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Chapter 1 – Introduction
This chapter provides a basic background of Ultra-Wideband (UWB) wireless communication technology including its historical and technological aspects, current
regulations in the U.S and the Republic of Korea (South Korea), and applications
already/potentially existing in real life. By understanding the properties of UWB
provided in this chapter, one can easily recognize why UWB signaling is attractive
for high-accuracy localization systems.

1.1 Overview of Ultra-Wideband
In late 1890s, Hertz developed a device for generating radio frequency electromagnetic waves using spark gap and Marconi improved this spark-gap transmitter and
applied it to the first radio telegraph system. This spark-gap system is considered
the birth of radio and some wireless engineers argue that this spark-gap system
is really based on UWB [1]. For about a century, although modern wireless communication technologies have been considerably developed, they could not fully
satisfy users’ demands for reasons such as: (a) low-cost portable devices providing high-rate transmission capability at lower power than currently available are
desired, (b) lack of available spectrum and over-populated devices and systems employing the currently assigned unlicensed frequency bands, (c) wireless systems are
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Figure 1.1: UWB spectral mask [1].
expected to match the capability of the wireline high-speed Internet access whose
availability has been increasing in enterprises, home and public spaces, and (d)
significantly reduced cost and power consumption of wireless systems are expected
as semi-conductor cost lowers and power consumption reduces for signal processing [2]. In order to satisfy these high expectations, many wireless engineers believe
that with UWB has the potential to provide advantages such as low power, high
data rate over short distances, immunity to multipath propagation, low-complexity
transceiver hardware and low interference. These benefits are a result of the large
bandwidth of UWB signaling.

3

1.1.1 Regulatory
In the United States In April 2002, Federal Communications Commission
(FCC) in the U.S. announced the regulation for UWB technology. The FCC defines
UWB technology as a signaling scheme with a fractional bandwidth

W
fc

≥ 20% or

with an absolute bandwidth of W ≥ 500MHz, where W is the 10-dB transmission
bandwidth and fc is the center frequency. In addition, the FCC allows indoor
UWB wireless communication systems to occupy the unlicensed frequency band
of 3.1–10.6GHz subject to a modified version of Part 15.209 rules [3]. However,
the wide frequency spectrum occupation of UWB may cause a coexistence issue
with existing narrow-band devices such as Bluetooth, wireless local area networks
(WLAN), global positioning system (GPS), etc. For this reason, the FCC also sets
a limit on the transmission power density level of UWB as shown in Figure 1.1.
In the frequency band of 3.1–10.6GHz, UWB transmission power density cannot
exceed -41.3dBm/MHz. This spectral mask allows UWB devices to coexist with
existing wireless devices with tolerable interference.

In the Republic of Korea The regulation for Republic of Korean emission
mask level is more strict than the current FCC regulation. Korea allocates two
limited frequency regions for UWB wireless devices: 3.1–4.8GHz (low band) and
7.2–10.2GHz (high band). Also, the bands have transmission power density limits
as -70dBm/MHz for the low band without interference avoidance techniques, such
as Detect And Avoid (DAA), -41.3dBm/MHz for the low band with DAA, and 41.3dBm/MHz for the high band without inference avoidance techniques. However,
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for the purpose of advancing UWB systems, -41.3dBm/MHz emission power limit
in the 4.2–4.8GHz band is allowed without DAA until June 2010 [4].

1.2 Applications
Industrial standards such as IEEE 802.15.3a (high data rate) and IEEE 802.15.4a
(very low data rate with ranging capabilities) based on UWB technology have
been introduced. For the applications defined by IEEE 802.15.3a, UWB is an
attractive alternative to short-range wireless technologies such as 802.11 WLANs,
bluetooth, and personal area network (PAN) that did not fulfill users’ demands
for higher data rates. For example, one typical promising scenario is wireless data
connectivity between a host (e.g., a desk-top PC) and associated peripherals such
as keyboards, mouse, printer, etc. A UWB link functions as a ‘cable replacement’
with data rate requirements ranging from 100 Kbps for a wireless mouse to 100
Mbps for downloading image files. Moreover, the IEEE 802.15.4a, a standard for
low-power, low data rate wireless communications, is primarily focused on position
location applications. For instance, monitoring of patients in the medical area,
package tracking in logistics, search-and-rescue in disaster field, and supervision of
children in family facilities, etc. In addition, UWB technology is widely used for
military applications, home sensing and controlling, and personnel security [1].

5

1.3 Thesis Structure
This thesis proposes receiver synchronization algorithms for 3-dimensional positioning systems, using time-difference-of-arrival (TDOA) scheme. Chapter 2 introduces several existing technologies of localization and discusses the need of
synchronization for wireless localization systems, especially in time-based schemes
such as TDOA. Existing synchronization algorithms are also reviewed in this chapter. The proposed synchronization algorithm, results from simulation using Matlab and Simulink, hardware implementation results, potential challenges in real
environments and solutions to resolve these challenges are provided in Chapter 3.
Chapter 4 discusses some technical challenges that might be encountered in an
actual system and some proposed solutions. Conclusion are drawn in Chapter 5.

6

Chapter 2 – Localization and Synchronization
High-precision localization has been one of the attractive application areas of UWB
technology. These applications exploit the fine time resolution of UWB signals.
This chapter reviews and analyzes four different methods to estimate the location of a target node (transmitter) using UWB signaling. We draw conclusion
that TDOA method is the best candidate technique for our target application
- centimeter-accuracy 3D realtime localization in dense-multipath environments.
Several existing synchronization algorithms will be discussed as well.

2.1 UWB Localization Methods
There are three main types of UWB localization techniques: signal-strength based,
direction based, and time based approaches. For these three techniques, the target
location is estimated by using the received signal strength (RSS), angle-of-arrival
(AOA), and time-of-arrival (TOA), respectively. One common assumption made
is that all receivers and transmitters have in line-of-sight (LOS) propagation.

2.1.1 Received Signal Strength
In the RSS scheme, the distance between two nodes can be estimated by measuring
the power of the received signal at each receiver. So, this method is regarded as
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not only signal-strength based, but also distance based approach like TOA and
time-difference-of-arrival (TDOA), as we will discuss later. Figure 2.1(a) shows
how the location can be estimated using distance-based approach. Typically, the
mean received signal power decays proportional to d−np , where np is the path-loss
exponent, taking on values usually between two and four [6], and d is the distance
between the transmitter and receiver. The path-loss model is expressed as

P̄ (d) = P0 − 10np log

d
,
d0

(2.1)

where P0 is the received power (dBm) at a short reference distance d0 . Although
RSS is simple to implement, RSS is the least appropriate approach in the case of
UWB, because it does not exploit the fine space-time resolution of pulsed signals,
and it requires a site-specific path loss model [1]. Moreover, RSSI circuits and
transmission power will vary from device to device, depending on the manufactur-

(a) Distance-based approach

(b) Direction-based approach

Figure 2.1: Two different approaches for UWB localization: (a) Received signal
strength indicator (RSSI) and time of arrival (TOA) based approach; (b) Directionof-arrival based approach [5].

8
ing process. Also, transmit powers may change as batteries deplete. This means
that the main element, the signal strength, is not a stable parameter for location
estimation.

2.1.2 Angle of Arrival
AOA is defined as the angle between the propagation directions of incident waves
[7]. The receiver receives a signal and it recognizes the direction where the signal
comes from. By sharing information about the direction, rather than distance,
with neighboring nodes, the measurements provide location information as shown
in Figure 2.1(b). However, one common approach to obtain AOA measurements is
to use an antenna array, that means the AOA method requires multiple antennas
(or at least an antenna capable of beamforming) at the receiver. This requirement
implies size and complexity demands that are often not compatible with the lowcost, small-size constraints associated with applications that UWB technology is
particularly suited for [1]. In addition, multipath reflections may significantly affect
to the accuracy of localization, especially in indoor environments. Thus, accurate
angle estimation becomes very challenging due to scattering from objects in dense
multipath indoor environments [5].
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2.1.3 Time of Arrival
TOA and TDOA are related to the time at which the signal has been received at
the receiver from the transmitter whose position is to be estimated. Time based
approach is considered as the proper method to be employed for the UWB localization, since the fine-time resolution of the pulsed signal will facilitate accurate
detection of the arrival time instants of the received signal. From this precise TOA
information, a time-based approach gives more accurate positioning estimation results than other methods such as RSSI and AOA. In this section, we focus on the
TOA method: how it works to estimate the location, and what the synchronization
issue is. TDOA will be presented in the next section.
In the TOA scheme, the flight time of the signal from the transmitter to the
receiver is used for calculating the distance between the Tx and Rx using the
speed of light. For example, a sender transmits a signal through a certain wireless
channel at time ttr and the receiver receives this signal at time tre . The flight time
of the signal is tre − ttr , and the distance between Tx and Rx is d = (tre − ttr ) × c,
where c is speed of light, which equals 299, 792, 458m/s. The basic concept of
the distance-based approach has already been shown in Figure 2.1(a). Note that
ttr and tre are the real common time instants, rather than the local time instants
from the independent local clocks of each receiver. Actually, each wireless node
(both receivers and the transmitter) has an independent local clock and the arrival
time instant must be detected in terms of its local clock, rather than the real
common clock. Therefore, this timing concept causes some synchronization issues.
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In order to estimate the precise distance between the transmitter and receiver,
both nodes must have a common clock, i.e., the transmitter and receiver must have
a synchronized timing clock in the TOA method. However, transmitter-receiver
synchronization is very hard to achieve because the transmitter is at an unknown
position, and could be moving randomly. If the sender is moving, the propagation
delay, which is an important factor to compute the clock offset, is difficult to
estimate. This difficulty makes timing synchronization for TOA challenging. To
avoid of this issue, the proposed synchronization and localization algorithms in
this thesis will use the TDOA technique as describe in the next section.

2.1.4 Time Difference of Arrival
The TDOA scheme is based on estimating the difference in the arrival times of the
signal between the synchronized receiver nodes. These time instants are transferred
to distance by the speed of light as in the TOA method. However, unlike the TOA
scheme, the TDOA scheme does not require knowledge of the absolute time of the
transmission [8]; only synchronization of receiver clocks is needed. The TDOA of
two signals traveling between the target node and two reference nodes is estimated,
which determines the location of the node on a hyperbola, with foci at the two
reference nodes. Again a third reference node is needed for 2-D localization [5].
The non-linear hyperbolic equation for TDOA measurement is written as:

Rj,k =

q

(xi − xj )2 + (yi − yj )2 −

p

(xi − xk )2 + (yi − yk )2 ,

(2.2)

11
where Rj,k is the range difference obtained from the estimated TDOA, (xi , yi ) is
the coordinate of the target node, which is at an unknown position, and (xj , yj )
and (xk , yk ) are the coordinates of the receiver nodes that have known positions.
Figure 2.2 employs Eq. (2.2) to find the hyperbolas from two reference nodes. The
TDOA between node R1 and node R2 is defined as (S2 − S1 )/c in Figure 2.2, where
c is speed of light, and the hyperbola for these two nodes can be observed from
the equation of S2 − S1 = S5 − S4 . Thus, we can determine one crossing point
with two hyperbolas from three receivers and that point is the estimated position
of the target node.
Since TDOA can be estimated by comparing TOA at each receiver, time in-

Figure 2.2: Hyperbola for TDOA: By using TDOA, we can define and draw hyperbolas with foci at each receiver. The common crossing point of the hyperbolas
will be the estimated location of the transmitter.
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formation of the transmitter does not affect TDOA estimation. While with the
TDOA technique it is unnecessary to synchronize transmitter-receiver, all receivers
still have to be synchronized to calculate the difference of TOA between receivers
that have independent local clocks. Fortunately, receiver synchronization is much
easier to achieve than transmitter-receiver synchronization because all receivers are
fixed in known positions. Simplifying the synchronization algorithm is very important to achieve highly accurate localization results. Therefore, TDOA technique
is regarded as the most proper method for UWB localization [8, 9, 10]. In the
following section, we will investigate existing receiver synchronization techniques.

2.2 Existing Synchronization Algorithms for TDOA
Minimizing synchronization errors is one of the main challenges of timing-based
UWB position estimation. Since each node has its local clock that is working
independently, all receivers must be synchronized to estimate the arrival time of
the received signal. As we discussed in Secs. 2.1.3 and 2.1.4, TOA method needs
synchronization between the unknown transmitter and the fixed receivers, while
TDOA does not need Tx-Rx synchronization but still needs to synchronize all
receivers. This section reviews existing receiver synchronization algorithms for
TDOA.
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2.2.1 Reference Broadcast Synchronization
Reference Broadcast Synchronization (RBS) consists of some transceivers and a
transmitter, which broadcasts a reference signal to all receivers. The reference
transmitter and all receiver nodes are located at fixed positions; thus, the free-space
propagation delay from a reference transmitter to the receivers can be estimated
accurately in advance. For example, in order to synchronize two receivers using the
RBS method, a reference transmitter broadcasts a UWB signal to two receivers
first. Each receiver records the time at which the signal was received, according to
its local clock. Then, the two receivers exchange the observed times and compare
them to their local clocks. The clock offset between the two receivers is computed
as the difference of the local times at which the receivers received the same signal
from the same transmitter.
The RBS scheme seeks to reduce non-deterministic latencies using receiverto-receiver synchronization. This exploits the concept of time-critical path, i.e.,
the path of a message that contributes to non-deterministic errors. There are four
pre-defined components of critical path in the traditional synchronization methods
(see [11, 12] and references therein):
1. Send Time : The time spent by the sender for message construction and the
time spent to transmit the message from the sender’s host to the network
interface.
2. Access Time: The time spent waiting to access the transmitted channel.
3. Propagation time: The time taken for the message to reach the receiver, once
it has left the sender.
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4. Receive time: The time spent by the receiver to process the message.
Send time and access time are caused by the transmitter and they are very
difficult to estimate. These two uncertainties are regarded as the largest sources of
uncertainties. However, in RBS, these two uncertainties can be removed because
all receivers receive the reference signal from only a common reference transmitter. Figure 2.3 shows the comparison of the length of critical path between the
traditional time synchronization method and the RBS. On the other hands, the
propagation time and receive processing time can be estimated well in practice.
Thus, by eliminating many uncertainties, the performance of the system could be
drastically improved. Elson, et al. [11] conducted experiments with various hardware components such as Berkeley Motes and 802.11 WLAN modules, and the
clock synchronization precision is improved to 1.6µs.

Figure 2.3: Illustration of RBS scheme: A critical path analysis for traditional
time synchronization method (left), and RBS (right). Since the reference signal is
transmitted from the same transmitter, the main contributions to nondeterministic
latencies, namely send time and access time delay, will be eliminated [11].
RBS method is widely used for time synchronization. Especially, many wireless
sensor network applications exploit the RBS for receiver-to-receiver synchronization. In addition, UWB applications are able to use this method with better
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performance because UWB signal has a very narrow pulse-width in the time domain as discussed in Sec. 2.1.3. However, RBS has drawbacks that it generates
too many synchronization messages and requires lots of time to achieve synchronization, especially in a large network [13]. If there are many nodes in the network,
every node must exchange its time information with its neighbors to be synchronized with very often. This frequent message exchanging causes a high power
consumption. Thus, RBS is preferred in the network with small number of nodes.

2.2.2 Pair-Wise Synchronization
Exchanging messages between nodes and comparing the signal arrival times are
the fundamental concept of receiver-to-receiver synchronization. Pair-wise synchronization algorithm also exploits this typical way so that receivers are synchro-

(a) Pair-wise system structure

(b) Pair-wise algorithm

Figure 2.4: Pair-wise synchronization system architecture and algorithm: (a) Each
node consists of a transceiver, a processing unit, and a local clock. Two nodes use
different frequency channels in order to avoid interference. (b) While two nodes
exchange their local time information, there are three uncertainties, τ , τ tr , and
τ re , that denote propagation delay, sender delay, and receiver delay, respectively
[14].
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nized. In reference [14], wireless node A needs to be synchronized with wireless
node B. Unlike the RBS method introduced in the previous section, a transmitter
broadcasting reference signal is unnecessary in pair-wise synchronization but node
A and node B can find out the clock offset between them by exchanging a UWB
signal. In Figure 2.4(a), we can observe that each node consists of a signal generator, which is a UWB transmitter, a matched filter that is a receiver, a processing
unit, and a local clock/counter. In order to ensure reliable communication between
the two nodes, different frequency channels (f1 and f2 ) are assigned to each node.
Node A sends a UWB signal to node B using channel f1 . The times at which the
event occurs at node A and node B are represented as t1A , t3A , t2B , and t4B in terms of
their local time. As the UWB signal travels through air between the nodes, three
uncertainties will affect to the timing information, τ , τ tr , and τ re , which denote the
propagation delay, the sender delay, and the receiver delay, respectively. Figure
2.4(b) shows how these local time information and delays are used in the pair-wise
synchronization algorithm.
The local clock time instant ti (t) is represented as a monotonically non-decreasing
function of t,
ti (t) = ki t + bi ,

(2.3)

where t denotes the real time, ki is the clock drift, and bi denotes the clock offset,
that is, the difference from the real time t. Node A generates the UWB signal at
time instant t1A , in terms of the local time of node A. This UWB signal is received
by node B and this node generates the trigger signal at the local time instant t2B .
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Local time instants t3A and t4B also have the same procedure. As shown in Figure
2.4(b),

t2 = t1 + τ tr a + τ re b + τ,

(2.4)

t3 = t2 + τ tr b + τ re a + τ,

(2.5)

t4 = t3 + τ tr a + τ re b + τ.

(2.6)
0

According to the two local time instants of node A, the actual time instant τ is
0

(t3A + t1A )/2 = kA τ + bA ,

(2.7)

0

where, from Eqs. (2.4) and (2.6), τ is calculated as
0

τ = t1 + τ + (τ tr a + τ tr b + τ re a + τ re b )/2
= (t1 + t3 )/2.

(2.8)

Then, we are able to observe the difference of the actual time instants between τ

0

and t2 as
0

∆τ = τ − t2 = (τ tr b − τ tra + τ re a − τ re b )/2.

(2.9)

From Eq. (2.9), ∆τ represents the actual time difference between node A and
node B, and it depends only on the transceiver parameters of the pair of nodes,
which can be obtained in practice, fortunately. Thus, it is evident that the real
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time instant represented by the local time instant, i.e.,

(t1A + t3A )/2 − kA ∆τ = kA t2 + bA ,

(2.10)

is the same as that represented by t2B . Fortunately, all sources in ∆τ , Eq. (2.9),
can be approximately obtained in practice. Therefore, we can express Eq. (2.10)
as (t1A + t3A )/2 − ∆τ , because the difference between those two equations, which
can be represented by
∆ = (kA − 1)∆τ,

(2.11)

has very small value. In conclusion, the real time instant represented by (t1A +
t3A )/2 − ∆τ very closely approaches that represented by t2B [14].
The author of reference [14] simulated the pair-wise synchronization algorithm
and the results show a significant improvement over some existing methods like
reference broadcast synchronization. If the sender delay (τ tr ), receiver delay (τ re ),
and propagation delay (τ ) are measured precisely, this algorithm has only 9×10−16
second synchronization error with two nodes over a 3000m distance. When all delays are not estimated accurately, the system synchronization error is 167ns, which
is better than RBS. Besides, reference [14] provides a synchronization method of
multiple nodes. However, peer-to-peer synchronization algorithm such as RBS and
pair-wise synchronization have common drawbacks; they generate lots of signals
for synchronization and it takes a long time to achieve entire synchronization.
Therefore, in the next section we will provide another algorithm to mitigate these
common disadvantages of peer-to-peer synchronization.
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2.2.3 Master-Slave Synchronization
In the master-slave synchronization scheme, the system assigns one node as the
master and other nodes as slaves, and the local clock in the master node becomes
the reference time that slave nodes attempt to be synchronized to. In general,
the master access point (AP) requires a main processor to compute the system
synchronization. For instance, the master AP collects all local clock information
from the slave nodes and the main processor compares such information in order
to calculate the time offset between the master node and slave nodes. The system
architecture used in reference [15] is shown in Figure 2.5. Basically, the method
to estimate the clock offset is very similar to RBS and pair-wise schemes. First,
the master node transmits a synchronization packet to the slave nodes. The slave
nodes record the local time instants at which they receive a synchronization packet
from the master node. Then, they report these local time instants to a location

Figure 2.5: Master-slave synchronization algorithm: system architecture: All
nodes are connected with a location server by WLAN. “Station” represents the
nodes whose location is to be estimated. [15]
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server (main processor). Finally, the location server is able to estimate the clock
offset between the master node and slave nodes by comparing the received local
time information with propagation delay considerations.
The master-slave synchronization algorithm overcomes the drawbacks of peerto-peer synchronization, since all receivers communicate with a master node, rather
than with their neighbors. So, only one return signal from the receivers to the
master node is enough to compute the time offset in the processing unit. On
the other hand, the entire system is very hard to achieve with only UWB signals
because each node has to send its data packets including time information. In
reference [15], the system also uses IEEE 802.11b WLAN signal for synchronization
and localization.
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Chapter 3 – Proposed Algorithms, Implementation, and Results

3.1 Proposed Time Synchronization Algorithm
Although the peer-to-peer and master-slave algorithms are the typical methods
for receiver synchronization, there are still many challenges to achieve accurate
synchronization. As discussed in Sec. 2.2, the peer-to-peer synchronization method
requires an extensive amount of time to synchronize all receiver nodes. This is
because each receiver continuously exchanges signals with its neighbors to maintain
synchronization. Master-slave synchronization algorithms require data packets to
contain timing information. So, if the receivers are synchronized via IEEE 802.11
WLAN, rather than via UWB, which in this case is necessary for reliable data
packet communication, we lose the high precision synchronization and localization
results made possible with UWB positioning. The algorithm proposed in this thesis
provides a way to resolve these difficulties by combining the advantages of the two
existing synchronization algorithms.
To combine RBS, pair-wise, and master-slave synchronization algorithms, the
system must have two (2) or more receivers, a reference transmitter connected to
a master node with processing capability (PC), and a target node, whose location
is to estimated. Additionally, all nodes, receivers or the transmitter, must have
WLAN interfaces. WLAN enables not only efficient data packet exchange between
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the main node and the receivers, but also command signal issued by the master
node. With these capabilities, our system can take advantage of the benefits of
both UWB and WIFI; accurate timing information comes from the UWB signal,
and the WIFI signal provides a reliable data communication. The synchronization
algorithm is summarized as follows:
1. A reference transmitter broadcasts a UWB signal to the receiver nodes; this
signal is received at all receivers.
2. Each receiver processes the received signal via digital filters and a square
device. An analog-to-digital converter (ADC) in the receivers samples this
processed signal, and the sampled data are transferred to the master node
via WLAN.
3. Peak detection and synchronization algorithms are executed in the master
node. The number of samples where peaks were detected will indicate the
TOA of the received signals. From this, the time offsets between nodes can
be found by comparing the TOAs at each receiver.
This system utilizes the fine time resolution of pulsed UWB signals for a reference
broadcast signal. This means that the time instants when the signal is received
can be estimated precisely by detecting the peak of the received signal. Variables
on the transmitter end, such as send time and access time, can be eliminated by
using a common reference transmitter as in the RBS method. The sampled data of
the received signal are transferred to the master node via WLAN, and the master
node analyzes and processes the collected data from all receivers at the same time.
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Similar to the master-slave synchronization algorithm, the existence of a master
node reduces the load to synchronize the receivers. For instance, each receiver does
not necessarily have to communicate with their neighbors individually because the
main computer will handle all data and calculation, thus this method will reduce
power consumption and save time in synchronizing the entire system. Eventually,
high-accuracy synchronization requires a reliable data communication through the
WLAN interface and accurate analysis of the arrival time of the signals.
One additional factor that must be considered is that the receivers cannot
transfer the entire set of sampled data to the master node because the data rate of
the WLAN link is limited. Also, the ADC has a limited amount of memory capacity
available for storing the sampled data and these stored data will be transfered to
the main node via WLAN. Although the ADC is able to sample the received
signal at all times, the master node can collect only some parts of the data being
captured and stored in the ADC buffer; other samples are dumped and ignored.
Furthermore, each independent receiver has the same performance, but will capture
and store data samples at different time instants. If all receivers do not capture
the signal at the same time, the localization algorithm cannot process the data
collected by the master node because the signal captured by each receiver differs.
For example, if receiver 1 starts saving data at time ‘α’ and receiver 2 starts
saving data at time ‘β’, the location of the transmitter may have changed between
time α and time β. In this case, receiver 1 and receiver 2 have stored signals
that the transmitter sent from different positions. Thus, we must ensure that all
receivers capture the same signal transmitted at the same time and from the same
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position. In order to solve this problem, a trigger and repetition algorithm will be
implemented in the FPGA that controls the operation of the ADC. At this point, if
the buffers within each receiver have been activated at exactly the same time by the
trigger and repetition algorithm, this will sufficiently resolve the synchronization
issue. However, the activation time of the buffers is not identical for several reasons,
such as the relatively slow operational clock speed of the FPGA and random delays
in receiver processing time at each receiver. Accordingly, the start point of data
storage in the ADC via the trigger algorithm (called coarse synchronization) must
first be approximately synchronized. Then, the received signal must be analyzed
to determine the clock offset through the fine synchronization algorithm.

3.1.1 Coarse Synchronization Algorithm
From the Nyquist sampling theorem, a high-speed ADC (minimum 2Gsps for a
bandwidth of 1GHz) is necessary to sample the UWB signal of approximately
1 ns pulse-width without distortion. While increasing the sampling rate of the
ADC allows us to recover the original signal more accurately, high sampling rates
generate too many samples to process in real time and consumes more power.
Therefore, our current approach is to use a commercial high-speed ADCs to store a
pre-defined number of samples in their internal buffers temporarily, and then these
samples will be flushed to the main computer to be processed. Additional data
beyond one buffer limit will be ignored. The coarse synchronization is necessary
because of this limited capacity of the ADC. As the first step of synchronization,
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the coarse synchronization defines the initial time when each FPGA activates its
buffer to store the signal at the same time. Although perfect synchronization is
impossible to achieve with only the coarse synchronization algorithm, because of
the low clock speed and random process time of the receiver, we can at least ensure
that the captured signals by all receivers have sufficient overlap in time, which is
enough for further analysis.
To fully synchronize the receivers in our system, an additional reference transmitter is used and the arrival time of the reference UWB signal at each receiver
is exploited as a valuable factor to achieve high accuracy synchronization. In particular, the arrival time of the first reference signal is regarded as the initial point
of the coarse synchronization. In other words, as soon as the ADC detects that
the first reference signal has arrived at the receiver, the FPGA triggers its internal
buffer to write data until the buffer is full.

Figure 3.1: Illustration of coarse Synchronization: blue boxes denotes the area
that can be stored in a buffer; A and C denote the time instants when the first
reference signal has arrived at each receiver; B and D denote the time instants
when the ADC starts storing data; and Ta and Tb denote the repetition time of
triggering to store data in the buffer.
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Figure 3.1 depicts the whole process of coarse synchronization. First the reference signal, which is marked in a red box in Figure 3.1, arrives at time instant
A and time instant C at each receiver. The corresponding sample storing times
start at times B and D, respectively. The processing time delay within the receivers causes differences such as (B − A) and (D − C); thus we must determine
the difference in processing times between the nodes. However, the differences in
processing time should be minimal because the receivers have matching hardware
structure, in addition to having identical software programs. Thus, the offset of
processing time would be a potential source of error for coarse synchronization,
but this error can be corrected at the fine synchronization step. Additionally, time
offset (C − A) or (D − B), which is assumed to be relatively small, is caused by
the difference of propagation delays (τp2 − τp1 ), where τpx denotes the propagation
time between the reference transmitter and a receiver x. Fortunately, this offset
of propagation delay does not significantly affect coarse synchronization, though it
will be considered as a major element at the fine synchronization step. Both time
concepts, process time delay and propagation delay, are very important factors for
accurate synchronization, but coarse synchronization could tolerate small errors
from these delay factors because the fine synchronization will significantly correct
such error. Therefore, these insignificant factors causing timing errors can be ignored in the trigger system as the first step for coarse synchronization. However,
the stability of Ta and Tb , as shown in Figure 3.1, significantly affects the synchronization accuracy. If the buffer has been triggered by the first received signal, the
FPGA iteratively triggers with a stable period of Ta or Tb that can be adjusted via
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the FPGA operational clock. At this point, Ta and Tb must be the same and reliable to minimize the timing error within the stage of the coarse synchronization.
Clock drift and clock jitter of the FPGA operational clock are significant factors
to achieve a stable iteration of Ta or Tb . As time goes by, synchronization accuracy
decreases, and accordingly the system should perform synchronization periodically
during normal operation to maintain performance.
By implementing the coarse synchronization algorithm in the FPGA within
independent nodes, a high speed ADC can overcome its limited performance in
data capture and transmission. This means independent ADCs can capture signals
at almost real time rates and these captured signals are transferred to the main
node to be processed for high accuracy synchronization. Consequently, it can
be interpreted that the coarse synchronization algorithm is performed for better
input conditions for the realization of the fine synchronization algorithm that will
be completed as a following stage.

3.1.2 Fine Synchronization Algorithm
With the roughly synchronized trigger system, each receiver saves samples in their
buffer at approximately the same time. These samples will be sent to the main
computer via a reliable WLAN interface. This is sufficient to prepare for fine
synchronization. As we discussed in Sec. 3.1.1, the first step of synchronization
allows the system to have only small offsets at the initial moment of triggering
to start data capturing. These small offsets will corrected by the stage of the
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Figure 3.2: Illustration of fine synchronization: blue boxes, same as in Figure 3.1,
indicate the signal that have been captured by receivers and have been transferred
at the main node; N 1 and N 2 denote the number of samples where the peak was
detected at receiver 1 and 2; A and B denote the propagation time for each receiver;
and Ts1 and Ts2 denote a common time that the receivers are to be synchronized
to.
synchronization algorithm.
The reference time to which the receivers must be synchronized is the time
when a reference transmitter sends a UWB signal. This signal provides the only
shared time information that the receivers can recognize. Thus, the flight time of
the reference signal from a reference transmitter to the receivers plays an important
role for the fine synchronization algorithm. The propagation time is already known
since all nodes are fixed and located in an open, line-of-sight (LOS) environment.
In order to find a synchronous time, the main node gathers received/sampled data
from the receivers and analyzes the peak of the received signal to determine when
the signal has arrived at each receiver. Finally, the common time when a transmitter transmits a reference signal can be known by subtracting the propagation
time from the arrival time of the reference signal at each receiver. In terms of the
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local clock within individual receivers, the difference of the achieved synchronous
time would be regarded as an offset between the receivers. Figure 3.2 shows one
example. The peak of the received signal which is regarded as the arrival time of
the reference signal has been detected at N 1 and N 2 samples in each receiver.
Also, the propagation time can be converted to a number of samples via (fs × τp ),
where fs is the sampling rate and τp is the signal propagation time. This propagation time is denoted as A and B in Figure 3.2. Thus, the synchronous time that
we desire is simply found by subtracting A and B from N 1 and N 2, respectively.
Ts1 and Ts2 denote a synchronous time in with respect to each local clock, so that
the difference of these two determines the offset of two independent receivers.
This proposed synchronization algorithm does not require physical clock correction, but it does require finding the precise clock offsets between nodes. By
removing the necessity for physical clock correction, both hardware and software
designs are simplified, so that this synchronization scheme is relatively easy to
implement into not only user-configurable hardware like an FPGA, but also data
analysis software like Matlab. On the other hand, the speed of the operational
clock within this algorithm needs to be fast to achieve a high synchronization accuracy because a possible timing error could still be one clock period. To decrease
this possible error, we can reduce the step size of the clock, i.e., increasing the
clock rate. Moreover, it is obvious that the synchronization scheme must be iterated periodically to maintain the stability of the oscillator because of the standard
clock instabilities such as drift and jitter.
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3.2 Simulation
Simulation for the proposed algorithm has been completed in Matlab and Simulink.
For the analog UWB transmission signal which has a 4GHz center frequency, 2GHz
frequency bandwidth, and 10MHz pulse repetition frequency (PRF), a carriermodulated Gaussian pulse has been generated with a 100GHz sampling rate and
zero-padded to make a 10MHz PRF. Figure 3.3 shows such Gaussian pulse and
the transmitted signal with the desired PRF. The generated signal passes through
a multipath channel defined by the IEEE 802.15.3a [16, 17] with the designated
propagation delay. We use CM1 channel type of the IEEE 802.15.3a channel
model block, which describes a line-of-sight scenario with a separation of less than
4m between the transmitter and receiver. In this simulation, we assumed that the

(a) A Gaussian pulse

(b) Transmitted signal with a 10MHz PRF

Figure 3.3: Transmitted signal: (a) One carrier-modulated Gaussian pulse occupying the 3.1–5.1GHz frequency band; (b) Zero-padded signal with 10MHz repetition
frequency.
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distances between Tx-Rx1, Tx-Rx2, Tx-Rx3, and Tx-Rx4 were 1.5m (5.0035ns),
2.3m (7.7672ns), 2m (6.6713ns), and 1.8m (6.0042ns), respectively.

(a) Beginning of write-enable bits

(b) Write-enable bits from 4 receivers

Figure 3.4: Trigger moments of write-enable bits: (a) Write-enable bit of each
receiver goes high at different times depending on the propagation delay; (b) Writeenable bit goes high periodically and stably.
The distance can be converted to time using the speed of light (299,792,458m/s).
In addition, blocks of band-pass and low-pass digital filters, and a square operator are followed by the sampling block [18]. The ADC block provides a 3GHz
sampling rate, 8-bit resolution, and random clock jitter with 0.4ps rms. Coarse
synchronization is also implemented at the end of the Simulink blocks consisting
of three subsystem blocks and one switch block. Figure 3.4 shows the write-enable
bit for the FPGA buffer at each receiver. The rising edges of the write-enable bit
are different because of the arrival times at each receiver. This starting point of
the write-enable bit depends on the propagation delay and processing time at each
receiver. Figure 3.5 provides more details on how to define these starting points,
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(a) Received signal and trigger

(b) Received and stored signal

Figure 3.5: Receiving signal and trigger: (a) As soon as the receiver gets signal at
point ‘A’, a write-enable bit of the FPGA will trigger at point ‘B’ by considering
processing delay. (b) The buffer only stores signal when the write-enable bit is
high.
especially at the top and middle plots of Figure 3.5(a). Although the first sample
of the received signal was detected at point ‘A’, the write-enable bit goes high
at point ‘B’ because of the receiver processing delay. Therefore, the first arriving pulse is not stored in the buffer. The bottom plot of Figure 3.5(b) represents
4KB of data stored in the buffer. When the buffer is full, the write-enable bit
automatically returns to zero.
The stored data are transferred to the main computer through a WLAN module in a physical system, but in the simulation the data is saved directly to the
workspace of Matlab. At this point, the simulation assumes the WLAN is capable
of sending data bits from each receiver to the main node without errors. Regardless, we do not need to consider the delay caused during WLAN communication

33

(a) Before upsampling

(b) After upsampling

Figure 3.6: Signal upsampled from 3Gsps to 30Gsps: (a) Before upsampling, the
sampling rate is 3Gsps; (b) After upsampling, the sampling rate is 30Gsps.
because the data saved in the buffer already contains timing information for synchronization. WLAN merely transfers the sampled data containing all pertinent
information, i.e., the WLAN delay time does not affect the synchronization. In
the simulation, Simulink runs the aforementioned procedures, but in a physical
prototype these are handed by the front-end of the receiver.
Matlab runs as a processing computer which analyzes sampled data. Firstly,
data are upsampled by a factor of 10 from 3Gsps to 30Gsps as shown in Figure
3.6. Second, several pulses are averaged with a period of 3000 samples. Only one
pulse is shown per 3000 samples. The number of samples is determined as in Eq.
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(a) Before average

(b) After average

Figure 3.7: Average received signal within one pulse: (a) There are about 13 pulses
within one set of 4Kbyte buffer; (b) All pulses are averaged within one period of
PRF.
(3.1), based on the sampling rate and PRF.

Number of samples of a period = sampling rate / PRF
= 30 × 109 /10 × 106
= 3000

(3.1)

Once we get an averaged pulse from these 3000 samples, the position of the first
peak of that pulse is regarded as the TOA of the transmitted signal. The main
computer determines the TOA of each receiver from the results of the first peak
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detection. Then the offset between receivers can be found as

TT r refrx1 = TOARx1 − τp1 ,

(3.2)

TT r refrx2 = TOARx2 − τp2 ,

(3.3)

offsetRx1,Rx2 = TT r refrx2 − TT r refrx1 ,

(3.4)

where, TT r refrx1 and TT r refrx2 denote the local time based on the local clocks of
Rx1 and Rx2, respectively, when the reference transmitter sends a UWB signal
for synchronization, and offsetRx1,Rx2 denotes the offset between the local clocks of
Rx1 and Rx2. In terms of real and common times, TT r refrx1 and TT r refrx2 should
be identical. Thus, the offset can be found by subtracting these two local clock
elements as shown in Eq. (3.4). This simulation contains several potential sources
of error, although some of them might not significantly affect the synchronization.
For example,
1. Uncertainty of propagation delay: May affect the position of the first peak.
2. Channel uncertainties: Provided by the channel of IEEE 802.15.3a. (e.g.
multi-path reflection)
3. Clock jitter: Causes error in coarse synchronization.
4. Receiver processing delay: Causes error in coarse synchronization.
The simulation also considers clock jitter (0.4ps rms) as well as other uncertainties,
based on the datasheet of the ADC Dev. Board [19]. Therefore, the results of this
simulation contain all major factors of potential error and we can easily manipulate
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these factors within the simulation. Obviously, these potential error sources cause
the synchronization error that can be seen in this simulation.

3.2.0.1 Simulation Results
Simulation results have been observed for various conditions with two elements of
uncertainty; different errors of propagation delay and different number of windows
(i.e., number of pulses). Each simulation with the same condition iterates 50
times and averages the absolute value of errors to obtain the statistical results.
Random uncertainties such as propagation delay and clock jitter are uniformly
distributed random variables. For example, a 1ps error in propagation delay in
Table 3.2 means that the error of propagation delay is a uniformly distributed
random number between 0 and 1 × 10−12 seconds. Also, the number of windows
denotes the number of pulses. In this simulation, 13 pulses are contained in one
frame based on the PRF adopted, sampling rates, and window size; we have 10MHz
PRF, 3Gsps sampling rates, and a window size of 4096 samples. Table 3.1, 3.2,
3.3, 3.4 show results of synchronization error under different conditions.
Rx1-Rx2

Rx1-Rx3

Rx1-Rx4

1 windows

674.67 ps

929.33 ps

788 ps

3 windows

689.33 ps

706.67 ps

677.33 ps

5 windows

506.67ps

645.33 ps

578.67 ps

10 windows

440 ps

436 ps

333.33 ps

Table 3.1: Simulation result without error of propagation delay estimate.
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Rx1-Rx2

Rx1-Rx3

Rx1-Rx4

1 windows

852 ps

864 ps

916 ps

3 windows

718.67 ps

728 ps

674.67 ps

5 windows

381.33ps

441.33ps

506.67ps

10 windows

364 ps

482.67 ps

400 ps

Table 3.2: Simulation result at 1ps error of propagation delay estimate.

Rx1-Rx2

Rx1-Rx3

Rx1-Rx4

1 windows

736 ps

812 ps

782.67 ps

3 windows

581.33 ps

702.67 ps

692 ps

5 windows

445.33 ps

609.33 ps

436.33 ps

10 windows

377.33 ps

500 ps

490.67 ps

Table 3.3: Simulation result at 10ps error of propagation delay estimate.

Rx1-Rx2

Rx1-Rx3

Rx1-Rx4

1 windows

838.67 ps

909.33 ps

886.67 ps

3 windows

616 ps

702.67 ps

693.33 ps

5 windows

572 ps

472 ps

512 ps

10 windows

416 ps

440 ps

402.67 ps

Table 3.4: Simulation result at 100ps error of propagation delay estimate.
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From the above simulation results, the smallest error (333.333 ps) and the
largest error (929.33 ps) are shown based on the number of windows and the error
of propagation delay. Obviously, the error in synchronization improves as the
number of windows increases (more pulses are used). However, the improvement
from the propagation delay having up to 100 ps offset is not as significant as from
the number of pulses, although the error in propagation delay slightly affects the
synchronization error as well. In fact, we can estimate the propagation delay with
only small errors by using the known speed of light, and we will decide how many

Figure 3.8: Distorted pulse by multipath reflections: position of the first peak has
been distorted.
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windows we will use from the actual experiment. Furthermore, multipath reflection
is one of the most critical factors for consideration in the real system. Figure 3.8
shows the pulse distorted by multipath reflections.
The pulse in Figure 3.8 arrived at position “A”, but the first peak of this pulse
has been detected at “B”, instead of “A”. Since “A” is distorted by the multipath
reflection, the peak detection algorithm might not be able to detect “A” as the first
peak. In the simulation, numerous synchronization errors are caused by multipath
reflections and distorted peaks. Therefore, multipath reflections depending on the
wireless channel should be carefully considered in practice.

3.3 Localization with Ideal Synchronization
Our research group, Dr. Huaping Liu and his students at Oregon State University,
has already developed a UWB localization algorithm which has been tested for
practical application [20, 21]. In particular, our localization prototype has been
used experimentally for a patient tracking system for health care applications. For
instance, doctor or medical staff member needs to trace elderly patients’ movements remotely if they are living outside a hospital but receiving constant medical
care at their home or nursing facility. For this experiment, two separate UWB
transmitters which occupy two different frequency bands (3.1-4.1GHz and 4.15.1GHz) and 4 receivers (the minimum number of receivers for TDOA method)
are used. Furthermore, a TDS6804B sampling scope samples the received signal
of the 4 receivers. The sampled data are transferred to the computer via Eth-
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Transmitter
TX1
TX2

x
y
x
y

Location #1
Mean error Error std
4.3908
1.8372
0.6328
2.2759

11.1306
13.1469
5.1417
3.4906

location #2
Mean error Error std
4.4621
6.4190
2.6975
3.9573

3.7030
2.4485
1.6417
1.2089

Table 3.5: Tracking accuracy of two transmitters [in centimeter].
ernet to be processed by Matlab. The Point-of-Care Lab at Oregon Health and
Science University (OHSU), for which the room size is about 6m × 4.5m × 2.5m,
was provided for this measurement. The experimental results of better than 10
centimeter localization accuracy at two randomly selected locations are shown in
Table 3.5. The average error in centimeters is obtained from 60 measurements for
both transmitters. One estimation of the location of the two transmitters takes
approximately 1.3-1.5 seconds.
In this experiment, we note that the receiver synchronization issue for the UWB
TDOA localization is already resolved because the 4 receivers are connected with
a sampling scope via cable. A sampling unit operating with one sampling clock
processes the received signal of all 4 receivers simultaneously so that it does not
have any clock offset between the receivers. Therefore, we can say that the results of
Table 3.5 represent the results of UWB localization with completely synchronized
receivers. Of course, the wire-connected receivers ensure the best performance,
as shown in Table 3.5, with reliable receiver synchronization. However, we can
improve this system by removing cables from receivers, i.e., all nodes, transmitters
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and receivers within our prototype, would be operating wirelessly. The key point to
realize an entirely wireless system is to accurately synchronize each of the sampling
clocks within the receivers. Consequently, the sampling units within each receiver
would perform simultaneously through the over-the-air synchronization scheme so
that the receivers can become wireless nodes by removing cables.

3.4 Implementation
3.4.1 Overall Structure of Receiver
As for the receiver, a non-coherent UWB receiver has been fabricated by the author of reference [22] who is with Dr. Huaping Liu’s group. Furthermore, the
ADC08D1500 Development Board from National Semiconductor has been utilized
for the sampling units within independent receivers. A field-programmable gate
array (FPGA), VIRTEX4 from Xilinx, is configured for the performance of the development board so that we can implement coarse synchronization algorithm and
interface the WIFI module. Finally, the main node needs a computer to analyze
the received signal and calculate the offset between receivers. A block diagram of
overall receiver for our prototype is shown in Figure 3.9.

Non-coherent UWB Receiver The transmitted signal with approximately
4GHz carrier frequency and 2GHz frequency bandwidth would be processed by
the non-coherent receiver consisting of amplifier, band-pass/low-pass filter, square
device, attenuator, and so on. When the signal arrives at the receiver, it is ampli-
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Figure 3.9: Overall receiver block diagram: The receiver in our system consists of
a non-coherent receiver, a sampling unit, and a wireless LAN module.
fied first and filtered by a band-pass filter operating in the 3-5GHz band. After the
band-pass filter, we could take the positive amplitude of the signal on the effect
of square device, and then low-pass filter to downconvert the filtered signal which
is a 3-5GHz passband signal to the baseband (0-1GHz frequency band) before the
signal is sampled. In fact, this is necessary if we carefully consider the capability of
the sampling unit. According to the Nyquist sampling rate, we must have at least
10Gsps sampling rates to retrieve 3-5GHz passband signal but 2Gsps sampling
rate would be enough if we downconvert it to a baseband signal [22].
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Sampling Unit As a sampling unit, ADC08D1500 development board which
is the commercial analog-to-digital converter(ADC) from National Semiconductor
corporation is sufficient because this ADC board is capable of sampling with at
most 3Gsps via Dual Edge Sampling (DES) Mode [23, 19]. The block diagram
of the development board is shown in Figure 3.10. ADC08D1500, the ADC in
the development board, digitizes signals to 8 bits resolution with 1.5GHz internal
clock rates. The ADC is able to use either sides of edge, rising and falling edges,
of the clock for sampling to double the sampling rate. So, it provides a 3Gsps

Figure 3.10: Block diagram of ADC08D1500 development board: it consists of an
ADC, a FPGA, a PLL, and a USB Micro-controller. (p.13, [23]).
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sampling rate by configuring the chip to operate at the DES mode. Not only
the DES mode, but also many functions must be configured well within the ADC
by the FPGA for proper performance in our system. The configurable functions
of ADC are clearly presented in the product datasheet [19]. Furthermore, the
FPGA takes the sampled data from the ADC, buffers it temporarily, and transfers
the data to micro-controller so that data can be sent to a PC through a USB
connection. The USB micro-controller takes a role within the development board
as an interface between a computer and the development board. However, this is
going to be replaced by a Wireless LAN module and our own algorithm that will
be implemented in FPGA. The phase-locked loop (PLL) provides a reliable and
stable input clock frequency, and is configured by the FPGA as well.
Verilog codes are revised to manipulate the role of the FPGA within the ADC
Dev. Board. In particular, the ADC and PLL achieve initial setup via a serial
interface signal (clock and data) generated by the FPGA. Also, sampled data
buffered in the FPGA are transferred by the WIFI module to the main computer,
so that modifications of FPGA via Verilog code substitute for the functions of
micro-controller and USB connection. For example, Figure 3.11(a) shows Serial
Data (bottom), Latch Enable (middle), and Serial Clock (top) that are outputs
of the FPGA for PLL programming. 22 bits of serial data are written in a shift
register at the rising edge of the serial clock, and data stored in a 22-bit shift
register are loaded into one of the 3 control the registers based on the register
address when the Latch enable bit goes high [24]. In addition, 32-bit serial data for
ADC programming are written to control the register of the ADC the same way as
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(a) Serial clock and data to program the PLL

(b) Serial clock and data to program the ADC

Figure 3.11: Serial clock and data to program the PLL and the ADC: Serial data
(Channel 3, bottom), latch enable for PLL or chip selection for ADC (Channel 2,
middle), and Serial clock (Channel 1, top) from FPGA for configuration.
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the PLL. NSC manuals [19, 24] provide programming descriptions to define proper
serial data based on their performance and Figure 3.11(b) shows the first set of 32bit out of 10 sets of 32-bit serial data and clock for ADC programming. The PLL is
able to provide a stable 1.5GHz input clock to the ADC, and the ADC can perform
under the Dual Edge Sampling (DES) mode, Dual Data Rate (DDR) mode, and
Extended control mode, etc. Also, identical serial clock rate of approximately
7.6MHz is applied to both of ADC and PLL programming. The revised Verilog
code manipulates the FPGA and its output realizes the self-configuration of ADC
and PLL.

Wireless LAN Module A WLAN module within the receiver is added for data
communication with the main node. This module replaces a USB micro-controller
and USB connection for reliable communication with the computer over the air. In
order to connect WLAN module with FPGA via the expansion header on the ADC
development board, a Universial Asynchronous Receiver/Transmitter (UART) protocol has been utilized. UART-communication protocol has been implemented in
the FPGA and this protocol can transfer the sampled data from FPGA to WLAN
module with the transmission speed of about 9216000 baud rates. For wireless
LAN module of IEEE 802.11g, WLNG-SP-DP501 from QUATECH company [25]
has been implemented into our system.
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3.4.2 Challenges in Practice and Solutions
The experiments in this section discuss how the proposed algorithm processes data,
what challenges we probably face in practice, and how to solve these challenges.
After we considering all potential challenges from one receiver, we will get all
receivers of the entire prototype system for UWB localization synchronized wirelessly. Data and pictures used in this thesis are only examples to explain how
the proposed algorithm works, although all materials are obtained by using one
properly working unit in a real environment.
In a real system, there might be more challenges than what we expect from
observation made from simulation. The most important issue we need to consider

Figure 3.12: Same signal sampled at different clock rates
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carefully is the sampling rate because high-precision synchronization performance
is very sensitive to the performance of the clock. Unfortunately, the sampling
rates of the two ADC Dev. Boards are not identical, although the same software
program has been utilized. Figure 3.12 shows a signal sampled under different
sampling rates. If the clock rates were exactly the same, the distance between the
pulses of receiver 1 and receiver 2 must be the same. However, as shown in Figure
3.12, different sampling rates vary the number of samples contained in one period
of pulse repetition. The issue of different clock cycles causes many problems to
both the coarse synchronization algorithm and the fine synchronization algorithm.
So, the sampling rate of each receiver must be calibrated first, and then every
calculation, whether it is for synchronization or for localization, may use these
calibrated sampling rates. This calibration requires extremely high precision as a
first step of data analysis.
In order to find out the sampling rate, we use a reference signal. Since the
reference transmitter sends a UWB signal with a stable pulse-repetition-frequency
(PRF), sampling rates can be estimated correctly. In the experiment, the reference
transmitter has a signal with 7.8006MHz PRF measured via a sampling scope
and this signal is sampled at an unknown rate. Signal sampling rates have been
increased by upsampling by a factor of 333 in Matlab, so that we would get an
effective sampling rate 1000GHz; the initial clock speed of about 3GHz is multiplied
by the upsample rate of 333. This procedure is necessary to increase resolution
for centimeter-accuracy localization. The first signal peak is detected, and then
sampling rates can be estimated well. So, this information is enough to estimate
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the sampling rate based on Eq. (3.5).

fs =

P RF × Ns P RF
,
333

(3.5)

where, fs denotes the sampling rates and Ns P RF denotes the number of samples
in one period of pulse repetition. Table 3.6 and Figure 3.13 show Ns P RF between
each pulse in practice. All differences are in the range of 10–20 samples for a
1000GHz sampling rate.

Figure 3.13: Upsampled signal to determine the sampling rate
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Peaks

1–2

2–3

3–4

4–5

5–6

6–7

7–8

8–9

9–10

147062

147078

147031

147024

147114

147043

146970

147079

no pulse

132051

132077

132071

132042

132048

132057

132067

132065

132049

Num. of samples
Rx1
Num. of samples
Rx2
Average

Rx1 : 147050.13, Rx2 : 132058.56

Table 3.6: Number of samples between pulses in practice.
Therefore, sampling rates of the receivers based on Eq. (3.5) and the result of
Table 3.6 are,
7.8005 × 106 × 147050.13
= 3.44464GHz
333

Rx1

7.8005 × 106 × 132058.56
= 3.09346GHz.
333

Rx2

(3.6)

Now, we know how fast each receiver samples signal from Eq. (3.6) and we
will use these rates in the calculation not only for coarse synchronization but
also for fine synchronization. In the coarse synchronization stage, the system
requires a trigger with a stable repetition period as shown in Figure 3.1. Also,
the repetition time, denoted as T a and T b in Figure 3.1, is determined by the
FPGA based on its operational clock speed;

1
16

of the sampling rate. This means

that the FPGAs process data with operational clock speeds of 215.291MHz and
193.343MHz, respectively. The problem caused by different sampling rates is that
it will provide a different size of time based window and these varying window sizes
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mess up the coarse synchronization.
In the followings, a possible solution to this issue is suggested. Once both
receivers are ready for synchronization, the reference transmitter starts sending
pulses to the receivers. As soon as the receivers receive the first pulse, the FPGA
counts the received pulses until a given number. In the mean time, the FPGA
counts its operational clock cycles as well. So, the FPGA will recognize a number
of clock cycles during a given number of pulses. In the implementation, the FPGA
counts 1025000 pulses of the reference signal which has a PRF of 7.8005MHz.
Therefore, the window size for each receiver could be,

floor(

1
1
× Np × fop ) ×
P RF
fop

floor(

1
1
6
×
1025000
×
215.291
×
10
)
×
7.8005 × 106
215.291 × 106

= 131.4008982ms

floor(

Rx1

1
1
6
×
1025000
×
193.343
×
10
)
×
7.8005 × 106
193.343 × 106

= 131.4008997ms,

Rx2

(3.7)

where Np denotes the number of pulses to be counted, and fop is the frequency of
the operational clock for the FPGA.
Figure 3.14 shows that the time based window size has been adjusted at the
point when the system is synchronized. The parameters with which this picture is
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Figure 3.14: Adjustment of window size for coarse synchronization: picture taken
with 7.8MH PRF, 3.444GHz sampling rates, and 40000 of pulses.
obtained are 7.8MHz PRF, 3.444GHz sampling rates, and 40000 pulses; thus the
window size is 51.2ms.
Ideally, if there is one more receiver working and both receivers are at the same
distance from the transmitter, its timing should look the same as shown in Figure
3.14. However, the 1.5ns offset per window between two receivers, as seen from
Eq. (3.7) because of the different clock speeds, cannot be avoided. Furthermore,
this error will be accumulated over windows. Fortunately, this error is stable and
could be estimated in advance. Therefore, the main computer calculates this error
when the system is synchronized so that the fine synchronization algorithm can
correct it.
In order to calculate the error after coarse synchronization, the number of windows must be counted and this number must be known by the main computer.

53

Figure 3.15: Initial points of trigger at two receivers: the initial points of trigger
must be within a range of 5–10ns. This picture shows that at the moment of
triggering, there is a large error of 1.192ms.
Then, the fine synchronization algorithm will correct this error as well as the offset
found at the stage of fine synchronization. First, both receivers should be triggered
within 5–10ns or a few tens of nanoseconds, if their distances from the transmitter
is roughly equal. Figure 3.15 shows approximately how the initial trigger works.
After the window size has been adjusted by the number of pulses counted, we can
observe that the initial edges of receiver 1 and receiver 2 have 1.192ms difference,
which is not sufficient for our target synchronization. The maximum tolerance of
this difference is one period of pulse repetition, i.e.,

1
7.8005M Hz

seconds in our case.

This poor performance is because of a scheduling delay within WIFI communication which will be investigated and resolved later. After triggering, the receiver
samples data and the main computer receives those samples through WIFI within
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one time window. Such received sample is shown in Figure 3.12. Since the difference of clock rates could be determined by analyzing data as Eq. (3.6), these
data can be resampled to the same clock rates of 30Gsps in Matlab. Figure 3.16(a)
looks more likely the scenario that two signals were sampled by using the same
sampling rate.
Additionally, the fixed error that occurred when the FPGA determines the
window size at the coarse synchronization stage needs to be considered as follows

erroracc = (Nnth win − 1) × errorper win .

(3.8)

where erroracc is the accumulated error at each window, Nnth win denotes the nth
window (i.e., Nnth win = n for the nth window), and errorper win denotes the error
per window. Also, the first window is not affected by the accumulated error, one
(1) should be subtracted from Nnth win . In this practice, the different window sizes
of each receiver is 1.5 ns per window as found at Eq. (3.7). Then, assuming that
the data of Figure 3.12 is taken by the 6th window, the accumulated error at the
5th window is

erroracc = (6 − 1) × 1.5ns
= 7.5ns.

(3.9)

From Eq. (3.9), fine synchronization automatically subtracts 7.5 ns (225 samples
in 30Gsps) from the data of receiver 2 or adds 7.5 ns to the data of receiver 1.
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(a) Resampled signal with same sampling rates of 30Gsps

(b) Averaged data of received pulses

Figure 3.16: Data analysis procedure with upsampling and averaging
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This resolves the issue of different clock speeds and the remaining calculations for
synchronization are identical with what we have investigated, such as averaging
the pulses (Figure 3.16(b)), peak detection, and determining the offset.
Peaks are detected at the 3047th sample for receiver 1 and at the 1023rd sample
for receiver 2; thus, there are 1799 samples of offset. Although we have discovered
the offset between receiver 1 and receiver 2, unfortunately, synchronization error is
impossible to measure because these data are just taken by a limited experiment
that executes coarse synchronization only for a specific lab scenario.

57

Chapter 4 – Discussion and Future Work
In the proposed scheme, most of the calculations for synchronization and localization depend on the measurement results of the reference signal’s PRF. For example,
in order to calculate the sampling clock speed of each receiver and to determine the
timing window size for coarse synchronization, the precise PRF value of the reference signal is required. Additionally, the sampling clock speed, whose accuracy
depends on that of the estimated PRF, must be accurate to achieve high-precision
synchronization and localization. Therefore, the estimated PRF of the reference
signal must be as accurate as possible. In the current experiment, the reference
signal is analyzed by using a sampling scope (Tektronix TDS6804B) before the
synchronization algorithm is executed. However, the PRF of the reference signal
could change over time (e.g., due to battery depletion), although it has been observed that the changes are very small. In practice, a reference transmitter with a
stable PRF is required.
The timing window size for coarse synchronization is determined in an FPGA
which counts the number of reference pulses. In the experiment, the FPGA counts
1.025×106 pulses, which provide a timing window of 131.4008 ms. This is observed
clearly in Figure 3.14. However, it is likely that false- or mis-counting could occur
since the number of pulses to be counted is large. False- or mis-counting one
pulse causes an error to the timing window of about 5 nanoseconds. Therefore,
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it is important to ensure that the received signal is clean (that is, is has a high
signal-to-noise ratio).
A potential solution to minimizing false- or mis-counting probability is as follows. The main processor calculates the timing window size as well as the sampling
speed. This calculation is independent of the detection procedure in the FPGA
and is not affected by any physical factors like noise. Thus, if the main processor could transfer this calculated timing window size information to each FPGA
(e.g., via WLAN), then the window size calculation in the FPGA will not have
any errors, since in this case, counting of pulses is not necessary. This future work
requires the implementation of an interface between the main processor (currently
implemented in Matlab) and the Java program our team has developed to interface
with WLAN.
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Chapter 5 – Conclusion
This thesis focuses on algorithms that achieve a high-precision synchronization of
the receivers for UWB TDOA localization. First, a brief review of UWB localization schemes and several existing receiver synchronization algorithms is provided
for better understanding of the synchronization algorithm proposed in this thesis.
Then, the proposed synchronization algorithm is discussed in detail, including how
it works, simulation results, and some limited implementation results.
Since the target synchronization accuracy is on the order of picoseconds to
a few tens of picoseconds, all factors that affect the timing information, such as
the performance of sampling clock and TOA estimation, etc., have been carefully
considered in this thesis.
The proposed algorithm has been simulated in Matlab/Simulink. The simulation model has considered several uncertainties such as the error of propagation
delay estimates, clock jitter of the sampling clock, and path-overlap due to multipath propagation, etc. A synchronization error of 333 ps has been examined when
no error in propagation delay estimate is assumed and when the results are obtained
after averaging over 130 pulses. In this case, the main source of the synchronization
errors is found to path-overlap. Fortunately, the localization algorithms developed
and implemented by other team members are capable of detecting most cases of
path-overlap and correcting them.
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Implementation of the proposed algorithm is accomplished in a main processor
and in the FPGAs of the receivers. The FPGA determines the approximate initial
time instants of the trigger that activates the buffer to store the samples of the
received signal. The FPGA also determines the duration between two subsequent
triggering instants. For coarse synchronization, the buffers of all receivers are expected to be triggered within nanoseconds to at most a few tens of nanoseconds.
Additionally, due to the different sampling rates of the receivers, the same number
of samples from different receivers actually contain the signal of different durations. The difference between these durations is desired to be within one sampling
clock cycle, which is approximately 5 ns. These two timing offsets at the coarse
synchronization stage will be corrected with fine synchronization implemented in
the main processor by considering the propagation delay.
In practice, different clock speeds of the sampling modules in all independently
working receivers are a main issue that must be resolved for high-precision receiver
synchronization. The sampling rates of all receivers are estimated by exploiting
a reference signal with a stable PRF. Then all calculations for synchronization
and localization use these estimated sampling rates. Many associated aspects are
provided in this thesis: how to estimate the sampling clock speed accurately, how
to determine the timing window size under different clock speeds, and how fine
synchronization corrects the errors remaining after coarse synchronization, etc.
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