditional diversity method as proposed in [1]. 

Although reference [2] represents a novel collaborative 

method between separate receivers, it still cannot handle 

the scenario when less than four satellites can be captured 

by each receiver. In our previous work, we had 

implemented an antenna diversity system with a software 

receiver, utilizing Universal Software Radio Peripheral 

(USRP) as the frond end [3]. Benefiting from flexibility 

of a software receiver, the pseudorange observations of 

two antennas can be flexibly combined, which can be 

understood as one single “virtual antenna”. Even each 

satellite can not detect more than four satellites, this 

diversity system may still obtain the location of the 

“virtual antenna”, as long as the sum of captured satellites 

by two separate antennas is no less than four.  

This paper can be regarded as extension of our previous 

work in [3] with two enhancements. First, since carrier 

phase measurements are generally considered to be the 

most precise measurements [4], carrier phase 

measurements from separated antennas are deliberately 

combined; Second, we assume that relative geometry of 

two antennas is known, which actually can be easily 

obtained by pre-surveying in reality. As the distance 

between two antennas is much smaller than the range 

from an antenna to a satellite, the line-of-sight vectors 

from two antennas to a given satellite can be treated as 

parallel. Even if one of the vectors may be blocked by 

obstacles, this non-line-of-sight vector can still get 

recovered by trigonometric correction, which is the key 

idea of CCM. Eventually, with the approach proposed in 

this paper, a more accurate positioning result can be 

achieved.  

Beam steering is another effective method for mitigating 

GNSS signal attenuation by effectively processing signals 

from multiple antennas [5], which seems similar to this 

CCM. Nevertheless, since beam steering method works at 

a signal level, every sample will be processed in turn, 

causing enormous calculation burden. Comparatively 

speaking, CCM works at a measurement level, i.e., the 

correction process only happening at each epoch, which 

reduce computation load. Again, beam steering method 

still cannot handle the scenarios with insufficient satellites 

effectively.  

The remainder of the paper is organized as follows. In 

Section II, signal models are briefly reviewed. Then, 

CCM is illuminated in Section III.  Data collection and 

results analysis are included in Section IV. Section V 

concludes the paper and introduces the future work. 

 

SIGNAL MODELS  

 

Carrier phase measurement is a measure of the range 

between a satellite and a receiver expressed in a unit of 

cycles of the carrier frequency. To measure the carrier 

phase in GPS, a receiver acquires phase lock with the 

satellite signal, measures the initial fractional phase 

difference between the received and replica signals, and 

from then on tracks the changes in this measurement 

through counting full cycles and keeping track of the 

fractional cycle [4]. Precise carrier phase measurement 

provides important guarantee for high accurate 

positioning, which is also vulnerable to all kind of signal 

interferences. It is a challenging task for a receiver to 

output consecutive and stable carrier phase measurements. 

In urban canyons, due to the severe attenuation or 

blockage of satellite signals by high buildings, each GPS 

antenna can not keep locking the signals from more than 

four satellites for sometime, which means the receiver can 

not output carrier phase measurements as well. In 

consequence, the location of the antenna can not be 

obtained. Figure 1 demonstrates such a scenario. 
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Figure 1: Typical scenario with severely blocked signals 

 

In Figure 1, Antenna A and B are located at proximity 

places. Antenna A can only lock signals of satellite 1, 2 

and 3, and output real time carrier phase measurements of 

these three satellites. Similarly, due to the influence of 

blockage, antenna B can only output real time carrier 

phase measurement of satellite 4. Both antennas can not 

obtain sufficient satellites for calculating their locations.  

We focus on satellite 4 and temporarily ignore the other 3 

satellites for brevity. The geometry of satellite 4 and two 

antennas are redrew in Figure 2, where a right-handed 

orthogonal coordinate system showing the X, Y and Z 

axes is depicted. Antenna A is set as the reference 



position. The X axis is the east direction, Y axis is the 

north direction and Z axis is up direction. We use 

boldface characters to denote vectors. For example in this 

figure d denotes the baseline vector of antenna B . The 

distance and angle of baseline vector d are indicated 

by d and . Since d is much smaller than the range from 

an antenna to the satellite 4, the line-of-sight vectors from 

two antennas to the satellite may be treated as parallel. 

This common unit vector to the given satellite is indicated 

by e . 
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Figure 2: Geometry of satellite and antennas 

 

 

The key idea of the CCM is to intelligently combine 

information of the two antennas for achieving more 

accurate positioning results. The following discussion 

describes how the CCM works. 

 

CENTERING CORRECTION METHOD 

 

As mentioned, only antenna B can keep tracking signal 

from satellite 4. Accordingly, the satellite signal at 

antenna B can be represented as: 

 

( ) ( ) ( )cos 2 ( )B c B Bs t C t D t f f t          (1) 

 

where ( )C t and ( )D t denotes C/A code and navigation 

message respectively for the satellite, 
cf  is the signal 

down-conversion frequency, 
Bf  is the instantaneous 

value of the Doppler frequency shift of the received 

satellite signal at antenna B . 
B  represents instantaneous 

carrier phase of the satellite signal at antenna B . 

We can also use the signal as virtual one at antenna A , 

even this signal does not exist in reality due to the impact 

of blockage,  

 

( ) ( ) ( )cos 2 ( )A c A As t C t D t f f t        (2) 

 

where
Af  and 

A  are the instantaneous value of the 

Doppler frequency shift and carrier phase of the received 

satellite signal at antenna A , respectively.   

Equations (1) and (2) indicate that, for certain satellites, 

two main differences between the signals received by 

antenna A and B are the instantaneous value of Doppler 

frequency shift (
Af and 

Bf ) and instantaneous carrier 

phase (
A  and 

B ). Because Doppler frequency shift only 

concern with signal wavelength and the line-of-sight 

component of the transmitter-receiver relative velocity 

vector, 
Af  and 

Bf  can be regarded as approximately 

equal due to the spatial proximity of two antennas. Then, 

the main difference between signals at antenna A  and B  

is instantaneous carrier phase measurements, 
A  and 

B .  

In the following, we will demonstrate that, although 
A  

does not exist, we can still estimate its value based on the 

measured value of 
B  and the geometry relationship 

among the satellite and two antennas. This can be 

understood as: with the help from antenna B , 

antenna A can also “observe” the satellite signal and 

output carrier phase measurement correspondingly.  

In Figure 2, since the line-of-sight vectors from two 

antennas to the given satellite may be treated as parallel, 

B  can be approximated as the sum of 
A  and   as 

shown in Equation (3).   is the correction value to be 

calculated. 

 

A B     (3) 

 

In addition, the elevation angle and azimuth angle of 

satellite 4 can be indicated by   and  . It is worth 

mentioning that since the approximate locations of these 

two antennas can be achieved by the method in [3], and 

the accurate location of the satellite can be extracted from 

navigation message, the elevation angle and azimuth 

angle of satellite can be acquired in real time. Application 

of straightforward trigonometric relationships allows us to 

determine the value of correction with Equation (4), 

where  is signal wavelength of satellite signal.  

 

 cos sin
d

   


    (4) 

 

As long as the value of  is obtained, 
A  can be 

achieved according to Equation (3). 

The whole procedure of CCM can be summarized as 

follows: 

1) Get relative geometry of two antennas by pre-

surveying and the approximate positions of antenna 

A and B can be estimated based on the method in [3]. 

The work in this step can be finished in advance. 

2) Antenna B  keeps locking signal of satellite 4 and 

decodes precise position for satellite 4 from navigation 

message at each epoch. Then, elevation angle and azimuth 

angle of satellite 4 can be calculated based on the 

approximate position of antenna B  and satellite 4.  



3) At each epoch, correction value can be calculated 

with equation (4). Although in our assumption, antenna 

A can not detect signal from satellite 4, the carrier phase 

measurement calculated with Equation (3) can still be 

regarded the real output from antenna A , just as antenna 

A output carrier phase measurement by itself.  

4) Carrier phase measurements from satellite 1, 2, 3 

and 4 can be utilized to estimate antenna A ’s accurate 

location. Since this CCM only happens at each epoch, the 

calculating burden is acceptable.  

In this scenario, antenna A can be treated as a “center” 

and corrected carrier phase measurement from antenna 

B can be regarded as a serving role for the “center”. That 

is why this method is named centering correction. 

 

DATA COLLECTION AND RESULT ANALYSIS 

 

In this part, we choose to evaluate the performance of 

CCM upon a software receiver platform. The rapid 

advancement in a software defined radio technology has 

made software receivers more flexible and less costly. 

Key benefits of a software receiver platform are its 

flexibility and configurability, which is particularly 

suitable for this test. Universal Software Radio Peripheral 

(USRP) is a dedicated front-end, which is intended to be a 

comparatively inexpensive hardware platform for 

software radio. With appropriate daughterboard 

configurations, USRP has the potential to capture the 

entire GNSS family of signals. In this test, two DBSRX 

daughterboards are assembled inside one USRP, and each 

DBSRX daughterboard can be used to connect with one 

antenna. DBSRX daughterboard can handle signals from 

800 MHz to 2.4 GHz. Because these two DBSRX 

daughterboards share the reference oscillator in USRP, 

they experienced the same clock drift. Hence, the 

synchronization between them needs not to be 

deliberately concerned in this research.  

To achieve more accurate coordinates of positions, static 

surveying and double-difference technique are demanded. 

Static surveying technique, utilizing data from multiple 

epochs, may consume more time, with the benefit of 

higher accuracy. Double-difference technique is an 

effective way to eliminate common-mode errors, such as 

satellite clock error, ionospheric and tropospheric delays, 

and in addition receiver’s clock bias. LGO from Leica 

was utilized to calculate locations and output static 

surveying result based on the multiple epoch outputs from 

USRP. 

A field test was implemented on the roof of School of 

Geodesy and Geomatics, Wuhan University, China. As 

shown in Figure 3, two NovAtel 702GG antennas, fixed 

on two observing pillars, were connected with one USRP. 

Two antennas’ precise coordinates were carefully 

calibrated in advance. Only with their help, would it be 

possible to judge the performance of CCM. The USRP 

takes charge of transforming high frequency radio signals 

to low frequency intermediate signals and digitizing 

analog intermediate signals into discrete samples. All the 

other proceedings are finished in computer, connected 

with USRP by USB interface.  
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Figure 3: Data collection 

 

This experiment began at 12:45 and ended at 15:10 on 

Dec 23, 2013. Figure 4 depicts the real sky plot during 

field test. And Figure 5 shows the satellites’ visible time. 

Almost half of satellites are at low elevation angles. 

 

 
Figure 4: Skyplot during field test 

 

 
Figure 5: Satellites’ visible time during field test 

 

In order to simulate lack-satellite situation, several 

satellites observed by two antennas are deliberately taken 

off. After artificial amendment, antenna A can only 

acquire signals from satellites 2, 5, 15; and antenna B can 

only acquire signals from satellites 15, 26 and 29. Due to 

the fact that each antenna can only observe no more than 

four satellites, their positions can not be determined by 

traditional positioning methods. If CCM is implemented, 

the signals observed by antenna B  can be corrected by 

CCM, and utilized by antenna A ; and similarly, corrected 

signal from antenna A can also be exploited by 



antenna B . Then, both antennas could have consecutive 

carrier phase measurements from five satellites. 

Eventually, accurate positioning results can be achieved. 

Figure 6 outlines the plane geometry relationship between 

antenna A and B . The precise distance between them is 

9.245m, where plotting scale in Figure 6 is 5.0 meters. 
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Figure 6 plane geometry  
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Figure 7  Positioning results 

 

Figure 7 depicts calculated locations for antenna A  and 

B  by CCM. For clarity, these calculated locations are 

indicated by C  and D  respectively, for distinguishing 

from their real locations. In addition, the plotting scale in 

Figure 7 is 2.0 centimeters. As expected, both location 

biases for antenna A and antenna B  are less than 2 

centimeters, which can meet the demands from most 

applications. 

In general, when static surveying and double differences 

are implemented, sub-centimeter positioning accuracy can 

be achieved by this USRP platform. We believe that 

centimeter bias in this test is mainly induced by the 

approximate positions for two antennas. This 

approximation can bring extra errors in the following 

trigonometric calculation. Something needs to be further 

studies. 

  

CONCLUSION AND THE FUTURE WORKS 

This paper presented a centering correction method (CCM) 

for GPS antenna diversity system. With known relative 

geometry relationship between two separated antennas, 

carrier phase measurements from these two antennas can 

be combined with flexibility by CCM. Field test was 

performed to evaluate the effectiveness of this method. 

Even less than four satellites could be acquired by each 

antenna, the positions for both antennas can still be 

achieved with centimeter-level accuracy. We believe that 

CCM do have the potential to increase the options one has 

to solve a particular accurate positioning problem. 

Although our research focuses on GPS, this CCM can 

also be applied for other GNSS systems as well. 

There are a number of issues that are worthy of continued 

studies. First, suitable synchronizing algorithm between 

separated antennas should be deliberately considered 

although the synchronization problem does not to be 

concerned in this research due to the fact that two 

antennas sharing the common clock. Second, more 

separated antennas with known spatial geometry 

relationship can further improve system performance but 

also incur complexity. We will analyze this tradeoff 

problem in the future work. Third, more realistic 

scenarios deserve to be involved to evaluate real time 

performance of CCM. 
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