
International Journal of Advanced Computational Engineering and Networking, ISSN: 2320-2106,  Volume-5, Issue-3, Mar.-2017 
http://iraj.in 

Radio Interferometric Positioning with Modulated Signals in Wireless Sensor Networks 
 

14 

RADIO INTERFEROMETRIC POSITIONING WITH MODULATED 
SIGNALS IN WIRELESS SENSOR NETWORKS 

 
1RUILING GAO, 2ZENGXU YANG, 3WEI-TSE SUN, 4CHORNG HWA CHANG, 5ALVA COUCH 

 
1,2,3,4Department of Electrical and Computer Engineering, 5Department of Computer Science 

Tufts University Medford, MA, USA 
E-mail: 1ruiling.gao@tufts.edu, 2zengxu.yang@tufts.edu, 3wei-tse.sun@tufts.edu, 4hchang@ece.tufts.edu 

5 couch@cs.tufts.edu 
 
 
Abstract - This paper presents an innovative radio interferometric positioning system for Wireless Sensor Networks (WSN), 
which we call Stochastic Radio Interferometric Positioning System with Modulated Signals (SRIPS_MS). To our best 
knowledge, we are the first to utilize modulated signals for radio interferometric positioning and demonstrate its viability in 
theory. Although previous radio interferometric positioning methods provide centimeter accuracy, they are still not widely 
adopted due to (1) the vulnerability to noise that prevents them from being used for indoor applications (2) the relatively 
long localization time. SRIPS_MS overcomes these practical limitations by using modulated signals. Through mathematical 
models and simulations, it’s shown that our method can position with better accuracy in noisy environment, compared with 
other radio interferometric positioning methods. Meanwhile the total time needed for targeting an object is reduced. 
Furthermore, we show a novel potential application of SRIPS_MS - a global wireless positioning platform operating on 
IEEE 802.15.4 and IPv6 over Low Power Wireless Personal Area Networks (6LoWPAN). 6LoWPAN enables seamless 
connections between sensor networks and the Internet with Internet Protocols. Our results advance the state-of-the-art in 
both outdoor and indoor RF localization. 
 
Keywords - radio interferometric positioning system; wireless sensor networks; modulated signal; accuracy; localization 
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I. INTRODUCTION 
 
There is an existing body of work that solves the 
problem for various devices to learn their 
whereabouts. Wi-Fi Access Point (AP), cellphone, 
Radio-Frequency Identification tags (RFID), Global 
Position System units (GPS), and other devices are 
involved in different positioning systems to offer an 
approximated location. Many pioneer positioning 
systems, such as Active Bats, Cricket, and SpotON 
have been developed to locate stationary objects and 
track mobile users [1]–[3]. Commercial products are 
also available in the market, such as Broadcom’s 
indoor positioning product with Wi-Fi AP and 
Apple’s iBeacon using iPhone. However, most of the 
current work solves the problem with high-power and 
expensive devices, and there is little work done on 
cheap low-power devices, such as sensors.  
 
To locate with adequate accuracy and acceptable 
range using general transceiving devices are not easy, 
and this can be even harder for sensors in Wireless 
Sensor Networks (WSN), since sensors are resource-
constrained and are generally not directly connected 
to the Internet. Over the past decades, many efforts 
have been made to get location information of 
individual sensor node to meet the need of a variety 
of WSN-based applications [4]–[9]. Most current 
localization solutions for WSN are based on Received 
Signal Strength (RSS) [4]–[7]. A typical example is 
the location engine CC2431. It relies on RSS to 
calculate the distance between anchor nodes and 
target. Then multilateration is applied to get target’s 
position, with an accuracy of 2-3 m within a block of  

 
64 m  64 m [10]. An indicator of RSS called 
Received Signal Strength Indicator (RSSI) is 
available on most sensor radio chips, however its 
accuracy is not always satisfactory and much 
calibration efforts and maintenance works are 
required. Other methods relying on Time Difference 
of Arrival (TDOA), Time of Flight (TOF), Angle of 
Arrival (AOA) are more accurate than the standard 
RSS based methods but require expensive specialized 
hardware [8], [9].Unlike the above localization 
methods in WSN, Radio Interferometric Positioning 
System (RIPS) offers high accuracy and long range 
simultaneously, without the requirement of special 
hardware. It yields an average localization error of 3 
cm within an area with a 160 m radius [11]. RIPS is 
not a typical RSS-based localization method. It uses 
the superposition of two unmodulated RF waves with 
slightly different frequencies to create interference for 
the purpose of localization. During the last decade, 
many efforts have been made to improve RIPS [12]–
[15], a significant one of which is Stochastic Radio 
Interferometric Positioning System (SRIPS) [15]. It 
enables a broader applications of RIPS on more 
sensor platforms. However, the applicability indoors 
of RIPS has not been demonstrated mainly due to its 
sensitivity to noise and multi-path effects [14], [16]. 
And in order to position a target, sensors need to 
switch between unmodulation mode for measurement 
and modulation mode for communication. The time 
wasted on switching between the two modes is not 
negligible [17] and is one of the major causes of the 
long localization time.In this paper, we present 
Stochastic Radio Interferometric Positioning System 
with Modulated Signals (SRIPS_MS) using the 
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superposition of two modulated RF waves to improve 
previous RIPS methods. The viability of our method 
is demonstrated theoretically through physical 
principles, mathematical models, and simulations. 
Hardware requirements for different RIPS methods 
are listed in Table I. From simulation results, we can 
see that SRIPS_MS has stronger noise-immune 
capabilities. Thus it is more suitable for indoor 
applications, compared with other RIPS methods. 
Localization time is shortened because of the 
elimination of switching time. Direct Sequence 
Spread Spectrum Offset-Quadrature Phase Shift 
Keying (DSSS O-QPSK) modulation is used by many 
mainstream radio chips [18]–[20]. And this 
modulation method is also used in mathematical 
models and simulations of this paper. 
 
Table:1 Hardwae Requirements For Different RIPS  Methods 

 
 
Furthermore, we discuss possible innovative 
applications of SRIPS_MS and design an application 
to track the elderly living in nursing homes. The 
design is operating on 6LoWPAN networks and can 
be extended to include a global positioning system. 
6LoWPAN and SRIPS_MS both utilize the physical 
layer protocol IEEE 802.15.4. 6LoWPAN allows 
sensors to be seamlessly connected to the Internet of 
Things (IoT) and to cooperate globally. 
 
Our contributions in this paper are: 
 We introduce an innovative radio interferometric 

positioning system called SRIPS_MS and 
demonstrate its viability in theory. It is the first 
radio interferometric positioning system using 
modulated signals to our best knowledge. 

 We theoretically show that SRIPS_MS provides 
better accuracy in noisy environment. 

 We theoretically show that localization time is 
reduced. 

 A potential application of SRIPS_MS based on 
6LoWPAN network is designed for tracking the 
elderly in nursing homes. 

 
II. STOCHASTIC RADIO INTERFEROMETRIC 
POSITIONING WITH MODULATED SIGNALS 
 
SRIPS_MS utilizes radio interferometry of two 
modulated signals with close carrier frequencies to 
generate a composite signal to estimate the position. 
As shown in Fig. 1. (b), the composite signal has a 
low-frequency envelope. A minimum set-up requires 
two senders and two receivers, with the target working 
as a sender or a receiver. Only the target’s position is 
unknown. In one phase offset measurement round, 

two senders are transmitting the same information 
simultaneously and the envelope of the composite 
signal is measured by RSSI circuitry of the two 
receivers separately to obtain the phase offset. Such 
measurements are repeated under different carrier 
frequencies and different sender/receiver pairs to 
obtain a set of phase offsets. Then the set of phase 
offsets are passed into stochastic position algorithm 
described in [15] to estimate the target’s position. 
 
In this section, we first present physical principles on 
interferometry with modulated signals to support the 
mathematical models in section II (B). Then 
mathematical models are described in details to 
demonstrate the viability of SRIPS_MS in theory, 
including signal modulation, signal propagation, 
interference of modulated signals, mix down process 
of the received composite signal, RSSI sampling, and 
phase offset calculation. The modulation used in 
mathematical models is DSSS O-QPSK, but the 
results may be also applicable to other modulation 
methods, such as Frequency-Shift Keying (FSK). 
 
A. Physical Principles of Interferometry 
In physics, the superposition of two signals with close 
frequencies 

1f  and 
2f  generates a composite signal 

with a low-frequency envelope with frequency || 12 ff   
[21]. The two signals and their composite signal are 
shown in Fig. 1. Envelopes marked in bold lines can 
be measured by the RSSI circuitry for localization 
purposes. 

 

 
 
B. Mathematical Models of SRIPS_MS 
1. DSSS O-QPSK Modulation with Half-sine Chip 
Shaping: The modulation format in our mathematical 
models is O-QPSK with half-sine chip shaping, 
which is equivalent to 
Minimum-Shift Keying (MSK) modulation. For 
DSSS O-QPSK, the mathematical expression for the 
generated signal )(mod tS is: 

 
, where )(taI and )(taQ  are bi-polar square pulses 
with amplitude of 1 and pulse edges on 
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,...],3,[= TTTt   and on ,...],4[0,2= TTt  respectively. 
)(taI  and )(taQ   encode even and odd chips of a 

symbol respectively. f  is the carrier frequency. 
 
Taking symbol 0 as an example, it has a chip 
sequence "1101 1001 1100 0011 0101 0010 0010 
1110" in radio chip CC2420 [18]. The waveforms of 

)(taI
, )(taQ , and )(mod tS  are depicted in Fig. 2. 

 
 

This can be rewritten in a form where the phase and 
frequency modulation are more obvious: 

 

 
, where )(tbk   is 1  when )(=)( tata QI

 and 1  if they 
are of opposite signs, and )(tk  is  if )(taI

 is 1 , 
and   otherwise. 

2. Signal Propagation: Denote the phase introduced 
by distance as d , thus the signal received at distance 

d  can be expressed as below: 

 
 

3. Interference of Modulated Signals 
At least four sensors are needed to finish one round of 
phase offset measurement,with two as senders and the 
remaining ones as receivers. Only the target’s 
position is unknown and it can be either a sender or a 
receiver. Denote senders as A  and B  and receivers as 
C and D.  Let X  be either A  or B , and Y  be either C  
or D. 1a   and 2a   are the amplitude of the two signals 
from the two senders respectively. 
 
Assumptions for this mathematical model:   
 Two senders are synchronized in time and phase. 
 Two receivers are synchronized in time and are 

listening simultaneously. 
 Senders are sending the same symbol. 

 Two senders have close carrier frequencies 
Af  and 

Bf  (let 
BA ff   ). 

In mathematics, the composite signal )(tSY
 received 

by Y is the sum of the two signals, which can be 
expressed by Equation (4): 

 
 

4.Mix Down Process of the Composite Signal: 
Sensor Y mixes down the composite signal )(tSY

  
with a local signal )(2cos=)( LOtftm  . )(tm  is 
generated by a local oscillator and is used to convert 
the received signal to a resulting signal )(* tSY

 with an 
intermediate frequency 

IFf . It can be expressed as: 

 
 
Then )(* tSY

 is passed through a band pass filter to filter 
out the higher frequencies and the two low-frequency 
components are left, as illustrated in Fig. 3. Since 

BA ff   is very small compared with 
T
tbk

4
)( and 

LOf , 
BAf /
 

is used to represent both 
Af  and 

Bf  in Fig. 3. The 
resulting intermediate signal  
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5. RSSI Sampling: The signal power of )(IF tS
Y

  is:   

 
 

Because RSSI measures RSS in dBm, a non-linear 
logarithmic function is used to read the RSS value. 
The logarithmic function distorts the composite signal 
by adding harmonic frequencies [11]. The harmonic 
frequencies can be filtered out using a properly 
designed low pass filter, leaving only the fundamental 
frequency. Hence we get the filtered RSSI signal 

)(tS
YRSSI

: 

 
We theoretically derives the mathematical expression 
of the filtered RSSI signal )(RSSI tS

Y
 for composite 

modulated signals. )(RSSI tS
Y

 can represent the low 

frequency envelope of the composite signal generated 
by two DSSS O-QPSK modulated signals, as shown 
in Fig. 1. (b). It is a periodic low frequency signal 
with fundamental frequency || BA ff   and absolute 
phase 

BYdAYd   . The phase contains distance 

information between involved sensors. The absolute 
phase 

BYdAYd    is difficult to be measured. So on the 

side of receiver C and receiver D, the filtered RSSI 
signals are sampled separately by RSSI circuitry to 
obtain RSS-time curves to get phase offset for 
position estimations. 
 
6. Phase Offset Calculation: According to Equation 
(9), we know that the filtered RSSI signal of receiver 
C  is periodic with fundamental frequency 2  and 
absolute phase 

BCdACd   . And for receiver D , the 

filtered RSSI signal has the same fundamental 

frequency and its absolute phase is 
BDdADd   . So the 

phase offset can be expressed as: 

XYd is the phase introduced by the distance between 

sender  X and receiver  Y with 
fc

d XY
XYd /

2=  . c  is the 

speed of light in free space. 
XYd  has a periodicity of 

2 . So   can be further expressed in the form of 
distance relationships as: 

 
In Fig. 4, we show that if the RSS-time curves can be 
measured by receiver C and receiver D, the time 
offset can be obtained. The time offset between two 
closest wave peaks of the two RSS-time curves is 
marked by a double-sided arrow. Let’s denote it as t . 
The relationship between t  and phase offset   is: 

 
Since t  can be measured, we obtain the value of  . 
Substitute the value of   into Equation (11) to get 
the distance relationship. 

 
 
C. Stochastic Radio Interferometric Positioning 
Algorithm 
The above process is a phase offset measurement 
round. Such measurement needs to be repeated under 
different carrier frequencies and different 
sender/receiver pair combinations to get a set of 
phase offsets that will be input into the positioning 
algorithm described in [15]. Please refer to [15] for 
more details of the algorithm. 
 
III. SIMULATION RESULTS AND 
DISCUSSIONS 
 
Simulation results are presented in this section. Based 
on mathematical models and simulation results, we 
discuss the performance of SRIPS_MS regarding its 
accuracy and localization time. The localization time 
here refers to the total time needed for positioning a 
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target, not just for finishing one phase offset 
measurement round. 
A. Noise Effects on Positioning Accuracy 
In Matlab, we simulate noise effects on time offset 
( t ) obtained from RSS-Time curves measured by 
two receivers C  and D . Simulation parameters are 
available in Table II. As illustrated in Fig. 4, the ideal 
time offset in noiseless environment can be obtained 
by comparing two smooth RSS-Time curves. In this 
simulation, 38 ms is used as the ideal time offset. In 
noisy environment, noise distorts RSS-Time curves 
and further affects time offset measurements. 
According to Equation (11), Equation (12), and the 
positioning algorithm described in [15], the 
measurement accuracy of time offset ( t ) determines 
the measured distance relationship and further 
determines positioning accuracy. In Fig. 5, we show 
the distorted RSS-Time curves for composite 
unmodulated and modulated signals with a noise of 
signal-to-noise ratio (SNR) as 15 dB. Peaks are 
marked for calculating time offset. In Fig. 5 (a), the 
time offset is 0.84327)(0.91317   s, which equals to 
69.9 ms. And for modulated signals that are shown in 
Fig. 5 (b), it is 67.3 ms. 
 
Further we show the variation of time offset of the 
received signals with changing SNR, as shown in Fig. 
6. SNR changes from 15 dB to 33 dB with a step of 1 
dB. For each SNR, experiment is repeated for 8 times. 
The red dashed lines represent the ideal time offset 38 
ms. Compared the results of SRIPS_MS that is 
available in Fig. 6 (b) with other RIPS methods using 
unmodulated signals as shown in Fig. 6 (a), we find 
that the value of time offset are fluctuant in both 
situations. But our method converges at the true time 
offset 38 dB in a quicker manner with the increase of 
SNR. So SRIPS_MS has better measurement 
accuracy of time offset in noisy environment that 
leads to higher positioning accuracy as explained in 
the previous paragraph. 
 

Table2: Simulation Parameters 

 
 
B. Decrease in Localization Time 
The localization time is reduced for both indoor and 
outdoor environments. According to the positioning 
process described in [11] and [15], sensors use 
unmodulated signals for phase offset measurements 
and they need to switch to modulation mode for 
communication purpose, such as receiving scheduling 
commands for localization. Denote the switching 
time as st  and the number of switching is N , then the 

total saved localization time is 
sNt . The switching 

time is defined by radio chip data sheet [18]–[20]. 

 

 
 
IV. APPLICATIONS OF SRIPS_MS IN 
6LOWPAN NETWORKS 
 
SRIPS_MS is a novel localization method that can be 
used in sensor networks. 6LoWPAN combines sensor 
networks with IP protocol suite that is widely used in 
other networks. By using SRIPS_MS and 6LoWPAN, 
a sensor node in any sensor networks can be located 
and seamlessly connected to the global Internet. With 
the knowledge of sensor locations, together with 
other sensor information, a lot of new applications 
that were not practical can be potentially 
implemented. There are potential applications in 
health care, such as tracking the elderly in an 
emergency even when they cannot report their 
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location. There are millions of other applications, 
including smart luggage tags that can utilize nearby 
cellphones to report their locations, bicycles that can 
report their positions to owners, finding lost keys, 
directing the elderly in finding lost items (including 
medications), and finding lost hearing aids. We 
illustrate an application to track the elderly living in 
nursing home operating in globally connected 
6LoWPAN networks, as illustrated in Fig. 7. 

 
 
CONCLUSIONS 
 
SRIPS_MS improves the performance of previous 
RIPS methods in noisy environment, with better 
accuracy and reduced localization time in theory. The 
key enabling ideas behind this performance are: 
 The discovery that the filtered RSSI signal of 

SRIPS_MS has the same mathematical form with 
previous radio interferometric positioning 
methods using composite unmodulated signals. 

 SRIPS_MS is more noise-immune with better 
measurement accuracy of time offset in noisy 
environment that leads to higher positioning 
accuracy. 

 Switching time between modulation mode and 
unmodulation mode is saved. 

 
Future work includes research on unsynchronization 
scenario of senders/receivers, exploration of other 
digital modulation methods for localization, research 
of multi-path effects on different radio interferometric 
positioning methods, discussion on energy cost, and a 
prototype implementation of SRIPS_MS. 
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