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Abstract—In a real-time locating system which does not require 

time synchronization among nodes, it takes a very long time to 
complete a ranging process for a single location estimation. Long 
ranging time makes mobile nodes consume a significant amount of 
battery power and limits the number of mobile nodes that a single 
fixed node can handle during a specific time interval. Therefore, it 
is crucial to shorten the ranging time in asynchronous locating 
systems without degradation in ranging or locating accuracy. In 
this paper, we propose an asynchronous two-way ranging scheme 
which reduces ranging time by replying with multiple packets to a 
single ranging request. The algorithm reduces ranging time by 
17% or more, compared to that of existing methods.  
 

Index Terms—ranging, ranging time, RTLS 
 

I. INTRODUCTION 
HE last few years have witnessed a growing interest in the 
application of real-time locating systems (RTLS) in such 

fields as asset management, yard or parking lot management, 
lost child tracking, and so on. Such interest has fueled a wealth 
of research and development efforts that are moving rapidly into 
commercialization and standardization. 

Ranging technique is the most fundamental and important 
technology in developing an RTLS system. Ranging is a process 
or a method to determine the distance between two nodes. 
Ranging schemes can be classified into two categories: synchro- 
nous ranging schemes and asynchronous ranging schemes. The 
former needs a global synchronization among fixed nodes or 
among mobile nodes as well as fixed nodes. On the other hand, 
the latter does not need time synchronization among any nodes. 

In a synchronous ranging scheme as depicted in Fig. 1, the 
ranging process is one-way or unidirectional in general. That is, 
a mobile node just broadcasts a beacon signal periodically with 
departure time and fixed nodes around the mobile node receive 
the beacon signal and measure the arrival time. Distance is 
calculated by multiplying the signal propagation speed with the 
time difference between arrival time and departure time of a 
beacon signal. Time difference between two nodes can be 
obtained easily because the two nodes are synchronized global- 
ly. However, synchronizing every node is not an easy task and 
requires an expensive and precise oscillator to mitigate clock 
offset and/ or clock drift [1]-[2]. 
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Fig. 1.  Ranging in a synchronous ranging architecture. 

 
Fig. 2.  Ranging in an asynchronous ranging architecture. 

In an asynchronous ranging scheme represented in Fig. 2, by 
contrast, each node uses its own clock or timing information 
instead of using a global synchronization [3]-[4]. For this reason, 
each mobile node has to measure a round-trip time to obtain the 
propagation time between two nodes. That is, the ranging is 
bidirectional or two-way. Since the asynchronous ranging 
scheme does not require time synchronization, it is embodied 
with relatively simple circuitry. As shown in Fig. 2, however, a 
mobile node has to measure distances to couples of fixed nodes 
in a sequential manner to estimate a location. A series of ranging 
operations makes the asynchronous ranging scheme have longer 
ranging and locating time than synchronous counterparts. 

Long ranging time makes mobile nodes stay in active or 
wake-up mode longer. It implies large power consumption, 
which implies again short battery lifetime. Since mobile nodes 
have a finite battery capacity, large power consumption is one of 
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the most critical issues. Furthermore, long transaction time 
limits the number of mobile nodes handled by a fixed node in a 
specific time interval. Therefore, it is first and most important to 
shorten the ranging time in asynchronous ranging schemes. 
Nevertheless, studies are focusing on the improvement of 
ranging accuracy [1]-[2]. To the best of my knowledge, this is 
the first research on the issue of ranging time reduction. 

In this paper, therefore, we suggest a ranging protocol which 
reduces ranging time fairly, keeping ranging accuracy high. The 
main idea of the proposed scheme is to reply with multiple ac- 
knowledgment packets to a single ranging request. 

This paper is organized as follows: In Section II, we review a 
well-known asynchronous ranging scheme. In Section III, we 
propose a novel asynchronous ranging scheme and analyze it in 
terms of ranging accuracy and ranging time. In Section IV, per- 
formance of the proposed ranging scheme will be evaluated in 
terms of scalability and battery lifetime. In Section V, finally, 
we conclude this paper after addressing the importance of a 
short ranging time and its benefit.  

II. RANGING BY SDS-TWR  
In general, a ranging process in the asynchronous ranging 

scheme is composed of three phases as shown in Fig. 3. During 
the scanning phase, a mobile node scans and selects fixed nodes 
that will take part in the ranging phase, simply by exchanging a 
pair of scanning and acknowledgment packets. Typically, fixed 
nodes are drafted according to the received signal strength, the 
order of arrival, and so on.  

In the ranging phase, the mobile node performs ranging with 
the fixed nodes selected in the scanning phase. The ranging is 
either symmetric or asymmetric. After completing the ranging 
process, distances to each fixed node are calculated and re- 
ported to a location server in the reporting phase. Depending on 
the ranging scheme, the scanning phase or the reporting phase 
can be removed or performed by fixed nodes. Here, we consider 
the ranging phase only unless mentioned separately. 

 

 
In some cases, ranging data may fluctuate considerably even 

though mobile nodes remain stationary. It is due to the vagaries 
of RF propagation or the interferences such as reflection, 
refracttion, and so like. As such, commercial RTLS solutions 
repeat the ranging process. Practically, however, the ranging 
phase is just iterated several times, as shown in Fig. 3. 

Fig. 4 depicts the symmetric double-sided two-way ranging 
(SDS-TWR) scheme described in the IEEE 802.15.4a standard 
[5]. The first 4 packets compose the ranging phase and the other 
two packets compose the reporting phase. As shown in the 
figure, SDS-TWR exchanges packets and uses each node’s 
timing information separately at both sides to measure the 
propagation delay between two nodes.  

 

 
In this ranging scheme, node A (mobile node) triggers a rang- 

ing procedure by transmitting a ranging request packet (REQ) at 
first. Then, node B (fixed node) replies with an ACK+REQ 
packet. This packet is used for an acknowledgement to the 
ranging request from node A and for another ranging request 
from node B. It is also used to inform node A of the reply time 

replyBt  at node B.  

The reply time of node B is the time interval between the 
arrival time of the last bit of the REQ packet and the departure 
time of the last bit of the ACK+REQ packet. In fact, replyBt  is 

precalculated considering the packet length, data rate, process- 
ing capacity of nodes, and so on and written in the ACK+REQ 
packet before transmitting it.  

On receiving the ACK+REQ packet, node A measures the 
round-trip time roundAt  and returns an ACK packet back to node 
B. In a similar manner, node A and node B measure the reply 
time replyAt  at the mobile node and the round-trip time roundBt  at 

the fixed node, respectively. Actually, this is the end of the 
ranging phase. However, node B has to transmit a DATA packet 
to let the mobile node calculate the propagation time pt̂ . The 

DATA packet includes the round-trip time measured at the fixed 
node. Then, node A calculates the propagation time as explain- 
ed later and transmits it to the location server.  

A. Propagation Time of SDS-TWR 
In Fig. 4, the round-trip times of SDS-TWR at each node are 

Fig. 4. Symmetric Double-Sided Two-Way Ranging (SDS-TWR) scheme. 

Fig. 3.  An asynchronous ranging scheme is composed of three phases in 
general: scanning, ranging, and reporting phases. 
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as follows: 

replyBproundA ttt += 2                (1) 

replyAproundB ttt += 2                (2) 

Summing (1) and (2) and arranging it in terms of propagation 
time pt , then the flight time becomes 

( ) ( ){ }replyAroundBreplyBroundAp ttttt −+−=
4
1

.      (3) 

However, pt  in (3) represents an ideal propagation time. It 

could be influenced by clock offset, clock drift, and others. 
Therefore, pt̂  calculated by node A could be different from pt . 

The influence of clock offset or clock drift on the ranging or 
locating accuracy is also an important topic in developing an 
RTLS system. However, the subject is beyond the scope of this 
paper. Readers who interested in this issue may refer to Refer- 
ences [1]-[2]. 

B. Ranging Time of SDS-TWR 
The ranging time of SDS-TWR can be calculated roughly 

with the number of packets exchanged between the two nodes 
during the ranging and reporting phase. It is possible because 
the propagation time is negligible compared to the packet trans- 
mission time and to the packet processing time. As shown in Fig. 
4, SDS-TWR exchanges 4 packets for ranging and 2 packets for 
reporting the ranging result. That is, 6 packets are exchanged. 

As mentioned previously, it is needed to repeat SDS-TWR 
several times in certain circumstances to enhance ranging or 
locating accuracy. Let m  denote the iteration times. (Here, it is 
assumed that we iterate only the ranging phase unless stated 
otherwise.) Then, SDS-TWR has to exchange 24 +m  packets 
for m  iterations. (When we repeat both the ranging phase as 
well as the reporting phase, m6 packets have to be exchanged.) 
Let proct  be the average time for packet transmission at a given 

data rate and for packet processing. Then, the ranging time of 
SDS-TWR is 

( ) procTWRSDS tmRT ⋅+=− 24              (4) 

We assumed here that the packet lengths of REQ packet, ACK+ 
REQ packet, ACK packet, and DATA packets are equal to one 
another. 

In general, the length of packets is in the order of several 
hundred bits and data rate is less than 1 Mbps in wireless sensor 
networks. It means that it takes several to tens of milliseconds 
for a fixed node to complete the whole ranging process. To 
provide scalability to a certain extent, therefore, it is desirable to 
use as few packets as possible in the ranging process. 

III. RANGING BY SS-TWR-MA 
In Section II, we learned that it is important to decrease the 
number of packets exchanged between two nodes. To this end, 
we come up with an asymmetric ranging scheme which uses 
several ACK packets to a single ranging request. This idea is 
illustrated in Fig. 5.  

 

 
As shown in the figure, node A initiates the ranging process 

by transmitting a ranging request packet. Then, node B replies 
with several ACK packets in a sequential manner. The ACK 
packets are transmitted successively, considering its length, data 
rate, processing delay in the opposite node, and so on. Each 
ACK packet contains the reply time which is the duration 
between the last bit of the received REQ packet and the last bit 
of ACK packet itself. As we mentioned in the previous section, 
the reply time is written in the ACK packets right before it is 
transmitted. This is possible because the processing and deliver- 
ing time of an ACK packet is known in advance.  

To minimize the variation in the reply time, the reply time 
might be delivered with an extra DATA packet after transmit- 
ting ACK packets. In this case, ACK packets are transmitted 
without any software process. In this paper, however, we will 
not consider this scheme because the hardware implementation 
to handle the ACK packets is beyond the scope of this paper. 

Here let’s make two assumptions for later analysis, which is 
fairly natural. For n  ACK packets, the reply times have the 
relations below: 

 replyBnreplyBreplyB ttt <<< L21 . 

Similarly, the round-trip times have the relations below: 

roundAnroundAroundA ttt <<< L21  

A. Propagation Time of SS-TWR-MA 
In Fig. 5, the round-trip times of SS-TWR-MA are 

Fig. 5.  Single-sided two-way ranging scheme using multiple ACK packets
(SS-TWR-MA). 

node A (mobile) node B (fixed)

RE

ACK 

ACK 

DATA

!! !! !! !! !! !!  

ACK 

1roundAt

2roundAt

roundAnt

1replyBt

2replyBt

replyBnt

AnreplyAt ~1

pt

pt̂

to server

ACK 



The 6th Workshop on Positioning, Navigation and Communications (WPNC) 2009 

 replyBiproundAi ttt += 2   for ni ≤≤1 .          (6) 

Arranging (6) in terms of pt , then we have 

  ( )∑
=

−=
n

i
replyBiroundAip tt

n
t

12
1

.            (7) 

When 2=n  in SS-TWR-MA, it becomes 

( ) ( ){ }22114
1

replyBroundAreplyBroundAp ttttt −+−= ,    (8) 

which corresponds to the propagation time of SDS-TWR. Only 
difference is that the round-trip times are considered only at 
node A. That is, asymmetrical.  

With SS-TWR-MA, we can calculate the distance between 
two nodes even though one or several ACK packets are lost 
during the transmission. Let k  imply the number of ACK pack- 
ets arrived at node A successfully, then (7) becomes 

  ( )∑
=

−=
n

i
replyBiroundAip tt

k
t

12
1

,                                   

where nk ≤<0 . If no ACK packets are lost, then nk = . If 
there are lost ACK packets, then the timing variables for the lost 
ACK packets have a null value in the above equation. 

B. Ranging Time of SS-TWR-MA 
The ranging time of SS-TWR-MA is calculated approximate- 

ly by counting the number of packets exchanged between two 
nodes. As shown in Fig. 5, SS-TWR-MA requires variable 
numbers of ACK packets for ranging and 2 more packets for 
reporting. Considering the number of ranging measurements, 
SS-TWR with 2 ACK packets corresponds to SDS-TWR. 

As stated earlier, we may iterate the ranging process couples 
of times to get a stabler ranging result. With SS-TWR-MA, 
however, we are requested simply to increase the number of 
ACK packets for a single ranging request. Then, 3+n  packets 
are required for ranging and reporting when we use n  ACK 
packets. As a consequence, the ranging time of SS-TWR-MA 
becomes  

 ( ) procMATWRSS tnRT ⋅+=−− 3 .             (9) 

Table 1 compares the number of packets exchanged for the 
two ranging schemes. As shown in the table, the number of 
packets is increased rapidly in SDS-TWR. On the other hand, 
SS-TWR-MA needs only one more packet whenever the 
iteration count increases by one. It implies that the ranging time 
reduction effect becomes bigger as we repeat the ranging proc- 
ess as many times as possible.  

 
m or n  1 2 3 4 5 6 

SDS-TWR 6 10 14 18 22 26
SS-TWR-MA 4 5 6 7 8 9 

 

When 2=n in SS-TWR-MA, it corresponds to 1=m in 
SDS-TWR. When we iterate SDS-TWR twice ( 2=m ), SS- 
TWR-MA requires 4 ACK packets. Fig. 6 compares the number 

of packets required for different values of m  and n . The figure 
tells us that we can reduce the number of packets required for 
ranging and reporting at least 17% when 1=m  and 2=n . For 

3=m and 6=n , we can reduce it as much as 46%.  
A ranging algorithm provides a stabler ranging result when 

more range measurements are used. The numbers beside the 
dashed lines in Fig. 6 designate the number of range measure- 
ments for both ranging algorithms. For 10 packets exchanged, 
for example, SS-TWR-MA can conduct 7 ranging measure- 
ments even though SDS-TWR does it only 4 times. It means that 
SS-TWR-MA can provider a stabler ranging result than SDS- 
TWR. 
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IV. PERFORMANCE EVALUATION 
In the previous Section, we analyzed the ranging time and the 
stability of ranging results obtained by the proposed SS-TWR- 
MA algorithm. In this Section, we evaluate the scalability of the 
locating system using the proposed algorithm and the battery 
lifetime of the mobile nodes numerically with practical values.  

In reality, the length of REQ and DATA packets is longer 
than that of ACK packet and dependent on the ranging architect- 
ture. However, we assume here that their length is equal to one 
another and 300-bit long for the sake of explanation. In usual 
wireless sensor networks, data rate of the wireless communica- 
tion channel is narrower than 1 Mbps. Assuming 1 Mbps here 
for simplicity, it takes 0.3 msec to transmit either packet serially 
to the other side. Assuming that the handling time is 1.5 msec at 
each node including the guard time between consecutive packet 
transmissions, then the processing time proct  becomes 1.8msec. 

A. Number of Mobile Nodes handled by A Fixed Node 
In locating positioning systems, scalability can be defined 

either as the number of mobile nodes handled by a fixed node 
during a specific time interval or as the number of fixed nodes 
connected to a locating server at the same time. In this paper, we 
adopt the former definition since the latter is usually determined 
by the space where the locating system is deployed, rather than 
by the system performance or something else.  

Fig. 6.  Comparison of the number of packets required for SDS-TWR and 
SS-TWR-MA for different number of iteration (m) or different number of 
ACK packets (n). 

Table 1.  Comparison of the number of packets exchanged for ranging and 
reporting. m and n  stand for the repetition times in SDS-TWR and the 
number of ACK packets in SS-TWR-MA, respectively. 
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The number of mobile nodes that can be handled by a fixed 

node during a specific time interval is determined by such 
factors as total ranging time, processing and memory capacity of 
fixed nodes, and so on. However, such systematic parameters as 
processing capacity and memory capacity are fixed when it is 
developed. In this paper, therefore, we investigate the scalabil- 
ity of location positioning systems in terms of the total ranging 
time. As we scrutinized in the previous section, the total ranging 
time is determined by the number of packets used in scanning, 
ranging, and reporting phases. 

In order to assess the scalability of locating systems, let’s 
assume that location is determined in 2 dimensional space. It 
means that at least 3 fixed nodes must take part in location 
positioning process. However, we further assume that only 3 
fixed nodes participate in and there are no errors occurred 
during the locating procedure.  

Then, the locating system using SS-TWR-MA has to ex- 
change 15 packets for a location determination when we reply 
with 2 ACK packets to a ranging request. (4 packets for scan- 
ning, 9 (=3x3) packets for ranging, and 2 packets for reporting) 
Here, we assumed that mobile nodes exchange reporting pack- 
ets just once for three ranging results, as shown in Fig. 7, instead 
of exchanging reporting packets for each ranging with each of 3 
fixed nodes. On the other hand, the locating system using SDS- 
TWR requires 18 (=4+3*4+2) packets. 

For comparison, let’s also consider SS-TWR-MA using 4 and 
6 ACK packets, each of which corresponds to iterating SDS- 
TWR twice and thrice. In these cases, SS-TWR-MA requires 21 
(=4+3*5+2) and 27 (=4+3*7+2) packets, respectively. SDS- 
TWR requires 32 (=4+(3*4+2)*2) and 46 (=4+(3*4+2)*3) 

packets, respectively. These numbers are tabulated in Table 2 as 
well as the total ranging time and the scalability. We assumed 
here that the ranging phase of SDS-TWR is repeated for the 
same scanning result but that the ranging result is reported 
separately for every iteration. 

As shown in the table, SS-TWR-MA can support mobile 
nodes 23% more than SDS-TWR. For 6 range measurements, 
SS-TWR-MA can support 67% more and it gets bigger as the 
iteration times increases. Note that the time required for SS- 
TWR-MA to make 6 range measurements is shorter than that for 
SDS-TWR to make 4 range measurements. The numbers in 
Table 2 are obtained under the assumptions that there are no 
packet exchanges among fixed nodes and that there is no inter- 
leaving in using RF channel. If we consider hidden node 
problem also, the numbers becomes smaller.  

Table 2. Performance comparison between SDS-TWR and SS-TWR-MA for 
different numbers of range measurements when 3 fixed nodes are used. (A: total 
number of packets exchanged for a location estimation, B: total ranging time, 
C: the number of mobile nodes that a fixed node can support during 1 second.) 

SDS-TWR SS-TWR-MA ranging
times A B C A B C 

2 18 32.4ms 30 15 27.0ms 37 
4 32 57.6ms 17 21 37.8ms 26 
6 46 82.8ms 12 27 48.6ms 20 

 
Fig. 8 shows the scalability of the locating system using SS- 

TWR-MA for different numbers of ACK packets. For this graph, 
we used the same assumptions: 3 fixed nodes and 1 second of 
locating frequency. As shown in the figure, the scalability is in 
inverse proportion to the number of ACK packets used to reply 
to a single ranging request. If we want the locating system using 
SS-TWR-MA to support more than 50 mobile nodes totally, the 
number of ACK packets must be less than 8 since a fixed node 
has to support at least 17 mobile nodes. For the system to 
support more mobile nodes with the same ACK packets, we 
have to increase the locating frequency. If we increase the 
locating frequency to 2 seconds, the scalability becomes twice 
straightforwardly. 

 

 

Fig. 8.  Scalability of a fixed node when we use SS-TWR-MA as a ranging 
algorithm. The locating system is composed of 3 fixed nodes and the locating 
frequency is 1 second. 

Fig. 7.  Locating process using SS-TWR-MA for 3 fixed nodes. n denotes the 
number of ACK packets used to reply to a ranging request packet. 
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B. Battery Lifetime of Mobile Nodes 
Power consumption is one of the most important issues in the 

area of wireless sensor networks since mobile nodes can carry 
finite amount of battery capacity with themselves. In this sub- 
section, we look into the effect of ranging time to the battery 
lifetime. 

Mobile nodes alternate its operational mode between active 
and sleep modes to reduce its power consumption as much as 
possible. Let activet  and sleept  denote the time duration of active 

and sleep modes, respectively. activep  and sleepp  stand for the 

amount of the power consumption during active and sleep 
modes, respectively. Assuming that C  designate the battery 
capacity used in a mobile node, then the battery lifetime can be 
calculated as follows:  

sleepactive

sleepsleepactiveactive

total

tt
ptpt

CLT

+
⋅+⋅

×
=

24
 (days).  (12) 

Let’s substitute variables in (12) with practical numbers. The 
numbers are from the RTLS solution developed by Samsung 
Networks Inc. by using the IEEE 802.15.4 and IEEE 802.15.4a 
technologies [6]. In the system, activep = 60 mA and sleepp = 20 

µA. We use the lithium polymer battery, whose capacity is 720 
mAh, in mobile nodes. activet  is equal to the total ranging time. 

That is, it can be calculated by multiplying proct  with the num- 

ber of packets used in scanning, ranging, and reporting phases. 

sleept  corresponds to the difference between the locating fre- 

quency and activet . For example, if the transmission frequency is 

1 second, then activesleep tt −=1000  msec.  

Fig. 9 shows the battery lifetime for different locating fre- 
quency intervals. Here we assume that SDS-TWR is iterated 
twice and 4 ACK packets are used for SS-TWR-MA. As shown 
in the figure, we can use battery more effectively with SS-TWR- 
MA when the locating frequency is short. For example, we can 
use battery 50% longer with SS-TWR-MA when the frequency 
is 1 second (12 days vs. 8 days). When the frequency is 20 sec- 
onds, we can use 35% longer with SS-TWR-MA (173 days vs. 
128 days). It means that the proposed ranging algorithm is more 
appropriate for real-time applications such as visitor tracking 
than for non-real-time applications such as asset management.  

V. CONCLUSION 
In this paper, we proposed an asynchronous single-sided 

two-way ranging algorithm. The algorithm uses multiple ACK 
packets to reply to a single ranging request. This approach 
reduces the ranging time and the location estimation time by 
17% or more, compared to the conventional asynchronous 
double-sided ranging algorithm, SDS-TWR. In terms of 
locating time, the proposed algorithm can reduce 23% or more. 
These effects get bigger when we iterate the ranging scheme 
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several times to get a stabler ranging result. 
Short ranging time can be understood from three different 

viewpoints. First, it prolongs the battery lifetime of mobile 
nodes. Secondly, it provides the scalability to RTLS systems. 
That is, a fixed node can support more mobile nodes. Finally, it 
is an attribute appropriate to real-time locating systems.  

The proposed ranging algorithm might be subject to the clock 
drift or the clock offset as other synchronous asymmetric rang- 
ing algorithms do. Therefore, the ranging error must be manipu- 
lated for precise location positioning. In our system, it was less 
than 1 mete and can be negligible when mobile nodes move 
continually or continuously. 

We also developed the symmetrical version of SS-TWR-MA 
and are developing a pseudo-synchronous ranging algorithm for 
TOF (time of flight) based locating systems. 
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