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Abstract: The widespread use of Global Navigation Satellite System (GNSS) receiver in 9 

mobile devices induces an increment in the adoption of effective GNSS-based indoor 10 

positioning algorithms exploiting low cost hardware. In a previous study, we proposed a new 11 

architecture for indoor positioning system to estimate the user position by utilizing the 12 

pseudoranges from the smartphone-embedded GNSS module. The advantages of such a 13 

system are a low cost and low requirements in terms of hardware-level modification for end 14 

users. However, all end-users and most application developers do not have permission to read 15 

the pseudoranges from the embedded GNSS modules. Instead of pseudoranges, the user 16 

positions are easily obtained from the GNSS module in any mobile device. Thus, we further 17 

improve our positioning algorithm based on the position obtained from the embedded GNSS 18 

module rather than the pseudoranges. This position does not correspond to the true one since 19 

the indoor signal is non-line-of-sight. Thus, it is named the pseudo-position. The key to the 20 

improved algorithm is that the distances from the user terminal to the indoor transmitting 21 

antennas are calculated using the differences between the position of the outside antenna and 22 

the pseudo-position. The algorithm is tested using a simulated GNSS-based indoor 23 

positioning system which is implemented on a GNSS software receiver. The simulation 24 

results show that the indoor positioning system is able to provide horizontal positioning with 25 

meter-level accuracy in both static and dynamic situations. Additionally, the proposed 26 

method improves the robustness of the indoor positioning system to the non-synchronization 27 

measurements.  28 
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Introduction 33 

Location-Based Services (LBSs) are becoming indispensable in our daily lives, such as in 34 

requesting nearby businesses, services or people. In an LBS, the mobile device, especially a 35 

smartphone, plays an important role as the typical user terminal. The widespread use of such 36 

mobile device results in LBSs being easily available. In other words, the majority of people 37 

enjoy LBSs through their smartphones. Therefore, accurate user position, one of the essential 38 

issues of LBSs, should be provided using smartphone-embedded sensors and modules.  39 

Commonly, the set of embedded sensors includes accelerometers, magnetometers, 40 

gyroscopes and cameras, in addition to modules for cellular communication, general 41 

connectivity such as Wi-Fi network adapter and Bluetooth interface, and a Global Navigation 42 

Satellite System (GNSS) receiver. Among them, accelerometers, gyroscopes and 43 

magnetometers are typically integrated as Inertial Navigation Systems (INSs) whose accuracy 44 

is little affected by surrounding conditions but highly depends on the initial location and 45 

decreases quickly with time (Collin et al. 2003; Chen et al. 2014). The camera is used to 46 

obtain images from the surrounding environment to be exploited as a method of image 47 

recognition positioning. However, the image recognition needs an a priori database of visual 48 

landmarks to identify the location, generally involving increased memory size and computing 49 

load (Werner et al. 2011; Liang et al. 2013). For cellular positioning, the positioning accuracy 50 

level depends on the number of the reference stations and varies from ten meters to several 51 

hundred meters (Gundegard et al. 2013; Wang et al. 2014). Wi-Fi positioning based on the 52 

Received Signal Strength (RSS) and fingerprinting methods has large positioning errors due 53 

to the RSS offset between the reference and user devices, in addition to long-duration 54 

fingerprinting updates (Liu et al.  2014; Wang et al.  2015). Bluetooth has a short coverage 55 

distance and hence requires a large number of signal sources to cover a large area (Lee et al.  56 

2014). GNSS, compared to the aforementioned positioning algorithms, can provide user 57 

position more effectively with high accuracy, computationally less expensive and large 58 

coverage regions and it has become the most popular and widely used positioning system at 59 

present. However, its usage for indoor positioning poses difficult challenges due to the 20-30 60 

dB additional signal attenuation and blocking caused by buildings (Mautz 2009).  61 

Although High Sensitivity Global Positioning System (HSGPS) and Assisted-GPS (A-62 
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GPS) are used indoors to improve the acquisition and tracking of weak signals at the cost of 63 

indoor positioning accuracy (Sundaramurthy et al. 2011; Zandbergen and Barbeau 2011; 64 

Shafiee et al. 2012), they still do not function  in such GNSS-denied indoor environment as 65 

an underground parking lot. Moreover, the improvement of HSGPS in terms of sensitivity 66 

commonly involves hardware-level modification on GNSS modules, such as narrow-67 

bandwidth long-integration-time tracking loops, vector-based tracking algorithms, and 68 

improved GPS antennas (Lin et al. 2013; Nirjon et al. 2013). The GPS repeater or/and 69 

amplifier is able to forward the outdoor GPS signals to indoor user terminals, but the 70 

estimated position is the outdoor antenna position rather than the true user position (Ozsoy et 71 

al. 2013; Giammarini et al. 2015).  72 

To employ the embedded GPS module of a mobile device in indoor environments without 73 

firmware/hardware-level modification, a new architecture of a GPS-based indoor positioning 74 

system has been proposed in previous studies (Xu et al.  2015). The system uses a Receiver-75 

and-Transmitter (Rx/Tx) device to extract each satellite signal from the received outdoor GPS 76 

signal (the superposition of several satellites signal) and forward these using indoor 77 

transmitting antennas separately. The mobile-device-embedded GNSS module is able to 78 

receive copies/surrogates of GNSS signals indoors. However, if the received indoor GPS 79 

signal is non-line-of-sight, the GPS module is unable to estimate the true user position. 80 

Therefore, we used the ρ − ρ  algorithm to estimate the true user position. The ρ − ρ 81 

algorithm uses pseudoranges to estimate the distances between the user terminal and the 82 

indoor transmitting antennas. Finally, the user position is calculated by using three or more 83 

measures. Unfortunately, pseudoranges are unavailable in the majority of mobile devices, but 84 

positioning results can be obtained from any mobile device. Thus, we proposed a new 85 

positioning algorithm based on the direct position estimation from the user terminal for the 86 

GNSS-based indoor positioning system, named as the R-R algorithm.  87 

Next, we give an overview of the GNSS-based indoor positioning system. Then, the 88 

algorithm and the positioning error are analyzed in details after a short review of the general 89 

GPS positioning algorithm. Furthermore, a simulated GNSS-based indoor positioning system 90 

is illustrated and used to test performances of the positioning algorithm. Finally, conclusions 91 

and a short discussion are given with further research.  92 

 93 

GNSS-based indoor positioning system 94 
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The GNSS-based Indoor Positioning System (GNSS-IPS) is composed by a Receiver-and-95 

Transmitter (Rx/Tx), a server and a user terminal, as shown in Figure 1.  96 

  97 

 98 

Fig. 1 Architecture of GNSS-based indoor positioning system 99 

 100 

The Rx/Tx is used to receive the outdoor GNSS signals to separate them by satellite and to 101 

forward them indoors. These functions are implemented by one Rx component and several 102 

Tx components through two inverse processes.  The Rx component, including an outdoor 103 

receiving antenna (RA), works as a general GNSS receiver. It collects the authentic GNSS 104 

Radio Frequency signal (𝑅𝐹𝐺𝑁𝑆𝑆) using the outside receiving antenna and tracks the satellite 105 

signal in channels through demodulation and PRN code wipe-off. One satellite signal is 106 

processed in one channel. Each channel of the Rx component is connected with one Tx 107 

component and sends its local carrier, code and navigation data sequence of one satellite to 108 

the corresponding Tx component. It should be noted that when the Rx component tracks the 109 

GNSS signal, i.e., the tracking loop of the receiver is in the lock state, the local carrier and 110 

code are considered the same as that of the received GNSS signal. Thus, every satellite signal 111 

is able to be repeated through mixing its local carrier, code and navigation data. One repeated 112 

signal refers to one satellite signal. Then, the received mixed GNSS signals are separated. 113 

Additionally, the Rx component computes the satellite position 𝑹𝑖
𝑠𝑎𝑡  using the navigation 114 

message and estimates the outside antenna position 𝑹𝑟𝑥  using 𝑹𝑖
𝑠𝑎𝑡  and measured 115 
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pseudoranges. The satellite position 𝑹𝑖
𝑠𝑎𝑡 and the outside antenna position 𝑹𝑟𝑥 are sent to the 116 

server. The Tx components mix the local carrier, code and navigation data sequence from the 117 

Rx component to generate the indoor signal. Each Tx component includes one indoor 118 

transmitting antenna (TA) to emit the signal corresponding to one satellite signal. Clearly, the 119 

number of Tx components, as well as the number of indoor transmitting antennas, must be ≥4 120 

for estimating the position of the embedded GNSS module.  121 

With the same signal structure, code sequences, carrier frequency and navigation data 122 

sequence as the authentic GNSS signals, the generated indoor signals can be received and 123 

processed by the embedded GNSS module in the user terminal, such as a smartphone, a tablet 124 

or other mobile devices. On the other hand, the embedded GNSS module considers the 125 

generated indoor signals as Line-of-Sight (LOS) signals from the satellites to the user. 126 

However, the signals are Non Line-Of-Sight (NLOS). Therefore, using the NLOS signals, the 127 

embedded GPS module is unable to measure the true pseudoranges from the user to the 128 

satellites and unable to estimate the true user position. The measured “pseudoranges” contain 129 

the distances from the satellites to the outdoor antenna. Thus, the measured pseudoranges and 130 

estimated user position relate to the outdoor antenna position. For simplicity and distinction, 131 

the “false” user position is called the pseudo-position in the following text. To estimate the 132 

true user position, the user terminal requires a position estimation module. The module reads 133 

the necessary measurements from the GNSS module to calculate the distances from the user 134 

position to the indoor transmitting antennas. Three or more distances are needed to estimate 135 

the user position in theory. In the system, the minimum number of distances is four due to the 136 

requirement of the embedded GNSS module, which is equal to the minimum number of Tx 137 

components. If the necessary measurements from the GNSS module are pseudoranges 𝜌𝑖
𝑢 138 

from the pseudo-position to the satellites  and 𝜌𝑖
𝑟𝑥 from the outdoor antenna to the satellites, 139 

the distances 𝑑𝑖 (𝑖 = 1,2, … 𝑁) will be calculated from 𝜌𝑖
𝑢 − 𝜌𝑖

𝑟𝑥 (Xu et al.  2015). However, 140 

in many cases, the pseudo-position, denoted as �̅�𝑢, rather than 𝜌𝑖
𝑢 is available, although the 141 

pseudo-position is calculated using 𝜌𝑖
𝑢. Therefore, the aim of the positioning module is to 142 

calculate the real user position 𝑹𝑢 from the known information including the pseudo-position 143 

�̅�𝑢 , the indoor transmitting antenna position 𝑹𝑖
𝑇𝐴 , the outdoor antenna position 𝑹𝑟𝑥 , and 144 

GNSS satellite position 𝑹𝑖
𝑠𝑎𝑡 . According to this goal, the R-R positioning algorithm is 145 

proposed and given in the positioning algorithm section. It should be noted that the outdoor 146 

receiving antenna position 𝑹𝑟𝑥, indoor transmitting antenna positions 𝑹𝑖
𝑇𝐴, satellite positions 147 

𝑹𝑖
𝑠𝑎𝑡, system error corrections, and corresponding PRN with channel (TA) (PRN@Chn) are 148 
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obtained from the server via a wireless communication module, such as a Wi-Fi module. 149 

Generally, the user terminal includes three modules, a GNSS module, a wireless 150 

communication module, and a position estimation module. Among them, the GNSS module 151 

and the wireless communication module are mobile-device-embedded modules. The position 152 

estimation module is implemented through a software approach. For end-users, without 153 

firmware- or hardware-level modification on their current mobile devices, the indoor system 154 

will be utilized after a software installation. 155 

The server is used to log and deliver 𝑹𝑟𝑥 , 𝑹𝑖
𝑇𝐴 , 𝑹𝑖

𝑠𝑎𝑡 , system error corrections and 156 

PRN@Chn. The outside antenna position 𝑹𝑟𝑥  can be updated by the Rx component or 157 

simplified as a constant due to its fixed position. Each transmitting antenna is fixed indoors 158 

and the position 𝑹𝑖
𝑇𝐴 is pre-determined. The satellite position 𝑹𝑖

𝑠𝑎𝑡  is updated from the Rx 159 

component or online ephemeris. The system delay corrections are pre-determined. The 160 

PRN@Chn are used to match the GNSS satellite and indoor TA.  161 

The implementation of the system refers to the power limitation of the indoor transmitting 162 

signal. On the one hand, the indoor signal power should be strong enough to block authentic 163 

signals, which can be received indoors in some cases. In that way, no authentic signal is 164 

received by the embedded GNSS module to affect the indoor positioning estimation. On the 165 

other hand, the indoor signal power should be weak to avoid signals leaking outdoors and 166 

affecting the outside receivers. Adjusting the transmitting power of the indoor signal is an 167 

important issue in the system implementation. Some GNSS-denied region such as 168 

underground parking lots are preferable environment for the system to isolate the indoor and 169 

outdoor signals.  170 

 171 

Positioning Algorithm 172 

As shown in the above section, the distance 𝑑𝑖 from each indoor TA to the user terminal is 173 

the required measurement to estimate the true user position. Thus, the positioning algorithm 174 

for the user terminal contains two steps: 1) to estimate the distance measurements 𝑑𝑖 using 175 

�̅�𝑢, 𝑹𝑟𝑥 and 𝑹𝑖
𝑠𝑎𝑡, and 2) to calculate the user position 𝑹𝑢 using 𝑑𝑖. 176 

After a brief review of the general GNSS positioning algorithm, the calculations of 177 

distance 𝑑𝑖  and user position in the ideal case are obtained. Then, the distance errors are 178 

discussed.  179 
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 180 

GNSS Positioning Algorithm 181 

In the user terminal, the embedded GNSS module estimates the user position using the 182 

pseudorange measurements 𝜌𝑖
𝑢 . The user position and user clock error are the unknown 183 

parameters, denoted by �̅�𝑢 = [�̅�𝑢, �̅�𝑢, 𝑧̅𝑢, 𝛿𝑐𝑙𝑘
𝑢 ]T , and can be calculated by solving the 184 

following equations: 185 

 �̅�𝑢 = arg min
�̅�𝑢

∑  
𝑁

𝑖=1
(‖𝑹𝑖

𝑠𝑎𝑡 − �̅�𝑢  ‖ − 𝜌𝑖
𝑢)2 (1) 186 

where 𝑹𝑖
𝑠𝑎𝑡 = [𝑥𝑖

𝑠𝑎𝑡 , 𝑦𝑖
𝑠𝑎𝑡 , 𝑧𝑖

𝑠𝑎𝑡]T is the 𝑖-th satellite position vector and �̅�𝑢 = [�̅�, �̅�, 𝑧̅]T is the 187 

uncorrected user position vector output from the GNSS receiver module directly. Equation (1) 188 

is a nonlinear equation and its first-order Taylor series expansion at the approximate solution 189 

�̅�−
𝑢 = [�̅�−

𝑢, �̅�−
𝑢, 𝑧−̅

𝑢, 𝛿�̅�𝑙𝑘,−
𝑢 ]

T
can be written as:  190 

 𝜌𝑖
𝑢 = 𝜌𝑖,−

𝑢 + 𝒉𝑖(�̅�𝑢 − �̅�−
𝑢 ) + 𝑂[(�̅�𝑢)2] (2) 191 

where  192 

 𝒉𝑖 = [−
𝑥𝑖

𝑠𝑎𝑡−�̅�−
𝑢

𝜌𝑖,−
𝑢 , −

𝑦𝑖
𝑠𝑎𝑡−�̅�−

𝑢

𝜌𝑖,−
𝑢 , −

𝑧𝑖
𝑠𝑎𝑡−�̅�−

𝑢

𝜌𝑖,−
𝑢 , 1] = [𝒂𝑖 , 1] (3) 193 

The term 𝑂[(�̅�𝑢)2] represents the higher-order (≥2) terms of the Taylor series and is the 194 

source of linearization error. Generally, 𝑂[(�̅�𝑢)2]  is small and can be ignored. Then, a 195 

simplified linear equation can be obtained as follows: 196 

 𝛿𝜌𝑖
𝑢 = 𝜌𝑖

𝑢 − 𝜌𝑖,−
𝑢 = 𝒉𝑖𝛥�̅�𝑢 (4) 197 

where 198 

 𝛥�̅�𝑢 = [
𝛥�̅�𝑢

𝛥𝛿�̅�𝑙𝑘
𝑢 ]=[

�̅�𝑢 − �̅�−
𝑢

𝛿�̅�𝑙𝑘
𝑢 − 𝛿�̅�𝑙𝑘,−

𝑢 ] (5) 199 

When more than four pseudorange measurements are available, the term Δ�̅�𝑢  can be 200 

calculated from: 201 

 𝛥�̅�𝑢 = (𝑯T𝑯)−1𝑯T𝛥𝝆𝑢 (6) 202 

where 𝑯 = [𝒉1, 𝒉2, … , 𝒉𝑁]T  and Δ𝝆𝑢 = [𝛿𝜌1
𝑢, 𝛿𝜌2

𝑢, … , 𝛿𝜌𝑁
𝑢]T . The user position results is 203 

corrected as:  204 

 �̅�𝑢 = �̅�−
𝑢 + 𝛥�̅�𝑢 (7) 205 
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Substituting (7) into (4) yields: 206 

 𝜌𝑖
𝑢 − 𝜌𝑖,−

𝑢 = 𝒉𝑖  (�̅�𝑢 − �̅�−
𝑢 ) = 𝒂𝑖(�̅�𝑢 − �̅�−

𝑢 ) + (𝛿�̅�𝑙𝑘
𝑢 − 𝛿�̅�𝑙𝑘,−

𝑢 ) (8) 207 

Equation (8) shows the relationship between the pseudorange difference and two 208 

corresponding positions. The relationship would be true only when the two positions are near 209 

to each other. 210 

 211 

Indoor Positioning Algorithm 212 

The previous section describes the pseudorange-based positioning estimation in the user 213 

terminal-embedded GNSS module. Unfortunately, the estimation is an incorrect user position 214 

due to the NLOS pseudorange measurements from the embedded GNSS module. As shown 215 

in Figure 2, the geometric path of the user-terminal-received signal, denoted by the blue solid 216 

line, exhibits a zig-zag pattern from the satellite to the indoor user through the RA and TAs. 217 

The embedded GNSS module receives the NLOS signal and measures the zig-zag path.  218 

 219 

 220 

 221 
Fig. 2 Sketch of real user position and pseudo-position 222 

 223 

In Figure 2, each NLOS path from the satellite to the user terminal includes three 224 

segments. One segment is from the GNSS satellite to the outside antenna. This range is equal 225 

to the pseudorange measurement 𝜌𝑖
𝑟𝑥 minus the Rx clock error 𝛿𝑐𝑙𝑘

𝑟𝑥 . Another segment is the 226 

system delay 𝛿𝑖  of the IPS system due to the signal processing and propagation from the 227 

outside antenna to the indoor transmitting antenna. The expected range 𝑑𝑖 from the indoor 228 
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transmitting antenna to the user terminal is the last segment of the NLOS path. The sum of 229 

the three segments and the clock error 𝛿�̅�𝑙𝑘
𝑢  of the embedded GNSS module is equal to the 230 

pseudorange measured by the embedded GNSS module. Then, the pseudorange measurement 231 

𝜌𝑖
𝑢 from the embedded GNSS module can be written as: 232 

 𝜌𝑖
𝑢 = (𝜌𝑖

𝑟𝑥 − 𝛿𝑐𝑙𝑘
𝑟𝑥 ) + 𝛿𝑖 + 𝑑𝑖 + 𝛿�̅�𝑙𝑘

𝑢  (9) 233 

The solution of (9) and (1) is just the output of the embedded GNSS module, pseudo-position 234 

�̅�𝑢.  235 

In (9), the terms of 𝛿𝑖 and 𝑑𝑖 are much smaller than the range from the GNSS satellite to 236 

the outside antenna. Therefore, the outside antenna position 𝑹𝑟𝑥  is close to the pseudo-237 

position �̅�𝑢; i.e., 𝑹𝑟𝑥 is an approximate solution of (1). Let �̅�−
𝑢 = 𝑿𝑟𝑥 = [(𝑹𝑟𝑥)T, 𝛿𝑐𝑙𝑘

𝑟𝑥 ]T, we 238 

can rewrite (8) as: 239 

 

𝜌𝑖
𝑢 − 𝜌𝑖

𝑟𝑥 = 𝒉𝑖  (�̅�𝑢 − 𝑿𝑟𝑥) = 𝒂𝑖(�̅�𝑢 − 𝑹𝑟𝑥) + (𝛿�̅�𝑙𝑘
𝑢 − 𝛿𝑐𝑙𝑘

𝑟𝑥 )

𝒂𝑖 = [−
𝑥𝑖

𝑠𝑎𝑡−𝑥𝑟𝑥

𝜌𝑖
𝑟𝑥 , −

𝑦𝑖
𝑠𝑎𝑡−𝑦𝑟𝑥

𝜌𝑖
𝑟𝑥 , −

𝑧𝑖
𝑠𝑎𝑡−𝑧𝑟𝑥

𝜌𝑖
𝑟𝑥 ]

 (10) 240 

Substituting (10) into (9) yields: 241 

 𝑙𝑖 = 𝑑𝑖 + 𝛿𝑖 = (𝜌𝑖
𝑢 − 𝛿�̅�𝑙𝑘

𝑢 ) − (𝜌𝑖
𝑟𝑥 − 𝛿𝑐𝑙𝑘

𝑟𝑥 ) = 𝒂𝑖(�̅�𝑢 − 𝑹𝑟𝑥) (11) 242 

In (11), the terms of 𝒂𝑖, �̅�
𝑢 and 𝑹𝑟𝑥 are known. From the known parameters, we are able to 243 

estimate 𝑙𝑖 which is the sum of distance 𝑑𝑖 from the indoor antenna to the user terminal and 244 

the system bias δ𝑖. The distance 𝑑𝑖 is used to estimate the true user position. Similar to the 245 

GNSS positioning algorithm, the user position is estimated through solving the equation:  246 

 𝑿𝑢 = arg min
𝑿𝑢

∑  
𝑁

𝑖=1
(‖𝑹𝑖

𝑡𝑥 − 𝑹𝑢  ‖ − 𝒂𝑖(�̅�𝑢 − 𝑹𝑟𝑥) + 𝛿𝑖)
2 (12) 247 

where 𝑿𝑢 = [𝑹𝑢, 𝛿𝑐𝑙𝑘
𝑢 ]T, 𝑹𝑢 is the unknown user positioning, 𝑹𝑖

𝑡𝑥 is the position of the i-th 248 

indoor transmitting antenna, and 𝛿𝑖 is the clock correction pre-measured and logged in the 249 

server.  250 

It should be noted that the system bias 𝛿𝑖 is caused from the length of the cable connected 251 

to the outdoor receiving antenna, the hardware delay in the Rx/Tx and the length of the cable 252 

connected to the transmitting antenna. If the bias 𝛿𝑖  in every 𝑙𝑖  is identical, similar to the 253 

receiver clock error, it can be ignored, as its effect can be removed using (12). In reality, the 254 

bias 𝛿𝑖  differ due to the distribution of the transmitting antennas and the intrinsic clock 255 

misalignments of electric components. To remove the system bias, a pre-correction should be 256 
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completed before the IPS installation to obtain the correction information (Xu et al.  2015).  257 

Equations (11) and (12) show that the real user position can be estimated from the pseudo-258 

position obtained from the GNSS module in the user terminal and the positions of the GNSS 259 

satellites, the outside antenna and indoor transmitting antennas. All the parameters can be 260 

directly obtained from the server via Wi-Fi and mobile devices. Thus, the IPS system is low-261 

cost for the end users without required modification of their mobile devices except for the 262 

installation of an application/software. 263 

The Least Square (LS) algorithm is commonly used to solve (12), as well as (1). In the 264 

worst case, only four measurements are used to estimate the 3-D position and receiver clock 265 

error. When 𝑑𝑖 is as short as hundreds of meters, the LS algorithm becomes very sensitive to 266 

the accuracies of the initial position and measurements. Small errors in the initial position and 267 

measurement will lead to a huge disturbance of the LS solution, especially of the height 268 

solution. Then, the solution of LS tends to diverge. For an indoor environment, meter-level 269 

accuracy for the initial position or the measurement is not sufficient to stabilize LS. To 270 

improve the stability of LS, it is effective to reduce the errors of the initial position and 271 

measurements and increase the number of measurements to ensure high degree of freedom. In 272 

the study, three unknown parameters, the 2-D position and the receiver clock error, are solved 273 

to ensure one degree of freedom. 274 

 275 

Error analysis 276 

In the above discussion, 𝑹𝑟𝑥  and �̅�𝑢  are assumed to be synchronous in Rx time which is 277 

difficult to achieve. In the ideal case, 𝑹𝑟𝑥 is estimated using the pseudorange measurements 278 

at 𝑡0, denoted by 𝜌𝑖,𝑡0

𝑟𝑥 (𝑖 = 1,2, … , 𝑁). These pseudorange measurements are included in the 279 

transmitting signal to the user terminal and yield �̅�𝑡0

𝑢 . In practice, due to the low data delivery 280 

rate of the server and the low precision of web time synchronization used in both user 281 

terminal and server, the user terminal calculates the user position �̅�𝑢 corresponding to the 282 

pseudorange measurements at time 𝑡1 , while the obtained 𝑹𝑟𝑥  from the server refers to 283 

measurements at time 𝑡0. The case of 𝑹𝑡0

𝑟𝑥 being earlier than �̅�𝑡1

𝑢 , i.e., 𝑡0 < 𝑡1, will be easily 284 

available under the situation of 𝑹𝑟𝑥 delayed delivery. If the delay is shorter than the indoor 285 

GNSS signal processing and propagation periods, the case of 𝑹𝑡0

𝑟𝑥 being later than �̅�𝑡1

𝑢 , i.e., 286 

𝑡0 > 𝑡1, will occur. For both cases, the range measurements 𝑙𝑖 at time 𝑡1, according to (8), 287 
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can be written as: 288 

 𝑙𝑖,𝑡1
= 𝒂𝑖,𝑡1

(�̅�𝑡1

𝑢 − 𝑹𝑡0

𝑟𝑥)   (13) 289 

where the pseudo-position �̅�𝑡1

𝑢  and the outdoor antenna position 𝑹𝑡0

𝑟𝑥 are modeled as: 290 

 �̅�𝑡1

𝑢 =  �̂̅�𝑡1

𝑢 + 𝝊𝑡1

𝑢   (14) 291 

 𝑹𝑡0

𝑟𝑥 =  �̂�𝑡0

𝑟𝑥 + 𝝊𝑡0

𝑟𝑥  (15) 292 

where �̂̅�𝑡1

𝑢  and �̂�𝑡0

𝑟𝑥 are the error-free pseudo-position and error-free outdoor antenna position, 293 

respectively; 𝝊𝑡1

𝑢  and 𝝊𝑡0

𝑟𝑥  are the positioning errors including the bias error and the white 294 

Gaussian noise.  295 

Substituting (15) and (14) into (13) yields the distance error, which can be written as: 296 

 𝛿𝑙𝑖,𝑡1
= 𝑙𝑖,𝑡1

− 𝑙𝑖,𝑡1
= 𝒂𝑖,𝑡1

(𝝊𝑡1

𝑢 − 𝝊𝑡0

𝑟𝑥)  (16) 297 

where, 𝑙𝑖,𝑡1
= 𝒂𝑖,𝑡1

(�̂̅�𝑡1

𝑢 − �̂�𝑡0

𝑟𝑥) = 𝒂𝑖,𝑡1
(�̂̅�𝑡1

𝑢 − �̂�𝑡1

𝑟𝑥), in which the errorless outdoor antenna 298 

position is time-invariant, i.e., �̂�𝑡0

𝑟𝑥 = �̂�𝑡1

𝑟𝑥 = �̂�𝑟𝑥, since the antenna is fixed. According to the 299 

GNSS positioning equation, as shown in (6), the positioning error can be written as: 300 

 𝝊𝑡1

𝑢 = �̅�𝑡1

𝑢 − �̂̅�𝑡1

𝑢 = (𝑨𝑡1
T  𝑨𝑡1

)−1𝑨𝑡1
T (𝜹𝑡1

𝑖𝑜𝑛𝑜 + 𝜹𝑡1

𝑡𝑟𝑜𝑝 + 𝜺𝑡1

𝑢 + 𝜺𝑡1

𝑟𝑥 − 𝛥𝛿�̅�𝑙𝑘,𝑡1

𝑢 ) (17) 301 

where the matrix 𝑨𝑡1
 is [𝒂1,𝑡1

, 𝒂2,𝑡1
,…, 𝒂𝑁,𝑡1

]T; 𝜹𝑡1

𝑖𝑜𝑛𝑜  and 𝜹𝑡1

𝑡𝑟𝑜𝑝
 are the ionospheric delay 302 

array and tropospheric delay array at  𝑡1; 𝜺𝑡1

𝑢  is the noise array at 𝑡1; ε𝑡1

𝑟𝑥 is the inherited noise 303 

from the Rx/Tx; and 𝛥𝛿�̅�𝑙𝑘,𝑡1

𝑢 = 𝛿�̅�𝑙𝑘,𝑡1

𝑢 − 𝛿̅̂
𝑐𝑙𝑘,𝑡1

𝑢  is the residual of the receiver clock bias. The 304 

ionospheric and tropospheric delays in 𝝊𝑡1

𝑢  are those of the outdoor signals since both delays 305 

refer to the outdoor signal propagation path. Another common error, the satellite clock error, 306 

is ignored since it can be modeled and corrected.  307 

Similarly, the outdoor antenna position error is written as: 308 

 𝝊𝑡0

𝑟𝑥 = 𝑹𝑡0

𝑟𝑥 − �̂�𝑡0

𝑟𝑥 = (𝑨𝑡0
T  𝑨𝑡0

)−1𝑨𝑡0
T (𝜹𝑡0

𝑖𝑜𝑛𝑜 + 𝜹𝑡0

𝑡𝑟𝑜𝑝 + 𝜺𝑡0

𝑟𝑥 − Δ𝛿𝑐𝑙𝑘,𝑡0

𝑟𝑥 ) (18) 309 

During a short period, the satellite travel distance is much less than the distance between the 310 

satellite and the outdoor antenna; hence, 𝑨𝑡0
≈ 𝑨𝑡1

 can be obtained. Therefore, the distance 311 

error depends on the error difference of the pseudo-position and outdoor antenna position and 312 

can be written as:  313 
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 𝛿𝑙𝑖,𝑡1
= (𝛿𝑖,𝑡1

𝑖𝑜𝑛𝑜 − 𝛿𝑖,𝑡0

𝑖𝑜𝑛𝑜) + (𝛿𝑖,𝑡1

𝑡𝑟𝑜𝑝
− 𝛿𝑖,𝑡0

𝑡𝑟𝑜𝑝
) + (𝜀𝑖,𝑡1

𝑢 + 𝜀𝑖,𝑡1

𝑟𝑥 − 𝜀𝑖,𝑡0

𝑟𝑥 ) − (𝛥𝛿�̅�𝑙𝑘,𝑡1

𝑢 − Δ𝛿𝑐𝑙𝑘,𝑡0

𝑟𝑥 )(19) 314 

Equation (19) gives the distance error estimated from 𝑹𝑟𝑥  and �̅�𝑢 . The ionospheric and 315 

tropospheric delays vary slowly and can be considered as constants over a short period of 316 

time, i.e., 𝛿𝑖,𝑡1

𝑖𝑜𝑛𝑜 − 𝛿𝑖,𝑡0

𝑖𝑜𝑛𝑜 ≈ 0 and 𝛿𝑖,𝑡1

𝑡𝑟𝑜𝑝 − 𝛿𝑖,𝑡0

𝑡𝑟𝑜𝑝 ≈ 0. This implies that the R-R positioning 317 

algorithm is able to remove the effects of the ionospheric delays and tropospheric delays. 318 

Thus, it is not necessary to mitigate the two delays from 𝑹𝑟𝑥 and �̅�𝑢. Certainly, if different 319 

mitigation methods are employed in calculating 𝑹𝑟𝑥 and �̅�𝑢, the R-R positioning algorithm is 320 

unable to cancel the two delays. Additionally, in the case of 𝑡1 ≫ 𝑡0  or 𝑡1 ≪ 𝑡0 , 𝛿𝑖,𝑡1

𝑖𝑜𝑛𝑜 −321 

𝛿𝑖,𝑡0

𝑖𝑜𝑛𝑜 ≠ 0 and 𝛿𝑖,𝑡1

𝑡𝑟𝑜𝑝−𝛿𝑖,𝑡0

𝑡𝑟𝑜𝑝 ≠ 0 lead to some increase in the positioning error.  322 

The term 𝜀𝑖,𝑡1

𝑢 + 𝜀𝑖,𝑡1

𝑟𝑥 − 𝜀𝑖,𝑡0

𝑟𝑥  in (19) reaches its minimum value 𝜀𝑖,𝑡1

𝑢  at 𝑡1 = 𝑡0. In this case, 323 

the distance noise level is 𝜎𝑢 . Otherwise, in the case of 𝑡1 ≠ 𝑡0, the noise level is 2𝜎𝑟𝑥 + 𝜎𝑢 , 324 

including the noise from the embedded GPS and the Rx.  325 

The last term 𝛥𝛿�̅�𝑙𝑘,𝑡1

𝑢 − Δ𝛿𝑐𝑙𝑘,𝑡0

𝑟𝑥  in (19) is the residual difference of clock errors between 326 

the GNSS module and Rx. The residual difference is the same for all distances and can be 327 

estimated as a part of the receiver clock bias using (12). This term affects the positioning 328 

accuracy only slightly. 329 

Generally, the distance accuracy of the indoor positioning system mainly depends on the 330 

positioning accuracy of the Rx and embedded GNSS module and is less affected by the 331 

outdoor environment. To improve the accuracy of the indoor positioning system, effective 332 

methods include improving the synchronization of 𝑹𝑟𝑥  and �̅�𝑢  using fast 𝑹𝑟𝑥  delivery 333 

frequency, and reducing the noise level of 𝑹𝑟𝑥 and �̅�𝑢. 334 

 335 

Simulation 336 

To test the performance of the positioning algorithm, the proposed indoor positioning system 337 

is simulated based on a GPS L1 software receiver with the following scheme as shown in Fig. 338 

3.  339 

 340 

 341 
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 342 
Fig. 3 Simulation method 343 

 344 

The GPS L1 signals received by the outdoor antenna are imitated by GPS IF data that have 345 

been collected by a front end and logged in the computer. The logged data are processed in 346 

the software receiver to obtain the satellite PRN number, the outdoor antenna position 𝑹𝑟𝑥 347 

and the available satellite position 𝑹𝑖
𝑠𝑎𝑡. The GPS receiver in the Rx component also outputs 348 

the local carrier, code and navigation data of each satellite tracking channel to the Tx 349 

component to generate the indoor signals. In the simulation, signal tracking in the Rx 350 

component and indoor signal generation in the Tx component are combined to improve the 351 

simulation efficiency and save storage space. The indoor signal generation is completed by an 352 

additional multiplier in the satellite channel of the software receiver. The multiplier generates 353 

the indoor signal for a single Tx component to the user terminal by taking a product of the 354 

local carrier and code with a delay of 𝑑𝑖 + 𝛿𝑖 and navigation data.  355 

The delays of 𝑑𝑖  and 𝛿𝑖  are the outputs of the indoor situation simulation which must 356 

preset the user position and TA distribution. The delay of 𝑑𝑖 is the propagation range from 357 

the user to the TA, calculated from the preset user position and TA position. The system 358 

delay 𝛿𝑖 is the route from the outdoor antenna position to each distributed TA. The one-to-359 

one correspondence between the PRN number, channel number and TA number, denoted 360 

using PRN@Chn, is also defined in the indoor situation simulation.  361 

The server is used to log and deliver the information required by the R-R positioning 362 

algorithm. Similarly, the simulated server logs the system delay 𝛿𝑖 , the outdoor antenna 363 
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position 𝑹𝑟𝑥 , each satellite position 𝑹𝑖
𝑠𝑎𝑡 , the transmitting antenna position 𝑹𝑖

𝑡𝑥 , and the 364 

PRN@Chn from the Rx component and indoor situation simulation.  365 

A stand-alone software GPS receiver is used as the embedded GPS module in the user 366 

terminal to process the integrated signal data and output the pseudo-position �̅�𝑢. The user 367 

position is estimated using 𝑹𝑟𝑥 and �̅�𝑢 according to the P-P positioning algorithm. It should 368 

be noted that the different calculation methods, error correction algorithms, and available 369 

satellites likely reduce the accuracy of the P-P positioning algorithm. To avoid these effects 370 

and test the effectiveness of the proposed algorithm, the positions of 𝑹𝑟𝑥  and �̅�𝑢  are 371 

calculated using the same method. 372 

The parameters of the intermediate frequency data and GPS software receiver used in the 373 

simulation are shown in Table 1.  374 

 375 

Table 1 Parameters of Front End and GPS software receiver 376 

GPS signal L1 

Sampling frequency 16.3676 MHz 

Intermediate frequency 4.1043 MHz 

Integration time 1 ms 

PLL bandwidth 10 Hz 

DLL bandwidth 1 Hz 

Early-Late-space 0.5 chip 

 377 

In the simulation, the outdoor GPS signals were collected in an open area on September 24, 378 

2014. Six satellite signals were collected and the satellite distribution is shown in Fig. 4 (top). 379 

The outdoor antenna position 𝑹𝑟𝑥 (114.00517° E, 22.46882° N, 15.93 m) is estimated using 380 

the pseudorange-based positioning algorithm without ionospheric delay correction and 381 

tropospheric delay correction. To generate indoor GPS signals, four satellite signals out of the 382 

available six satellite signals, are selected according to GDOP value. One selection is PRN 1, 383 

17, 28 and 30 for good satellite geometry with GDOP=5.30, and the other selection is PRN 1, 384 

4, 28 and 30 for an example of bad satellite geometry with GDOP=17.12. The C/N0 values of 385 

the outdoor signals are above 38 dB-Hz. The positioning errors of 𝑹𝑟𝑥 estimation for the two 386 

selections are shown in Figure 4 (bottom).   387 

 388 
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  389 

  390 
Fig. 4 Sky plot (top) and positioning error of 𝑹𝑟𝑥 estimation for different satellite selection 391 

(bottom)  392 

 393 

A virtual indoor situation with the distribution of the RA and four TAs is illustrated in Fig. 394 

5. The X-axis is along the eastward direction, the Y-axis points northward, and the Z-axis is 395 

vertically upward. The RA is in the top center and higher than the four TAs since it is an 396 

outside antenna. TA 1, 2, 3 and 4 forward the signals corresponding to the selected satellite in 397 

the order PRN 1, 17, 28 and 30 in the good satellite geometry case with low GDOP and PRN 398 

1, 4, 28 and 30 in the bad satellite geometry case with high GDOP. The TAs are on a 399 

horizontal plane with a 15 m height and are located on the vertexes of a 100×100 m square. If 400 

the RA and each TA is connected using a cable, the distance between each TA and RA is 401 

50√2 + 0.93 m.  402 
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 403 
Fig. 5 Distribution of RA and TAs 404 

 405 

The user terminal is in the lowest layer with a 12 m fixed height. Under static condition, 406 

the simulated user positions in local coordinates are #1 (5 m, 5 m) near a corner, #2 (5 m, 50 407 

m) near an edge, and #3 (50 m, 50 m) at the center, as illustrated in Figure 6 (top). Under 408 

dynamic condition, the user moves between (5, 5) and (95, 95) with a velocity of 5 m/s, as 409 

displayed in Fig. 6 (bottom). In the simulation tests, 2-D positioning is estimated with a fixed 410 

height. 411 
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 413 
Fig. 6 Static condition (top) and dynamic condition (bottom) 414 

 415 

Simulation Results 416 

The effectiveness of the proposed R-R algorithm is tested under the static and dynamic 417 

situation. We also use the dynamic case to compare the performance and robustness to the 418 

clocks misalignment of the measurements of the R-R algorithm and ρ-ρ algorithm.  419 

 420 

Static positioning results 421 

Fig. 7 shows the 2-D pseudo-position results for different satellite selections, equivalent to 422 

the positioning estimation from the embedded GPS module. The pseudo-positions of #1 and 423 

#2 are far away from the real user position for both good geometry and bad geometry satellite 424 

selections, as shown in Fig. 7. The pseudo-position of #3 is fortunately near the real position. 425 

The coincidence occurs because #3 is the center of the simulated indoor situation and the 426 

distances between the user terminal and all transmitting antennas are same. In short, the 427 

pseudo-positions are different from the real user position and require correction. 428 
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 430 

Fig. 7 Pseudo-positions under static condition (uncorrected user positions) 431 

 432 

Fig. 8 displays the static positioning results calculated from the proposed R-R algorithm 433 

under different satellite selections. The estimated user positions of #1, #2 and #3 are close to 434 

the real positions. In the tests, Root Mean Squares (RMSs) of the horizontal position errors 435 

are below 1.89 m under the  low GDOP satellite selection and within 2.05 m under the high 436 

GDOP satellite selection. The results show that the R-R positioning algorithm is effective and 437 

able to provide meter-level indoor positioning solutions in theory. Meanwhile, the 438 

comparable positioning accuracy under different satellite selections suggests that the outdoor 439 

geometry has a limited effect on the indoor positioning accuracy. 440 

 441 

 442 

  443 
Fig. 8 Static user positioning results 444 

 445 

Table 2 shows the estimated distance errors for 𝑑𝑖 from the R-R algorithm under different 446 

satellite selections. Details of case #1 are illustrated in Figure 9.  447 
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 448 

Table 2 Estimated distance errors (RMS) between the user terminal and each TA (m) 449 

Case 
 Low GDOP satellite selection  High GDOP satellite selection 

 𝑑1 𝑑2 𝑑3 𝑑4  𝑑1 𝑑2 𝑑3 𝑑4 

#1  1.18 1.46 1.44 1.77  1.16 1.56 1.48 1.90 

#2  1.31 1.67 1.62 1.30  1.26 1.86 1.60 1.26 

#3  1.52 1.24 1.20 1.42  1.52 1.46 1.19 1.49 

 450 

 451 

 452 

Fig. 9 Static distance error in case  #1 under low GDOP satellite selection (top) and high 453 

GDOP satellite selection (bottom) 454 

 455 

The distance errors for both satellite selections are similar in terms of average values and 456 

standard deviations. For instance, in case #1, the distance error of 𝑑1 is 1.18 m for the low 457 

GDOP satellite selection and 1.16 m for the high GDOP satellite selection, as shown in Table 458 
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2. The similar accuracy of distance estimation is the reason for the similar accuracy of the 459 

user positioning estimation, which is shown in Figure 8. Meanwhile, the small average error 460 

in distances, which is much less than the meter-level ionospheric delay and tropospheric 461 

delay, indicates that the propagation error has been removed. 462 

In short, under the static condition, the proposed R-R algorithm is able to estimate 463 

accurate indoor user position and is little affected by the outdoor propagation errors and the 464 

satellite geometry. 465 

 466 

Dynamic positioning results 467 

Since the outdoor satellite geometry has limited effect on the indoor positioning estimation, 468 

the high GODP satellite selection is used in the dynamic test. The pseudo-position, the 469 

estimated user position, and the real trace are shown in Figure 10.  470 

 471 
Fig. 10 Dynamic positioning results under  low GDOP satellite selection 472 

 473 

In Figure 10, the pseudo-position is unable to display the real user position since the 474 

indoor GPS signal is the NLOS signal. The behavior of the estimated user position obtained 475 

from the proposed R-R positioning algorithm is close to the preset real position. Its 476 

positioning error, as shown in Figure 11, varies within 3 m. The RMSs of the positioning 477 

error are 1.10 m along the X axis and 1.09 m along the Y axis. The horizontal positioning 478 

error is 1.54 m. Similar to the static results, the R-R algorithm is able to provide positioning 479 

solutions with meter-level accuracy under the dynamic condition.  480 
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 481 
Fig. 11 Dynamic positioning error 482 

 483 

Figure 12 shows the errors of the distances between the user terminal and the TAs under 484 

dynamic condition. In the figure, the maximum estimated distance error (RMS) is 1.54 m for 485 

𝑑4 with average error of 0.25 m and STD=1.39 m. The accuracy of the distance estimation 486 

under dynamic condition is meter-level, similar to that under static condition.  487 

 488 

 489 
Fig. 12 Dynamic distance errors  490 

 491 
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Comparison with the ρ-ρ Algorithm 493 

To compare the performance of the ρ-ρ algorithm used in the previous study (Xu et al. 2015) 494 
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and the R-R algorithm, the user position and distances from the user terminal to each TA are 495 

estimated using the ρ-ρ algorithm in the dynamic case. Compared to the ρ-ρ algorithm, the 496 

significant advantage of the R-R algorithm is that all required input parameters are easy to 497 

obtain from the majority of mobile devices. Both algorithms show similar positioning 498 

accuracies when measurements from the Rx and embedded GPS module are synchronous, as 499 

illustrated in Figure 13. The positioning error of the ρ-ρ algorithm is very close to the results 500 

of the R-R algorithm in Figure 11. In Figure 13, the average positioning errors of ρ-ρ 501 

algorithm along both X and Y axes are slightly smaller than those of the R-R algorithm. The 502 

positioning errors in terms of the STD of the two algorithms are the same. The horizontal 503 

positioning accuracy of the  ρ -ρ  algorithm is about 1.50 m, similar to that of the R-R 504 

algorithm. 505 

 506 
Fig. 13 Dynamic positioning errors estimated using ρ-ρ algorithm under  low GDOP satellite 507 

selection 508 
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Fig. 14 Distance errors estimated using ρ-ρ algorithm under low GDOP satellite selection 510 

 511 

Figure 14 shows the distance errors obtained by the ρ-ρ algorithm. Compared with the 512 

results of the R-R algorithm in Figure 12, it can be seen that the distance accuracy of the two 513 

algorithms are similar and of approximately meter-level. 514 

 515 

 516 
Fig. 15 Positioning errors estimated using R-R and ρ − ρ algorithms due to the non-517 

synchronization measurements under the dynamic condition 518 
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the results suggest a limitation of the delay. For example, the delay should be within ±0.5 s if 534 

the IPS horizontal accuracy is required to be within 2.5 m.  535 

 536 

Conclusions 537 

The widespread use of Global Navigation Satellite System (GNSS) receiver in mobile 538 

devices induces an increment in the adoption of effective GNSS-based indoor positioning 539 

algorithms exploiting low cost hardware. In the previous study (Xu et al. 2015), we proposed 540 

a new architecture of indoor positioning system to estimate the user position using the 541 

pseudorange measurements obtained by a user terminal. Considering that in the majority of 542 

mobile devices, positioning estimation rather than pseudorange measurements is available, 543 

we propose a position-difference-based indoor positioning algorithm (R-R algorithm) in this 544 

study.  545 

The R-R algorithm estimates the distances from the user terminal to indoor antennas 546 

backward from the difference between the outdoor antenna position and pseudo-position 547 

provided from the smartphone-embedded-GNSS module. Based on the estimated distances 548 

and indoor antenna positions, the real user position is easily calculated using the least square 549 

method or other methods. We introduced the R-R algorithm and tested it using a software-550 

defined GPS receiver. The test results show that the R-R algorithm is able to estimate 551 

distances accurately and output 2-D positions with an accuracy of several meters under both 552 

static and dynamic conditions. With respect to the ρ-ρ algorithm, the proposed algorithm is 553 

more robust with regard to non-synchronization measurements and easier to implement since 554 

pseudo-positions are obtainable from any mobile device.  555 

In future work, we will focus on the vertical estimation based on a reliable 3-D positioning 556 

algorithm which would require accurate distance measurements or a layer detection algorithm 557 

which would need a server for logging additional layer information. Additionally, realization 558 

problems, such as the low-cost Rx/Tx, the indoor transmitting antenna distribution and indoor 559 

multi-path effects will be investigated. 560 
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