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INDOOR AERIAL VEHICL E NAVIGATION USING ULTRA
WIDEBAND ACTIVE TWO -WAY RANGING

Brandon Dewberry ~and Mike Einhorn

Precision, robust localization is a kegguirement for the safe and effective use
of mobile robots. Ultra Wideband (UWB) ranging and communications has
been shown to support precision and robust localization indoors and in high
multipath venues where GNSS is compromis&ecent research ismaed b-
wards integrating this technology into a variety of unmanned mobile platforms,
fusing peetto-peer ranging into intrinsic recursive optimal localizationusol
tions.

This paper extends this research and demonstratesdimeesional reatime
locationand velocity estimation indoors on a small (~2kg) modified multicopter
platform. It describes the underlying ranging, network, and navigation groces
es in detail, pointing out the error sources due to both survey misalignment,
range measurement jittemdgeometric dilution of precision (GDOP).

INTRODUCTION

All modern rotorcraft utilize inertial and magnetic measurements for stabilized flight, end th
se are often coupled with Global Navigation Satellite System (GNSS) postions to provide a full
navigatio solution and pose estimate. This enablescprdigured flight plans to be loaded into
the vehicle controller for automatic execution.

However for indoor operation, during takéf and landing, or where higher precision & r
guired, GNSS alone isn't dicient. A number of alternatives have been investigated with various
capabilities and drawbacks.

For indoor operation most investigators are pursuing various forms of vision and/or LiDAR
based systems coupled with Simultaneous Localization and MappdiAd/i)Sechnigues. While
these techniques are useful, a heavy computational and sensor burden is placed on the vehicle,
often coupled with structuring the environment to provide adequate features. The system under
study is not at all contrary to SLAM nawtjon; it simply provides sufficient landmarks fomeo
tinual correction. Using landmarks limits drift and improves accuracy, which is warranted for
many industrial applications if landmark installation is relatively easy.
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Figure 1. UWB radio mounted onquadrotor in flight .

Arguably the most capable indoor 3D dynamic localization system is optical motion capture.
In this the highspeed images of a number of static cameras are combined to track reflective
markers on the vehicle(s). These systpnowide excellent accuracy and high update rates= N
table users of these systems include ETH Zurich's Flying Machine Atgrendthe Kumar Lab
at UPENN [2]. While these systems provide a gold standard for dynamic indoor localization,
they are quite gpensive, they are difficult to set up, calibrate, and maintain. Currently their use
is limited to laboratories and studios.

In contrast RFbased techniques are attractive based on cost and ease of deployment: Howe
er traditional localization systems, $uas those based on WiFi or BLE, are unreliable due to
multipath effects. Ultra Wideband (UWB) radios are designed specifically to mitigate multipath
reflections by utilizing short pulses rather than continuous wave RF signals.

Recently a number of resehers have reported successfully coupling UWB ranging radios
with flight control electronics for vehicle state estimation, replacing or augmenting GPS as the
referential system.

As early as 201,1[3] modified a MAV with a UWB localization system for indooperation.
The UWB technology investigated, by Ubisense, is based on a combination of Angle of Arrival
(AOA) and Time Difference of Arrival (TDOA), where the location of the small transmitting tag
is solved using time differences to static synchroniasivers. This architecture is primarily
targeted at tracking large numbers of slow moving assets and requires extensive survey of each
anchor location and angle plus precision calibration of the sync cables stretched between anchors.

While the UWB signbing basis provided excellent multipath resistance for indoor operation,
and the small tag size allowed easy integration onto the flight vehicle, the grased location
solver exhibited too much latency except for very stoanoeuvres

In order to oercome these latency and anchor calibration issues recent investigations have
turned toward UWB systems supporting Fday Ranging (TWR) rather than TDOA arcluite
tures. TWR UWB enables retiine fusion of vehicldnitiated distance measures to anchors at
known coordinate locations. These range measurements can instantly be fused into the vehicle's
location state estimator.

More recently{4] reported results from fusing UWB TWR measurements for aiding quadrotor
state estimation. In this setup a radio medron a quadrotor iteratively measured distances to a



set of anchor modules at known fixed positions. This combination of UWB absolute raeges int
grated with orboard accelerometers and rate gyroscopes enabled-tbagedontrol during agile
manoeuvres This study is especially important because they were able to measure dynamic pe
formance using a passive motion capture (Flying Machine Arena) setup.

Although the system worked well, with UWB update rates adequate fomfasteuvresthe
results indiatedbias errorson the order of a few centimeters from the UWB ranging system,
based on Decawave DW1000 modules. These bias errors can be attributed to a combination of
clock drift and multipatfinduced signal strength variations, well documentedjin Alternative-
ly, variations in relative antenna orientation have been shown to change pulse shape due to
changes in phase delay across the multitudeeguenciecontained in the pulse [ref UWBa
tennas]. These changes in pulse shape can lead to iasg@bations, especially in 3D locadiz
tion systems.

In order to counter these bias variation eff¢6isused a combination of antenna diversity and
multiple frequencies. In this system a location solution is determined from a full combination of
27 UWB range measurements each a combination of three mobile antennas, three anahor ante
nas, and three RF channels. After gathering a collection of 27 range measurements each anchor
averages a fhpercentile cluster and transmits this to a basestatidodatisationthrough a no-
linear least squares approach. These solutions can then be transmitted back to the vebicle for p
sition control. The system produced median errors around half a meter.

Although this system directly addresses antenna problems Incalization through antenna
diversity, it suffers from scalability limitations and extended latency due to basediatied d-
calization estimation. This could be improved through solving location on the vehicle, and using
antennas with better phaselay characteristics.

Alternatively [7] integrated a higher precision UWB ranging radio, and developed a UAV
navigation system utilizing fused data from multiple aiding sources including UWB ranging,
GPS, downwardacing camera, and onboard MEMS sensoiiie state estimate was solved
onboard a companion processor. The choice of navigation sensor combination is based on sensor
availability an online sensor error estimates. An optical motion capture system was used to cha
acterize errors through dynamitanoeuvres GPS was simulated during the motion capture e
periments.

They recognized that fusing UWB anchors with GPS requires mapping the local UWB anchor
locations to GPS coordinates. They developed a novel initializatethod, whichtakes d-
vantage bthe local accuracy afforded by downwdeting camera on a ground target. During
low altitude initializationmanoeuvreshe optimal UWB anchor locations were estimated in the
GPS system.

As a final recent example of UWB aiding for multirotor systef8$,provides an extensive
evaluation of UWB TweWay Ranging for quadrotor navigation. While this investigation &hd |
also used high precision UWB ranging radios, they used a leosalyled navigator, where
UWB-only is used in an outer position controbp with an inner IMU attitude control loop.
They excised UWB ranging outliers, attributed to transient NLOS blockages in forest fight e
periments, using the Mahalanobis distance (innovation) normalized by measurement covariance.
They carefully calibraad the UWB range measurements bias and standard deviations using a look
up table consisting of three regions: 0 to 1.5 m subject to RF saturation, a linear LOS region from
1.5 to 50 m, and the region from 50 m onward, which experienced higher standattds\due
to Fresneinduced ground reflections. Using this methodology they verifigderrors indoors of
0.071 m compared to an optical motion tracking system.



They also found Extended Kalman Filter (EKF) to outperform Unscented Kalman Filter
(UKF) estimation for rangdased localization. Thegttributedthis to the lack of nonlinearities
in vehicle motion model. Only the measurement update, in which (polar) UWB rangirsg mea
urements are applied to motion in Cartesian system, requires linearizatiaddition the UKF
solution was found to yield inconsistent estimates due to the sensitivity of sigma point weights for
different anchor configurations.

This paper builds upon these results, focusing specifically on UWB considerations and error
sources.Primary contributions include:

a) Autosurvey: utilizes precise anchtm-anchor ranges with wetlefined manual inputs to
define the local coordinate system.

b) Range outlier rejection: using pulse scan signature in addition to innovatseu tel-
niques.

c) Geanetric Dilution of Precision: instantaneous accuracy estimate similar to that provided
by GPS.

d) Error sources: an analysis of significant contributions to error in an indoor 3D UAV na
igation.

PULSED ULTRA WIDEBAN D

This section provides an overview of tingportance of shofpulse, high bandwidth signalling
as a basis for localization in an environment with high multipath. These pulses are combined into
packets for radito-radio transmissions and these packets are paired in\Wayo Ranging
(TWR) conversabns to support distance measurements.

Short Pulses and Multipath

The accuracy of TWR measurement depends on the receiving radio measuring the precise
time of arrival (TOA) of the incoming signal. Short pulse UWB uses a signalling basis designed
to reducethe effect of environmental reflections on the (TOA) measurement. The wider the
bandwidth of the pulse in frequency, the shorter the pulse in time. At theoretical extremes an i
finite bandwidth would produce a true impulse signal, and a single frequendg produce an
unmodulated sinusoid.

Outdoors and in open space with very few reflective surfaces, there can be very little diffe
ence in TOA accuracy based on the bandwidth of the pulse. However when reflective surfaces
are nearby they can have sigeaint effects on the measurement quality.

Consider theRF channehnalysis depicted in figure 2, derived frof].[ Figure 2a depicts a
pulse with 1.8 GHz bandwidth centered at 4 GHz, very similar to the signalling basis of the radio
used in these experimes. This signal energy occupies about 1 nanosecond of time and about 1
foot of distance.

Figure 2b depicts an alternative pulse, with the same 4 GHz center, but constrained to 80 GHz
frequency bandwidth. Figure 2c illustrates the effects of a simpdeofisight channel model
with 3 reflectors within 2 meters of the direct path line between antennas. Channel effects pr
vide the receiver with delayed and (often) inverted copies of the basis signal. Tishattrame
/ ultrawide frequency signal pvides separation between the direct and reflective paths, while
this same channel model, when convolved with the much narrower bandwidth basis, eauses s
vere selfdestructive interference which would make it very difficult, even with pulse canpre
sion te@niques, for the receiver to accurately detect the direct path time of arrival.



Fig. 2. Channel Impulse Response analysis of 1.8 GHz and 80 MHz pulses.
2a. Time and frequency plot of 1.8 GHz pulse. 2b. Time and frequency plot of 80 MHz pulse.
2c. Chanrel model with response of the two signal bases.

This relationship between bandwidth and multipath mitigation is well established in radar di
tance measuring systerfisl] as

" (1)

Where! R is the range resolution, ctlse speed of light, and B is the signal bandwidth. Using
this metric a signal with 1.8 GHz bandwidth provides 22.5 times better range resolutionland mu
tipath rejection than a signal with 80 MHz bandwidth. Or, said a different way, reflective-surfa
es ca be 22.5 times closer without significant degradation in distance measurement accuracy.

Two-Way Ranging

A single pulse, at regulated power levels, will not have nearly enough energy to travel very far
before itOs overcome by receiver noise. In practisteam of pulses are transmitted and
summed together to produce an image of the average pulse signature. This stream of pulses is
structured into a packet, with acquisition and payload frames.

In a Two Way Ranging (TWR), one radio (the Orequesteti@es a conversation by sending
a request packet including the target (OresponderO) ID as data in the payload sectica. The r
sponder acquires the packet, demodulates the data, scans the pulse signature and estimates the
time of arrival of the pulse.



At this point the responder simply knows when the pulse arrbvased on its own time refe
ence it has no idea when it was sent. At a very precise time delay, relative to the request packet
arrival time, the responder transmits and response packedtedrat the requester. The requester
likewise acquires, demodulates, and scans the response packet, and measures its arrival time. At
this point the requester has all the information required to measure the distance. The timeline of
these events areutrated in figure 3, however the illustration simplifies the story by represen
ing entire packets as single pulses.

-

Figure 3. The time progression of a pulsed TwéWay Ranging (TWR) conversation

In a multirotor navigation system the requesting raslitypically mounted on the vehicle and
multiple responding radios are statically positioned on the ground around a coverage volume.
The vehicle iteratively requests ranges from the anchors. The anchors must simply be powered
and ready to respond.

LOCALI ZATION

Two of the most common types of trilateration solvers are Nonlinear Least Squares (NLS) and
recursive optimal (Kalman) filters. A NLS can provide higher accuracy when the radiostare sta
ic, or moving slowly relative to the measurement rate. Arsdee Kalman formulation is pr
ferred when the vehicle is in motion, as it updates based on individual anchor measurements
without relying on previous anchor measurements, whose latency can induce error.

Two types of NLS formulations are used, one fotdided Kalman Filter (EKF) initialization,
and the other for anchor Autosurvey.

Nonlinear Least Squares for EKF Initialization

The EKF is a recursive algorithm, requiring an initial location estimate. EKF is fasten-to co
verge when its initial location i®asonably correct. Nonlinear Least Squares (NLS) using Gauss
Newton method11] provides a straightforward means of solving for the x, y, z location based on
the distances to four or more anchors at known locations. It can be used at the beginning of a
flight as well as for rénitialization (OrebirthQ) when the Kalman localizer fails.

In its general form the initialization NLS can be expressed as
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where:

Pkis the mobile position at time Kk,

I is the range measurement from vehicle to anchor i,

X, ¥, andz (without subscriptsilenote are the vehicle coordinaftesbe computed)and
I}, y? z representhe coordinates ainchor i.

Thusfor a fouranchor system (the minimum required for unambiguous 3D location) the NLS
initialization process involves minimization of four simultaneous equations to find three u
knownsx, y, andz. The completdormulation entails derivation of derivativer gradient ega-
tions and iteratively solving until a minimum is reachékssuming the vehicle is initially inside
the anchor box, the centroid of the anchors can be used as an initial value for this initialization.

Nonlinear Least Squares for AnchorAutosurvey

The Autosurvey NLS is a bit more elaborate, with many choices for solved dimensions. For a
3D system at least four anchors are required, with one anchor outside the plane of the other three
in order to provide an unambiguous vehicle solutidrhus Autosurvey entails forming arco
sistent 3D polygon formed by the anchors as nodes and the links between anchors as edges, and
placing this polygon on a coordinate graph.

This general system has a total of 12 unknowns: the x, y, z coordinates odnchct loa-
tions. In practice the z heights are fairly easy to manually measure from a common ground plane
so these are entered as constants.

In addition, the local referential system is somewhat arbitrary; the polygon can be translated
and rotated aftein order to move the origin and aspect as needed by the user. Thus if one of the
anchors is defined to be at they)plane origin and another along thexis (its y value assigned
to zero) then this constrains the system to five unknowns for regrdsstbe system of six eau
tions.

Specifically the following NLS minimization involves finding a vector of five unknowns

b [y pgiven [y, yo, L 1t [P ] and manually measurégl! !t L

N A O A e A R R A T A
e N R e A R SR L AR R A R
N N B R L I | o B B L B A

Lo e ! ! !

Y '#”1"1”’”’””<r!!”! INERARIENERAED | )
-t ) b=yt (R
Nt b, eyt -z

In practice, since thanchor nodes are static, many NLS solutions may be averaged-for i
proved accuracy and variance estimation. Using a simple recursive filter updated with each new
range measurement at tirkgthe weight ; 0! ! | 1is tuned for accuracy versus fast response:

Loy D0y 0 (0 =10 4)

Further, at each update, the residual difference between the instantaneous and filtered sol
tions decreases to a minimum dictated by ranging error. This residuaan provide a conve
ient metric of the amount afystemic bias that will be introduced in the vehicle localization-sol
tion due to anchor survey error.
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Extended Kalman Filter

An Extended Kalman Filter (EKF) is used for localization after initialization by NLS while
adequée anchor geometry is available, checked by GDOP. The EKF is a formudatived
from rangeonly radar systemdl2]. The EKF recursively maintains a state vector with sixavari
bles and a 6x6 covariance matrix. It can be divided into two parts: npdliction and mesa
urementupdate.

The prediction step simply propagates the current vehicle state esfimaté thea priori
estimate"f based on a straighine motion model using the time since last upddtelt also a-
justs thea priori belief distribution! ;7 using process varianeg , set by the user. It produces the
a priori state estimate

R ! Lo (MO (6)
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The measurement update begins by generating a range measurement prediction based on the
position components of the a priori stgleand the anchor locatidn . This prediction is used to
update the linearized measurement mdtrikroken into dimerisnal components, vy, z
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This sets up computation of the Kalman gain.
'
Db VR it ) (10)

Where! !, denotes the range measurement variance atkjrdetermined through pulsegsi
nature analysislf3].

Using the Kalman gain the neavposterioristate™, and covariancé, can now be calculated
using the actual UWB range measurenignt

IR S R A A (PR S (11)

N (N A R A T (12)
Outlier Rejection

Range measurements are most accurate when the direct path of the RF pulse is unblocked.
When the direct path is totally blocked and strong reflective paths are preseniffas the case
indoors) the distance will be incorrectly calculated based on the time of flight of the first available
path other than the direct path. These outliers are rejected the range variance estimated by the
radio from the incoming pulse signagir; combined with the Mahalanobis distandé][

Specifically, the Mahalanobis distandg is calculated as the innovation normalized by the
measurement covariance.

[
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Whend,, is greater than a threshold the range measurement is rejected and the filter reverts to
its previous state.

Geometric Dilution of Precision

The EKF will to produce locations even if there is inadequate anchor support. Geomnetric D
lution of Precision (GD®) is a common metric used in GNSS receivers to assess the adequacy of
the number and relative dimensional geometry of the available anchor locations. This metric is
also similarly useful for UWB TWR localization systems. The UWB TWR GDOP equation is
similar to that of GNSS [refPrinciples of Satellite Positioning] but without time dilution.

Assuming four anchors, the distance from the current vehicle position to each satellite is first
computed.

LUfrr et (14)

These values are used to create the matrix of unit vectors from the mobile to the anchors. Here

the estimated mobile location is denotétl'!T) and the anchor location§l,!T!T)!!!
it
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The geometric covariance matrix Q is formed from the generalized inverse of this matrix with
identity weighting.

(15)

RN N [ T T (16)

The diagonal elements of Q provide estimates of the error expansion in the Cartesian dime
sions. The total GDOP estimate is the square root of the trace of Q.

L S W ITNTI (17)

GDOP is an estimate of the expansion of localizatioorevith respect to the underlying i@n
ing error. GDOP will be close to 1 in the center of the 3D geometry of the anchors. As the mobile
recedes from the center position its localization will increase. A calculated GDORB.p#(en-
plies the locatiorerror is 4 times that of the underlying measurement error. If the running anchor
list drops below three anchors the A matrix will become singular and the inversion to Q will fail,
implying OinfiniteO 3D localization error. When GDOP exceeds a predtfiestiold the veh
cle transitions into safe mode.

AUTOSURVEY SETUP AND OPERATION

Four anchor nodes were placed on tripods and the heights of their antennas were measured u
ing a haneheld laserrange finder The anchors were then placed in arhad system similar to
the one shown in figure 4a. The basestation that runs the Autosurvey GUI is attached to an arb



trary anchor node. Figure 4b shows spatial separation in the Z Axis needed to provide angular
diversity for improved 3D localization performam

Figure 4b. Example of spatial diversity in
the Z Axis for 3D localization.

Figure 4a. Example system of four achoc anchor nodes andj
connected basestation with GUI.

A Location Map (LMAP) is defined with the basestation GUI. The LMAP semwegrimary
purposes; first to define the role of a node in the overall tracking system and second to constrain
the anchors to a quadrant of the Cartesian coordinate system. A representation of the LMAP is
shown in Table 1. To constrain an anchor for teénition of the coordinate system, an anchor is
classified as either an Origin ancho¥; X% Axis anchor, or +Y Axis anchor. Any additionalra
chors participating in Autosurvey are classified as OAnchorsO.

The LMAP also contains the initial and fixed cdimrates of the anchors. The initial coierd
nates are used as initial conditions to seed the WNLS algorithm and the fixed coordinates define
the anchors role in the coordinate system. The initial coordinates are shown in the LMAP in the
shaded cells and tlixed are unshaded.

Once the LMAP is defined the basestation GUI will load it into the node it is connected to.
That node in turn will broadcast out the LMAP so that all nodes participating in Autosurvey will
hear the broadcast and load the LMAP into thminfiguration. Those nodes will send an
acknowledgement to the basestation GUI so the user is ensured the LMAP was received by all the
anchors.

Table 1. The Location Map for the Autosurvey phase of operation

Node ID Type ELR X(mm) | Y (mm) Z (mm)
100 Origin yes 0 0 2500
101 +X Axis yes 1000 0 2500
102 +Y Axis yes 0 1000 2500
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4 103 Anchor yes 1000 1000 2500

5 104 Mobile yes 500 500 1000

Once the LMAP has been loaded into all participating nodes, the basestation Gbi$twilit
the nodes to go into an Autosurvey mode. This will cause only the anchor nodes to start ranging
to each other per an implementation of the ALOHA network protocol. The anchors will use a
random holéoff time for sending range requests and subseatjueamge to all the other anchors
in a roundrobin fashion.

As indicated in the LMAP all nodes were configured with Echo Last Range (ELR) enabled.
ELR instructs the node to include its previous range measurement in the next range reuest pac
et transmis®n. The node connected to the basestation GUI will hear the range request packet and
pull out the range measurement. It sends it to the basestation GUI which makes the r@age mea
urement available to the NLS algorithm as described previously.

After the mapresidual falls to a minimum the basestation GUI commands the nodes to idle
mode and loads the results of the Autosurvey into the LMAP, replacing the initial coordinates. As
before, the basestation GUI broadcasts the new LMAP to all nodes in the system.

FLIGHT EXPERIMENT

The quadrotor localization test was performed indoors with four anchor radios mounted on tr
pods distributed in four corners of a lobby with approximately 6x6x10m volume as shown in fi
ure 5. Three of the anchor radios were elevated ttm28hile the fourth was lowered to 1.63m
off the common ground plane as measured to the center of each antenna element.

Figure 5.Indoor test area with anchor setup

A 3D Robotics DIY Quad with Pixhawk flight controller as shown in figure 6 was usectas th
flight platform. A P440 UWB radio from Time Domain [REFTIMEDOMAIN] was mounted on
top, with extended connection to a downwéading PulsON Broadspec antenna. The dipale a
tenna was pointed down in order to minimize digath blockage while above thachor plane.
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A Mini-Circuits 15542 VHF-3100+ highpass filter was placed inline between the radio and
the antenna element due to increased noise detected in the pulse waveform, isolated to-the ante
na input during motor acceleration. 12V battpowerto the radio was conditioned using aseu

tom LC filter (typically used for video noise reduction) with inlinel00uh inductor and parallel
16V, 470uF capacitor.

Broadspec
Amenna

Figure 6. Quadrotor platform with P440 UWB radio

The estimated flight path solution, wiithdicated flight path, is provided in figure 7. Theg{a
gy patterns are due to a combination of survey and bias error, enhanced as the vehicle transitioned
through the approximate anchor plane. Lack of anchor diversity in-dlées zaused this visible
increase in error. This is especially indicated in the GDOP analysis below.

' -
-~

Figure 7. An isometric view of estimated flight path.

The raw ranges were clean (static tests show less than 2 cm range error at the anchor centroid)
except for a couple abutliers each to anchor 101 and 110 during “afikevhere the vehicleOs
arms partially blocked the direct path. These errors were detected and removed by the outlier
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detection process described previously.

130

114

Figure 8. Raw range measurements versus timeoim each of the four anchors.

Individual, x, y, and z solutions to the EKF state are provided in figure 9. Note a slght i
crease in variation of the z valuesl5 and 45 seconds into the test as the vehicle transitioned
through the anchor centroid region.

Tenw I»

Figure 9. Time progression of x, y, and z coordinate solutions throughout the exper
ment.

The EKF variance estimatese provided irFigure 10 Note the growth in z variance during
transition through the antenna plane. Even with NLS initializationEtkE requires apprax
matly 5 seconds to settle. This indicates the initial covariance could be reduced for faster se
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tling time.

Figure 10. Time progression of the variance estimates of x, y, and z.

As a final experimental resuligure 11 provides th@rogression of GDOP as well as its d
mensional components through the flight. The two large spikes duringffaiied landing, as
the vehicle transitioned through the anchor box, are almost entirely due to dilution of precision in
the zheight axis. Athough anchor 114 was lower than the others by 0.7 m, this provides an e
cellent indication that this was inadequate, especially compared to the ~5 m separation in x and y

dimensions.

Figure 11. Comparison of GDOP, xdop, ydop, and zdop throughout thifight test.
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DISCUSSION

All measuremergystems have error. We estimagecthaximuntotal 3D error less than 10 cm
throughout the flight experiment, witlhaximumoccurring during transition through the region
with poor zaxis geometry. In general this ssi hadive major sources of error

Range Measurement Error

The UWB TWR measurement in line of sight conditions has statistical errors on the order of a
centimeter. Slight bias variations, on the order of a centimeter, can be caused due to variations in
group delay, especially in the elevation dimension of a UWB dipole antenna. This variation in
frequency alignment causes changing pulse shape. This, combined with partial blockage of direct
path by the vehicle itself, or indoor obstacles, can causeb#gjes of a few centimeters. Total
blockage of the direct path can Range Error consists of two types of error: bias and variance (aka.
systemic and statistical, aka. mean and standard deviation.) In ideal conditions both of these are
less than 2 cm on40. Many things can increase this error such as saturation, NLOS, RF inte
ference, etc.

Geometic Dilution of Precision

While this isn't actually an error source, this phenomenon is often the most significawt comp
nent to error in localization systemaich otherwise have good lira-sight anchor coverage.
GDOP amplifies the range error when forming a 2D or 3D solutidre GDOP metric is min
mal (GDOP=1.0) when the tracked location is in an ideal central location in the middle of the a
chor geometry Anywhere else in the volume, the GDOP will expand, reflecting a expansion of
localization erroin a crossaxis relative to the direction of the the anchor centroid.

Anchor Survey Error

The localization solver combines distance measurements to antH&rsoan locations" to
update the mobile locationErrorsin these surveyed locations will manifest in the navigation
solution as bias error in the range measurements. Bias errors will cause offset in the location or,
given a rouneobin ranging networkoff-track jags during flight towards or away from the miss
located anchor.

Latency and Acceleration Error

The solver computes a new location with each new range measurdfrteetmobile is mo-
ing faster than the system update rate can support thenabiée solution will appear "behind"
its true location.

Related to the previous, the solver blends each range measurement in atikdfilter ave-
ages ranges together with assumed constant veldathen acceleration occurs the EKF requires
an exteded number of measurements to realign its intrinsic velocity estindateeleration can
take the form of speeding up, stopping, or changing coarse left or Aghtiick reversal of fo
ward motion is an easy way to induce the most acceleration on thHiemdhis error takes the
form "overshoot". The process noise parameter of the EKF can be adjusted to balanceaacceler
tion error with the smoothness of the straitih¢ path solution.

Introduction of acceleration measurements in the Kalman state aarertdte acceleratiomr-e
ror without inducing latency.

CONCLUSION

This experiment shows that ranging radios with 1.8 GHz pulse bandwidth provide an excellent
replacement to GNSS for indoor navigation of a multicopter. Solution errors were found to be
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less han 10 cm in the worst case, wheaxis diversity was at its minimum, and less than 2cm
otherwise. The Autosurvey technique allowed fast and accurate deployment of anchor radios.
EKF localization with NLS initialization provides an accurate real timel@®Mlization system.
Outliers due to direct path blockage can be removed using the Mahalanobis distance mgetric, au
mented with the range error estimate intrinsic to the radios tested.

The GDOP metric, common in GNSS systems, is straightforward to impleandnhas low
computational cost for real time calculation. It provides an excellent tool fetimeakafety a-
sessment, and peptocessing analysis of the suitability of anchor geometry.

Future work includes integrating the local navigation solutintsthe flight control and path
guidance systems, integrating inertial aiding, and testing various antenna and anchorasonfigur
tions with improved outlier rejection.
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